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Abstract

A technique for the routine determination of the nitrogen contents and the 515N 

and 813C values of diamonds has been developed.

8 13C and 8 15N measurements have been performed on coated, cubic and 

octahedral diamonds from Australia, Africa, Siberia and N. America. Amongst the 

octahedral diamonds two broad groups can be distinguished. Group Oi diamonds have 

813C values between -3 and -7%c (similar to most other mantle samples) and contain 

nitrogen generally depleted in 15N relative to AIR; 815N ca.-5%c (range +5 to -13%c). 

Group O2 diamonds have variable 813C values (-21 to -2%c) and contain N generally 

enriched in 15N relative to AIR; ca. +5%c (range -5 to +16%o).

The cubic coatings on diamonds from Zaire, Sierra Leone, Siberia, Angola and 

Botswana and cubic diamonds from Zaire have a restricted range in isotopic 

composition (813C -5 to -1.5%c, 815N -2 to -8%c). Both group Oi and O2 diamonds 

were present as cores within these samples. The coats of coated diamonds have been 

interpreted as being phenocrystic overgrowths. The isotopic uniformity of diamond 

coats, on a regional scale, suggests the existence of a homogeneous C and N reservoir 

underlying the continental lithosphere. This reservoir supplies the volatiles associated 

with kimberlite eruptions. Coated diamonds occur in Phanerozoic kimberlites which 

implies that, by this time, the extreme carbon isotope heterogeneity within the mantle 

(+3 to -35%o) was restricted to the continental lithosphere.

The isotopic characteristics of the coats are similar to the Oi diamonds. Since 

diamonds from Finsch and Premier (both Oi) have been dated at 3.3 Ga and 1.2 Ga 

respectively there appears to have been little change in the 813C and 815N value of the 

uniform mantle reservoir since the mid-Archean. The origin of the isotopic 

characteristics of the group O2 diamonds is uncertain, however it is unlikely that they 

are reflecting relict primordial heterogeneity.
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Chapter 1; Introduction

1,1 General

In recent years much insight into the chemical nature of the upper mantle has been 

gained by radiogenic isotope and trace element studies of volcanic rocks and entrained 

xenoliths. In particular the linear inverse correlation between Nd and Sr isotope ratios 

from oceanic basalts (the 'mande array': Richard et al., 1976; DePaolo and Wasserburg, 

1976; O'Nions et al., 1977) and the observation that oceanic basalts were symmetric with 

continental material led to the development of the 'three component' model for the crust 

and mantle (see figure 1.1). The extraction of continental crust from the mantle leaves a 

residue which has low Rb/Sr and high Sm/Nd relative to the 'pristine' mantle and 

necessarily the crust has high Rb/Sr and low Sm/Nd relative to the pristine mantle. Given 

time, these chemical differences result in isotopic differences between the three 

components -see figure 1.1.

Such a simple model is still a valid description of the gross structure of the Earth 

however it cannot adequately explain the chemical and isotopic characteristics of mantle- 

derived continental rocks such as the Karoo volcanics of southern Africa (see figure 1.2). 

These rocks have isotopic characteristics similar to the crust and indeed an initial 

interpretation is that they have resulted from the mixing of depleted mantle and continental 

crust during ascent and eruption; crustal contamination sensu stricto (Hawkesworth et al., 

1983). Hawkesworth et al. summarise the reasons for why this view is incorrect: 

relatively recent (ca. 100-200 Ma) high level contamination of mantle derived material by 

crustal material would lead either to a broad mixing relationship between the original 

magma and a crustal component and/or disrupt any pre-existing relationship between 

isotope and trace element ratios with the result that the two become decoupled. In the case 

of most of the Karoo volcanics the Rb/Sr and 87S r/86Sr ratios and Sm/Nd and 

143N d /144Nd ratios are mutually consistent. Sim ilarly, the radiogenic isotope 

geochemistry of a number of kimberlites and lamproites has been investigated and a

summary of the data currently available is given on figure 1.3 (from Fraser, 1987).
1
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Figure 1.1 Nd and Sr isotope systematics of oceanic basalts and continental
material (after Allègre, 1987)
Extraction of the continental crust from the mantle results in a reservoir (the 
depleted mantle) with lower Rb/Sr and higher Sm/Nd than the undepleted mantle. 
The depleted mantle is the source for the mid-ocean ridge basalts (MORB) and the 
undepleted mantle the source for ocean island basalts (OIB). Conversely, the 
continental material extracted has higher Rb/Sr and lower Sm/Nd than the 
undepleted mantle (lower diagram). Given time, these chemical heterogeneities 
develop into isotopic heterogeneities (upper diagram). The linear array formed by 
the oceanic basalts could arise either through the mixing of depleted and undepleted 
mantle or alternatively each point on the array could correspond to a part of the 
mantle which has suffered continental extraction to a distinct degree.
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Figure 12 Nd and Sr isotope systematics erf1 Karoo (southern Africa) volcanic 
rocks (after Hawkesworth et al„ 1983)
Certain mantle derived rocks within continental areas have isotopic characteristics 
similar to continental rocks. Combined isotope and trace element studies can show 
that these characteristics are not the result of interaction between crust and mande 
during ascent and eruption. Hence the mantle regions from which such rocks have 
been derived have had higher Rb/Sr and lower Sm/Nd than bulk earth for 
considerable periods of time. For these heterogeneities to survive requires that the 
regions be protected from the convecting asthenosphere and a location within the 
lithosphere is implied. The heterogeneities are either reflecting the incorporation 
of subducted crustal material into the lithosphere or have been produced by the 
influx of trace element enriched melts and / or fluids into the lithosphere.
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Figure 1.3 Nd and Sr isotope systematics of kimberlites and lamproites
(after Fraser, 1987)

Lamproites and Group II kimberlites have Nd and Sr isotope systematics akin to 
the Karoo volcanic rocks. This implies that they have been derived from old, trace 
element enriched portions of the continental lithosphere. Group I kimberlites have 
isotopic characteristics akin to those of bulk earth. This together with their 
variable and radiogenic Pb isotope ratios led Smith (1983) to conclude that they 
had been derived from an OI basalt-like source. An alternative explanation (Fraser, 
1987) is that they were derived from aretts of the lithosphere which were enriched 
not long before the extraction and eruption of the kimberlites



Group I kimberlites (Smith, 1983) have ESr and £Nd values similar to bulk Earth 

and this together with their distinctly radiogenic and variable Pb isotope compositions led 

Smith (1983) to conclude that they had been derived from an undifferentiated to slightly 

depleted mantle source with high U/Pb ratios, similar to the source of ocean island 

basalts. The radiogenic isotope characteristics of the Group II kimberlites and the 

lamproites are similar to the Karoo volcanics discussed above; the +ve £Sr and -ve ENd

values of Group II kimberlites and lamproites, relative to bulk Earth, indicates the mantle 

source regions for these rocks have been enriched in trace elements (i.e. high Rb/Sr and 

low Sm/Nd relative to bulk earth) for considerable periods o f time (1.0 to 2.5 Ga - 

Fraser, 1987) prior to eruption.

Such studies have led to the conclusion that the source o f the Karoo volcanics, 

lamproites and Group II kimberlites is the continental lithosphere, a rigid part of the 

mantle extending to ca. 100-250 km beneath the crust. Being protected from the 

convecting asthenosphere, any chemical heterogeneities within the lithosphere will, given 

time, develop into isotopically distinct regions. Group I kimberlites have either originated 

from within the asthenosphere (Smith, 1983) or they originated from a lithospheric source 

which was enriched not long before the eruption (Fraser, 1987) i.e. insufficient time was 

available for any isotopic heterogeneities to develop.

The origin o f the chemical heterogeneities within the lithosphere is not without 

controversy. They could develop from the incorporation of subducted oceanic crust and 

associated sediment into the lithosphere; the existence of eclogites within the Roberts 

Victor kimberlite (MacGregor and Manton, 1986) that have close affinities to oceanic 

crust has been taken as direct evidence for this. Alternatively influxes of melts or fluids 

from the asthenosphere, enriched in incompatible elements, may result in widespread 

metasomatism of portions of the lithosphere. A recent review of the various aspects of 

both models has been provided by Fraser (1987).

In principle, it should be possible to use the stable isotope ratios of elements such

as C and H to characterise samples from the mantle and place constraints on the source of

their volatile elements. In particular, it should be possible to discriminate between those

samples which may contain a crustal component and those which have originated solely
2



from the mantle. In practice this is not simple. Material derived from the mande may have 

had a complex history involving multiple magmatic/metasomatic events. Hence stable 

isotope signatures present as fluid inclusions within common mantle phases may be 

'overwritten' several times which, for example, could lead to the decoupling of any pre

existing relationship between radiogenic and stable isotopes. Also there are problems 

surrounding the feasibility of deep subduction of light elements.

One mineral that has been studied in detail is diamond. Being mechanically very 

strong and chemically inert, diamond will not re-equilibrate in response to a changing 

physical and/or chemical environment, instead an existing diamond will either be resorbed 

or act as a site for renewed growth, hence pristine upper mande stable isotope ratios of, in 

the first instance, carbon are preserved. Silicate inclusions, that are occasionally enclosed 

within diamonds, are in turn prevented from re-equilibrating hence pristine samples of 

upper mantle chemistries, that may be up to 3.3 Ga old (Richardson et al.,1984), are also 

preserved. For these reasons diamonds have been much studied by Earth scientists, most 

studies concentrating on the carbon stable isotope ratio of diamonds and their inclusion 

mineralogy. These studies (oudined below) have shown that diamonds from different 

geographical locations can have markedly different mean carbon isotope ratios. The origin 

of this carbon isotope heterogeneity within the mande is poorly understood and a number 

of fundamentally different models (see later) have been proposed. One of these models 

suggests that the heterogeneities are the result of sediment subduction (e.g. Jaques et al., 

1986) which, if correct, would have implications for many other mantle studies.

The uncertainty surrounding the origin of the carbon isotope heterogeneities 

within the mande is due principally to the general lack of independent information to 

compare the carbon isotope data with. Nitrogen, being a common trace impurity within 

diamonds and consisting of two stable isotopes, is an obvious choice for an additional 

geochemical parameter to study in conjunction with carbon. However until recentiy the 

analytical techniques available precluded the routine nitrogen isotope analysis of diamond.

There have been two aspects to the current work. The first was the development

of an appropriate analytical technique for nitrogen abundance and isotope measurement.

The second was a coupled study of the isotope geochemistry of carbon and nitrogen
3



within the mantle. Before the aims of each are outlined, a general introduction to certain 

aspects of the physics and geochemistry of diamond and the geochemistry of carbon and 

nitrogen is given.

1,2 The chemistry and structure aLdiamond*

A thorough history of the deduction of both the chemistry and the lattice structure 

of diamond is provided by Davies (1984) and only the current ideas are discussed.

Pure diamond is 100% carbon. The bulk chemistry of a naturally occurring 

diamond sample will deviate from this ideal composition due to i) the incorporation of 

other elements including the noble gases in the interstices of the lattice, ii) the occlusion of 

silicate and other minerals during growth and iii) the substitution, in the lattice, of 

elements such as nitrogen for carbon. Even so carbon accounts for greater than 99% of 

most diamonds.

The electronic configuration of carbon is [He]2s22p2 and, in diamond, electron 

pairing is achieved by the hybridisation of the valence electrons to give four equal sp3 

orbitals. Each carbon atom is tetrahedrally surrounded by four equidistant nearest 

neighbours at 154.5 pm (see figure 1.4). The tetrahedra are arranged to give a cubit unit 

cell (a = 356.7 pm) containing 8 carbon atoms.

13 The stability field of diamond.

The stability field of diamond was determined during the developments that led to

industrial synthesis. Figure 1.5 is a pressure-temperature diagram showing the regions of

elemental carbon phase stability (from Bundy, 1980) and superimposed upon this is the

geothermal gradient (from Brown and Mussett, 1981). The diagram shows that below ca.

1400 km diamond is unstable, the stable form of elemental carbon being metal (?). Figure

1.6 concentrates on the diamond /  graphite stability boundary (Berman and Simon, 1955)

and in this case the geothermal gradient has been sub-divided into sub-continental and

sub-oceanic (Brown and Mussett, 1981). It can be seen that in sub-continental regions

diamond becomes the stable phase at pressures greater than ca. 40 kbar (ca. 130 km

depth). Due to the shallower gradient of the sub-oceanic geotherm diamond does not
4



Figure 1.4 The Structure of diamond

The lattice plane defined by A-B-C is the {111} .The 
infilled carbon atoms show that certain aspects of 

the structure are akin to graphite.

If the lattice is rotated in the 
manner shown above then 
the cubic symmetry becomes 

apparent
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Figure 1.5 Pressure-temperature diagram showing the 
regions in which diamond is the stable form of elemental 
carbon.

Included on the diagram is an estimate for the geothermal gradient (from 
Brown and Musset, 1981).
Below -1400 km the diamond structure becomes unstable and elemental 
carbon may exist in a metallic form.
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Figure 1.6 The graphite-diamond stability curve

Under continental regions the diamond stability field is 
located at shallower levels than that under the oceans.



become stable until pressures of ca. 50 kbar. The estimates for the sub-continental regions 

are in good agreement with the equilibrium temperatures (900-1400°C) and pressures (50- 

60 kbar) estimated for minerals (see later) included within diamond (e.g. Boyd et al., 

1985). Whilst figures 1.5 and 1.6 indicate the regions in the mantle in which diamond is 

stable, it cannot be assumed that diamonds exist in these regions. Whether diamond is 

present or not depends upon the oxygen fugacity (see section 1.7) and also upon the 

concentration of carbon; i.e if carbon is dispersed then the supersaturation necessary for 

diamond nucleation may not occur.

1,4 Diamond occurrences

Three principle types of diamond deposits occur; kimberlite and lamproite 

intrusions and placer (alluvial) deposits resulting from the erosion of the former two. As 

placer deposits can contain diamonds from a number of pipes they are not considered 

further. As well as these there have been reports of diamond finds in alkali basalts 

(Kaminski, 1980), diamonds from impact craters (see Orlov, 1977) and a few diamonds 

present on the earth have been brought here by meteorites (see Orlov, 1977). As the last 

three are to some extent anomalous they will not be considered further either.

Kimberlites and Lamproites.

In this study these rocks are regarded as merely the transporting agent responsible 

for bringing the diamonds to the surface. As there have been a number of recent reviews 

of kimberlites (e.g. Dawson 1980; Mitchell 1986) only a brief account is given here.

Kimberlite pipes.
Distribution and tectonic setting (Dawson, 1980)

Kimberlites tend to be restricted to ancient cratons with relatively few occurring in 

the circumcratonic fold belts. Within a given craton, kimberlites tend to occur in clusters 

and the diatremes are lined up along fractures which are infilled by kimberlite dykes. In 

the case of the Transvaal craton (southern Africa) the fractures appear to be independent 

of pre-existing structures, cutting across the trend of the basement, suggesting that they 

correspond to fundamental fractures in the crust.
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Geology (Hawthorne, 1975; Dawson, 1980)

Due to the increasing degree of erosion (from NW to SE) of southern Africa 

Hawthorne (1975) was able to construct a model of an ideal kimberlite pipe. As can be 

seen from figure 1.7 a, the pipe can be considered as consisting of three separate 

kimberlite facies: epiclastic facies, diatreme facies and hypabyssal facies.

Epiclastic facies kimberlites are produced by fluvial re-working and redeposition 

of kimberlite tuffs in crater lakes formed above diatremes. They occur as oval or elliptical 

basin-like structures measuring from 50 m to 1500 m in diameter and are found in areas 

that have undergone little erosion. Also they can be found as slumps and down-faulted 

blocks in the underlying diatreme facies. Beneath the epiclastic facies the intrusion takes 

the form of a steeply dipping (ca. 82°) cone and this, together with the kimberlite present, 

comprises the diatreme facies. The kimberlite is essentially a fragmental rock consisting of 

fragments of kimberlite, country rock xenoliths, mantle xenoliths, phenocrysts and 

xenocrysts set in a fine grained matrix of olivine and/or phlogopite, together with 

perovskite, spinel, diopside, apatite, monticellite, calcite and primary serpentine. With 

depth the diatremes grade into a series of feeder dykes. The kimberlite present within 

these dykes (and occasional sills) comprise the hypabyssal facies. One notable feature of 

the dykes is their lateral persistence; one dyke to the south-west of Kimberley, although 

no more than 1 m wide persists for over 30 km. The tabular form of the dykes is 

maintained in depth as well. The kimberlites present in the dykes contain few, if any, 

country rock xenoliths however mantle xenoliths and xenocrysts are present. The dykes 

are the result of the consolidation of a kimberlite liquid which was intruded less violently 

than the overlying diatreme. Diamonds occur in all three facies.

Lamproites.

Lamproites occur in volcanic fields in a variety of forms including dykes, sills and 

diatremes (Fraser 1987) and unlike kimberlites the diatremes are 'champagne-glass' 

shaped: see figure 1.7b. A notable feature of lamproite diatremes is the presence of an 

irregular crater infilled predominantly by pyroclastic material and the later intrusion of 

magmatic lamproite in the form of ponded lavas (Scott Smith and Skinner, 1984). The
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Figure 1.7 Kimberlite and Lamproite intrusions

a) Kimberlite pipe (after Hawthorne, 1975)

epiclastic facies

b) Lamproite pipe (after Scott Smith and Skinner, 1984)



most famous lamproite body is the diamondiferous A K l-pipe at Argyle, Western 

Australia. With the discovery of diamonds in Western Australian lamproites, several 

intrusions that were previously classified as kimberlites have been re-examined and re

classified as lamproites; e.g. the intrusion at Prairie Creek, Arkansas. Apart from the 

difference in the form of the diatremes, lamproites differ from kimberlites in terms of 

petrography, mineral chemistry and whole rock chemistry. Lamproites tend to be richer in 

S i0 2, T i0 2, P20 5, BaO and K20  and lower in A12C>3, FeO, MgO and in particular 

volatiles (Fraser, 1987). The volatiles that are present have a lower C02/H20  ratio than 

kimberlites and primary groundmass carbonates may be absent.

1.5 Habit of Diamond

The morphology of a diamond is intrinsically related to physico-chemico 

conditions both during and after growth and this section summarises briefly the 

commoner morphologies exhibited by diamonds (see figure 1.8).

The plane-faced octahedron and modifications thereof.

The plane-faced octahedron (A in figure 1.8) is the expected form of diamond 

growth. The octahedral planes of the lattice contain the greatest number of atoms per unit 

area and are thus the slowest growing i.e. they control the shape o f the crystal. The 

stratigraphy (internal growth zoning) of octahedral diamonds is parallel to the external 

crystal faces. Diamonds which exhibit this morphology have grown slowly during 

periods of saturation with respect to the diamond phase.

Although octahedra are common, equally common are the dodecahedroids and 

octahedroids; crystals having curved faces whose overall habits are similar to rhombic 

dodecahedra (D in figure 1.8) and octahedra respectively. The external shape of these 

crystals is not mimicked by the internal growth zoning which is octahedral (Moore and 

Lang 1974). These curved forms are the result of the partial dissolution of octahedral 

habit diamond. Thus these diamonds grew under similar conditions to the octahedral 

diamonds however, after growth, the physico-chemico conditions changed such that 

diamond was resorbed. In the classification of Orlov (1977) octahedral diamonds (and
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Figure 1.8 Common habits of diamond

Plane faced octahedron Truncated octahedron Cube

D E F

Rhombic dodecahedron 
(resorbed form)

Combination of octahedron Coated diamond
and dodecahedron 
(resorbed form)

G
'Central cross'

Mixed habit crystal growth. The above pattern is revealed by
polishing and etching the diamond (from Lang, 1979).



modifications thereof) belong to 'variety I'. At a given deposit, these diamonds can often 

be up to 99% of the total.

Cubic habit diamond

Although rarer in occurrence than octahedral diamonds (and their resorbed 

equivalents), cubic habit diamonds are by no means uncommon; Zaire and Sierra Leone 

being two well known sources. Synthetic diamonds commonly exhibit cube faces 

however unlike the cube faces of synthetic diamonds which are smooth the surfaces of 

natural cubic diamonds are rough (Moore, 1985).

X-ray topography has revealed two types of internal structure (Moore, 1985). 

Coloured cubic diamonds have a fibrous internal structure, with fibres starting at the 

centre of each stone and running out in <111> directions to the cube comers. The second 

mode of growth producing cubic habit (colourless) diamonds is associated with stones 

termed 'truncated cuboids'. If one of these diamonds is cut, polished and lightly etched 

(Lang, 1979 and references therein) a characteristic pattern results; the 'centre-cross' 

pattern (G on figure 1.8). The origin of this pattern is due to periods of mixed-habit 

growth in which normal growth on flat octahedral facets was accompanied by non-faceted 

growth on hummocky surfaces which had a mean orientation approximating to {100} 

(Lang; 1979). Thus both types of natural cubic growth are non-faceted which differs from 

both natural octahedral growth and synthetic cubic growth.

In later sections (and chapters) it will be shown that two distinct groups of cubic 

diamonds occur. The first (variety II: Orlov's, 1977) are usually associated with placers. 

They are very variable in terms of 813C, have low nitrogen contents and the nitrogen that 

is present is often there as single substitutional nitrogen atoms (type lb diamonds: see 

below). The second group (variety III) are associated with pipes. They have a restricted 

range of 513C, have generally high nitrogen contents and the nitrogen is present as 

nitrogen pairs (type IaA diamonds: see below).

Coated Diamonds

At a number of locations (e.g. the Koidhu Complex, Sierra Leone; Mbuji Mayi,

Zaire) good quality diamond (variety I) is overgrown by a coat of diamond akin to the
8



coloured variety of cubic diamond (variety HI). If the coat is upon an octahedral core, a 

rhombicubooctahedral external morphology may result (Moore 1985): F on figure 1.8. 

The internal structure of coated diamonds was investigated by Kamiya and Lang (1965). 

It was found that the coat consisted of numerous fibres growing outwards from the 

octahedral faces, maintaining the octahedral shape. 'Space-filling' at the vertices of the 

octahedron and at the edges produced by the intersection of two octahedral faces leads to 

the development of (110) and (100) faces. As the normal mode of diamond growth is by 

the lateral extension of the octahedral facets, Kamiya and Lang (1965) concluded that

' in (the case of) coated stones a layer of fine particles has come into contact with 

the crystal surfaces. These particles prevent continuous growth sheets from 

sweeping across the faces but do not stop crystallisation. Their effect is to break up 

the growing crystal into a bundle of presumably independently nucleated 'fibres' or 

'columns' which proceed to grow outwards independently of each other and with 

appreciable mutual mis-orientation.'

In a similar study, Moore and Lang (1972) investigated the internal structure of coloured 

cubic habit diamond and concluded that this fibrous growth occurred during periods...

'of supersaturation of the medium with respect to the diamond phase'.

Other shapes.

Although the forms described above are common, at some locations 'irregular 

forms' can dominate. Theses irregular forms have been described as 'indeterminate forms 

of curve-faced crystals', (Orlov, 1977) or perhaps more aptly as 'lumps', indeed the 

Cullinan is the 'biggest lump of them all' (Moore, 1985). They are of highly complex, but 

with the same number of 'faces' or system of 'edges' as regular rounded habits. Finally 

there are the polycrystalline aggregates; e.g. carbonado, framesite, boart. These are 

cryptocrystalline to granular, irregular or spherulitic aggregates of diamond. The origin of 

some of these forms of diamond is uncertain (e.g. Meyer, 1985; Harris, 1987). Smith 

and Dawson (1985) suggest that carbonado may have been formed through meteorite 

impacts, into carbonaceous crustal rocks, early in Earth history.
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1.6 Silicate and other inclusions within diamond

(Summarised from Orlov 1977, Harris and Gurney 1979 and Meyer 1987)

Silicate minerals ( -1 0 0  |im  in diameter) can occur as inclusions within diamonds 

(although generally < 1% of a given diamond population) and their study has received 

much attention. The mechanical strength of diamond together with its chemical inertness 

ensures that the occluded minerals do not re-equilibrate with their surroundings during 

pressure/temperature changes or metasomatic events hence pristine upper mantle 

chemistries are preserved. Knowledge of the mineralogy and chemistry of the inclusions 

provides information on where the diamonds crystallised, when they crystallised and the 

mineral chemistry of the upper mantle.

Inclusions within diamonds are said to be either 'protogenetic', 'syngenetic' or 

'epigenetic'. Protogenetic and syngenetic diamonds are presumed to have formed either 

before or at the same time as the diamond host respectively. Protogenetic inclusions tend 

to be irregular or to have morphologies consistent with the crystal structure of the mineral 

whilst syngenetic inclusions have cubo-octahedral habits and exhibit parallelism of the 

(100) and (111) faces with the external ( 100) and (111) faces o f the diamond host. 

Epigenetic inclusions occur as crystalline material lying within fracture systems in the 

diamond host and thus post-date it. Epigentic inclusions appear to be alteration products 

of pre-existing inclusions by either the kimberlitic/lamproitic fluids or, in the case of 

alluvial diamonds, by surface waters associated with the formation of the deposits. As 

there is uncertainty of the time of formation of this material it is difficult to relate the 

inclusion chemistry to geological events hence it has been little studied.

Minerals included within diamond.

A large number of diamonds from various locations have been studied and it has 

been found that two mutually exclusive suites of minerals occur as inclusions. These two 

groups are referred to as the 'peridotitic' (P-type) and the 'eclogitic' (E-type) suites and 

minerals from each suite are listed in Table 1.1. In general terms minerals of the 

peridotitic assemblage are enriched in Mg, Cr and depleted in Fe, A1 and Na relative to
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minerals of the eclogitic suite. The ratio of the number of E-type inclusions to that of P- 

type inclusions varies markedly at different locations. For example ca. 90% of the 

diamonds from the Finsch mine (South Africa) studied by Deines et al. (1984) contained 

P-type inclusions whilst only ca. 20% o f the inclusions in diamonds from Orapa 

(Botswana) belong to this suite (Harris et al., 1986).

Table 1.1

Minerals positively identified as being included within diamond 
(after Meyer, 1987)

Peridotitic 1 11 Eclogitic 1 Epigenetic Uncertain 2

Forsterite Omphacite Serpentine Phlogopite
Enstatite Pyrope- Calcite Biotite
Diopside almandine Graphite Muscovite
Cr-pyrope Kyanite Haematite Amphibole
Cr-spinel Sanidine Kaolinite Magnetite
Mg-ilmenite Coesite Acmite Apatite
Sulphides Rutile Richterite
Zircon Ruby Perovskite
Diamond Ilmenite Mn-ilmenite
Native iron Chromite

Sulphides
Diamond

Spinel
Xenotine
Sellaite
Goetite

1 Proto- and syngenetic 2 Uncertain as to paragenesis

1.7 Diamond genesis

This section outlines some current ideas relating to diamond genesis. In particular 

the location and oxidation state of the source regions of diamonds together with the nature 

of the carbon species from which they crystallise are considered. Whilst there is general 

agreement on the location of diamond growth, there is no consensus regarding the 

oxidation state of the mantle regions nor spéciation of light elements.

Concerning the location of diamond growth, the most direct evidence for this 

comes from the study of silicate inclusions. Geothermometry and geobarometry have

indicated that most diamonds formed at pressures of around 50 to 60 kbar and
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temperatures of 1000 to 1300°C (Meyer, 1987). This corresponds to depths of between 

140 and 180 km and restricts the growth regions to the continental lithosphere. A notable 

exception to this is provided by a suite of diamonds from Monastery mine, south Africa 

(Moore and Gurney, 1985). These contain inclusions of garnet hosting pyroxene in solid 

solution. This is indicative of higher pressures than normally associated with diamond 

genesis and an asthenospheric origin for these diamonds cannot be ruled ou t

Concerning the oxidation state of the mantle there are two differing schools of 

thought. The more popular has been reviewed by Haggerty (1986) and the following 

summarises that review. Lithospheric mantle is taken to be reduced (between the iron- 

wustite (IW) and wustite-magnetite (WM) oxygen buffers) whereas the asthenosphere is 

more oxidised (between wustite-magnetite (WM) and fayalite-magnetite-quartz (FMQ)). 

Deines (1980) calculated the stability fields of graphite and diamond and the composition 

of co-existing 'vapour' in the system C-O-H as a function of temperature, pressure and 

oxygen fugacity. The results for 40 kbar pressure and 0.1 mol fraction H2O content of the 

vapour are shown on figure 1.9. Under none of the conditions investigated did CO 

constitute more than 4.10 3 mole fraction of the vapour, the latter being dominated by 

either CO2 or CH4 depending on the oxygen fugacity. Haggerty (1986) integrated the 

results of Deines (1980) with the standard oxygen buffers (IW, WM and FMQ) and the 

diamond/graphite P/T curve to produce an idealised profile through the lithosphere and 

asthenosphere. This profile is shown on figure 1.10.

The above view of the oxidation state of the mantle has been questioned. A second 

model intrinsic to the concept of 'redox melting' has been summarised by Foley (1988). 

In this model the deeper asthenosphere is taken to be reduced with the dominant carbon 

species being methane. The lithosphere (and perhaps the uppermost parts of the 

asthenosphere) are oxidising. If CH4 associated with, for example, a plume from the 

deeper asthenosphere, encounters the lithosphere then it will be oxidised resulting in 

elemental C and H2O. The latter may induce melting hence the name of the model.

It is difficult to assess which is the more correct due to conflicting results and also

to data being ambiguous. One piece of evidence cited which favours a reduced

asthenosphere is the presence of non-biogenic CH4 in MOR basalts (Foley 1988 and
12
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Figure 1.9 Spéciation of carbon within the system C-O-H as 
a function of pressure, temperature and oxygen fugacity.
(after Deines, 1980).

The above example if for a pressure of 40 kbar and for 0.1 mole 
fraction of water within the 'vapour'.
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Figure 1.10 Oxygen fugacity and diamond stability within the lithosphere 
and asthenosphere (from Haggerty, 1986).

Haggerty (1986) integrated the results of Deines (1980) with the standard oxygen 
buffers and the graphite-diamond P-T curve to produce an idealised cross-section 
through the lithosphere and asthenosphere. The area between the shaded lines is 
the region in which diamond or graphite is stable relative to either methane or 
carbon dioxide. At depths in excess of 150 km diamond is stable over all 
lithospheric redox values (WM to <IW) whilst carbon dioxide is the dominant 
carbon species in the more highly oxidised asthenosphere.



references therein). However Javoy et al. (1986) provided a quantitative analysis of gas 

from a MORB sample. They found the gas was dominated by CO2  (78%) and H2O 

(21.9%). The remaining 0.11% consisted of N2 (94.5%), He (2.86%), Ar (1.76%) and a 

'very small amount of CO, H2 and CH4 . This analysis suggests clearly that the volatiles 

associated with some MOR basalts are oxidised.

The presence of sulphides, metallic iron and Cr2+ bearing olivine as inclusions 

within diamond together with low to absent Fe3+ contents of inclusions is well known. 

The interpretation is ambiguous. Haggerty (1986) suggests that the inclusions are strong 

indicators that the diamonds resulted from oxidised fluids being introduced into a 

reducing environm ent, however Meyer (1985) and Foley (1988) take the inclusion data 

as being evidence that the fluids were reducing.

Although for most diamonds the problem remains unresolved, in chapter 4 it will 

be shown that a certain variety of diamonds (fibrous cubic habit) trap fluid during growth 

and, in this case, there is little doubt regarding the carbon species involved. They contain 

co-genetic carbonate inclusions which is a clear indicator that the diamonds grew from 

oxidising fluids.

1.8 Nitrogen within diamond: physical studies 1934 to present dav

It is now well established that nitrogen can occur as an impurity within the 

diamond lattice in concentrations of up to 5000 ppm although concentrations within the 

range 0 to 1000 ppm are more common. Nitrogen within the lattice of diamond has a 

pronounced effect on certain physical properties and the study of these effects has 

occupied solid state physicists for many years. Recently it has become apparent that 

certain properties have immense significance to geological studies of diamond hence a 

detailed account of the research is provided below.

The account begins in the mid 1930's when Robertson et al. (1934) determined

that, on the basis of the infrared and ultraviolet absorption characteristics, two types of

diamond could be identified. Type II diamonds were found to show strong absorption

bands between 3 and 6 p.m only and a sharp absorption edge in the ultraviolet below

0.225 |im  (see figure 1.11). The absorption bands at the longer wavelength were later
13
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Fig 1.11 The differences in the absorption spectra of type I and type II diamond
(from Kaiser & Bond, 1959)
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shown to be the lattice bands of diamond; e.g. Sutherland et al. (1954). Type I diamonds, 

which were far more common, were found to show additional absorption bands between 

6 and 13 |im  and a tail on the absorption edge (see figure 1.11). Both of these additional 

characteristics of type I diamonds were found to be highly variable between samples. 

Apart from these features both types of diamonds had similar physical properties (e.g. 

specific heat and density ) which led the authors to conclude that type II diamonds were 

more perfect crystals than type I; strain in the latter being the cause of the absorption 

characteristics that were absent in type II diamonds. An impurity was not considered as 

being responsible as the magnitude of the absorption band at 7.8 fim (most diamonds 

studied up to then were 'type la A'; see below) was almost the same for diamonds from 

widely different geographical locations. It seemed unlikely that diamonds from different 

countries would all have the same impurity in the same concentration. (N.B. Until 

recently it was true that the absorption spectra of diamonds from different countries 

tended to be very similar. However the recent discovery at Argyle in Western Australia 

produces an unusually high proportion of Type II diamonds and the absorptions between 

6 and 13 Jim of the type I diamonds are generally only weak (Harris and Collins, 1985)).

Ten years after the work of Robertson et al.(1934), Raman (1945) suggested that 

four diamond structures were possible; two octahedral and two tetrahedral and that in type 

I diamonds the structure was tetrahedral and octahedral in type II. The theory was not 

generally accepted and Lonsdale (1945) provided x-ray diffraction patterns which 

precluded a tetrahedral structure for type I diamonds.

Kaiser and Bond (1959) established the true cause of the difference between type I

and type II diamonds. A number of type I diamonds (in fact they were type IaA; see

below) with varying strengths of infrared absorption at 7.8 |im  were graphitised under

vacuum and the resulting gases analysed. Nitrogen was the principle impurity found,

together with minor amounts of carbon monoxide and hydrogen. A plot of the absorption

coefficient at 7.8 p.m against nitrogen content yielded a straight line which passed through

the origin. Thus it was the presence of nitrogen within type I diamonds which resulted in

the additional absorption features absent in type II diamonds. Kaiser and Bond (1959)

went on to show that the nitrogen occupied substitutional sites within the lattice although
14



they were unable to deduce a structure. Since the work of Kaiser and Bond much research 

has concentrated on how the spectral characteristics relate to the structure in which the 

nitrogen is located. Models for the different structures together with their characteristic 

infrared absorptions are considered in detail below.

1.8.1 Type lb diamond

The characteristic infrared absorption spectra is shown in figure 1.13 (section 

1.8.4). This has been the simplest structure to deduce as lb diamonds also exhibit another 

characteristic property. The structure of diamond was discussed in section 1.2 and it was 

seen to be a giant covalent molecule resulting from the hybridisation of the s and p 

orbitals. Consider now the simple case of the substitution of one carbon by one nitrogen. 

The electronic configuration of nitrogen ([He] 2s22p3) means that the substitution will 

result in an unpaired electron which will have a magnetic moment. Thus diamonds which 

contain most of their nitrogen as single substitutional will show the property of 

paramagnetism. The correlation between the lb spectrum and paramagnetism identified the 

structure as being due to substitutional isolated nitrogen atoms. The unpaired electron 

spends most of its time along one bond (Kaiser and Bond 1959) causing an increase in 

the bond length of 10% (Smith et al. 1959). Ib diamonds are rare in nature but very 

common amongst synthetically produced stones and the reasons for this are discussed in 

section 1.8.4.

1.8.2 Type la diamond

This corresponds to the type I diamond of Robertson et al. (1934) but has the 

suffix 'a' to distinguish it from the paramagnetic nitrogen-bearing diamonds. Sutherland 

et al.(1954) surveyed 13 diamonds and found that the absorption bands between 6 and 13 

|im  fell into two groups; see table 1.2 (N.B. it is now common practice to quote the 

absorption bands as the reciprocal of the wavelength in cm; the 'wavenumber' c m 1. This 

notation is adopted from here on).

Thus type la diamonds can be further classified as IaA, where the characteristic

absorption occurs at 7.8 pm (or a wavenumber of 1282 cm '1) or IaB where the

characteristic absorption occurs at 8.5 pm (1171 c m 1). In nature it is common for both
15



types to be present within the same diamond and when this occurs the diamond can be 

classified as being IaAB (see figure 1.12).

IaA

The characteristic infrared absorption spectra is shown on figure 1.12. Diamonds 

which exhibit the IaA spectra lack the paramagnetism of lb diamonds indicating that there 

are few unpaired electrons. This suggests that the nitrogens are mutually bonded and the 

'A'-centre is considered to be two nitrogen atoms on adjacent lattice sites (Davies 1976).

Table 1.2 The characteristic absorptions of Group A and Group B 

Type la diamonds (after Sutherland et al. 1954).

Group-A (cm*1) Group-B (c m 1)

1282 1426
1203 1372
1093 1332
480 1171

1003
780
328

(The absorption at 1372 cm-1 (group B) is now attributed to 'platelets'; see below.)

IaB

The characteristic infrared absorption is shown in figure 1.12. The structure of 

this form of nitrogen is unknown although a cluster o f four nitrogens is the 'working 

hypothesis'.

1.83 Other nitrogen-bearing structures 

The N3 centre

This centre does not give rise to an infrared absorption but does absorb in the ultra 

violet at 415 nm (24000 c m 1). It is believed to consist of three nitrogen atoms (Loubser 

and Wright 1973, Davies et al. 1978) in a {111} plane plus a vacancy (van Wyk 1982). 

The odd number of nitrogens leads to paramagnetism (Smith et al. 1959) and the centre 

does not occur in lb diamonds.
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Figure 1.12 Infrared absorption spectra o f type la  diamonds

(After Davies, 1984)
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Platelets

This structure, first identified by Evans and Phaal (1962), also gives rise to a 

characteristic absorption in the infrared at 1372 cm ' 1 (see figure 1.12). Platelets occur as 

planar structures lying in the {100} lattice planes. They vary in diameter from 50 to 1000 

atoms but are always close to 1 atom thick. Their precise structure and chemistry are at 

present unknown although nitrogen has been implicated (Lang 1964, Allen and Evans 

1981, Berger and Pennycook 1982). However other workers have proposed silicon and 

carbon (Davies (1984) and references therein). Platelets never occur in type lb or type II 

diamonds and even within type la diamonds their presence is not guaranteed. Platelets are 

still something of a mystery.

Yoidites

Voidites are a recent discovery and consist of linear alignments of low density 

octahedral structures lying in {100} planes (see for example Hirsch et al.1986a, 1986b, 

Barry et al., 1987 and references therein). They are believed to result from the collapse of 

platelets (e.g. Hirsch et al. 1986a, 1986b, Lang 1986). Their precise composition is 

unknown although Hirsch et al. (1986b) propose a crystalline nitrogen bearing phase; 

possibly solid ammonia.

1.8.4 The relationship between the different structures

By 1977 it was well established that most natural diamonds were either type IaA 

or IaB or a mixture of the two whereas synthetic diamonds were predominantly type lb. 

Evans (1976) had proposed that, during the growth of natural diamonds, nitrogen is 

incorporated as single substitutional atoms (type lb) and that the type la structures 

developed during prolonged residence in the mantle. This hypothesis was examined by 

Chrenko et al. (1977); if correct then the extent of the development of the la structures 

could possibly be used to ascertain the length of time that a single diamond had resided 

within the mantle. Two pure lb synthetic diamonds together with a natural diamond 

containing about 70% of its nitrogen as lb were heat treated at temperatures between 

1600°C and 2000°C under a confining pressure of 5.5-6.5 GPa (55-65 kbar). The crystals
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were heated for thirty minutes at a time with the relative amounts of nitrogen present as lb 

and IaA being measured after each treatment. They found that the concentration of 

nitrogen present as lb decreased whilst that present as IaA increased; the total nitrogen 

remained constant. Where sufficient conversion had taken place the diamonds showed an 

absorption band due to the N3 centre (24000 cm-1). In none of the experiments was the 

IaB structure produced. The reaction was shown to follow second order kinetics obeying 

the rate equation:-

1 1 w
r  - c T  “ t t

where: Y is the time in minutes, 'C0' is the initial concentration of nitrogen as lb, 'C  is 

the concentration of nitrogen as lb at tim e't' and 'k' is the rate constant in units of m in 1 

ppm*1. At 1900°C they obtained a value for k of 1.74.10-4 min ' 1 ppm '1. An Arrhenius 

plot, for all the data, of In (k) against 10VT K yielded an activation energy for the reaction 

of between 48 and 78 kcal mol-1. Assuming an activation energy of 60 kcal mol*1 they 

then used the Arrhenius relationship:-

k = A exp (_E/RT)

(where: 'A' is a pre-exponential, 'E' is the activation energy of the aggregation, 'R' is the 

gas constant, 'k' is the rate constant in units of min ' 1 p p m 1 and T is the temperature in 

K) to obtain values of k in the temperature range 1300°C to 2000°C. From these values of 

k they calculated the length of time it would take for 50, 99 and 99.9% of the nitrogen 

(500 ppm) in a pure lb to transform to type IaA. These 'transformation' times are 

presented in table 1.3 below.

The results showed why type lb diamonds are rare in nature but common amongst 

those produced synthetically. The conversion times are extremely short in geological 

terms. The temperature of diamond growth is ca. 1100°C (as shown from silicate 

inclusion studies, e.g. Boyd et al., 1985) and at this temperature the results of Chrenko et 

al. (1977) suggest that the transformation will be almost complete in under 100 years. 

Given that most diamonds are xenocrysts (Kramers 1979, Richardson et al., 1984, 1986) 

one would expect that no type lb diamonds would survive. Type lb diamonds must either 

have been below 800°C for protracted periods or have had a very short residence time
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within the mantle; i.e. these diamonds are essentially phenocrysts associated with the 

kimberlite eruption. No information about the kinetics o f the production of platelets or 

type IaB diamonds was obtained from the study of Chrenko et al. (1977).

Table 1.3 Time of transformation of 500 ppm of nitrogen as lb to 
50, 99 and 99.9% of nitrogen as IaA respectively for temperatures 

within the range 800-2000°C 
(after Chrenko et al. 1977)

T C t50 tQ9 t99.9
2000 6.3 min 10 hr 4.3 d
1900 11 min 19 hr 8.0 d
1800 22 min 37 hr 16 d
1700 47 min 77 hr 32 d
1600 1.8 hr 175 hr 73 d
1500 4.3 hr 18 d 0.5 yr
1400 12 hr 49 d 1.4 yr
1300 1.5 d 150 d 4.2 yr
1200 5.9 d 1.6 yr 16 yr
1100 26 d 7.1 yr 72 yr
1000 150 d 40 yr 410 yr
900 3.1 yr 300 yr 3100 yr
800 34 yr 3400 yr 34000 yr

N.B.The times of transformation in the temperature range 800°C to 1200°C were 

calculated using the equations of Chrenko et al. (1977) so that direct comparisons could 

be made with a subsequent study (Evans and Qi 1982: see later).

Collins (1978, 1980) enhanced the rate of aggregation of nitrogen by irradiating 

the diamond with high energy electrons prior to heat treating. The irradiated diamonds 

were heated to 1500°C in vacuo for 400 minutes which resulted in 60% of the nitrogen 

aggregating to the IaA structure. Unirradiated diamonds showed negligible aggregation 

indicating that the rate constants of Chrenko et al. (1977) were probably too high. The 

increased rate of aggregation was attributed to the production and migration of vacancies 

within the lattice: solid state diffusion by the 'exchange mechanism' has a far higher 

activation energy than that by the 'vacancy mechanism' (Henderson, 1982). Allen and 

Evans (1981) irradiated diamonds with high energy electrons and subsequently heated 

them to temperatures in excess of 2000°C at a confining pressure of 8.5 GPa (85 kbar). 

By repeated irradiation/heating treatments both the IaB and platelet structures were 

produced. The authors considered that the larger structures could be formed from the IaA
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structures in one of two ways. Firstly the existing IaA structures could decompose and 

the resulting isolated atoms be captured by intact IaA structures to form larger aggregates. 

The second mechanism is the pairing of IaA centres migrating as discrete units. With the 

first mechanism it would be expected that the aggregation sequence to IaB and platelets 

would be preceded by the formation of a high concentration of N3 centres. As this was 

not observed the authors concluded that the second mechanism was more likely. Thus 

finally the sequence of nitrogen aggregation was established.

—» increasing time and!or temperature 

lb —» IaA —» IaAB —> IaB

+N3 ± platelets

Later experiments by Evans et al. (1981) and by Evans and Qi (1982) established 

that all of the observed nitrogen centres in natural diamonds could be produced in 

unirradiated diamonds by raising the temperature of the experiment. The former study 

established the fact, the latter was designed to determine the kinetics of nitrogen 

aggregation in order to provide an estimate of the length of time that diamonds have 

resided within the mantle. In this study they heat treated unirradiated natural and synthetic 

diamonds at temperatures of up to 2700°C under confining pressures of 9.5 GPa (95 

kbar). The results (two examples of which are shown on figure 1.13) showed 

convincingly that the sequence Ib-IaA-IaAB-IaB occurred in diamonds that were 

unirradiated. In a similar way to Chrenko et al. (1977) they were able to calculate the 

reaction rates of the lb to IaA and also IaA to IaB transformations and from these were 

able to estimate the residence times of IaAB and IaB diamonds within the mantle.

In naturally occurring type lb diamonds about 20% of the nitrogen is within the 

IaA structure. Thus, for a variety of temperatures, they estimated the time that it would 

take for this amount of aggregation to occur in a diamond which contained 30 ppm of 

nitrogen. The results are tabulated in table 1.4 below. At 700°C the time of transformation 

would be greater than the age of the Earth. At 1100°C, a more reasonable temperature for 

diamond growth, the required amount of aggregation would have occurred after about 

3000 years suggesting that type lb diamonds are related to the eruption of the kimberlite.
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Figure 1.13 Changes in the form of the absorption spectra of diamonds 
resulting from heating under high pressure-see text (after Evans and Oi, 
1982)



They then considered the length of time necessary for 99.999% conversion of lb to IaA in 

a diamond which contained 1140 ppm of nitrogen. The results are tabulated in table 1.5 

below and for comparison the same calculations were performed using the rate constants 

of Chrenko et al. (1977).

Table 1.4 Time for 20% transformation of nitrogen 
as lb  to nitrogen as IaA in a diamond containing 30 ppm 
of nitrogen for temperatures in the range 700-1400°C 

(After Evans and Qi 1982)

T C t2o years

700 1.5.1011
800 5 .8 .108
900 5 .7 .106

1000 1.2 .105
1100 3.103
1200 240
1300 20
1400 2.2

Table 1.5 Time of transformation (in years) of 1140 ppm of
nitrogen as lb to 99.999 of nitrogen as IaA ( * after Evans and Qi 
1982; t t  after Chrenko et al. 1977).

T C 199.999 * 199.999 **

900 5 .7 .1010 1.0 .106
1000 1.2 . 109 1.8.104
1100 4 .3 .107 3.2.103
1200 2 .5 .106 7 .1 .102
1300 2 .0 .105 1.9.102
1400 2 .2.104 60

At 1100°C the transformation would be almost complete after 43 Ma which is a 

considerably longer period than that deduced from Chrenko et al.(1977); ca. 3000 yr.
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Finally they considered the kinetics of the aggregation of 'A'-centres into 'B'-centres and 

for a diamond containing 1140 ppm N. The results are presented in table 1.6.

Table 1.6 Time of transformation of 1140 ppm of nitrogen
as IaA to 20, 50 and 80% of nitrogen as IaB respectively for 
temperatures within the range 900-1400°C 

(after Evans and Qi 1982)

T C t2oa tsoa t80 a
900 2 .8 .1015 1.1.1016 4 .5 .1016

1000 7.6 .1012 3 .0 .1013 1.2.1014
1100 4 .9 .1010 2.0.1011 7.8 .1011
1200 6.4.108 2 .6 .109 1.0.1010
1300 1.4.107 5 .6 .107 2 .2 .108
1400 4 .9 .105 2.0.106 7 .9 .106

From the three tables they concluded that diamonds containing only A-centres had 

spent about 1000 Ma at temperatures of between 1000 and 1100°C before being ejected. 

Diamonds containing an increasing amount of B-nitrogen spent between ca. 200 and 2000 

Ma at temperatures of between 1200 and 1300°C and that it was probable that diamonds 

containing only B centres spent comparable times at 1400°C before being ejected to the 

surface. Type lb diamonds were considered to have had very short residence times and 

were believed to have been associated with the 'geological events associated with the 

kimberlite'.

The results showed that most diamonds could be regarded as xenocrysts as later

confirmed by Richardson et al. (1984). However the later work of Richardson (1986) on

diamonds from Argyle in Western Australia suggested a mantle residence time of only ca.

400 Ma yet most of the diamonds from this deposit are highly aggregated containing only

few IaA diamonds (Harris and Collins 1985). Indeed Harris and Collins applied the

equations of Evans and Qi (1982) to their spectral results obtained from the Argyle

diamonds. They concluded that some of the diamonds at Argyle would need to have

equilibrated at 1400°C for a period almost equivalent to the age o f the Earth. As evidence
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from silicate inclusions indicates a lower equilibration temperature of 1150°C then the 

equations yield mantle residence times much greater than the age of the Earth. Harris and 

Collins (1985) concluded that an unspecified process had operated on the diamonds 

studied which resulted in the aggregation process being 'speeded up' (see also chapter 5).

1.8.5 Summary

The presence of nitrogen within the lattice of diamond leads to characteristic 

absorptions in the infrared and ultraviolet regions of the electromagnetic spectrum. 

Nitrogen is originally incorporated into the diamond lattice as isolated atoms which results 

in a distortion of the lattice. This structure (lb) is unstable and with time and temperature 

the isolated atoms migrate and form pairs (IaA). This structure is itself unstable and with 

increased time and temperature the IaA structures pair up resulting firstly in IaAB 

diamonds and later in pure IaB diamonds. During this period N3 centres are formed. 

Platelets may or may not form during the aggregation process. The kinetics of the 

aggregation process have been studied by two independent groups who obtained 

markedly different results and there is at least one natural deposit in which the diamonds 

are more highly aggregated than would be predicted from the kinetic studies of Evans and 

Qi (1982). So although much needs to be done on the kinetics before more reliable mantle 

residence times can be obtained the studies have shown that relatively few diamonds are 

phenocrysts, in agreement with other work (see later). Finally a single diamond can 

exhibit serial zoning with respect to the form of the IR spectra recorded; nitrogen can be 

less highly aggregated on the outer zones of a diamond than nitrogen at the centre. This is 

indicative of multiple growth events (see chapter 3).

1.9 Summary of research on the carbon isotope composition of mantle derived materials.

Carbon isotope geochemistry commenced in the 1950's with the pioneering work 

of Craig (1953) and later Wickman (1956). Since this initial work, many aspects of 

carbon isotope geochemistry have been studied in detail and the following discussion 

summarises the present state of knowledge in certain specified areas. Only a brief outline 

of the carbon isotope studies of diamond is included as many aspects will be covered in
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more detail in later chapters. Carbon isotope results are presented in the 'delta notation' 

i.e.

where the internationally agreed standard is Pee Dee formation (Carolina, USA) belemnite 

carbonate or PDB for short. The original standard is now exhausted so working 

standards, calibrated against PDB, are used instead. Samples which contain carbon with 

an isotope composition identical to PDB will thus have a 813C value of 0%c. Samples

conversely those depleted in 12C relative to PDB will have positive 813C values.

1.9.1 Oceanic basaltic glasses

Quenched basaltic glasses are perhaps the most appropriate samples for the study 

of mantle volatiles since mid oceanic ridge basalts (MORB) and oceanic island basalts 

(OIB) emanate from reservoirs that comprise the bulk of the mantle; depleted upper mantle 

(MORB) and enriched lower mantle (OIB). Although the carbon content of glasses can be 

well within the capabilities o f modem techniques, the subject area is not without 

controversy; the controversy surrounding the origin of one of the carbonaceous species 

present.

The earliest studies of carbon isotopes in basalts (e.g. Craig 1953) suggested that 

the carbon present was enriched in 12C relative to other mantle derived materials 

(carbonatites and diamonds: see below) analysed contemporaneously. Subaerial basalts 

that had been acid washed to remove carbonate yielded 813C values of between -25 and 

-30%c. The relationship o f this so-called 'reduced carbon' to that generally accepted as 

being representative of the upper mantle (813C between -3 and -7%c as deduced from 

carbonatites and diamonds: see below) remained unclear until Pineau et al. (1976) 

analysed 'popping' and related tholeiitic rocks from the Mid-Atlantic Ridge. Crushing the 

samples under vacuum yielded 813C values of -7.6 ±  0.5%© much closer to the accepted 

upper mantle value. Stepped combustion experiments (400°C, 600°C and 1000°C) were 

performed on the fragments that resulted from the crushing experiments and in all cases 

(3) the CO2 liberated was enriched in 12C relative to the 'vesicle' CO2: 400°C, -22.2±

x 1000%«

which contain carbon enriched in 12C relative to PDB will have negative 813C values
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1.6%o; 600°C, -16.9±5.6%o; 1000°C, -14.8±0.9%c. They concluded that the 'vesicle 

CO2' was representative of the mantle in the ridge area. The more 13C depleted carbon 

('reduced carbon') was interpreted as being residual carbon dissolved in the glass; carbon 

that was not outgassed when the vesicles were formed (see below for the reason why this 

would be depleted in 13C.). Subsequent to this there have been many studies that have 

utilised stepped heating methods (Pineau and Javoy, 1983; DesMarais and Moore, 1984; 

Mattey et al. 1984, Sakai et al., 1984; Exley et al.,1986, 1987a) all producing similar 

results although the interpretation of the results can differ markedly.

There are at least two distinct forms of carbon present within basalt glasses: i)

carbon released at low temperature <600°C characterised by a 813C value close to -28%c,

ii) carbon with a major release temperature close to 1000°C (the softening temperature of

the glasses) with a more positive 813C value (usually close to -7%o). There is general

agreement that the carbon released at the higher temperatures is representative of the

mantle source regions, however the origin of the carbon released at lower temperature is

more controversial. Javoy et al. (1986) maintain that this carbon is indigenous to the

sample and its isotopic composition is the result of the outgassing of CO2 enriched in

12C, relative to the carbon 'dissolved in the melt', by ca. 4%c. (N.B. Javoy et al. (1978),

in a 'preliminary study' determined experimentally that the equilibrium carbon isotope

fractionation between CO2 and C dissolved in a tholeiitic melt (at 1200°C) was ca. 4%o).

They point to the conclusions reached by Staudacher et al. (1986) who suggest, that for

argon at least, the MORB reservoir is ca. 99.6% degassed. However DesMarais and

Moore (1984), Mattey et al. (1984), and Exley et al. (1986, 1987a) attribute the low

temperature carbon to organic contamination introduced either in the marine environment

or during handling. There is a lot of evidence in support of the latter view which has

recently been summarised by DesMarais (1986): i) the component evolves at temperatures

where the glass retains its volatiles (little sulphur is oxidised below 600° C), ii) small

samples and weathered samples yield more of the component (greater surface area), iii)

the component can be removed by combustion at 600°C but will return if the glass is then

re-exposed to atmosphere, iv) the isotope composition is consistent with it being organic

contamination and v) lunar samples which release little or no indigenous carbon upon
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melting also contain 'low-temperature' carbon, similar to oceanic basalts, the amount of 

which being dependent upon the samples’ handling history. Exley et al. (1987a) have 

shown that by careful pre-cleaning the low temperature component can be reduced to very 

low levels.

In summary there is general agreement that CO2 from MORB is characterised by a 

513C close to -7%c. Exley et al. (1986) suggest that OIB may be enriched in 13C relative 

to MORB by ca. 1 %c. Also Mattey et al. (1984) have shown that CO2 in glasses from 

back-arc basins (BAB) is enriched in 12C relative to both MORB and OIB by up to 5%c. 

They concluded that this enrichment was the result of mixing of CO2 of mantle origin 

(813C ca. -l%o) with organic sedimentary carbon (513C ca. -25%c) from the subducted 

slab. Regarding the carbon released at low temperature, the current evidence favours it 

being surficial contamination rather than it being indigenous to the sample, a view shared 

by the author. However 13C depleted carbon released at high temperature {ca. 1000°C) 

could reflect degassing during the ascent of the basalt (Javoy et al., 1986). Figure 1.14 

includes a compilation of all the available data for oceanic basaltic glasses.

1.9.2 Carbonatites

Carbonatites were the first systems to be studied in detail after the general work of 

Craig (1953). Figure 1.14 includes a compilation of nearly 300 analyses of carbonatites 

that were published up to 1973 (N.B. the compilation does not include the results of 

Deines (1970) who performed over 600 analyses on one complex; these results are 

discussed separately below). As can be seen from figure 1.14 the range of 813C values 

obtained from carbonatites is similar to both those of MORB and OIB, however there is 

more spread, particularly towards positive values. Deines and Gold (1973) were able to 

show that part of this increased range was due to regional variations between the source 

regions; i.e. mantle heterogeneity. Carbonatites from the East and West of the East 

African Rift system have 813C values within the ranges -5.8 to -7.4%e and -5.8 to -7.8%o 

respectively. The carbonatites from the inter-rift regions are enriched in 13C by 

comparison; 813C values within the range -2.4 to -4.4%c. However not all of the range in 

813C values is due to source region heterogeneity and much can be attributed to isotope
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fractionation processes operating during crystallisation. For example Deines (1970) 

reported results from the Oka complex in Canada. The multiple measurements (~650) 

revealed a peak in the frequency of 813C distribution at -5%o with a skewness of up to 

1 %o to more positive values. The distribution of the data could best be explained by a 

Rayleigh fractionation model with the precipitating carbonate being enriched in 12C by 

0.7%o relative to the residual carbon within the melt. The initial composition of the carbon 

within the magma was -5.5%o. Similarly carbonatites with more positive 513C values 

(which show a positive correlation with 8180 )  can also be enriched in incompatible 

elements, particularly the rare earth elements (Javoy et al., 1986). This again suggests that 

late stage differentiation effects between C02-rich fluids and precipitating carbonates are 

involved.

1.93  Kimberlite carbonates

The carbon isotope composition of carbonates associated with kimberlite eruptions 

have also been studied in some detail. A summary of the data is included in figure 1.14 

(from Deines and Gold 1973; Sheppard and Dawson, 1975 and Kirkley et al., 1986.). As 

was the case with MORB, OIB and carbonatites the range in 513C values is fairly limited; 

-2 to -10%o with a peak in the distribution occurring at -6%o. The shift to heavier values 

has been interpreted both in terms of late stage fractionation processes and assimilation of 

dolomite (513C ca. 0%o) during emplacement (Kirkley et al., 1986).

1.9.4 Carbon in mantle diopsides

Mattey et al. (1985, 1986) measured the abundance and isotopic composition of

carbon from diopsides which had been characterised for He, Sr and Nd abundance and

3He/4He, 87Sr/86Sr and 143N d/144Nd ratios. Diopsides from a wide variety of locations

and geological settings were investigated. It was found that isotopically variable CO2

(513C between -3%c and -31%c) occurs in mantle environments closely related to active or

recent subduction. This was believed to be indicative of a sedimentary carbon component

derived from the slab. Diopsides from sub-continental lithosphere contained carbon of

more restricted isotope composition (-8%c to -15%c), lower than typical MORB values. It

was suggested that these values could represent ancient subducted sedimentary carbon
27



which has either overwritten or been overwritten by MORB/OIB like carbon. A summary 

is provided in figure 1.14

1.9.5 Diamonds

Craig (1953) analysed six octahedral diamonds from the Kimberley mines in 

South Africa and obtained a range in 813C of between -2.4 and -4.7%c. Similarly 

Wickman (1956) analysed 37 diamonds (mainly African) and obtained a range in 813C 

values from -3.2 to -9.6%o (mean = -6.1%c). One result (513C = -13.9%c) was discarded 

as the sample was believed to be contaminated with organic matter. As was previously 

stated carbonatites were the first system to be studied in detail and as the results for 

diamonds fell within the 'carbonatite range' it was concluded that diamonds were 

sampling the same reservoir of carbon. As the results for diamonds were in agreement 

with diamond genesis models, i.e. formation within the mantle, few carbon isotope 

analyses of diamonds followed those of Craig (1953) and Wickman (1956). However 

Vinadograv et al. (1966) analysed four samples of carbonado from Brazil. They obtained 

813C values of between -27.8 and -28.4%o, well outside the range generally accepted for 

mantle carbon. Later, in 1972, Koral'skiy et al. (in Galimov, 1984) established 12C 

enrichment in 'ordinary' diamond crystals from Siberia; four diamonds from the Ebelyakh 

placers gave 813C values of between -21.4 and -22.2%c, whilst one from the Mir pipe 

gave a 813C value of -32.3%c. Thus the origin of the carbon within diamonds was far 

more complex than first thought. Since 1966 over 1500 carbon analyses of diamonds 

have been performed mainly by Galimov (e.g., 1984) for Russian diamonds and Deines 

(see later) for African diamonds. Figure 1.15 is a composite of all the available data 

including the analyses obtained during this study. What is apparent is that the range of 

813C values obtained from diamonds is from ca. +3 to -35%c, with a mode at -6%c and a 

distinct negative skewness. The interpretation of this distribution has been hampered by 

the nature of diamond occurrence: diamond rarely occurs within its genetically related host 

rock (i.e. diamondiferous xenoliths are rare) hence there is little independent information 

to help constrain the carbon isotope data. Up until 1984 the additional parameters that had 

been most used were i) the type of deposit, ii) colour, iii) habit and iv) the paragenesis of
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habit and iv) the paragenesis of mineral inclusions.

8 13C and the type of deposit.

Galimov (1984) reported that diamonds from placer deposits tended to be enriched 

in 12C relative to kimberlite diamonds. Figure 1.16 shows the range of 813C values for 

diamonds from Siberian and Australian placer deposits. Included are results obtained 

during this study for micro-diamonds from Queensland (Australia) and the Northern 

Territories (Australia), the details are tabulated in table A1 (Appendix 1). Galimov (1984) 

noted that the situation could be complicated by impact related diamonds (non-kimberlitic) 

being included but added that when a placer deposit could be related to a kimberlite pipe 

then the mean 813C value of the placer diamonds was shifted by 1-2%c, to more negative 

values, compared to the value characteristic of the diamond pipe. He concluded that, as 

placer deposits will contain diamonds from the upper regions of pipes, diamonds that 

formed at higher levels (lower pressures/temperatures) were depleted in 13C relative to 

those formed at depth. This necessarily assumes that the 13C depleted diamonds are 

phenocrysts and, as stated earlier, the data now available suggest that most diamonds are 

xenocrysts. However the type lb diamonds probably are phenocrysts and indeed these do 

show a wide variation in 813C from -5 to -27%c (-5 to -20%o, Galimov (1984); -11 to 

-27%o, this study). It is conceivable that this 13C depletion is the result of an isotope 

fractionation process operating during the (metastable ?) growth of these diamonds.

8 13C and habit.

Deines (1980) studied the carbon isotope composition of nearly 200 South African 

diamonds. They were grouped into macles (twinned octahedra), dodecahedra, octahedra, 

aggregates and irregular forms. At a given location there was little difference between the 

carbon isotope composition of the macles, dodecahedra and octahedra. Irregular 

diamonds from the Premier mine were on average 0.8%o depleted in 13C and the 

aggregates on average 0.9%o enriched in 13C relative to the other forms. That there was 

little difference between the macles, dodecahedra and octahedra is of no surprise as these 

diamonds grew in similar environments. The macles are twinned octahedra and the

dodecahedra are octahedra that have been partially resorbed some time after growth i.e.
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Figure 1.16 Carbon isotopic composition of diamonds from placer deposits
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they are all variety I diamonds (Orlov, 1977).

Swart et al. (1983) determined the 513C values of the cores and coats of a number 

of coated stones. The results showed that the diamonds were internally heterogeneous 

with a maximum spread in 813C of ca. 4%c and in all cases (6) the cores (octahedral) were 

enriched in 12C relative to the coats (cubic): see chapter 3, section 3.1 for a more detailed 

discussion of the study of Swart et al..

Galimov (1984) also presented 813C results for diamonds of different habit, 

however he considered more varieties than either Deines (1980) or Swart et al. (1983). In 

agreement with Deines (1980) he reported that octahedral diamonds (or modifications 

thereof) tended to have 'normal mantle' values. Only 1.1% of the diamonds studied were 

outside the range -1 to -10%o, 12C enrichments were more common amongst the cores of 

coated diamonds (in agreement with Swart et al., 1983) and the polycrystalline 

aggregates. Dark intergrowths and yellow cubic diamonds (type lb: variety II of Orlov, 

1977) tended to be markedly enriched in 12C. The dark intergrowths gave 813C values of 

between -19 and -24%o. The type lb diamonds have been discussed in the previous 

section. It was concluded that, as a general rule, the 813C value of a diamond was more 

likely to differ from the 'normal' mantle value if it were poorly crystalline. (N.B. the 

813C results of Vinadograv et al. (1966) for cryptocrystalline Brazilian carbonado were in 

the range -27.8 to -28.4%c). It was also found that cubic habit diamonds (type IaA: 

variety III o f Orlov, 1977) were enriched in 12C relative to octahedral diamonds, their 

mean 813C values being -7.5 and -4.9%c respectively. The coats of coated diamonds 

tended to be fairly similar to each other with a mean 813C value of -6.5%o.

Since 1984 more data obtained from octahedral diamonds (and modifications

thereof) have become available and it is apparent that these diamonds can show a marked

enrichment in 12C. For example, diamonds from Argyle in Western Australia were found

to have 813C values from -5 to -16%e (Jaques et al., 1986) with the mode in the

distribution occurring at -12%c and diamonds from the Orapa mine, Botswana exhibit a

wider range in 813C, from -2.5 to -22.5%c (Deines et al., 1986). Also, during the course

of this study, other locations (Jwaneng in Botswana, Jagersfontein in South Africa and

Prairie Creek, Arkansas, U.S.A.) have yielded 12C enriched octahedral diamonds. Thus
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the idea that octahedral diamonds (+ modifications) are characterised by 'normal mantle' 

513C values no longer holds true.

8 13C and colour.

Deines (1980) found no difference in 813C between colourless, yellow and brown 

diamonds from Premier Mine (South Africa) whilst green and brown diamonds from the 

Bellsbank area (South Africa) were on average 0.5%c enriched in 13C relative to 

colourless diamonds. Galimov (1984) reported that the fraction of isotopically light 

diamonds was higher amongst coloured diamonds and that enrichment in the light isotope 

is frequently associated with various tints of yellow.

8 13C and inclusion mineralogy.

Sobolev et al. (1979) reported that diamonds which contained E-type inclusions

tended to be enriched in 12C whilst those which contained P-type inclusions tended to

have more 'normal' isotope compositions (see figure 1.17). Milledge et al. (1983)

analysed 11 type II diamonds and obtained a range in 813C from -0.5 to -31.9%c and they

suggested that type I and type II diamonds had distinct sources of carbon. It was noted

that the range of 813C values for the type II diamonds studied (-0.5 to -31.9%o) matched

that obtained by Sobolev et al. (1979) for the diamonds which contained E-type

inclusions (+0.5 to -34.4%o) and it was suggested that spectral type II diamonds and E-

type diamonds were synonymous. Deines et al. (1987) reported 813C, mineral inclusion

and nitrogen concentration data for diamonds from the Roberts Victor mine, South Africa.

Two groups of E-type diamonds were recognised. The first group gave 813C values

between -4.8 to -6.3%c and contained between 200 and 650 ppm of nitrogen within the

paired (IaA) structure. The second group were depleted in 13C (813C between -15.1 and

-16.3%c) and only one contained any detectable nitrogen (70 ppm). The results of Deines

et al. (1987) appeared to confirm the conclusions of Milledge et al.; diamonds that are low

in nitrogen (type II) with carbon depleted in 13C relative to 'normal' mantle carbon

contain E-type mineral inclusions. Jaques et. al. (1986) studied the mineral inclusion

chemistry and carbon isotope composition of diamonds from the Argyle and Ellendale

mines of Western Australia and obtained similar results to Sobolev et al. (1979): see
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Figure 1.17 Carbon isotope composition of diamonds in relation to the 
paragenesis of mineral inclusions

There is some evidence to suggest that diamonds containing eclogite suite 
(E-type) inclusions tend to have more extreme carbon isotope compositions 
than than those containing peridotite suite (P-type) inclusions.The latter tend 
to have carbon within the 'normal mantle' range - see text for discussion.



figure 1.17. P-type diamonds from Ellendale had a restricted range in 813C from -4 to 

-l%c (i.e. 'normal mantle') whilst E-type diamonds showed a wider range in 813C from 

-4 to -15%o. E-type diamonds from Argyle showed a similar range in 813C, from -5 to 

-16%o, with a mode in the distribution at -ll%o.

However not all diamonds with E-type inclusions are depleted in 13C. Deines 

(1984) investigated whether the same relationship were true at the Finsch and Premier 

mines, South Africa. Of the inclusion-bearing diamonds from Finsch, 89% were P-type 

and only 11% E-type whilst at Premier E-type dominated (69%) over P-type (31%). The 

mean 813C values of the 'P-type diamonds' at Finch was -6.0%o whilst that of the 'E-type 

diamonds' was -5.1%o. The corresponding values at Premier were -5.1%o and -4.7%c. 

Thus in the case of these two mines there is no significant difference in the mean 813C of 

diamonds containing E- and P-type inclusions. Also in 1986 the same authors reported 

results from the Orapa mine, Botswana where E-type diamonds dominate. Four modes in 

the 813C distribution were noted and whilst the inclusion mineralogy of three of the 

modes were in agreement with the previous studies, one mode (813C -16.5 to -20.5%o) 

contained P-type inclusions apparendy contradicting all the previous results. The subject 

of the carbon isotope composition of diamonds with respect to inclusion mineralogy is 

discussed more fully in chapter 5 however the implications are that if 13C depleted 

diamonds are associated with E-type inclusions then the carbon isotope ratios are 

probably not primary.

1.9.6 Summary of the previous carbon isotope research of mantle derived materials.

MOR basalts, 01 basalts, kimberlite carbonates, carbonatites and most diamonds 

exhibit a limited range in 813C, with most being between -3 and -7%c. This value has thus 

been taken as being representative of the primary mantle. For the first four groups of 

samples, when deviations away from this 'normal mantle' value are observed they can 

usually be attributed to contamination or isotope fractionation processes. However the 

results for carbonatites suggest some (sub-continental) mantle heterogeneity. For back arc 

basin basalts and some mantle diopsides arguments may be made for a contribution from 

a subducted sedimentary component. More problematic are the diamonds with 813C
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values well outside the 'normal mantle' range and in recent years three main models to 

explain the heterogeneity have evolved (see below).

1.10 Models for the origin of the carbon isotope hetei itv within diamonds.

Model 1) Primordial heterogeneity.

As the range of 813C values observed for diamonds is equivalent to the range of 

513C values seen in the various meteorite groups, it is possible that, following accretion, 

convective homogenisation of the mantle was incomplete and isotopically distinct regions 

have persisted to the present day. The existence of 13C depleted diamonds that contain 

'primitive' silicate inclusions has been taken as direct evidence for this (Deines et al., 

1986).

Model 2) Recycled sedimentary carbon

Low temperature, biospheric processes produce materials which have a range in 

813C similar to that observed for diamonds. In an analogous situation to the radiogenic 

isotopes it is possible that sedimentary carbon, that acquired its isotopic characteristics 

within the biosphere, is introduced into the diamond stability field via the subduction 

cycle. In this model the E-type inclusions are derived from ancient oceanic crust.

Model 3) High Temperature fractionation of carbon isotopes within the mantle.

Equilibrium fractionation processes occurring within the mantle, perhaps coupled 

to kinetic fractionation processes, have resulted in the observed distribution of 813C. 

Evidence for this is the observation that poorly crystalline diamonds and type lb diamonds 

tend to show 12C enrichment, both suggesting a process rather than a source control.

1.11 Summary of previous research into the distribution of nitrogen and its isotopes in the 

oceans, sediments and metasediments

It was stated in section 1.10 that one of the models to explain the carbon isotope

heterogeneity observed for diamonds was the subduction of pelagic sediments. One of the

aims of this study is to see whether nitrogen isotope results for diamonds are consistent

with such a model. For this reason, previous work concerning the isotope composition of

nitrogen in sediments together with the fate of nitrogen during diagenesis and subsequent
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metamorphism are considered in detail. As the results published for mantle derived

the discussion of them is reserved for later chapters (chapter 3 -diamonds; chapter 4 - 

basaltic glasses). Like carbon, nitrogen isotope analyses are presented in the 'delta 

notation',

where the standard is atmospheric nitrogen or AIR for short 

The oceans, marine organisms and marine sediments

The main input of nitrogen into the oceans is from river run-off, rain and by the 

fixation of molecular nitrogen by blue-green algae. The nitrogen in river-water and rain

water is predominantly fixed (NH4+ and NO3')  with organically bound nitrogen also 

being present as detritus within the former. Nitrogen is removed from the oceans mainly 

through denitrification and sediment burial (Cline and Kaplan, 1975; Sweeney et 

al.,1978).

In the degradation of organic matter by bacteria, oxygen is used as an electron 

acceptor (Sweeney et al., 1978). As oxygen becomes depleted then nitrate can act as the 

electron acceptor: e.g the oxidation of glucose by nitrate:

C6H i20 6 + 24/s N 0 3- +24/s H+ -> 6 C 0 2 + 42/5 H20  + 12/5 N2

This process ('denitrification') results in the conversion of nitrate to nitrogen gas and is 

believed to be the only significant mechanism that converts combined nitrogen back to 

N2. It has been estimated (on the basis of known nitrogen fixation and sedimentation 

rates) that, without this return mechanism, burial of organic material within sediments 

would totally deplete the atmosphere of nitrogen in about 100 Ma (Cline and Kaplan, 

1975). The process occurs in environments where oxygen concentrations are sufficiently 

low, such as poorly aerated soils or 'stagnant' layers o f the oceans. Associated with 

denitrification is an isotope fractionation effect, the resulting N2 being enriched in 14N by 

between 30 and 40%e and the net effect is that nitrate becomes enriched in 15N. The 

average 515N value of dissolved nitrate is about +6.0%o.(Cline and Kaplan, 1975; 

Sweeney et al.,1978).

materials such as diamonds and basaltic glasses have a more direct bearing on this study

x 1000%c
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In temperate regions o f the world's oceans, where nitrogen-fixing blue-green 

algae are limited, nitrate is the principle source of nitrogen for marine organisms. Off the 

Japanese coast the average 815N value for marine organisms was found to be +7%o, 

equivalent to the value of the dissolved nitrate and it appears that little nitrogen isotope 

fractionation is associated with the assimilation. Thus the primary producers in the marine 

food chain tend to be enriched in 15N relative to the atmosphere and there is some 

evidence that 15N becomes increasingly enriched in higher trophic levels.

As a consequence of this, pelagic sediments which contain an organic component 

(which arrived either adsorbed onto clay particles or attached to the tests of plankton 

(Waples and Sloan, 1980)), are also enriched in 15N relative to the atmosphere. Table 1.7 

summarises the details.

Table 1.7

The 515N values of some common components of the oceanic reservoir, 

(after Cline and Kaplan, 1975)

Range in 815N Mean 815N
Organisms

Phytoplankton
Zooplankton

+5.2
+ 12.8

to +9.7 +7.5
+ 12.8

Fish +9.9 to +20.5 + 15.9
Dissolved compounds

Nitrate +4.8 to +7.5 +6.2
Ammonia +6.5 to +7.5 +7.0
Dissolved N2 -0.2 to +0.7 +0.4

Sediments
Ammonia +2.9 to +5.3 +4.1
Organic Nitrogen +4.7 to +6.0 +5.4
Total Nitrogen +5.3 to + 13.4 +5.7

Rain
Nitrate -7.3 to +3.4 -1.7
Ammonia - 0.1 to +9.0 +4.6

Diagenesis of sediments

Waples and Sloan (1980) have demonstrated that during early diagenesis (ca. the
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Waples and Sloan (1980) have demonstrated that during early diagenesis (ca. the 

first 300 m of burial) both the organic carbon and nitrogen contents of sediments can 

decrease. Organic carbon contents of sediments recovered from Leg 58 (North Philippine 

Sea) of the Deep Sea Drilling Project decreased from 0.1-0.4% at zero meters depth to 

about 0.05 to 0.1 % at 300 m and remained constant at this level down the remainder of 

the vertical profile (down to 800 m). The equivalent values for organic nitrogen were ca. 

0.04% at the surface down to ca. 0.01%. There was some indication that nitrogen loss 

continued down the remainder of the section. However they were unable to say whether 

the decrease was due to organic (bacterial) or inorganic processes. Itihara and Honma 

(1979) considered the fate of the organic nitrogen that was lost during diagenesis. As 

organic matter decomposes in sediments, NH4+ ions are formed which become adsorbed 

onto and fixed by clay minerals. The proportion of the ammonium nitrogen to total 

nitrogen being highly dependent upon the sedimentary environment. In reducing innerbay 

sediments, of Ariake Bay, Japan, less than 7% of the total nitrogen was fixed as NH4+ 

However in oxidising sediments from the Central Pacific Ocean the amount was between 

19 and 40%. In Palaeozoic shales, which contain 1% organic carbon, more than 70% of 

the nitrogen is present as fixed NPLC. Ithihara and Honma (1979) also point out that as 

sediments from present day to the Palaeozoic contain similar nitrogen contents and only 

the ratio of NH4+/Ntotai changes then fixed nitrogen in ancient sediments has been derived 

from the decomposition of organic material.

Nitrogen in metasediments

It is now well established that NfLC is present within the minerals biotite, 

muscovite, K-feldspar and plagioclase (substituting in the lattices for K+and Na+) in 

concentrations of up to 500 ppm (Mayne, 1957; Stevenson, 1962; Vedder, 1965, Itihara 

and Honma, 1979, Honma and Itihara, 1981). The highest concentrations are found 

within metasedimentary rocks and in the 1960's and 1970's a number of projects 

investigated the nitrogen content of metasediments of different metamorphic grade: see 

Haendel et al. (1986) and references therein.

During the transition from diagenesis to low-grade regional metamorphism little
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ppm for phyllite. However with increasing metamorphic grade nitrogen contents were 

found to decrease: during low grade (greenschist facies) metamorphism between 5 and 

7% of the nitrogen is mobilised. During the transition to lower amphibolite facies 

metamorphism the nitrogen content decreases rapidly whilst high grade metasediments 

(gneisses and granulites) have lost ca. 90% of their original sedimentary nitrogen. This 

prompted Haendel et al. (1986) to investigate the variation in 515N as a function of 

increasing metamorphic grade. The rocks studied were from the Sachsisches Erzgebirge 

in the southern part of the German Democratic Republic. The sequence consists of 

phyllites, mica-schists and gneisses and is transected by granitic plutons and rhyolite 

dykes. The rocks were probably pelitic graywackes prior to metamorphism. They found 

that the geochemical and isotopic behaviour of nitrogen during regional and contact 

metamorphism was very similar; with increasing grade the nitrogen content decreased 

whilst the 515N value increased; i.e the nitrogen that was lost was enriched in 14N hence 

the overall trend is best explained in terms of Rayleigh distillation.

Summary of nitrogen in the oceans, sediments and metasediments

Denitrification processes within the oceans leads to nitrate enriched in 15N relative 

to the atmosphere. This nitrate is assimilated by marine organisms with minimal isotope 

fractionation hence organic matter within marine sediments is also enriched in 15N. 

During diagenesis the organic matter decomposes and nitrogen becomes fixed within clay 

minerals as ammonium. As diagenesis grades into metamorphism nitrogen becomes 

concentrated into K-bearing minerals. With increasing metamorphism nitrogen, enriched 

in 14N relative to the bulk rock, is expelled hence the 515N value of the rock becomes 

increasingly more positive. The data currently available suggest that any nitrogen present 

within subducted sediments will be enriched in 15N relative to the atmosphere.

1.12 Aims of the thesis.

1.12.1 A study of carbon and nitrogen from the mantle.

Whilst isotope studies of diamond have revealed that carbon in the sub-continental

mantle is isotopically heterogeneous they have not been successful in identifying the
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reasons why. Given that trace element and radiogenic isotope studies have also shown the 

sub-continental mande to be heterogeneous it may be that in certain instances the two are 

related, particularly if subducted oceanic crust (and associated sediment) is involved.

The primary objective of this aspect of the research was to investigate the isotope 

geochemistry of both carbon and nitrogen within the sub-continental mantle to 

characterise further the stable isotope heterogeneities. Specific questions that are 

addressed are as follows.

1) Where in both time and space are the heterogeneities located? Are they restricted to the 

continental lithosphere? Are they old (primordial) or young (the result of terrestrial 

processes)?

2) Do nitrogen isotope anomalies coincide with carbon isotope anomalies? If so can both 

the 513C and 815N values of such regions be easily related to either crustal material or one 

or more of the various meteorite groups?

3) What can the internal growth zoning within diamonds reveal about their history? In 

particular, do diamonds preserve evidence of isotope fractionation processes that operated 

during their growth?

To answer such questions a number of diamonds from Zaire, South Africa, Australia, 

Siberia, Sierra Leone, Tanzania, North America, Angola and Botswana were studied and 

sample descriptions and other relevant data are provided in subsequent chapters.

1.12.2 Analytical techniques

Before a study of mantle nitrogen could be commenced it was necessary to 

develop appropriate analytical techniques. The following summarises briefly some of the 

traditional problems associated with nitrogen isotope analysis and then sets out the 

objectives of the analytical developments

a) Introduction: Nitrogen isotope analysis

Nitrogen is the dominant component of the atmosphere and is also abundant in

many crustal rocks. However in comparison to other light elements (e.g. carbon and

hydrogen), few data concerning the natural distribution of the nitrogen stable isotopes

(14N and 15N) are present within the literature. This is partly due to the experimental
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difficulties in measuring natural abundances of an element which constitutes the bulk of 

the atmosphere and also due to problems arising from quantitative conversion of nitrogen

bearing compounds to nitrogen gas (Kaplan, 1975). Advances in the analysis of 

extraterrestrial samples have to some extent overcome the first of these problems; nitrogen 

being released from samples in a series of temperature increments (e.g. Chang et 

al.,1974). These 'stepped' heating techniques release atmospheric and organic 

contamination at low temperature (<500°C) and nitrogen, indigenous to the sample 

liberated at higher temperatures is thus free from contaminants.

A third problem associated with nitrogen isotope analysis concerns the design of 

commercially available gas-source mass spectrometers. These so-called 'dynamic 

vacuum' mass spectrometers require about 1 to 2 pmol (28 to 56 (ig) of N2 for a 

measurement. In order to measure the composition of nitrogen within diamonds or micas 

(containing, for example, 100 ppm of N), between 300 mg (1.5 carat) and 600 mg (3 

carats) of material would be required. Given that diamonds are known to be internally 

heterogeneous and that 1.5 to 3 carat stones can have high monetary value this sample 

size is prohibitively large. Although micas will not pose such problems, hand-picking 0.5 

grams of material is an effort in itself. In the case of multi-component materials such as 

meteorites, nitrogen within the component of interest may only be 1 ppm, hence 60 grams 

may be required which is wasteful of sample.

In recent years noble gas type mass spectrometers ('static vacuum') have been 

assessed for the isotopic analysis of nitrogen (Brown and Pillinger 1981, Frick and 

Pepin, 1981) released, in the first instance, from extra-terrestrial samples. The great 

advantage of static vacuum mass spectrometers over dynamic instruments is that there is a 

three orders of magnitude increase in sensitivity. The principal disadvantage is that there 

is a loss of precision. The systems designed and built by past and present members of the 

Planetary Science Unit (PSU) were initially operated with precisions of ± 2 to 3%o. As 

they had been built for the analysis of extraterrestrial samples such precisions were more 

than adequate given the large range in 515N values found in extraterrestrial materials 

(currently at -375 to +1032%c).
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b) Objectives of analytical developments.

i) A more accurate and precise static vacuum mass spectrometer:

As it was envisaged that 815N values from terrestrial samples would fall within a 

restricted range, precisions of ±  2 to 3%o were not considered acceptable. One of the 

prime objectives of this research was to improve the precision o f the technique. 

Essentially the exercise was one of characterisation with the seemingly endless analysis of 

standards. An improvement in precision of about an order of magnitude was achieved. 

Having improved the precision it was then possible, by analysing internationally agreed 

standards, to evaluate the accuracy of the technique.

ii) Study o f heterogeneous reaction rates at low pressure.

Nitrogen isotope analyses suffer from the presence of such species as CH4, CO, 

CO2 and O2. During sample preparation steps have to be taken to ensure their complete 

removal i.e. the sample gases have to be purified. Also, during the combustion of 

samples, nitrogen oxides such as N2O, NO and NO2 may be formed which will be 

removed during gas purification resulting in low yields and possibly in errors in the 

isotope measurements. The kinetics of various catalytic and oxidation reactions were 

investigated. The reasons for this were two-fold: i) to ensure that all sample nitrogen was 

recovered and that interfering species (e.g. CO2) were removed, and ii) to ensure that the 

purification steps were performed in the optimum time.

iii) Simultaneous carbon and nitrogen isotope analysis.

It was already known that diamonds could be internally heterogeneous. Hence in 

order to get meaningful N ppm-815N-813C triplets it was important that the measurements 

be performed on the same aliquot of diamond. The extraction line was modified and 

techniques developed in order to achieve this.

iv) High sample throughput

In order to obtain statistically valid data it was envisaged that a sizeable sample set 

would need to be studied. For this reason the extraction line was designed so that multiple
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samples could be loaded. It is possible to analyse 6 samples per day however 4 to 5 per 

day is more practical. Over 300 analyses were performed.

This work on the techniques is detailed in chapter 2 and took about 18 months in total. 

Whilst it was to pave the way for routine diamond analysis the improvements to the 

technique apply to all samples presently under investigation. (N.B. the data obtained 

formed the basis of two techniques papers; Wright et al., 1988 and Boyd et al., 1988a. In 

addition to these, two other publication resulted from this study; Boyd et al. 1987, Boyd 

et al. 1988b).
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Chapter 2: Experimental techniques

211

The nitrogen isotope ratio of a sample of N2 gas is determined by comparing the 

m/z 28/29 ratio (14N 14N +/ 15N 14N +) of the sample to the m/z 28/29 ratio of the 

internationally agreed standard; atmospheric nitrogen or 'AIR'. Results are presented in 

the conventional 'delta' notation,

815NAIR
; (  15N/l4N(samnie! .

 ̂ 15N /14N(air) ) xlOOO %o

which is equivalent to,

815N** -  ( C / n̂ , ; ^ ; - 1)

It is often the case that a 'working standard' is used which has an (known) isotopic 

composition different from that of AIR. In such cases the 815N value of the sample 

relative to AIR is found by using the following equation,

5 i> N ” " ' =  8i5N ‘“ pl%  81=N ar,erf + ( l0 - 3  x 5>5N R” pl% 5 > 5 N  RfRF )

where 8I5N y = the 515N value of X relative to Y 

22 Apparatus

2.2.1 Mass spectrometer and associated hardware.

The mass spectrometer and associated hardware are shown schematically in figure 

2.1. Full details are given in Wright et al. (1988) and only a summary is provided below.

The mass spectrometer is constructed from a V.G. Micromass 601 analyser head 

which has a 6.2 cm radius flight tube and 90° deflection. The static volume comprised of 

the flight tube and the source and collector housings is estimated to be 1 0 3 m3. The 

source housing is connected to the pumping system via two bakeable stainless steel CR- 

38 valves (VI and V2). A Nupro valve (V3) separates the source housing from a glass 

inlet section.
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Figure 2.1 The static vacuum mass spectrometer (schematic)
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Coupled diffusion and rotary pumps are used to evacuate the instrument from 

atmospheric pressure. During this initial evacuation period the instrument is baked out (by 

means o f a demountable oven operated at 200°C) to increase the degassing rate of 

atmospheric gases. Once the base pressure of the diffusion pump (~10‘6 torr) has been 

reached V2 is closed and pumping continues using the ion pump situated between the 

diffusion pump and source housing. This is the configuration of the pumping system 

during routine operation.

The ionisation source is of 'nude' Nier design. The tungsten filament is operated 

at 3A producing a trap current of 40 |iA. If the filament has been recently installed then, 

when the instrument is not in use, the filament is operated at higher currents (100 |iA trap 

current) to aid degassing.

Electrical supplies to the ionisation source electrodes are provided by a modular 

system comprising a 0-5 kV high voltage supply, an emission control regulator, a source 

monitor and a scan unit.

Ion beams are scanned across the single Faraday bucket by altering the 

acceleration voltage, either manually or by computer via a 16 bit digital to analogue 

converter.

The ion current signals are amplified by a remote-head high gain amplifier. The 

output from the remote head is transmitted to two second stage amplifiers, both of which 

have variable gains of between x l and xlOOO. During routine operation one amplifier is 

set at x l (for m/z=28 (14N 14N +); 'major' ion beam) the second at xlOO (for m/z = 29 

(15N 14N +); 'minor' ion beam). The outputs from the second stage amplifiers can be 

connected (via relays) to the input of a 16 bit analogue to digital converter (a.d.c.). The 

computer controlled relays are used to select which of the second stage amplifier outputs 

is digitised. The digital output from the a.d.c. is sent to a BBC Microcomputer via a 1 

MHz interface bus. The computer can thus receive a digitised value of the output from 

either amplifier. The analogue output from either amplifier can also be connected directly 

to a chart recorder.

In addition, the high voltage supply can receive a controlling signal from an

analogue scan unit which has a number of manual controls. This allows any portion of the
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mass range available to be scanned either singly or repetitively and, in conjunction with 

the chart recorder output, it is used extensively during the optimisation of peak shapes.

2.2.2 Gas inlet section.

The section of the glass-line used for handling reference (and sample) nitrogen is 

shown diagrammatically in figure 2.2. Cylinder nitrogen (White Spot grade, BOC) is 

stored in a demountable 2 litre Pyrex glass bulb (E) which can be attached to the line via a 

greased cone and socket joint. An aliquot of the reference gas is admitted to the mercury 

manometer (M) which then serves as a temporary reservoir. Using a fixed volume 

aliquotter (A l: volume ~0.6 cm3), successive single aliquots of nitrogen are transferred 

from the mercury manometer to the two internal reservoirs, R1 and R2, which are both 1 

litre Pyrex bulbs. The pressure of nitrogen in each aliquot is determined by recording the 

difference in heights of the two arms of mercury in the manometer using a travelling 

microscope. A second aliquotter (A2) of known volume (~0.6 cm3) is then used to deliver 

absolute quantities of nitrogen from reservoir R2 into the inlet. Reservoir R1 contains a 

variable volume aliquotter, A3 (similar to the type described by Carr et al., 1986), which 

allows different quantities of gas to be delivered. During routine analysis R1 contains the 

working reference gas whilst the gas in R2 is used for calibration purposes (to quantify 

the peak height measured in the mass spectrometer) and to check for any change in 

isotopic composition of the reference gas in R l. When first filled the variable volume 

aliquotter can deliver between 15 and 35 ng of nitrogen per aliquot. However, because 

isotope measurements are routinely performed on gas samples less than 15 ng and since 

the need to equalise the source pressures of sample and standard becomes increasingly 

more important with decreasing sample size (see section 2.4.3), the aliquots of reference 

gas can be further reduced in the inlet. This can be achieved, for example, by closing one 

of the valves in the fixed volume aliquotter A4 prior to admission of the aliquot to the 

mass spectrometer. This will result in approximately one half of the aliquot being retained 

in the inlet. Experienced usage of A3 and A4 allows the required amount of reference gas 

to be admitted to the mass spectrometer (to within ± 2%).

Trace amounts of condensible impurities present within the reference gas are
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high vacuum

Figure 2.2 The gas inlet section (schematic)

R1,R2, E Reference gas reservoirs C' Cone/socket joint A1,A2,A4 Fixed volume aliquotters
FI Flexible bellows A3 Variable volume aliquotter T Cryogenic trap
M Manometer
(samples gases are admitted to the inlet via valve 'H': see later)



removed by a variable temperature cryogenic trap (T) maintained at -185°C.

Nitrogen extracted from samples enters the inlet through valve H and the size of 

aliquot admitted to the mass spectrometer is optimised using the aliquotter A4.

2.3 Operation of the instrument

The control software (which consists of a series of 6502 machine code routines 

nested within the framework of a BASIC program) is loaded and prior to the first analysis 

the baseline output from both second stage amplifiers is monitored (and graphically 

displayed on the VDU) to determine 'noise' levels; essentially the program checks the 

condition of the amplification system and has also been used to detect faulty electrical 

components on the extraction line (see later) which were leaking current to earth.

If the baseline output from the amplifiers is satisfactory, the mass spectrometer is

isolated from the ion pump, by closing the CR-38 valve (VI), an aliquot of reference gas

admitted to the inlet and condensible gases are trapped out for 90 seconds. The computer

software is then initiated, the Nupro valve (V3) opened and the aliquot admitted to the

mass spectrometer. Equilibration of the nitrogen aliquot into the mass spectrometer takes

about 45 seconds (see figure 2.3) although 60 seconds are allowed before the Nupro

valve is once again closed. During the first 17.5 seconds the m/z 28 ion beam intensity is

monitored and its intensity displayed on the VDU (to show the user the quantity of

nitrogen that is being admitted). However before this can be achieved the acceleration

voltage required to centre the peak onto the collector needs to be known. This is

established during the first analysis (i.e. the first aliquot of reference nitrogen analysed)

for which no data are retained. During the latter part of the equilibration period a mass

scan is performed from m/z 60 down to m/z 25 to check the purity of the gas. The gas has

to be scanned soon after the Nupro valve has been opened as CO2, a potentially serious

contaminant, has a very short half-life (see section 2.8.1). After the mass scan has been

performed the acceleration voltage is set so that the background on the high mass side of

m/z 29 is centred onto the collector. After 60 seconds the Nupro valve is closed and

conditions allowed to stabilise for a further 15 seconds before any measurements are

taken. The computer then scans the acceleration voltage such that m/z 29 and m/z 28 ion
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Figure 23 Equilibration of nitrogen into the mass spectrometer and 
instrumental procedures during equilibration. The curves shows the m/z 29 ion
beam intensity against time after an aliquot of nitrogen (20 ng) is admitted to 
the mass spectrometer. Once the Nupro valve has been opened it takes 
approximately 45 seconds for the ion beam to reach its maximum intensity 
although 60 seconds are allowed before the valve is closed and 75 are allowed 
before repetitive peak scanning commences. For the first 17.5 seconds [1] the 
m/z 28 ion beam intensity is monitored and displayed on the VDU. This 
enables the operator to optimise the size of sample that is admitted to the mass 
spectrometer. Between 17.5 and 52.5 seconds [2] a mass scan from m/z 60 
down to m/z 25 is performed to assess the purity of the gas. The peak at m/z 44 
due to CO2  has to be scanned soon after the valve has been opened as the gas 
has a very short half-life (see later). After the mass scan the acceleration voltage 
is set to the high mass side of 29 where it is allowed to stabilise [3] until after 
75 seconds [4] repetitive scanning of m/z 28 and 29 commences (during [3] the 
Nupro valve is closed).



beams pass repetitively over the Faraday collector. The output from the appropriate 

second stage amplifier is digitised, stored in memory and displayed graphically on the 

VDU. During the first analysis a software routine adjusts the start position of the scan 

such that the central positions of the m/z 28 and m/z 29 ion beams are determined. For 

subsequent analyses, the acceleration voltage is set to its original start position on the high 

mass side of m/z 29 immediately after the scanning of the background on the low mass 

side of the m/z 28 ion beam is complete.

For each scan the data are manipulated such that measurements from the top of 

each peak and from the baseline between and on either side of the peaks are used to 

determine both the intensity and the ratio of the ion beams. In this procedure both peak 

heights are corrected for amplifier off-set and the m/z 29 peak adjusted for the effect of the 

tailing of m/z 28. For a sample of 20 ng this 'abundance sensitivity' effect is 60 ppm (i.e. 

60 ppm of the ion beam intensity of the centre of m/z 28 occurring at the central position 

of the m/z 29 ion beam). The corrected peak heights and the m/z 28/29 ratio are displayed 

visually on the VDU before initiation of the next scan. The time at which the centre of 

each peak was scanned is also stored in memory. On completion of the final scan the 

acceleration voltage is calibrated from the central positions of m/z 28 and 29, and then set 

to the high mass side of m/z 40. The ion beam intensity due to 40Ar is then measured 

which can provide information concerning the source of nitrogen blank (see later), the 

level o f nitrogen blank present within a sample that contains little argon (see later) or 

indeed the amount of argon present within a sample.

At the end of the analysis (which takes between 6 and 7 minutes depending on

how many scans are performed) the m/z 28/29 ratios recorded from each scan are used to

produce the mean m/z 28/29 ratio (which is referred to herein as m/z 28/29m). Knowing

the time that the central point of each peak was scanned, and assuming exponential decay,

it is possible to determine the values the m/z 28 and 29 peak heights would have had at

time = 0 seconds had the gas instantaneously been admitted to the mass spectrometer (i.e.

no equilibration period). These values are referred to herein as m/z 28j and 29; where 'i'

stands for intercept. The 28/29m ratio (± standard error) together with the m/z 28i value

are displayed on the VDU and stored on a floppy disc for subsequent recall. The mass
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spectrometer is then pumped out through V I by the ion pump. Pumping continues for 

four minutes after which the next aliquot is admitted for analysis.

2.4 Instrument Appraisal

Conventional dynamic mass spectrometers attain very precise isotope ratios 

because, in addition to utilising equal source pressures o f sample and reference gases, 

rapid and repeated comparisons of the two gases are performed to minimise errors due to 

drift in electronic components. With static mass spectrometers, as the gas is pumped away 

on completion of the analysis, only one m/z 28/29m ratio is available for comparison with 

aliquots of reference nitrogen analysed immediately afterwards. (In practice the sample 

28/29m ratio is compared to the mean of two equivalent sized aliquots of nitrogen 

analysed consecutively after the sample gas). Thus there is a need to assess the 

performance of the instrument in terms of the level of precision attainable and its ability to 

reproduce isotope ratio measurements.

2.4.1 Internal precision

For every analysis the internal precision is assessed from the standard error (se) 

on the mean (m) of the 28/29 ratios obtained from the individual scans. This can be 

expressed as a permil error by:-

SCinternal precision = — xlOOO %o

Three separate factors control the internal precision: statistical fluctuations in the 

ion beam intensities, 'instrument noise1 (drift in the electronic components, electrical 

interference etc) and any changes in the m/z 28/29 ratio of the aliquot of nitrogen during 

the course of the experiment. The first two of these problems can be countered by 

collecting the maximum number of data that the electronic components allow, hence the 

data acquisition routines were written in 6502 machine code. The principal cause of drift 

in the m/z 28/29 ratio during the course of an analysis is the presence of interfering 

species, such as CO2 or CO, in the background of the mass spectrometer. The m/z 28/29 

ratio of the interfering species is close to 90 (see later) hence the m/z 28/29 ratio of an
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aliquot of nitrogen (ca. 136) drops with each successive scan resulting in a loss of 

precision. The problem is most acute following the replacement of a filament and it may 

be several weeks before the instrument can be used. Internal precisions of less than 1 %o 

are considered usable.

Frick and Pepin (1981) reported that the m/z 28/29 ratio drift to lower values 

during the course of an experiment could be modelled by:-

/  29/28 x _ A 28La  Jg
[29/28oJ " [28] J

where 29/28 is the ratio when the m/z 28 ion beam has dropped to intensity [28] and 

29/280 is the initial ratio when the m/z 28 ion beam was at intensity [28]0. This indicated 

that the decrease in the ion beam intensities was associated with a mass fractionation. The 

exponent suggested molecular dissociation and removal of atomic nitrogen.

An experiment was performed to test whether the same phenomenon was 

occurring in the system described above. The experiment was performed approximately 

18 months after a new filament had been installed and after a period when the instrument 

had been little used; essentially the mass spectrometer had been pumping continuously for 

ca. 4 weeks. A 23 ng aliquot of nitrogen was admitted to the mass spectrometer and 

analysed as usual with the exception that the time between scans was increased resulting 

in a total analysis time of 16 minutes. The results are tabulated in Appendix 2 (table A2-1) 

and a plot of

is shown on figure 2.4. The results indicated no fractionation of nitrogen isotopes during 

analysis hence, in the system described above, all the ratio drift can be attributed to the 

outgassing of interfering species. Once the degassing rate of interfering species has 

stabilised, internal precisions are usually within the range ±0.2 to ±0.5 %o.
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Figure 2.4 Variation of the m/z 28/29 ratio during the prolonged (16 
minute) analysis of a 20 ng aliquot of nitrogen. Lines A and B are theoretical 
lines. Line A is a plot of

(28/29m) _ / [ 2 8 ] i \ ^
(28/29) \[28] /

which best describes the behaviour of nitrogen in the mass spectrometer of 
Frick and Pepin (1981). Line B is a plot of

(28/29m) _
(28/29)

i.e no change of the m/z 28/29 ratio during the analysis. The distribution of the 
measured data points around the line B showed that the fractionation process 
reported by Frick and Pepin was not occurring in the mass spectrometer 
described above.
(N.B. The m/z 28/29; was not used as the ratio at zero time as it is calculated 
on the basis that both ion beams are measured simultaneously. There is a gap 
of 8.5 seconds between the time the m/z 29 and m/z 28 central positions are 
scanned (during this time some decay of the latter occurs) and thus the mean of 
the measured ratios is always apparently heavier than the intercept ratio, in this 
instance by ~\%o. For the calculations the m/z 28/29m ratio was used. The 
justification for this being that this ratio would be equivalent to that at zero 
time if no systematic shift in the ratio was occurring.)



2.4.2 Reproducibility of the m/z 28/29m ratio obtained from consecutively analysed 

aliquots of reference gas

All mass spectrometers suffer from a loss of precision with decreasing sample 

size. Depending on the desired level of precision there will be a 'cut-off minimum sample 

size below which the precision will become unacceptably poor. The reproducibility (hence 

precision) of the system as a function of sample size was investigated during the 

consecutive analysis of a series of 45 aliquots of reference gas which were grouped into 

sets of 5. Aliquots in each set were of the same size and were analysed consecutively. 

After the fifth aliquot of a given set had been analysed the sample size was increased and 

the next five analysed. The size of sample in each set was in the range 0.6 to 14.7 ng. For 

each set of analyses the mean of the 5 m/z 28/29m ratios together with the standard 

deviation were calculated in order to establish the error in %c>

error (%c) = ^  xlOOOmean

A plot of error against sample size is shown in figure 2.5 (the figure also shows 

the variation of the m/z 28/29 ratio as a function of sample size which is discussed later) 

and are tabulated in Appendix 2 (table A2-2.1). It can be seen that the error falls rapidly 

from ± 3%o for a 0.6 ng aliquot to <±0 .6%c for aliquots >2 ng.

As comparisons between samples and references can only be achieved at 10 

minute intervals there is the possibility that errors in 815N may occur due to changes in 

the operating characteristics of the hardware; i.e. 'instrument drift'. In order to investigate 

this a 'zero enrichment' test was performed. Forty equal sized (11 ng) aliquots of 

reference gas were analysed consecutively over a seven hour period. Consecutive 

analyses were treated as samples and reference hence 39 pairs for the calculation of 815N 

values. Under ideal conditions all would have been 0%c (hence 'zero' enrichment). The 

data are plotted on figure 2.6 and tabulated in Appendix 2 (table A2-3). The mean 815N 

was -0.06%o with a standard deviation of ± 0.24%c. The slightly negative 815N value of 

the mean can be attributed to the 2.1%c drift of the measured m/z 28/29m over the seven

hour period; from 139.438 to 139.148. A regression line through the ratios yields an
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Figure 2.5 Reproducibility and variation of the measured m/z 28/29m 
ratio as a function of sample size I (0.6 to 14.7 ng N2 )



Figure 2.6 Results from the zero enrichment test



intercept o f 139.394 with a slope o f -0.0064. Thus the average error due to 

instrumental drift between two consecutive standards was -0.05%o. As samples are 

always compared with aliquots of reference gas that are analysed immediately afterwards, 

the errors due to instrumental drift are perfectly acceptable. The fairly steady state shown 

in figure 2.6 is not present at the very start of an experiment (the ratio obtained for the 

first aliquot being notably 'lighter1 than that obtained for the second) and it requires three 

or four aliquots of reference gas to 'condition' the mass spectrometer.

2.4.3 The 'Pressure Effect'

Figure 2.5 shows a plot of the mean of the measured 28/29 ratio against sample 

size for the data obtained during the experiment on reproducibility as a function of sample 

size. The measured m/z 28/29 ratio is clearly dependent on the source pressure. The 

dependency of the measured ratio on source pressure is usually attributed to the effects of 

the 'tailing' of the major ion beam under the minor. However the protocol used during 

data acquisition always corrects for this hence other explanations must be sought. The 

most likely cause is the presence of a small amounts of interfering species (for example 

CO, CO2, hydrocarbons: see section 2.8 ) in the background of the mass spectrometer. If 

the level of interference remains constant, as the sample size of nitrogen decreases, the 

contribution of the interfering species to the measured ratio becomes increasingly 

dominant hence the change in ratio with sample size is pseudo-exponential. It is thus 

imperative that the source pressures of samples and standards be balanced as accurately as 

possible and, with the variable volume aliquotter, balancing to within ± 2% is possible for 

samples >3 ng. As the sample size drops below 3 ng the combined effects of the 

increasing difficulty of equalising source pressure and the increasingly important need to 

do so finally preclude precise isotope measurements below about 2 ng.

The discussion on internal precision indicated that over protracted periods 

(measured in weeks) the rate o f outgassing slowly decreases. The magnitude of the 

pressure effect therefore decreases reducing the minimum sample size. However as the 

minimum nitrogen blank (see later) is of the order of 0.5 ng it is still difficult to make 

precise measurements below 2 ng.
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A final experiment was performed to examine the limits of precision with the mass 

spectrometer tuned to maximum sensitivity. The trap current was increased to 100 pA 

and, after the source had been tuned, the sensitivity had increased by a factor of 7. The 

experimental procedures were similar to those used when the 45 consecutive analyses 

were made only during this experiment aliquots of nitrogen within the size range 0.3 to

1.4 ng were analysed. Below 0.5 ng it proved impossible to meter out accurately the 

aliquots of nitrogen and so sets of analyses could not be made. For sample sizes > 0.5 ng 

sets of 3 analyses were made. The results are shown on figure 2.7 and tabulated in 

Appendix 2 (table A2-2.2). For samples <0.5 ng errors between equally matched aliquots 

range from between 2 and 10%o and the pressure effect is pronounced. For samples >0.5 

ng the errors on the mean of each of the sets of three data points are of the order of 1 %o. 

Although the magnitude of the pressure effect was similar to that determined in the 

previous experiment, by reducing the pressure o f gas in the reference bulb R l, the 

aliquots of nitrogen could be more accurately metered out with a corresponding increase 

in precision.

2.5 Extraction line.

There are essentially two methods used to extract nitrogen from samples which 

require different extraction line configurations. One design is used during incremental 

(stepped) heating experiments the second during single step, bulk extractions. Both 

designs are incorporated into the same extraction line although, for simplicity, they are 

considered separately. Before the techniques used for nitrogen extraction and purification 

are detailed certain basic aspects of the extraction line are summarised.

2.5.1 Pumping system

The pumping system maintains two separate vacuums which are referred to herein 

as the 'main' and the 'backing' vacuum. The backing vacuum has a base pressure of ca. 

5.10'6 torr and pumps on those sections of the line where there is a risk of an atmospheric 

leak and is also used to pump out sample holders from atmosphere. The main vacuum has 

a base pressure of <5.10 '7 torr and pumps on those areas where sample gases are
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contained and no part of it intentionally sees atmosphere. Both are maintained by 1.5.1 0 1 

m3 s e c 1 water-cooled, oil-diffusion pumps backed by a single 1.5.10*3 m3 sec-1 rotary 

pump. Pressures are monitored by Pirani heads, attached to the line via soda /  Pyrex 

graded seals, and Penning gauges. Pirani trips interrupt the power supply to the mass 

spectrometer, the pumps and the Penning gauges in the event of a loss of vacuum.

2.5.2 Glassware

The extraction lines are constructed mainly out of Pyrex glass (o.d. 10 mm, i.d. 8 

mm), the exceptions being the areas where high temperatures are experienced where 

quartz tube (o.d. 6 mm, i.d. 4 mm) is used. The quartz glass sections are joined to the 

rest of the extraction line via quartz/Pyrex graded seals. New sections of glassware can be 

wrapped in heater tape and maintained at 60°C to aid desorption of atmospheric nitrogen. 

All of the valves used in the glass-line are greaseless and most are of special construction 

(McNaughton et al., 1983) which avoids atmospheric leakage into the main vacuum 

manifold.

2.5.3 Furnaces

Furnaces are heated by resistance wire and controlled manually by variable 

transform ers. Tem peratures are m onitored using chrom el-alum el (CrNi/AINi) 

thermocouples and a digital thermometer. Two types of furnace are used. One type is 

capable of producing constant temperatures of up to 1200°C with the capacity to reach 

1300°C for limited (30 min) periods.This type of furnace consists of a resistance wire 

(Kanthal A: 1 mm gauge) spiral wound on a ceramic former which is cemented over, 

thermally lagged with quartz wool and contained in an aluminium case. The second type 

is used for rapid temperature change with a maximum operating temperature of 1000°C. 

This second type of furnace consists of a free-radiating spiral of resistance wire (Kanthal 

D: 0.5 mm gauge) shielded by quartz tubing (o.d. 10 mm. i.d. 8 mm.). These two types 

of furnace are referred to herein as 'insulated' and 'non-insulated' furnaces respectively.
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2.5.4 Design of component parts

Variable temperature cryogenic traps are capable of operating in the temperature 

range -196 to +150°C. A cryogenic trap consists of an insulated resistance wire (Kanthal 

D) spiral wrapped around a 10 cm length of quartz glass tube. The spiral is surrounded by 

a Pyrex sleeve and the whole can be immersed in a dewar (0.23 L) of liquid nitrogen. By 

altering the supply voltage to the wire spiral the desired temperature can be attained. Their 

main use is the separation of nitrogen from other gases. They are always operated above 

-196°C because, at this temperature, it has been found that some nitrogen can be 

cryogenically removed, a phenomenon also reported by Frick and Pepin (1981).

Copper(II)oxide furnaces consist of 10 cm quartz tubes, filled with wire-form 

CuO which is wrapped in platinum foil to prevent reaction between the CuO and quartz 

surrounding. Only when new will copper oxide be stoichiometric and herein the copper 

oxide is given the formula CuO(i_x) where x is between 0 (stoichiometric) and ~0.5 

(depleted). They are heated by non-insulated furnaces and are used for the production, 

transfer and resorption of oxygen. Temperatures of 850 to 950°C are used to generate 

oxygen, the pressure of which can be measured by a Pirani head. To resorb oxygen the 

furnace is reduced to 600°C and maintained there for 6 minutes. Final resorption is 

achieved by reducing the furnace temperature to 440°C and maintaining it there for 9 

minutes. When a new CuO(i_x) finger is installed it has to be purified by continual cycling 

between 950 and 440°C with non-resorbed gases being pumped away. When not in use 

they are maintained at a temperature of 440°C to prevent contamination. During use the 

CuO(i.x) fingers become depleted in oxygen. Once a finger becomes so depleted that it 

can no longer generate a sufficient pressure of oxygen it has to be replenished. This is 

achieved by attaching a (stoichiometric) CuO(i_X) finger (of the same design as above) to 

the extraction line via a cone and socket joint and transferring oxygen to the depleted 

finger.

The 5Á molecular sieve (about 30 pellets) is contained within a 10 cm length of 

quartz tube surrounded by a non-insulated furnace. When cooled to -196°C it is used to 

transfer all gases including nitrogen into the purification section (see below). Heating to
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200°C ensures desorption of all gases including C 0 2, H20 , etc. It is maintained at 300°C 

overnight.

The platinum furnace consists of a 2 cm by 1.25 cm piece of platinum foil (rolled 

into a tube) contained within a 10 cm length of quartz-glass tube. It is maintained at 

1150°C using an insulated furnace. It is used as a catalytic surface and in the presence of 

oxygen it ensures the combustion of methane (and other low m olecular weight 

hydrocarbons) and CO (see section 2.8). The high temperature also aids in the 

decomposition of oxides of nitrogen.

The reaction vessels are quartz glass tubes which can be heated to a maximum of 

1300°C by insulated furnaces.

A take-off vessel consists of a greaseless Pyrex valve which has had the Pyrex 

tube, in line with the valve stem, sealed 10 cm along its length. A Pyrex socket, added to 

the tube perpendicular to the valve stem, allows the take-off vessel to be attached to the 

extraction line via a greased Pyrex cone of equivalent size to the socket.

2.6 Operation of the glass line

The two techniques used during sample preparation are now considered. As the 

stepped heating technique is of more general use than the bulk combustion technique a 

discussion of this has been subdivided into i) extraction and ii) purification.

2.6.1 Stepped combustion / pyrolysis

The design of the extraction line is shown schematically in figure 2.8. It consists 

of four sections; i) a sample holder ii) a reaction vessel iii) an oxygen source and iv) a gas 

purification section.

Nitrogen extraction

Prior to sample loading the glass-encased iron slug (M) is moved, to the position 

shown in the figure, using an external magnet. Valves 'A' and 'C' are both closed and the 

stem from valve 'B' totally removed. The sample is dropped through 'B' so that it lies 

between the slug and the reaction vessel. The valve stem is then replaced and the sample
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holder evacuated through valve 'A'. A rotary pump is used to evacuate the holder from 

atmosphere and a Pirani head monitors the drop in pressure. Once the base level of the 

Pirani (~ 103 torr) has been reached evacuation is continued using a diffusion pump. 

Samples are usually loaded the night before they are analysed and are pumped through the 

backing vacuum for at least eight hours. During this period the reaction vessel is 

pyrolysed at 1200°C to desorb atmospheric nitrogen and to prevent any organic material 

or pump oil settling on the glassware.

Before analysis of the sample commences the reaction vessel is cooled to 150°C 

after which valve 'B' is closed to isolate the sample from the backing vacuum. Valve 'C  

is then opened and the sample transferred to the reaction vessel using the magnetic slug. 

Once the sample has been transferred valve 'C' is closed, valve 'D' opened and the 

sample vessel pumped through the main vacuum until base pressure (<5.10'7 torr) is 

reached.

With valves 'D', 'F , 'G', and 'I' all closed CF#1 is raised to between 850 and 

950°C to liberate oxygen. An aliquot of oxygen is admitted to the reaction vessel by 

opening and closing valve D after which the temperature of the reaction vessel is raised to 

a predetermined value. Valve 'I' is opened so that the oxygen pressure can be measured 

on the Pirani head. Oxygen is then resorbed onto CF#1, after which valves 'F  and 'G' 

are opened to allow continued pumping on the purification section

Each combustion step takes between 30 and 45 minutes although, in a single 

experiment, the step size is kept constant. Towards the end o f the interval of time 

assigned to combustion, valve 'G' is closed, to isolate the purification section from the 

pumps, and the molecular sieve finger (MS) cooled to -196°C by immersion in liquid N2. 

Valve 'F  is then closed and valves 'D' and 'G' both opened and all gases (except any He 

and Ne present) transferred to the purification section during a two minute interval. Once 

the sample gases and any excess oxygen have been transferred to the purification section 

valve 'G' is closed and CF#1 again raised to 850-950°C to generate oxygen for the next 

temperature step. As purification takes only 22 minutes (see below), the purification 

section is free when the next combustion step has been completed. Between each analysis

of sample gas there is sufficient time available for the analysis of two aliquots of reference
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gas.

On completion o f the experiment, the residue of the sample is removed by 

'torching o ff the end of the quartz-glass reaction vessel using a hydrogen/oxygen flame. 

This necessitates that the quartz glass reaction vessel be periodically replaced, the 

frequency of replacement being dependent on the type of sample (amount of residue) 

being analysed.

A stepped pyrolysis experiment is carried out using exactly the same procedure 

with the exception that no oxygen is admitted to the reaction vessel. However, as all 

samples risk contamination with organic matter during handling, it is customary to 

combust samples up to at least 500°C. Clearly any stepped heating experiment can involve 

a variety of permutations of pyrolysis or combustion steps depending on the nature of the 

investigation.

Nitrogen purification

All gases generated during a combustion experiment have to be purified primarily 

to remove species that would directly or indirectly lead to interferences at m/z 28 and 29; 

e.g. CO, CO2 ,CH4. There is also the possibility of losing condensible nitrogen oxides to 

the cold traps. Interfering species and nitrogen oxides are considered in detail in section 

2.8. The following procedures are collectively referred to herein as the 'standard 

purification procedure'.

Once the gases from a combustion/pyrolysis step have been transferred to the 

molecular sieve, valve G is closed to isolate the purification section and the dewar of 

liquid N2 is removed. The temperature of the molecular sieve is raised from -196°C to 

200°C to release trapped species (C 02 and H20  only partially desorb at room temperature) 

whilst the copper oxide finger CF#2 is heated from 440°C to 850°C; this joint operation 

takes about one minute. The copper oxide furnace (CF#2) is maintained at 850°C for 5 

minutes to oxidise species (e.g. CO, CH4 : see section 2.8) that may lead to interferences 

at m/z 28 and 29. After 5 minutes the CuO(i.X) furnace temperature is reduced to 600°C to 

resorb oxygen and the variable cryogenic trap cooled to its optimum separation 

temperature (a nominal temperature somewhere between -170 and -185°C) to condense
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gases such as H20  and C 0 2. After 5 minutes at 600°C, the temperature of CF#2 is 

reduced to 440°C and maintained there for nine minutes during which time the last 

vestiges of oxygen are removed. This procedure is totally effective in removing O2 , CO, 

CH4 and CO2 from aliquots of gas containing less than ~50)ig of carbon (if more CO2 is 

present then an additional stage of trapping is necessary: see 'bulk combustion' below). 

The procedure is also effective in decomposing N20  to the elements although NOx (a 

mixture of NO and N 0 2) is more problematic (see section 2.8). The purified nitrogen 

(plus any argon) is then admitted to the mass spectrometer inlet in the same manner as the 

reference nitrogen.

2.6.2 Bulk Combustion

The bulk combustion line is shown diagrammatically in figure 2.9. It has been 

used exclusively for the combustion of diamonds and the techniques described below are 

only applicable to them. As the analysis of diamonds by bulk combustion formed the 

basis of this study the techniques are described in more detail than those used for stepped 

extraction.

Up to six diamond samples are weighed out and if they are greater than about 

250|ig they are placed into a quartz bucket. Smaller samples, which are difficult to 

handle, are contained within a platinum envelope before they are placed into a quartz 

bucket. The quartz buckets are then loaded into a furnace, at 500°C, and left for 

approximately 20 minutes to bum off any organic contamination that may be present. 

After this period the samples are loaded into the extraction line in the following manner. A 

hole is made in the end of one of the side arms of the ('Christmas tree’) sample holder by 

heating the quartz, using a hydrogen/oxygen flame, and blowing through the cone joint 

(CJ). The sample of interest is tipped out into a Petri dish (i.e. quartz bucket emptied) and 

then, using a pair of tweezers, dropped through the hole in the side-arm of the sample 

holder. The side-arm is then tapped until the sample lies in a dimple situated half-way 

down. The hole is then sealed and the next sample loaded. The sample holder is evacuated 

using the backing vacuum in a similar fashion to that described for stepped heating (see 

above) and the samples are evacuated overnight.
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Figure 2.9 Bulk extraction line (schematic)
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To transfer a sample from the sample holder to the reaction vessel, valve 'D' is 

first closed, valve 'C' opened and the dimple in which the sample is located tapped with a 

pair of tweezers. The sample will eventually move out of the dimple and continued 

tapping of the quartz side arm results in the sample dropping into the reaction vessel. 

When the sample is loaded, as the reaction vessel is maintained at 1150°C, there is a rapid 

(short-lived) rise in line pressure as adsorbed atmospheric gases are evolved. This rise in 

line pressure indicates that the sample has been successfully loaded (nitrogen in diamond 

is only released at temperatures ~2000°C when graphitisation occurs. Obviously there are 

few other geological samples which could be treated so severely). Valve 'C  is then 

closed and valve 'D' opened and the sample pyrolysed at 1150°C until the base pressure 

(<5 xlO '7 torr) of the main vacuum is reached (this takes less than 5 minutes). Pyrolysis 

of the sample at 1150°C is the principal pre-cleaning step employed during diamond 

analysis. (N.B. The reaction vessel differs from that used for stepped combustion in a 

number of ways: it contains the oxygen source (CF#1), an additional cryogenic trap and 

the quartz reaction tube contains platinum foil. Diamonds can require more oxygen than 

can be provided by an external source held at 950°C. By locating the oxygen supply 

(CF#1) within the reaction vessel the oxygen pressure is maintained throughout the 

combustion period.)

Once the base pressure of the main vacuum has been reached valve 'D' is closed

and the copper oxide furnace (CF#1) raised to 950°C. After about one minute at 950°C a

dewar of liquid nitrogen is placed around the trap (CT) in the reaction vessel. The

appearance of a 'ring' of CO2 ice indicates that the sample is combusting and that the

experiment may proceed. The combustion period is between 25 and 40 minutes

(depending on the size of sample) and during combustion the cryogenic trap is used

continuously to trap out all condensible species to prevent 'suffocation' of the sample by

C 0 2. At the end of the combustion interval the diamond will have been totally combusted

and all of the nitrogen released from the sample; only a residue of any silicate inclusions

will be left. As the reaction vessel is not immediately required for the next sample (unlike

stepped extraction) the initial stages of purification are performed within it. The cryogenic

trap located within the reaction vessel is heated to 50°C to allow all condensed gases to
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expand which will release any N2 trapped in the solid C 0 2. This leads to conditions 

identical to those used during the initial stages o f the 'standard purification procedure' 

(defined above).; Pt at 1150°C and CuO(i.x) at between 850 and 950°C. These conditions 

are maintained for 5 minutes after which the CuO(i_x) furnace (CF#1) temperature is 

lowered to 600°C and the cryogenic trap temperature lowered to -175°C. After 10 minutes 

the CuO(i.x) furnace temperature is lowered to 440°C and maintained there for 8 minutes 

to complete the resorbtion of oxygen; this time interval allows the continued trapping 

C 0 2. The non-condensed sample gases (N2, Ar and the last vestiges of C 0 2) are then 

transferred to the purification section by means of the molecular sieve at -196°C. When 

the molecular sieve temperature is raised to 200°C the cryogenic trap, in the purification 

section, is immediately lowered to its optimum separation temperature; the temperature of 

the CuO(i.X) furnace (CF#2) is set at 440°C. These conditions are maintained for eight 

minutes, to remove C 0 2, after which the purified sample gas is admitted to the inlet. The 

procedures adopted for diamonds take nine minutes longer than those used for stepped 

extraction to guarantee that large amounts o f C 0 2 (up to 2 mg) are removed during 

purification.

The total (on-line) sample preparation time is between 55 and 70 minutes which 

allows between 5 and 7 aliquots of reference gas to be analysed. These analyses are 

primarily performed in order to calibrate the variable volume aliquotter (A3: see figure 

2.2). Once the size of sample is known the calibration is used to deliver aliquots of 

reference gas equivalent in size (± 2%) to the sample. Two 'matched' aliquots of 

reference gas are analysed (consecutively) immediately after the sample and are used to 

calculate the 515N value of the sample. During this period C 0 2 is recovered from the two 

variable cryogenic traps and stored in a take-off vessel for subsequent carbon isotope 

analysis on a separate conventional instrument, a SIRA 24.

2.7 Assessment of the nitrogen blank.

All aliquots of nitrogen analysed for 815N contain a component o f 'blank

nitrogen': nitrogen, extraneous to the sample, introduced prior to and during processing.

There are a number of sources of nitrogen blank which vary both in amount and 815N: i)
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adsorbed atmospheric nitrogen gas ii) organic material upon areas of glassware which 

experience elevated temperatures and iii) nitrogen (both atmospheric and organic) 

adsorbed onto the platinum buckets used to contain samples. Once an aliquot of sample 

gas has been analysed a 'blank correction' to the measured 815N value can be applied 

provided that both the amount and 815N value of the blank nitrogen are known.

After the main vacuum has been opened to atmosphere the blank, due to degassing 

of atmospheric nitrogen, remains unacceptably high for up to several days. The length of 

this period depends upon the volume (surface area) and type of glassware exposed to 

atmosphere (experience has shown that quartz has a 'cleaner' surface than Pyrex). The 

length of this period can be reduced by raising the temperature of the extraction line to 

100°C (with heater tapes). Once the degassing rate has reduced to an acceptable level 

(-0.04 ng N2 min*1) a full extraction/purification step is performed and the m/z 40/28 

ratio and the magnitude of the resulting nitrogen blank are determined. This source of 

nitrogen blank is characterised by a m/z 40/28 ratio of -0 .02  and the magnitude (see 

below) is usually below the sensitivity of 815N measurement. However when blank 

levels are high it has been found that this source of nitrogen blank has a 815N value close 

to 0%o. The degassing rate of -0 .04  ng N2 min-1 remains fairly constant over the course 

of an experiment (blanks performed at the start and end of the experiment will agree to 

within ±5% ) and a correction due to this source of nitrogen is simple to apply. Providing 

all timings (length of extraction step etc.) are the same (± 5%) as those used during the 

blank run then the level obtained during the blank run can be used to adjust the 815N of 

the aliquots of sample nitrogen by assuming the blank to have a 815N value of (Woo.

The minimum acceptable level for the blank depends on the sample being 

analysed. Lower blanks are required where little nitrogen is present and/or when the 815N 

value is far removed from that of air. A system blank of less than 1 ng is the norm for 

work on extraterrestrial materials or basaltic glasses but levels of 3-5 ng are considered 

acceptable for work on terrestrial type I diamonds (where samples of >500 ng N2 may be 

analysed).

When the line is not in use, diffusion (and rotary) pump oil can settle on cool

areas of glassware. If oil settles above CuO(i.x) furnaces (maintained at 440°C) then
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nitrogen bearing components can be volatilised when the furnace temperatures are raised 

to 950°C. This source of blank cannot be corrected for as its level decreases during the 

course of an experiment; its 815N value appears to be between +5 and +15%c, although 

extremes of up to +30%c have been obtained. It is possible to recognise when this blank 

contribution is prevalent because it is characterised by an m/z 40/28 ratio which is 

« 0 .0 2 .  This component is removed by raising all furnace temperatures to maximum 

together with heating of affected areas either with a hot air gun (~300°C) for Pyrex or a 

hydrogen/oxygen flame (1000°C) for quartz. Only when the m/z 40/28 ratio of the blank 

nitrogen is close to 0.02 can an experiment start.

A third source of blank is nitrogen (both organic and atmospheric) adsorbed onto 

the platinum buckets used to contain the samples (and indeed on the samples as well). 

This source of blank cannot be corrected for and therefore measures are taken to reduce its 

level to a minimum (by careful handling). This source of blank should be removed from 

both the diamonds and their platinum buckets by 'on-line' pyrolysis at 1150°C during the 

pre-treatment of the diamond.

2.8 Effectiveness of the purification procedures

Several common species either interfere at m/z 28 and 29 directly or, once 

admitted to the mass spectrometer, decompose and/or react to form secondary species that 

interfere. In order to make precise nitrogen isotope measurements these species must be 

totally removed from all aliquots of nitrogen prior to their admission to the mass 

spectrometer. The most potentially damaging species are CO2, CO, O2 and CH4 and a 

series of experiments were performed in order to assess the characteristics of the gases 

within the mass spectrometer so that contamination of nitrogen by any of them could be 

detected. Low levels (see below) of CO and CH4 cannot easily be detected hence their 

oxidation kinetics were investigated. This was to ensure quantitative removal during the 

time interval assigned to their oxidation. As well as the problem of interferences at m/z 28 

and 29 there was the possibility that nitrogen oxides were being formed during 

combustion. The potential problem with oxides of nitrogen is that they will lost to the

cryogenic traps leading to both errors in yield determination and 815N. Javoy et al. (1984)
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found that up to one third of the total nitrogen resulting from the combustion of a diamond 

was present as unspecified oxides. The 815N of the 'oxide nitrogen' was higher than that 

of the 'molecular nitrogen' which was attributed to a kinetic effect during oxidation. Thus 

both the kinetics of the decomposition of a number of nitrogen oxides and the extent of 

nitrogen oxide formation during combustion was investigated. The effective configuration 

of the glass-line during these experiments is shown on figure 2.10.

2.8.1 Carbon monoxide, carbon dioxide and oxygen.

These three gases will always be present, at some stage, during the course of a 

combustion experiment. Admission of any of these gases to the mass spectrometer will 

have the same result (see later): interference of CO+ at m/z 28 (12C 160 +) and 29 

(12C 170 +, 13C160 +). As the 160 / 170  ratio of terrestrial oxygen is close to 2600:1, the 

contribution of 12C170 + to m/z 29 is small, hence the m/z 28/29 ratio of CO reflects the 

12C /13C ratio o f terrestrial C: ca. 89:1. As the m/z 28/29 ratio of atmospheric N2 

(14N 14N /14N 15N) is ca. 136:1 the presence of contaminant CO, CO2 or O2 has a 

catastrophic effect on 815N measurement.

Carbon monoxide

Formation

The formation of CO from the oxidation of carbon in a limited oxygen supply is 

unlikely to occur directly using any of the techniques described in section 2.6. However 

if, during the course of an experiment, the oxygen supply should become depleted, then 

the carbon dioxide already formed may react with remaining carbon to form the 

monoxide. With the oxygen supply (CuO(j.x) furnace) located within the reaction vessel 

the likelihood of this occurring is slight. However, when the technique that utilises an 

external oxygen supply is used, it is possible that the aliquot of oxygen admitted to the 

reaction vessel will be insufficient to fully combust all the carbon present. Also during 

pyrolysis experiments, any reduction of oxides by carbon at temperatures greater than 

700°C will lead to CO as opposed to CO2.

The theoretical calculations of Lietzke and Mullins (1981) predict that at all
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Figure 2.10 The effective configuration of the glass-line during the
experiments performed to assess the efficiency of the purification procedures.
T he gas o f  interest w as stored in the pyrex bulb (R l)  w hich  w as connected  to 
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open and va lves C and D  closed , an aliquot o f  gas from A 3 w ould be enclosed  
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from  A 3 the vo lu m e w as reduced to - 9 0  cm 3 . T he vo lu m e betw een  B and C 
w as ~15cm 3 . The absolute values o f  these estim ated vo lu m es are liable to large 
errors (±25-50% ) although the ratio o f  the vo lu m es o f  150:90:15 is better than 
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show n as the second  was a lw ays open) could  be used as a liquid nitrogen trap. 
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pressures there is a temperature interval in which CO2 dissociates directly into CO and O2 

(see figure 2.11). However the amount of CO in equilibrium with CO2 is so small as to 

be negligible: 2.9 x lO '14 to l . l .x lO '10 mole CO per mole CO2 at 1 atm; 5 x lO 18 to 2 

x lO 14 mole CO per mole CO2 at 10'5 atm. Decomposition of CO2 to CO would appear to 

be unimportant were it not for the empirical observation that, in the purification section 

(containing CuO(1.X) at 440°C and Pt at 1150°C), detectable levels of CO are produced 

from CO2. Pilot experiments in which 35-70 jig  aliquots of CO2 were admitted to the 

purification section resulted in CO levels approximately equivalent to 1% of the mass of 

CO2. The production of this CO via reaction reaction with carbon is thought unlikely as 

all hot surfaces are regularly exposed to oxygen and thus should be devoid of carbon. The 

reasons for the production of the CO are unknown although a catalytic action of the hot Pt 

and/or CuO(1.x) on the CO2 may be involved (Campbell (1973) has reported the 

production of CO from CO2 over Cu at 600°C).

Numerous studies on flames have shown that carbon monoxide is always formed 

as an intermediary in the oxidation of hydrocarbons, such methane (CH4), ethane 

(C2H6), acetylene (C2H2) and ethylene (C2H4), to carbon dioxide and water, for which a 

simplified one step reaction can be written:-

CnHm 4 f 0 2 -> nC0 4 f H 2

See Fenimore (1964), Fristrom and Westenberg (1965) and Bowman (1976). Also in this 

study CO was found to be formed as an intermediary during the catalytic oxidation of 

methane at temperatures lower than flames (see section 2.8.2). As all samples will contain 

a component of organic material the production of CO via this mechanism will almost 

certainly occur during oxidation.

Characteristics and detection o f contamination o f nitrogen by carbon monoxide.

In the static vacuum mass spectrometer (described in section 2.2.1) CO decays 

with a half-life of about 6 minutes, whilst nitrogen has a half-life o f around 60 minutes 

and high levels of contamination of nitrogen by CO are easily detectable: a mass scan 

performed as the gas is entering the mass spectrometer will detect a peak at m/z 30 (m/z 

28/30 for CO is -500 whereas for N2 this value is -75000), the half-life of the m/z 28 ion
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F igure 2.11 P ressu re  tem p era tu re  d iagram  sh o w in g  th e  reg ion  in  w h ich  
carbon  d ioxide d ecom p oses w ithout precip itation  o f  carbon . From Lietzke and 
M ullins (1981)

F igu re 2 .12 T he rate o f  oxidation  o f  carbon  m onoxide over copper ox id e at
440°C.



beam intensity is considerably reduced from 60 minutes and, when the mole ratio of 

CO:N2 < 7 :1  the m/z 29 ion beam intensity decays at a faster rate than that at m/z 28 

giving a ratio of decay constants (28/29) >1 (this ratio for pure nitrogen is close to unity). 

All three of these safeguards become unreliable for low levels of contamination (mole 

ratio N2:CO > 25:1); contamination being difficult to distinguish from instrument 'noise'. 

As there is no means available for detecting low levels of CO contamination the efficiency 

of the purification procedures of separating CO from N2 has to be such that quantitative 

removal is guaranteed.

Separation o f carbon monoxide from nitrogen

At atmospheric pressure the boiling points of CO (-191.5°C) and N2 (-196°C) are 

so similar that CO has to be oxidised to CO2 before cryogenic separation of the two gases 

is possible. In the purification procedures described in section 2.6 oxidation of CO will 

occur on the CuO(1_x) at all operation temperatures (>440°C; Dixon and Longfield (1960), 

Sakai et al. (1976)) and on the hot platinum when oxygen is present. It was decided to 

investigate the rate of oxidation of CO on CuO(1_x) in the temperature range 300 to 500°C 

to determine the efficiency of removal of CO during the final stages of the purification 

procedures. The gas used for the experiments was Matheson carbon monoxide which was 

stored in a demountable 2 litre Pyrex bulb so that it could be transferred to the extraction 

line in a manner akin to that used to load reference gas.

Once an aliquot of CO had been transferred to the storage bulb R1 (see figure 

2.10) the amount of contaminant N2 was determined. 120 ng of CO were frozen into the 

purification section and left for 9.5 minutes with the molecular sieve at 200°C, the 

cryogenic trap at -170°C and the CuO(1_x) furnace at 440°C (equivalent to the final stages 

of a standard purification procedure). The 1.5 ng of non-condensible gases that remained 

after this period were analysed and found to have a m/z 28/29 ratio of 137.656 and the 

half-life of the m/z 28 ion beam was 85 minutes: i.e. the residual gas was nitrogen. Thus 

the CO in the bulb was impure containing about 1% of nitrogen. This initial experiment 

also indicated that the combustion of CO was rapid.

During the first experiments aliquots of CO of approximately 50 ng size were
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used. An aliquot was admitted to the inlet and condensible gases trapped out at -185°C for 

60 seconds. The aliquot was admitted direcdy to the mass spectrometer and the m/z 28/29 

mean ratio and the m/z 28 intercept value determined. The latter was used to obtain the 

starting aliquot size of CO in terms of m/z 28 intercept. The procedure was repeated only 

the second time valve 'B' was opened and the CO expanded into the clean-up section 

containing CuO(1.x) at 440°C. The valve was closed after 6 seconds and any CO2 

resulting from the combustion of CO was trapped out for 60 seconds. Uncombusted CO 

and contaminant N2 were then admitted to the mass spectrometer and analysed as usual. 

The procedure was repeated a further 11 times with the length of time the gas was 

exposed to the clean-up section being gradually increased to 300 seconds. After correcting 

for nitrogen contamination, assuming a contribution to the 28 peak of 0.15 (0.5 ng), the 

fraction (f) of CO remaining after each time was determined. The natural logarithm of the 

fractions were taken and a plot of these against time are shown in figure 2.12. Where ln(f) 

was less than -4 the data were ignored as the inaccuracies in determination of small 

quantities of gas together with the uncertainty of blank corrections become all important. 

(The original data are presented in Appendix 2: table A2-4.1)

The linear relationship between ln(f) and time is that expected for heterogeneous 

catalysis where the surface coverage of the catalyst is low (see Appendix 3.2). The 

gradient of the regression line (figure 2.12) of 0.0243 sec-1 indicated that, in the volume 

considered (~150 cm3), the half-life of CO over CuO(1.x) at 440°C was 28.5 sec and that 

after 6.5 minutes 99.99% of any CO present would have been converted to CO2.

A second series of experiments was performed to investigate the temperature 

dependence of the measured rate. Three experiments were performed with the CuO(j.x\ 

furnace at 300, 400 and 500°C respectively. The starting aliquot size of CO was ~30 ng 

throughout and the experimental procedures were identical to those used during the first 

set of experiments (the original data are tabulated in Appendix 2 : table A2-4.2). However 

these experiments were performed after some slight modifications to the extraction line 

which resulted in the combined volume of the inlet and purification section being reduced 

from 150 cm3 to 135 cm3. Also the Pt furnace in the purification section had been 

replaced.
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Figure 2.13 (upper figure) is a plot of ln(f) versus time for the different 

experimental conditions. As expected, the rate of oxidation o f CO increases with 

increasing CuO(j.X) furnace temperature. However during this second set of experiments 

the decay constants were always higher than those obtained during the first experiment. 

This is presumably due to the combined effects of the extraction line modifications and to 

a difference in the overall stoichiometry of C uO ^.^ furnace; the furnace possibly being 

more oxygen-rich during the second set of experiments. Figure 2.13 (lower figure), a plot 

of ln(k) against 1/T°K, shows that the temperature dependence of the combustion of CO is 

only moderate and that the rate at 850°C would only be approximately twice the rate at 

300°C. This result is again that expected for heterogeneous catalysis at low pressure (see 

Appendix 3.2).

As the reaction rate is liable to be inversely proportional to volume (Appendix 3.2) 

the half-life o f CO will be much less when the gas is confined to the purification section. 

The volume of the purification section is only 15 cm3, an order of magnitude less than the 

volume in which the experiments were performed. This would reduce the quantitative 

removal time at 440°C from 6.5 minutes to 40 seconds. (Later experiments on CH4 and 

N20  showed that the decay constants were indeed inversely proportional to the volume in 

which the gas was contained). Also with a CuO(1_x) furnace temperature of 850°C there 

will be a considerable pressure of oxygen and this together the Pt furnace at 1150°C will 

enhance further the rate of oxidation of CO. Separation of CO from N2 should not pose a 

problem as the minimum time it will be in contact with CuO(j.x) at 440°C, in the reduced 

volume of the purification section, is 9.5 minutes.

There is however a potential problem with CO that may occur during the

combustion of carbon rich samples. This does not concern removal of CO but its

generation from CO2 in the purification section. If a large amount of CO2 is transferred

into the purification section and not completely frozen down onto the cryogenic trap then

approximately 1% of the CO2 may decompose to CO. When this is transferred to the

inlet, CO2 will be removed by the trap in the inlet. The gas will therefore look like clean

nitrogen (no m/z 44 peak) although CO was present. It is important during the analysis of

carbon rich samples to remove the bulk of the CO2 before sample gases are transferred to
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the purification section.

Carbon dioxide

When first admitted to the mass spectrometer only small peaks are detected at m/z 

28 and m/z 29 from the cracking fragments (12C 160 + and 13C 160 +, 12C 170 + 

respectively) but as the gas degrades on the filament (Irako et al., 1975) the m/z 28 and 29 

peaks increase. The half-life of CO2 is about 11 seconds as measured by both the 

decrease in the intensity of the m/z 44 ion beam and the rise in intensity of m/z 28 ion 

beam (see figure 2.14). Thus after 1 minute the effects of contamination of nitrogen by 

CO2 are identical to contamination by CO. It is of interest to consider why CO2 is rapidly 

converted to CO. Extrapolation of the theoretical considerations of Lietzke and Mullins 

(1981) suggests that thermal decomposition of CO2 should be slight and any that did 

occur would result in carbon and oxygen rather than CO. It is known that O2 reacts with 

carbon on the filament (Young, 1959) so a possibility is that CO2 is reacting with carbon 

on the filament to produce CO. At the high temperature of the filament (~2000°C) the 

equilibrium would be very strongly in favour of CO (Greenwood and Eamshaw, 1984). 

An experiment was performed to test this possibility. An aliquot of CO was admitted to 

the mass spectrometer and quantified in terms of the m/z 28 intercept value. An aliquot of 

CO, of equivalent size, was converted to CO2 by exposure to CuO(1.x) at 440°C for 3 

minutes and the CO2 was admitted to the mass spectrometer. If CO2 was being converted 

to CO by reaction with carbon then the m/z 28 intercept value for the aliquot of CO2 

would have been approximately twice that obtained for the aliquot of CO. An increase in 

CO yield was obtained but only 20% (which could have been introduced from the 

purification section) which indicated that reaction with C was not the dominant reason 

why CO2 was converted to CO. Another possibility is that there is a filament catalysed 

dissociation of CO2 directly to CO and O (akin to CO2 decomposition in the purification 

section). Even if the equilibrium concentration of CO were low the reaction would 

proceed towards CO as O was rapidly removed by reaction with the filament, filament 

supports etc (Irako et al.,1975, Young,1959). Whatever the precise mechanism, the 

process is extremely efficient and would probably leave the isotope ratio of the carbon
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unaffected. As CO is far more stable in the static vacuum than CO2, the potential for using 

the former for 813C measurement is worth exploring.

A mass scan performed as the gas is entering the mass spectrometer will detect 

CO2 contamination at m/z 44. Figure 2.14 shows that the peak must be scanned soon 

after the Nupro valve has been opened. The current software scans the peak 24 seconds 

after the Nupro valve has been opened (the time being used to optimise the nitrogen 

aliquot size) by which time the intensity will have dropped to approximately half of the 

maximum value which occurs at ca. 10 s. During this scan there is always a background 

peak at this mass due to mechanically activated degassing of the manual Nupro valve (if 

the HT is centred on m/z 44 and the valve repeatedly opened and closed then the intensity 

of the ion beam can be observed to vary in sympathy). Samples of nitrogen in which the 

m/z 44 ion beam intensity is greater than blank levels must be treated with caution.

Oxygen

Contamination of nitrogen by oxygen will occur if oxygen is incompletely 

resorbed during the purification procedure. Again the result will be the same as if the 

nitrogen were contaminated by CO: in the mass spectrometer oxygen reacts with carbon 

on the filament (Young,1959). Oxygen can be detected at m/z 32 during equilibration of 

the sample gases into the mass spectrometer (peaks will also be present at 44 and 30 from 

the production of CO2 and CO) although the half-life is very short (<5 sec).

Oxygen should only be a problem with new CuO(j.x) (stoichiometric: x=0) 

furnaces where full resorption may take in excess of the time allocated. This can be 

overcome by continual cycling of a new furnace between 950 and 440°C with all residual 

gases being pumped away after each cycle. To test whether the furnace is ready for use, 

aliquots of reference nitrogen can be put through the purification procedure and then 

isotopically analysed as usual. Oxygen contamination will manifest itself by the 815N 

values of the 'purified' aliquots being consistently positive.
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Figure 2.14 Intensity vs. time for the m/z 28 and 44 ion beams resulting 
from a 50 ng aliquot of carbon dioxide.
The behaviour o f  m /z 4 4  and the production o f  m /z 28  is controlled by:- 

ki k2
C 02-inlet ~ > C02  -mspec CO-mSpec

for m /z 28 there is a further decay :-
k3

CO -mspec c+ o -mspec

A  com puter w as used to determ ine the 
curves.
For m /z 44: lq = 0 .1 3 8  sec ' 1

k 2=0.063 se c -1 :
For m /z 30: lq = 0 .1 6 1  sec ' 1

k 2=0.065 sec"1 : 
k3=0.002  se c"1 :

values o f  the decay constants for both

(half-life 11.0 s e c )

(half-life 10.7 sec) 
(half-life 5 .8  m in)

The curves are 'best-fit' lines corresponding to the above decay constants. The  
rate o f  build-up o f  m /z 30 was identical to the rate o f  decay o f  m ass 44.
During the experim ent the Nupro valve w as left open which is  equivalent to the 
first 6 0  seconds o f  a routine nitrogen analysis. In order to detect carbon d ioxide  
contam ination o f  nitrogen at m /z 4 4 , the peak has to be scanned soon after the 
Nupro valve has been opened.



2.8.2 Methane.

Cracking of methane followed by dimérisation of the cracking fragments leads to 

masses at 30 (C2H6+), 29 (C2H5+), 28 (C2H4+), 27 (C2H3+) and 26 (C2H2+). Unlike CO 

or N2, the m/z 28/29 ratio resulting from methane is not controlled by isotope ratios but is 

controlled by the ratio of the different cracking fragments (CH3, CH2 and CH) which 

varies according to instrumental conditions (Irako et al., 1975). The m/z 28/29 ratio 

resulting from methane is less than that for nitrogen and contamination of nitrogen by 

methane will lead to erroneously heavy 515N values.

Potential sources

Methane is commonly formed during the thermal decomposition (pyrolysis) of 

organic material and is also present as the gas in geological samples such as basaltic 

glasses (e.g.Javoy and Pineau, 1986). Also hydrogen is known to be present in 

diamonds and methane has been reported from the crushing and graphitisation of a 

diamonds (Melton et al.,1972, Melton and Giardini,1974,1975).

Characteristics and detection o f nitrogen contamination by methane

In this study, the first experiments on methane were designed to determine the m/z 

28/29 ratio resulting from dimérisation of the methane cracking fragments. The gas used 

in these and subsequent experiments was Natural Gas Standard (NGS) -3 which had been 

stored in a demountable 2 litre bulb. Once an aliquot had been transferred to R1 (see 

figure 2.10) 20 ng of methane were admitted to the mass spectrometer for m/z 28/29 ratio 

determination. Only small peaks were detected at m/z 28 and 29 and although a ratio of 

~100 was obtained, most of the gas could be attributed to blank and contaminant nitrogen. 

As the peaks at m/z 28 and 29 were dominated by nitrogen, direct measurement of the m/z 

28/29 ratio of 'methane' was not possible. It was decided to measure the affect an aliquot 

of methane had on the 28/29 ratio of an aliquot of reference nitrogen. The results are 

tabulated in table 2.1 below.
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Table 2.1 The m/z 28/29 ratio of two methane/nitrogen mixtures compared with the 
m/z 28/29 ratio o f 'uncontaminated' nitrogen

Experiment Sample m/z 28j m/z 29j m/z 28/29 '515N '

1 n 2 5.78 4.16 138.92
it N2+CH4 5.76 4.59 125.57 +114

2 n 2 6.20 4.46 139.06
»» N2+CH4 6.29 4.93 127.59 +90

It was immediately apparent that the presence of contaminant methane had little 

effect on the m/z 28 ion beam but increased the m/z 29 ion beam intensity by -10% . 

Assuming a nominal increase in the m/z 28t of between 0.05 and 0.1 an approximation of 

the m/z 28/29 ratio of'methane' could be obtained. For experiment 1 this was between 10 

and 19 and between 11 and 21 for experiment 2. It is possible that in addition to a 

preferential interference at m/z 29 due to C2H5+ there was a second interference due to 

14N 14NH+, hydrogen being a cracking fragment of methane. CH4 is potentially a very 

serious source of error in 815N measurement.

Methane has an extremely long half-life under static vacuum mass spectrometric 

conditions (Gardiner and Pillinger, 1979), the ion beams at m/z 28 and m/z 29 due to 

dimérisation continuing to rise during the course of an experiment (7 min). Contamination 

of nitrogen by methane, at the level studied here ( - 1:1 mass ratio), is characterised by the 

presence of masses at 30, 27 and 26, the ratio of the decay constants (28/29) being less 

than 1 and the half-lives of the 28 and 29 ion beams being >60 minutes. Like CO these 

safeguards are liable to become unreliable for lower levels of contamination hence the 

purification procedures must guarantee total removal of methane.

Separation o f CH4 from N2

At atmospheric pressure methane has a boiling point of -161.5°C and cryogenic 

separation from N2 is difficult; the gas has to be oxidised to CO2 before cryogenic 

separation becomes simple.
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The oxidation of methane has been investigated in some detail (mainly in relation 

to CH4/O 2 flames: see for example Fenimore (1964), Fristrom and Westenberg (1965) 

and Bowman (1976)) although for the purposes of this discussion the reaction can be 

simplified to:-

CH4 + V2O2 —» CO + 2H2

Followed by: CO + V2O2 —» CO2

2H2 + V20 2 -»  2H20

Thus the rate of oxidation of methane (in the purification section) could be studied 

by monitoring the production and decay of CO on m/z 28 and 29. The procedures used 

were similar to those used for determining the rate of oxidation of carbon monoxide. Only 

conditions which simulated the final stages of a purification procedure (cryogenic trap at 

-170°C, CuO(1.x) furnace at 440°C and the Pt furnace at 1150°C) were investigated.

Two series of experiments were planned, one with a reaction volume of 150 cm3, 

the second with the reduced reaction volume of 90 cm3 and the size of methane aliquot 

was 20 ng throughout.

An aliquot of the methane was admitted to the inlet containing the cryogenic trap 

at -185°C. Valve 'B' (see figure 2.10) was opened for 5 seconds after which any 

condensible gases were trapped for 90 seconds. The non-condensible gases were 

admitted to the mass spectrometer and the m/z 28 intercept value and the m/z 28/29 mean 

(n=6) ratio determined. Following a 4 minute pumping out period the procedure was 

repeated only the second time the length of exposure to the purification section was 

increased to 10 seconds. A further 6 measurements were performed with the length of 

exposure being increased to 120 seconds. The whole experiment was repeated only 

during the second experiment valve A was closed before the aliquots of methane were 

admitted to the inlet.

The results, which were corrected for contaminant nitrogen, are displayed 

graphically in figure 2.15 and are tabulated in Appendix 2 (table A2-5).

The shape of the curves (figure 2.15) were indicative of two consecutive first order 

decays:
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Figure 2.15 Methane oxidation in the purification section. The Pt and CuO
furnaces w ere at 1150  and 4 4 0 °C  re sp ec tiv e ly . C O  w as form ed  as an 
interm ediary during oxidation  and the rate o f  production o f  CO from m ethane 
together with its subsequent oxidation to carbon d ioxide (cryogenically  rem oved  
from the gas phase prior to an alysis) w as m onitored at m /z 28 . T he square 
sym bols are the m easured points w hich  indicated tw o con secu tive  first order 
d ecays. T he cu rves are 'best-fit lines' ca lcu la ted  u sin g  the equation  for  
consecutive decays w hich predicts the concentration o f  the interm ediate product 
at a g iven  tim e (see text). The increased decay rates in the lesser vo lu m e Gower 
figure) is characteristic o f  heterogeneous catalysis at low  pressure.



c h 4 -»  co -» co2

the concentration of CO at a given time (t) is given by:

C0t=CH40[kl/(krk l)][e <-ki*).e (-M )]

where CH4° is the initial concentration of methane in either nanomoles or nanograms of 

CO equivalent.(i.e. nanograms of methane x 1.75). kj andk2 are the decay constants for 

the oxidation of methane and carbon monoxide respectively.

The shape of the curve is a reflection of the difference between k t and k2, the 

graduation size of the x-axis is determined by the absolute values of kj and k2 and the 

height of the maxima is is governed by the amount of CH4 initially present. A computer 

was used to derive 'best-fit' lines which are those shown on Figure 2.15. The results so 

obtained are tabulated in table 2.2.

Table 2.2 Decay constants of CH4 and CO from the solution 
of the curves shown on figure 2.15 using the above equation

a] CH4

volume k (s _1) half-life (s)
150 cm3 0.138 5.0
90 cm3 0.247 2.8

b] CO

volume k (s -1) half-life (s)
150 cm3 0.016 42.5
90 cm3 0.026 27.0

The results obtained in this study indicated that the rate of oxidation of CH4 was 

about 9 times that of CO. The ratio of decay constants in the different volumes:-

W 0
k 150 
k CH4

=1.78
k 90 
KCO
k 150 
KCO

=1.59

The mean o f these two ratios of 1.68 is identical to the inverse ratio of the
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volumes (150/90) o f 1.67 showing the volume dependency of heterogeneous gaseous 

reactions at low pressure (see Appendix 3.2). Extrapolation of the results to the reduced 

volume of the purification section (15 cm3) indicate that the decay constant for CH4 will 

be of the order of 1.4 s e c 1. The half-life of approximately 0.5 seconds means that 

contamination of nitrogen by methane will not occur. The decay constants obtained for 

CO were always lower than those obtained when the pure gas was studied. It is possible 

that some poisoning of the catalyst surface by reaction products (water for example) 

occurred.

These results were surprising. It was thought that methane would be stable over 

CuO(1.x) at 440°C and indeed Sakai et al. (1976) used a CuO furnace at 450°C to separate 

CO (oxidised and then cryogenically removed) from CH4 (stable). Thus it was probable 

that the Pt furnace was involved in the oxidation and experiments were performed to test 

this. The collector was centred onto mass 28 and a 20 ng aliquot of CH4 admitted to the 

inlet. The mass spectrometer was isolated from the pumps and the manual Nupro valve 

opened. There was a rapid rise in the m/z 28 ion beam intensity due to contaminant N2 

followed by a slow build up due to the break down of methane. Once conditions had 

stabilised the inlet was opened to the purification section with the CuO(j.x) and Pt furnace 

temperatures set at 440°C and 1000°C respectively. There was a rapid rise in the intensity 

of the m/z 28 ion beam as methane was oxidised to CO. Once the rise began to steady the 

mass spectrometer was pumped out. All the data were recorded on a chart and the result is 

depicted in figure 2.16. The experiment was performed a further three times with the 

CuO(1_x) furnace temperature set at 300, 400 and 500°C respectively. No change in the 

rate of oxidation of methane was apparent. The CuO(1.x) furnace temperature was then set 

at 440°C and the Pt furnace cooled to room temperature. When the experiment was 

repeated no oxidation of methane occurred indicating that the Pt furnace was crucial to the 

oxidation of methane when the CuO(j.x) was in the temperature range 300-500°C. The 

interpretation offered is that the source of oxygen was not the CuO(1_x) furnace but was 

oxygen adsorbed onto the surface of the Pt. As the platinum is regularly exposed to 

oxygen there is little risk of the surface ever becoming depleted. A surface layer of

oxygen may also be responsible for the slow rate of nitric oxide reduction (see section
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Figure 2.16 Rate of methane oxidation from the continual monitoring of the
m/z 28 io n  beam. T he in itia l rise b etw een  0 and 2 0  seco n d s is  due to 
contam inant N 2 and C2H4 . A t tim e ~ 2 0  seconds the gas w as expanded into the 
purification section  w hereupon there w as a rapid rise in the m /z 28  ion beam  
in tensity  as m ethane w as o x id ised  to CO. T he grad ient o f  the rise is a 
qualitative m easure o f  the rate o f  m ethane oxidation. V arying the CuO furnace 
tem perature betw een  3 0 0  and 500°C  had no e ffec t on  this gradient w hich  
indicated that the CuO furnace w as not in volved  in the oxidation  o f  m ethane 
w ithin  the g iv en  tem perature range. W ith  the p latinum  furnace at room  
temperature and the CuO furnace at 440°C  no oxidation o f  m ethane occurred. A  
layer o f  oxygen , chem isorbed onto the platinum surface, is  im plied.



2 .8 .3 ).

In conclusion although methane is potentially a very serious contaminant in 

nitrogen isotope analysis even the final stages of the purification procedures outlined in 

section 2.6 are capable of totally removing any CH4 that may be present. For this reason 

no experiments were performed on the rate of oxidation of methane when gaseous oxygen 

is present.

2.6.3 Oxides of nitrogen

O f the seven oxides of nitrogen only four (N2O, NO, NO2 and N2O4) need 

consideration as the other three (NO3, N2O 5 and N2O 3) are unstable and would 

spontaneously degrade to one or more of the other species under the conditions prevailing 

in the extraction line.

The four oxides under consideration can be subdivided into i) N2O and ii) NO, 

NO2 and N2O4 since, in the presence of oxygen, the latter three oxides exist in the facile, 

temperature dependent equilibrium:

<-ll°C 150°C >600°C
N2O4 <-> 2 N 0 2  <-» 2 NO+O2

At atmospheric pressures solid N2O4 has a boiling point of -11°C. Once in the gas 

phase dissociation of the dimer into NO2 commences and is complete by ~140-150°C. 

Heating of NO2 above 150°C results in NO plus 0 2 and by 600°C all nitrogen is present 

as the monoxide.

Formation

Analogies can be drawn here from the studies of nitrogen oxide formation in 

flames. Combustion technologists classify oxides of nitrogen according to the source of 

nitrogen (see for example: Bowman (1976), Caretto (1976)). 'Molecular' or 'thermal' 

nitrogen oxides are those formed by direct combination of molecular N2 and O2 that were 

present in the fuel mix. In the context of this study thermal nitrogen oxides would be 

formed by reaction of molecular nitrogen released from a sample with the oxygen used to 

combust it. 'Fuel' nitrogen oxides are those formed from the oxidation of nitrogen
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bearing compounds that were present in the fuel. In the context of this study 'fuel' 

nitrogen oxides would be formed from the oxidation of compounds, both inorganic (e.g. 

ammonia) or organic (e.g. amino acids), in which the element is mutually bonded to 

elements other than nitrogen. In compounds where nitrogen is bonded to oxygen as in the 

nitro- compounds the probability of nitrogen oxide formation is greatest and least in 

compounds where two or more nitrogens are mutually bonded. Also NO2 and NO are 

evolved when nitrates are heated. Specific to this project, diamonds contain nitrogen in a 

variety of structures one being referred to as the 'N3-centre', believed to be comprised of 

a cluster of 3 nitrogen atoms. Javoy et al. (1984) attributed their high nitrogen oxide 

formation to the N3 centres yielding an N2 molecule and an N atom, the latter being more 

susceptible to oxidation. Also 'voidites' (e.g. Barry et al., 1987), a linear alignment of 

low density octahedral structures occur in diamonds and one hypothesis is that they are 

composed of solid ammonia (Hirsch et al., 1986a).

Formation of molecular nitrogen oxides requires far higher temperatures than fuel 

nitrogen oxides. As an example the commercial production of nitric acid commences with 

the catalytic oxidation of ammonia to NO and NO2 at temperatures between 700-800°C 

('Ostwald Process'), with yields very close to 100% (Dixon and Longfield,1960). To 

produce a few volume percent of NO directly from the elements, temperatures of 3000°C 

are required and even then the products have to be rapidly chilled to prevent dissociation 

upon cooling (Cotton and W ilkinson, 1972). In simplistic terms the difference in 

formation temperature can be attributed to the great strength of the triple bond 

(dissociation energy: 945 kJ mol-1) in N2, which is already 'broken' in nitrogen-bearing 

compounds.

That thermal nitrogen oxides do not form at a detectable level, in the system 

described above, has been repeatedly verified by the full recovery (>95%) of aliquots of 

reference nitrogen that have been subjected to the purification procedure. Thus where 

samples contain nitrogen as molecular N2 (e.g.basaltic glasses, fluid inclusions in silicate 

minerals), nitrogen oxide formation will not pose a problem.

In summary the likelihood of nitrogen oxide formation is sample specific and will

only occur if the nitrogen was originally present within a compound other than N2.
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a) N20

The gas used in the experiments was BOC AA grade N2O which had been stored 

in a demountable two litre bulb. Once an aliquot had been transferred to R1 (see figure 

2.10) a mass scan of the gas was performed to check its purity. As the gas was entering 

the mass spectrometer peaks at m/z 44 (N20+), 40 (Ar-contaminant), 30 (NO+), 29 

(15N 14N +) and 28 (14N 14N +) were detected. A second mass scan performed after the 

Nupro valve has been closed for one minute yielded only masses at m/z 40, 29 and 28 

showing that N2O was very unstable in the static vacuum mass spectrometer. The half- 

lives o f the decay o f masses 44 and 30 together with the build up of mass 28 were 

investigated. The acceleration voltage was centred on mass 28 and an aliquot of N2O, 

equivalent to 20 ng as N2, admitted to the inlet (cryogenic trap at room temperature). The 

Nupro valve was opened and closed again after ~10 seconds and the peak monitored for a 

further 30 seconds. The experiment was repeated for m/z 44 and 30 and the results are 

shown on figure 2.17. The half-lives of the decay of m/z 44 and 30 (after the Nupro valve 

had been closed) were 3.8 and 3.5 seconds respectively. The half-life of the build-up of 

m/z 28 was 3.3 seconds. The behaviour of m/z 30 and 28 was controlled directly by the 

decay of m/z 44.

n 2o  -> n 2+o

N20  N+NO

N2 remains as the neutral gas whilst NO immediately decays or reacts with the 

clean surfaces within the mass spectrometer (see the next section). Within experimental 

error all the nitrogen present as N2O was rapidly converted to N2 (this was the expected 

result as the N-O bond in N2O is weaker than the N-N bond). This latter result was useful 

as it meant that during subsequent experiments aliquots of N2O could be easily quantified 

in terms of ng of N2 equivalent.

b) NO-NO2 ('NOx')

The gas used in these experiments was prepared by pyrolysing 350 mg of

Pb(N03)2 (Analar, British Drug Houses) at 700°C with evolved gases being trapped into
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Fig 2.17 Characteristics of nitrogen oxides in the static vacuum mass 
spectrometer. 1) N 2O (upper figure) T he figure sh ow s the decay o f  m /z 4 4  
( N 2 0 +) and 30  (N O +) and the rise o f  m /z 28  (N 2) both before and after the 
N upro va lve had been closed . Both the rise o f  m /z 28 and the decay o f  m /z 30  
are controlled directly by the decay o f  N 2O. M ost o f  the N 2O (>99% ) decays by  
fiss ion  o f  the w eaker N -O  bond and rem ains as neutral N 2 . 2) N O  (low er  
figure). N O , m easured at m /z 30 , is  rapidly rem oved  from  the gas phase  
presum ably due to reaction with com ponents w ithin the m ass spectrom eter. The 
decay after the valve has been closed  is com plicated by interfering CO.



a 50 cm3 bulb immersed in liquid nitrogen. The evolved 'NOx' (an unspecified mixture of 

NO and NO2) could not be loaded into the storage bulbs in the conventional manner as 

NO2 would have reacted with the mercury in the manometer (Lee, 1975). In any case, as 

the gas was not pure, the manometer reading would have been meaningless. Instead an 

aliquot was loaded 'blindly' into R1 and it was hoped to quantify subsequent aliquots 

(from A3) in terms of ng N2 equivalent by the complete reduction of the oxides to N2.

Once loaded an aliquot of NOx was scanned to check its purity. Before scanning 

commenced NO2 was trapped out using the cryogenic trap at -185 as this gas is reactive 

and may have led to future problems. Peaks were however detected as m/z = 44, 40, 32, 

30, 29 and 28.

The oxygen was probably there as a contaminant arising from the dissociation of 

NO2 during preparation. The O2 would have reacted with C on the filament leading to 

CO2 (44) and CO (30), the latter peak also having a large contribution from NO+. The 

peaks at m/z 28 and 29 were due to contaminant N2 and CO.

The half-life of m/z 30 was studied in a manner similar to that used for the N2O 

peaks (see previous section). The result (figure 2.17) indicated that NO is rapidly 

'pumped' by the mass spectrometer. Even with the Nupro valve open the peak is already 

in decline after approximately 5 seconds. The half-life of the decay, once the valve was 

closed, was nominally estimated to be 0.5 seconds, but was complicated by the presence 

of interfering CO.

These initial experiments showed that no neutral N2 resulted and any gas that was 

admitted disappeared in seconds presumably due to adsorption on or reaction with the 

source housing etc. On a cautionary note the mass spectrometer was unable to be used for 

nitrogen isotope measurement for several weeks after the experiments on NOx were 

completed: the measured ratio drifting to heavier values during the course of an 

experiment (the ratio measured at the start being up to 20. 'lighter* than that measured at 

the end) This may have been due to the neutral N2 activating adsorbed NO/NO2 and the 

resulting oxygen leading to the production of CO.
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Unlike the experiments that were performed on the other gases, the rate of 

production of the 'product' gas (i.e. nitrogen) was monitored instead of the rate of 

removal of the 'reactant' gas. Thus for the determination of decay constants, the fraction 

'f  of nitrogen oxide left after tim e 't' was found by subtracting the yield of nitrogen at 

tim e't' from the amount of nitrogen originally present as oxides and dividing the result by 

the latter.

a) N20

The N2O aliquot sizes that were used were either ~30 ng or 60 ng as N2. Like the

experiments on methane, the reaction volume was varied: either 90 or 150 cm3. A

cryogenic trap was required which allowed rapid changes of temperature from -196°C to

room temperature. This was not possible with the purpose built variable temperature trap,

instead the fixed volume aliquotter (A4) was used. The experimental procedures were

similar to those described before. An aliquot of N2O (~30 ng as N2) was admitted to the

inlet and trapped out at -196°C. Non-condensible gases were admitted to the mass

spectrometer and analysed as usual. This step was performed in order to determine the

amount o f contaminant atmospheric nitrogen which, for the aliquot size in question, was

about 1 ng. The cryogenic trap was raised to room temperature and the inlet and mass

spectrometer pumped out. An equivalent sized aliquot of N2O was then admitted to the

inlet with the cryogenic trap at room temperature. This aliquot was admitted directly to the

mass spectrometer. As the N2O rapidly decomposed to N2 (with negligible loss of N as

NO or NO+) the m/z 28 intercept value, after correction for contaminant N2, gave the

initial aliquot size as N2. After the inlet and mass spectrometer had been pumped out the

procedure was repeated only this time the aliquot was exposed to the purification section

(containing Pt at 880°C and CuO(1_x) at 440°C) for 6 seconds. After isolation of the

aliquot from the purification section, the fixed volume aliquotter was cooled to -196°C,

the residual N2O removed and the yield o f N2 determined. After pumping out, the

procedure was repeated a further 11 times with the length of exposure being gradually

increased to 70 seconds. After correction for contaminant nitrogen, the fractions (f) of
78
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N2O remaining after each time interval were determined in the manner described above. 

The experiment was repeated twice with the platinum temperature raised to 1150°C and 

1220°C respectively. The plots of ln(f) against time for each of the experimental 

conditions are shown in figure 2.18 and the original data are tabulated in Appendix 2 

(table A2-6). The linear relationship between ln(f) and time can again be explained in 

terms of heterogeneous catalysis at low pressure. The values of the decay constants are 

tabulated below.

Table 2.3 Temperature dependence of the decay of N2O over 

platinum (150 cm3 reaction volume)

T°C k (s _1) half-life (s)
880 0.075 9.3
1150 0.087 7.9
1220 0.079 8.8

The results indicated that the decomposition of N2O was rapid and only slightly 

dependent (possibly independent) on Pt temperature in the range 880°C to 1220°C.

The experiment was repeated with the reaction volume reduced from 150 cm3 to 

90 cm3: the platinum temperature was 1220°C. The results are tabulated in Appendix 2 

(table A2-6) and shown graphically in figure 2.19 (upper figure). The ratio of decay 

constants:-
k9Q
kiso

= 1.61

is equivalent to the inverse ratio of the volumes (150/90) of 1.67 which is the same result 

as was obtained for methane. A final experiment in which the aliquot size was doubled to 

60 ng of N2O (as N2) with the platinum at 1220°C and a reaction volume of 150 cm3. The 

results are presented in figure 2.19 (lower figure) and tabulated in Appendix 2 (table A2- 

6). The decay constants for the larger and smaller aliquots are almost identical showing 

that the relationship between catalyst surface coverage and pressure was still linear at an 

N2O pressure of 2.5 xlO-4 torr.

In conclusion by extrapolation of the results to the reduced volume of the
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Reduction of N2O over platinum 1: effect of platinum
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Figure 2.19 Reduction of N  ̂ O over platinum 2: effects of reaction 
volume and initial aliquot size. The upper figure shows that the rate of reaction was 
inversely proportional to the reaction volume. The decay constants were found to be 
independent of the mass of N 2 O originally present (lower Figure). At the increased pressure 
(larger aliquot) the relationship between catalyst surface coverage and pressure was still linear.



purification section (15 cm3) then, over platinum at ~1000°C, 99.99% conversion of 

N2O to N2 will be complete after ~13sec.

Both the first order decomposition and magnitude of the decay constants are in 

good agreement with the results of Takoudis ans Schmidt (1983) who studied the rate of 

decomposition of N2O over polycrystalline platinum in the temperature range 400-1200°C 

and pressure range 0.01 to 0.5 torr. Extrapolation of their results to the experimental 

conditions above; for example a reaction volume of 150 cm3, 1 nanomole of N2O and a 

platinum temperature of between 800 and 1200°C yields N2O decay constants of 0.463 

sec-1 at 1200°C, 0.230 s e c 1 at 1000°C and 0.141 s e c 1 at 800°C for a Pt surface area of 

1 cm2. However the temperature dependence was not found.

The experiments above and those of Takoudis ans Schmidt (1983) were for N2O 

in the absence of oxygen, the presence of which may inhibit the reaction by competing for 

surface sites. Experimental difficulty precluded the determination of the effect on the 

decay constants of increasing oxygen pressures. Instead an experiment was performed to 

determine whether N2O decomposed over CuO(j.x) at 850°C with the platinum furnace at 

room temperature. Aliquots of N2O were trapped onto the molecular sieve in the 

purification section. The CuO(j.x) temperature was raised to 850°C and after two minutes 

the liquid nitrogen was removed from the molecular sieve. Timing started when the 

molecular sieve temperature was greater than -130°C. After a pre-determined time the 

CuO(i_x) furnace and variable cryogenic trap were cooled as rapidly as possible to stop 

any further decomposition and to condense any residual N2O. Once the cryogenic trap 

temperature had been maintained at -170°C for 5 minutes oxygen was resorbed in the 

usual way. The non-condensible gases were analysed and the experiment repeated a 

further three times. The results, which are tabulated in Appendix 2 (table A2-7), indicated 

that, in the volume of the purification section and with the CuO(1.x) furnace in question, 

the decay constant o f N2O was 0.0205 sec*1 (half-life 34 seconds).

Finally, approximately 175 ng of nitrogen as N2O were frozen onto the molecular 

sieve in the purification section and then subjected to a standard purification procedure: 

CuO(j.x) at 850°C for 6 minutes, 600°C for minutes and 440°C for 9.5 minutes. Trapping

of condensible gases commenced when the C uO ^.^ furnace temperature was lowered to
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600°C. Following the analysis of the non-condensible gases the condensed gases were 

exposed to the Pt at 1100°C for 2 minutes to convert any residual N2O to the elements. 

Only 0.6 ng of N2 was not recovered after the two minute interval indicating at least 

99.7% conversion.

In summary loss of nitrogen as N2O will not occur using the system and 

procedures described in section 2.6.

b) NO2 -NO

As stated earlier the mass of nitrogen (as NOx) stored in the bulb R1 was 

unknown so the first experiments performed were designed to quantify a fixed aliquot of 

NOx in terms of ng N2. The procedures were the same as those used for N2O. A fixed 

aliquot of NOx was admitted to the inlet and exposed to the Pt for a known period of 

time, any N2 being analysed after a 90 second period of cryogenic trapping. The period of 

exposure time was gradually increased during the course of the experiment. The first 

experiment was for a reaction volume of 150 cm3, a platinum temperature of 1150°C and 

a CuO(1_x) furnace temperature of 440°C. The results are shown on figure 2.20 (line C). 

The linear relationship of yield of nitrogen against time suggested zero order kinetics 

which was tested by reducing the reaction volume to 90 cm3 (line B). The increase in rate 

indicated that first order kinetics were more likely; the increase in yield in the reduced 

volume being approximately 1.8 times greater (ratio of volumes 1.67:1). The experiment 

was repeated with the C uO ^.^  furnace at 600C (line D) as Cu at 600°C is the classic 

'Dumas' method of NOx reduction. This had the result of reducing the rate presumably 

due to the increased oxygen pressure inhibiting the reaction. Finally the CuOq_X) furnace 

temperature was lowered to 440°C, the Pt furnace temperature raised to 1230°C and the 

experiment repeated (line A). This result showed that the reaction was strongly 

temperature dependent. All the results are tabulated in Appendix 2 (table A2-8 )

In summary these first four experiments showed that, in the purification section, 

the reduction of NOx was a slow, strongly temperature dependent reaction that was 

inhibited by the presence of oxygen. As the original objective (quantification of aliquots 

of NOx in terms of N2) of the experiments had not been achieved a second series of
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Line A 90 cm3 1230 440
Line B 90 cm3 1150 440
Line C 150 cm3 1150 440
Line D 90 cm3 1150 650

Figure 2.20 Reduction of NOx over hot platinum 1. (The experimental 
conditions are tabulated above). The linear relationship (e.g. line C) between 
nitrogen yield and time was indicative of zero order kinetics. The dependency of 
the rate on the reaction volume (compare lines B and C) showed that this 
interpretation was incorrect and that first order kinetics were more likely. 
Increasing the CuO furnace temperature to 650°C (line D) reduced the reaction 
rate presumably due to the increased oxygen pressure poisoning the catalyst. 
Line D (Pt 1230°C) indicated that the reaction was strongly temperature 
dependent



experiments was planned. The procedures were exactly the same as those for the first set 

with the exceptions that the reaction times were increased to a maximum of sixty minutes. 

The reaction volumes were 90 and 15 cm3 respectively and the results are tabulated in 

Appendix 2 (table A2-8). It was found that even with the reduced volume o f 15 cm3 

complete reduction had not occurred after 40 minutes. Rather than further extend the 

length of the experiment the data obtained in these two experiments were used to provide 

an estimate of the initial aliquot size and thus deduce the decay constants. If first order 

kinetics are assumed then a computer program can be written whereby both the amount of 

blank and the initial aliquot size are varied until a plot of ln(f) against time for the data 

obtained gives the best correlation. The lines so obtained are shown in figure 2.21 and the 

results are tabulated below.

Table 2.4 Rate of decay of NOx over platinum at 1200°C

volume k (m in_1) half-life (min)
90 cm3 0.021 33
15 cm3 0.074 10

Although these results are liable to have large errors (± 25% ?) they demonstrate 

that the purification procedures will be incapable of fully reducing NOx, the rate of NOx 

reduction being -300  times slower than N2O. Takoudis and Schmidt (1983) quote the 

reduction of NO over polycrystalline platinum as being 50-100 times slower than N2O at 

temperatures >550°C.

Although unknown at the time, between these final two experiments the quartz

glass around the Pt had collapsed isolating it from the purification section. Thus the

decomposition of NOx during the second experiment might have been purely thermal.

That the calculated rate in the smaller volume is only about half the expected value from

the ratio of volumes (had the Pt still been present) for the catalysed decomposition

suggests that the catalyst was fairly inefficient. The experiments on methane had indicated

a surface layer of oxygen, which is liable to inhibit NOx reduction. A decision was made

that rather than carry out extensive modifications to the extraction line, followed by a

period of testing, the level of NOx production from samples would be investigated; there
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Figure 2.21 Reduction of NOx over platinum 2 First order kinetics was 
assumed and a computer used to derive the lines above. Data from the upper 
figure were used to calculate the difference in the rate of reduction of NOx and 
N 2 O. Under similar conditions N2 O has a halflife of ~ 5.5 sec which is 
approximately 350 times less than NOx. The lower figure is for the volume of 
the purification section only (15cm3). The experiment was (unknowingly) 
performed with the platinum isolated from the gas (see text). However the rate 
of decomposition is only about half the expected rate calculated (from the ratio 
of volumes) from the data in the upper figure This suggested that the platinum 
was a fairly inefficient catalyst



would be little point in building an extraction line capable of reducing NOx if the gas were 

only produced in trivial amounts.

Determination of the extent of nitrogen oxide production during the combustion of 

samples.

The following procedure can be adopted to assess the extent of nitrogen oxide 

formation during combustion. The sample in question is fully combusted with all 

condensible gases being trapped out at -175°C. W ithout removing the trap all non

condensible gases are transferred to the purification section, processed in the usual way 

and the yield of 'molecular N2’ noted. In the presence o f a platinum catalyst at 1000- 

1200°C the condensible gases are then expanded and exposed to the platinum for two 

minutes (this step is always performed during a bulk combustion however the exposure 

time is 5 minutes). This step will both release molecular N2 trapped within the condensed 

gases and reduce any N20  present. As N20  is not a problem it was deemed unnecessary 

to subdivide these two fractions. The gases are then recondensed with all non-condensible 

gases being transferred to the purification section, processed and the yield noted. Finally 

all the condensed gases are transferred to the purification section and subjected to a full 

purification procedure which will convert ca. 50% of NOx to the elements. The following 

table details results which were obtained from an 80 |ig diamond fragment known to 

contain -2000 ppm. N.

Table 2.5 Nitrogen oxide production during the combustion 
of an 80 pg diamond chip

Fraction yield (ng) m/z 28/29

1 2̂-molecular 135 137.031

^ N2_ice + N20 16 137.358

3 NOx x 0.5 5 108.399

The ratio of fraction 2 is consistent with the nitrogen being present as molecular 

N2 trapped within the CO2 ice. The m/z 40 peak height of fraction 3 of 1.2 xlO’11 A 

indicated that -2 .5  ng of this fraction was due to blank nitrogen. Assuming a m/z 28/29 

ratio o f 137:1 for the blank, the corrected ratio for fraction 3 reduces to 89.5:1. The ratio
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and hence 'yield of nitrogen' of fraction 3 was thus due to CO from the decomposition of 

the ~300 |ig o f CO2. Thus for diamonds, NOx formation would appear to be 

insignificant.

Pure organic compounds present their own analytical problems, their high 

volatility being perhaps the most difficult to overcome. Also many groups contain 

nitrogen atoms that are not mutually bonded to other nitrogen atoms (e.g. NH2-, CN-) 

and these are known to be more prone to oxide formation during combustion. During the 

evaluation of d-Amygdalin (nitrogen present as CN-) as a possible standard for yield 

calibration a stepped combustion experiment (45 min time steps, 100°C temperature steps) 

on 26 |ig was performed. The major nitrogen release occurred at 300°C and only 20% 

(159 ng) of the total expected was recovered during this step (only 30% was recovered 

overall). On 're-cleaning' of the condensed gases from the 300°C step only an additional 2 

ng were recovered indicating that NOx production was not the major cause of the low 

yield. At the end of the experiment the furnace was raised in height by about 3 cm; this 

resulted in an additional 9% yield showing that the compound or fragments of it had 

recondensed above the furnace during the stepped combustion experiment.

2.9 Analysis of reference materials 

Nitrogen standards

The results of the experiments on aliquots of reference nitrogen indicated that the 

following limits of accuracy were attainable; 815N approximately ±0.5%c or better and 

yields approximately ±1%. It was then necessary to calibrate the instrument through the 

analysis of reference materials.The reference materials that were considered were air, 

ammonium sulphate (NBS-N1 and NBS-N2) and a standard steel (NBS-133a).

Air

As all 515N values are normalised to atmospheric nitrogen and as several studies 

(Dole et al., 1954; Junk and Svec, 1958; Mariotti, 1983)) have shown that the atmosphere 

is a homogeneous reservoir, air is an obvious first choice for a reference material. The
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composition of air (essentially 78% N2, 21% O2, 0.93% Ar and 0.03% CO2 by volume) 

necessitates that it be cleaned prior to analysis. A technique was devised whereby aliquots 

of air could be admitted to the purification section. A vessel was made which comprised a 

fixed volume aliquotter (-0.037 cm3) attached to a Pyrex bulb (approximately 50 cm3). 

To fill the bulb with the required amount of air, the bulb is first evacuated overnight. Once 

evacuated the bulb is taken outside (on dry nights) and one or two aliquots (0.037 cm3) of 

air admitted to the 50 cm3 bulb. The bulb is then attached to the line via a Pyrex cone and 

socket (CJ :see figure 2.9) and the line up to the bulb evacuated overnight. Prior to 

analysis a series of aliquots of reference nitrogen are analysed to condition the mass 

spectrometer and to calibrate the variable volume aliquotter (A3: figure 2.2). One or two 

aliquots (0.037 cm3) of the air sample are then admitted to the extraction line and 

expanded into the purification section (the molecular sieve is not used). The gas is then 

subjected to a standard purification procedure (defined in section 2 .6.1) after which it is 

admitted to the mass spectrometer and analysed as usual. Using this technique aliquots of 

atmospheric nitrogen within the size range 10 to 20 ng can be analysed. The first three 

analyses of air gave distinctly negative 815N values ; -1.9 ± 0.4 %c (mean + lo).This 

result was ambiguous; either the reference gas was approximately +2%e or the presence of 

argon (ca. 1%) was affecting the measured m/z 28/29 ratio of the atmospheric nitrogen. 

Although argon has no isobaric interferences at m/z 28/29, Mariotti (1984) reported that in 

dynamic mass spectrometers the presence of argon could alter the measured 815N of a 

nitrogen sample; making it appear up to 0.2%c lighter than it was. As the source pressures 

in static mass spectrometers are higher than those in dynamic mass spectrometers there 

was the possibility that the effect noted by Mariotti was being enhanced. This possibility 

was investigated by experiment. Aliquots of reference nitrogen were mixed with argon 

and compared with equivalent sized aliquots of reference nitrogen that contained only 

'blank' argon. The argon/nitrogen ratio range studied was from the ratio of the reference 

gas up to and slightly greater than that of air. The results are summarised in figure 2.22 

and the original data are tabulated in Appendix 2 (table A2.9). No 'argon effect' was 

apparent thus it was concluded that when the air samples were first analysed the reference 

gas was approximately +2%c.
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m/z 40/28 xlO2

Figure 2.22 The effect of the presence of argon on the measured m/z 28/29 
ratio. The distribution of the data points around 0%c showed that contamination 
of nitrogen by up to 1 % by volume of argon (i.e equivalent to purified air) has 
no effect on the measured m/z 28/29 ratio.



There then followed an intensive period of calibration using ammonium sulphate 

(see below). This indicated that 'freshly' loaded aliquots of reference gas had a 815N 

value of approximately +0.5%c. When the air experiments were repeated after this period 

815N values of -0.7% were obtained. Air was therefore found to be a reliable standard for 

815N calibration. (When the 815N values of -2%o were obtained it was probable that the 

nitrogen in the reference storage bulb (Rl-see figure 2.2) was slightly fractionated).

Air cannot be used for yield calibration as this requires that the mass of air 

delivered per aliquot from the 50 cm3 bulb be accurately known. There are so many 

stages involved during the reduction of the pressure of air and the compounding of the 

errors associated with each step precludes accurate quantification.

Ammonium sulphate ((N H ^SO ^

Ammonium sulphate was potentially the most appropriate reference material 

available. Two preparations existed as internationally agreed standards which were nearly 

20%o apart: NBS-N1 815N = +0.43 ±  0.32%c; NBS-N2 815N = +20.15 ± 0.60%o 

(Gonfiantini, 1984; Nevins et al., 1985; Minagawa et al., 1984). Also as ammonium 

sulphate is a solid, aliquots could be easily handled and accurately weighed out. However 

the thermal decomposition of ammonium sulphate is complicated. The decomposition 

begins at 280°C with the evolution of ammonia resulting in the formation of ammonium 

hydrogen sulphate. Continued decomposition results in the formation of molten species 

which by 513°C are dominated by ammonium pyrosulphate.

2(N H 4)2S 04 —» (N H 4)3H (S 0 4)2 + n h 3

(NH4)3H (S 0 4)2 — > 2N H 4H S 0 4 + n h 3

n h 4h s o 4 -+ N H 2S0 3H (m olten) + h 2o

N H 2SO 3H + n h 4h s o 4 —» (N H4)2S207(m olten)

The presence of these molten volatile species in the decomposition was a strong 

indicator that the on-line combustion techniques would be inappropriate; during 

combustion nitrogen bearing compounds would be volatilised and simply recondense 

away from the heat source. However a number of preliminary experiments using both the 

stepped and bulk extraction techniques were performed. None of them succeeded. Yields
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in the range 1 to 25% were obtained with 815N values up to 10%c different (both lighter 

and heavier) from the quoted values. As well as the problem of the complex 

decomposition it was found that the water vapour produced during glass blowing (bulk 

extraction) could dissolve some of the sample unless great care was taken.

A great many experiments involving 'off-line' preparations were attempted; only 

the final successful procedure is documented. The preparation technique is outlined in 

figure 2.23 and 2.24. The technique involves combustion at 1000°C in sealed quartz-glass 

vessels and subsequent cracking of the vessels; either directly into the extraction line (only 

1 measurement possible but only 1 day to prepare) or into a 50 cm3 bulb (multiple 

measurement possible but longer to prepare) from which multiple aliquots could be 

introduced to the line (see figure 2.25). The results are summarised in table 2.6 below.

Table 2.6 815N measurements of NBS-N1 and NBS-N2
(off-line preparation) 

a) Direct cracking into the extraction line.

Date Standard 815N

8-4-86 NBS-N2 +19.9 ±  0.2

10-12-86 NBS-N1 +0.3 ± 0.7

11- 12-86 NBS-N1 +0.1 ± 0 .3

12-1-87 NBS-N2 +19.9 ±  0.5

b) Multiple measurements of a single preparation *

Date Standard 815N *n

27/28-10-86 NBS-N2 +19.6 ± 0.2 3

27-3-87 NBS-N1 +0.3 ±  0.3 5

*n = number of analyses

The difference in the 815N values obtained for the two standards were in good agreement
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The vessel is sealed by collapsing the quartz with 
a gas flame.The flame is applied ~2 cm from the 
end of the tubes to prevent water from condensing 
in the vessel.

/

M

S Ammonium sulphate contained in 
a quartz glass bucket

M Magnetic slug

|  CuO wrapped in platinum foil 
loaded through T

high vacuum

wire spiral furnace

Figure 2.23 Off-line preparation of ammonium sulphate for nitrogen isotope 
analysis.l An aliquot of ammonium sulphate (either 10-30 p.g or ~1 mg: see later) is 
weighed out into a quartz bucket that has been 'baked' in air at 1000°C for one hour. 
The sample (S) is then loaded into the side arm and a magnetic slug (M) placed behind 
it (see above). An aliquot of wire form copper oxide is dropped through T  so that it 
lies in the bottom of the vessel. Using a hydrogen/oxygen flame, the vessel is sealed 
by collapsing the quartz tubes in the positions shown above. Care must be taken to 
prevent the water from the flame from entering the vessel as the sample is highly 
soluble. The vessel is then opened to high vacuum and evacuated. Once the pressure is 
down to ca 10'* 5 torr the valve is closed and the temperature of the wire spiral raised to 
~1000°C to blank out' the copper oxide. The temperature is maintained for 30 minutes 
after which oxygen is resorbed by lowering the furnace temperature to 600°C (for a 10 
minute period) and finally to 440°C (again for a 10 minute period). All non-condensed 
gases are then pumped away and the wire spiral removed.



high vacuum

The magnetic slug is used to 
invert the quartz bucket

Once the vessel has been evacuated 
the quartz glass is collapsed to form 
an ampoule _______

CuO and ammonium sulphate

Figure 2.24 Off-line preparation of ammonium sulphate for nitrogen isotope analysis 
2. Once the vessel has cooled to room temperature, the magnetic slug is used to move 
the quartz bucket up the side-arm until it falls into the position shown in the figure. 
The vessel is then tapped to ensure that all of the sample falls to the bottom. This is 
then left pumping until the pressure is >5.10"6 torr after which the sample and CuO are 
sealed into the quartz-glass tube (forming an ampoule ~4 cm long) by collapsing the 
quartz at the position shown. The sample is then combusted for at least 1.5 hours at 
1000°C followed by a 30 minute period at 600°C during which oxygen is resorbed. 
After combustion, the ampoule is scratched half-way along its length in readiness for 
cracking. The gas is introduced into the extraction line in one of two ways; see figure 
2.25



1) Demountable cracker 2) Demountable bulb

Figure 2.25 Introduction of samples of nitrogen, prepared off-line, to the 
extraction line. 1) Demountable cracker. To use this the sample size (of ammonium 
sulphate) has to be in the range 10-30 |ig. The valve stem at the top of the cracker is 
removed and the sample carefully loaded. The valve stem is replaced and the cracker 
attached to the extraction line via a greased cone joint (CJ: Fig 2.9). The line up to the 
cracker is evacuated overnight. With valves A, F and FI (Fig 2.9) all closed and valves 
(G, D and C) all open, the ampoule is broken by winding in the lower valve on the 
demountable cracker. The gas is then allowed to equilibrate for 30 seconds after which 
valve 'G' (Fig 2.9) is closed, the gas purified and analysed as usual. Using this 
technique the sample can be analysed the day after it has been prepared.
2) Demountable bulb. A sample size of ca 1 mg of ammonium sulphate is required. 
The ampoule is placed in the bulb which is then evacuated overnight. After evacuation 
both valves of the aliquotter are closed and the bulb removed from the vacuum line and 
shaken to break the ampoule. It is then replaced on the line and the line up to the valve 
evacuated overnight. Analysis is the same as that used for the demountable cracker 
except that, as the aliquotter only delivers ca. 2% of the total, multiple analyses of the 
preparation can be made. The preparation can be analysed 2 days after combustion.



with the published results i.e.

An2-ni = 815Nn2 - 515Nni = 19.9 - 0.2 = +19.7 (direct cracking)

= 19.6 - 0.3 = +19.3 (multiple analyses)

as opposed to +19.7 (Gonfiantini, 1984; Nevins et al., 1985; Minagawa et al., 1984) and 

+19.5 (quoted value for the standards measured against NBS-14 ). However the absolute 

values are slightly lighter than the literature values indicating that the working reference 

gas is enriched in 15N by approximately 0.5%c relative to air (note that purified air gave 

815N values of -0.7%o which is in agreement with the conclusions reached here). A 

correction for the deviation of the isotopic ratio of the reference gas from that of air is 

applied when determining the 515N value of an unknown.

An attempt was made to use ammonium sulphate for yield calibration the 

advantage being that it was a pure solid compound and would thus be homogeneous (cf 

NBS-133a below). The major problem was that ammonium sulphate was weighed out at 

the microgram level and nitrogen analysed at the nanogram level thus only a small part (as 

little as ca. 1/1000) of the preparation would ever be analysed. (N.B. only the method of 

direct cracking into the extraction line was used). If the fraction of the original aliquot that 

was admitted to the mass spectrometer was accurately known then the yield in nanograms 

could be found by:-

Yield(ng) = m/z28i x CF x —  x ^ -----------------------
f'total rammonium sulphate

where CF = the factor for quantifying m/z 28i values

Ftotal = the fraction of the total aliquot admitted to the

mass spectrometer

Fammonium sulphate = the fraction of N present in ammonium

sulphate i.e 0.2121

The fraction of sample that was admitted to the mass spectrometer was calculated 

in two stages. Firstly the fraction of the nitrogen present within the purification section 

that was admitted to the mass spectrometer needed to be known. This had been measured 

many times during the routine analysis of aliquots of reference nitrogen and was known
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to be 0.041. Secondly the fraction of total sample admitted to the purification section 

needed to be known (i.e. the ratio of the volume of the purification section to the 

combined volumes of the purification section and the extraction line up to the cone joint 

(CJ)). This was estimated to be 0.116 using a manometer (that used to measure CO2 

yields) and oxygen (NB CO2 was also used to calibrate the volumes and the volume of 

the purification section was greatly overestimated (ca . x2). This was due to some CO2 

being adsorbed onto the molecular sieve). Thus the nitrogen yield of a preparation of 

ammonium sulphate (in ng) could be found by:-

m/z28ix 3.88 x x ^  x 5 3 ^ -

Three attempts were made and yields of 91.6, 90.8 and 90.7% were obtained. It 

was probable that the apparent 9% loss was due errors in one or more of the calibration 

factors. This error was considered acceptable as the results were internally consistent. All 

yields are quoted to ±15% of the absolute although the internal errors on a suite of 

samples will probably be <5%.

Standard steel NBS 133a (320 ppm N2)

Although this would appear a good standard for yield calibration, the sample size 

that could be analysed (ca. 1 mg) was three orders of magnitude less than the minimum 

size (1 g) recommended by NBS i.e. sample heterogeneity becoming important for small 

samples. A number of incremental heating experiments were performed. The experimental 

conditions were different in each case as the series of experiments was designed to 

determine the optimum technique for releasing the nitrogen. The high temperature steps 

were continued until no more nitrogen was released.

The steel was found to have a poorly defined release temperature with detectable 

levels of nitrogen occurring at 900°C although repeated combustion steps at 1250°C were 

required to release all of the nitrogen. With each repeated high temperature combustion the 

515N value of the gas released became progressively higher indicating a (diffusion 

controlled?) fractionation process operating during release. For these reasons NBS-133a 

was considered unsuitable as an isotope standard however the bulk 815N value was
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between -3 and -7%o. If wire-form CuO was added to act as a flux (copper melts at ca. 

1100°C) the nitrogen was released in a single high temperature step. The results are 

presented in table 2.7 below.

Table 2.7 Analyses of standard steel NBS-133a

Analysis Yield (ppm) 815N

1 301 -6.0

2 280 -5.2

3 339 -3.7 *

4 270 -6.9

* CuO was used as a flux during this analysis (see text)

The mean nitrogen content of these four analyses was 297.5 (± 30) ppm or 93 (+ 

9.5) % yield. Despite the scatter (some of which is probably due to sample heterogeneity) 

the result is similar to that obtained for ammonium sulphate; within 10% of the expected 

value.

Carbon standards

As one of the aims of the study was to recover CO2 (resulting from the 

combustion of diamonds) for analysis on a separate instrument, diamonds of known 813C 

value were analysed. The most applicable sample for this was a 5 pm grade industrial 

diamond powder which had been analysed 11 times and found to be quite homogeneous 

with respect to 813C; -9.63 +0.06%c. When 50 pg of this powder were combusted on the 

nitrogen extraction line and the resulting CO2 retrieved from the cryogenic traps a 813C 

value of -9.66%o was obtained. Similarly 5 diamonds from Arkansas were analysed for 

carbon only using techniques similar to those of Swart et al. (1983). These were later 

analysed for both carbon and nitrogen and the carbon results for both extraction 

techniques are shown in table 2.8 below.
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Table 2.8 Carbon isotope analyses of Arkansas diamonds.

sample method 1 method 2

AK1 -5.73,-5.99, -5.95 -5.67

AK2 -16.96, -12.23, -17.14, -17.22, -17.03, -17.14 -16.95

AK3 -5.84, -5.70, -6.04, -5.89, -8.04, -5.85 -5.57

AK4 -5.95, -5.95 -5.51

AK5 -11.24 -11.27 -11.29

Method 1 Combustion using techniques similar to those of Swart et al. (1983)

Method 2 CO2 collected as a 'by-product' of nitrogen analyses

The close agreement between the two sets of measurements indicated that 

combined C/N isotope measurement of diamonds was viable.

2,10. Conclusions

An instrument and operating protocol that was designed for high sensitivity 

relatively low precision nitrogen isotope measurement of extraterrestrial materials has 

been adapted to enable high precision measurements of terrestrial samples. Using the 

techniques and operating protocol described above precisions in the order of ±0.5%o are 

possible for samples greater than 3 ng of N2.

The extraction and purification procedures described are capable of the total 

removal of CO, CO2, O2 and CH4 from aliquots of nitrogen prior to admission to the 

mass spectrometer. Although the purification procedures were inefficient in the reduction 

o f NOx, formation during the combustion of diamonds and directly due to the 

combination of molecular oxygen and nitrogen was not occurring at a detectable level. As 

this project was to concentrate on diamonds it was decided that modifications to the 

extraction line and purification procedures were not necessary. Although organic 

compounds may prove to be problematic, their high volatility requires that they be 

combusted 'off-line' in sealed tubes in a manner akin to that used for ammonium 

sulphate. Steps can be taken during off-line preparation to ensure the complete reduction
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of NOx before the sealed tubes are loaded into the extraction line for subsequent cracking.
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Chapter 3

Correlated 15N  abundance, 13C  abundance, N  abundance and infrared 

spectral studies of growth zoning w ithin diam onds.

Tl'tOlKtiUCl

In chapter 1 it was shown that a large range in 813C values (from ca. +3%o to 

-35%o) had been obtained from diamonds and that the reasons for this were unclear. The 

three models that have been proposed in order to explain the variation were briefly 

outlined, either: i) carbon isotope heterogeneities survive from the accretion of the Earth, 

ii) carbon that acquired its isotopic characteristics within the low temperature environment 

o f the biosphere is recycled back into the mantle or, iii) unspecified fractionation 

processes are active. O f the three models only the third is amenable to direct 

measurement. It has been known for some time that diamonds can exhibit complex serial 

growth zoning (e.g. Harrison and Tolansky, 1964) and if carbon isotopes were 

fractionated significantly during the growth of diamonds then evidence for this may be 

preserved within individual stones. A number of workers have explored this possibility 

and the results are summarised below.

Gurkina et al. (1979) examined the internal heterogeneity of three diamonds from

the Mir (Malo-Botuombinsk kimberlite group: Dawson, 1980) and the Udachnaya

(Daldyn-Alakyt kimberlite group: Dawson, 1980) kimberlite pipes (Siberia). The samples

studied were visually homogeneous and morphologically distinct: a) an octahedron (Mir),

b) an octahedron/rhombic dodecahedron (Mir) and c) a cube (Udachnaya). Thin plates

were cut from the diamonds and up to four samples (two from the exterior and two from

the interior) removed from each plate. The samples were then analysed for 813C. The

cube and the octahedron showed little variation (-0.1 %o) whereas the transitional diamond

showed a variation of about 0.5%o (see figure 3.1). In all three cases, if any significant

change could be said to have been observed, the interior of the diamond was enriched in

12C relative to the exterior. Swart et al. (1983) used a laser dissection technique to excise

sets of four concentric 'picture frame' sections from plates cut from 6 coated stones

(visually heterogeneous). Carbon isotope analyses of the individual sections showed that
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Figure 3.1 Carbon isotope variations within diamonds of different habit

(after Gurkina et al„ 1979)



the diamonds were internally heterogeneous with a maximum spread in 813C of ca. 4%o 

(see Table 3.1.). The internal zones of the diamond were enriched in 12C relative to the 

exterior. Swart et al. (1983) noted that the rise in 813C from the core to the coat was 

consistent with a Rayleigh fractionation process operating during growth ( * see 

footnote).

Table 3.1
813C analyses of selected samples from various regions of a 6-mm 

cross-section coated diamond ( from Swart et al., 1983)

Legation Replicate 813C values Mean 813C

Core -9.23, -11.03, -9.78 -10.01
Outer core -9.37, -8.94, -8.36 -9.16
Inner coat -8.57, -7.54 -8.06
Coat -7.32, -8.28 -7.80

Javoy et al. (1984) studied a suite of diamonds from the Mbuji Mayi region of 

Zaire and found internal heterogeneity with respect to 813C of up to 5.5%e and again the 

variability was attributed to a fractionation process. The work of Javoy et al. (1984) was 

also the first systematic nitrogen isotope study of diamonds and is discussed in detail 

below. In a similar study to that of Swart et al. (1983), Galimov (1984) analysed coat and 

core compositions of coated stones from a number of Siberian kimberlites. Galimov 

(1984) noted that the 813C values obtained from the coats fell within a restricted range (-6 

to -8%c) whereas the 813C values obtained from the cores were highly variable being up 

10.3%o lighter, these data are discussed further below.

The studies outlined above have all shown that single diamonds can be 

heterogeneous with respect to 813C, the favoured explanation being that the heterogeneity 

resulted from fractionation processes which operated during the growth of the diamonds. 

If this were so then a detailed study of the growth zones present within individual 

diamonds may be able to provide information on the fractionation processes responsible.

* Mattey (unpublished data) continued the study of Swart et al. (1983) and found that carbon within the 
cores of coated diamonds could be both lighter and heavier than that present within the coats which 
negated against a simple fractionation process. Also the coats were found to have a fairly uniform 
composition which suggested a common origin. Fragments that remained from the study of Mattey were 
analysed as part of this study hence his data have been incorporated into the results section of this chapter.

94



However as carbon has only two stable isotopes, 513C measurements in isolation cannot 

identify unambiguously whether the zoning present within a diamond is the either the 

result of an equilibrium fractionation process (possibly enhanced by Rayleigh distillation) 

or the result o f reservoir mixing or due to episodic growth. Zoning due to episodic 

growth can be detected by infrared (IR) spectrometry providing sufficient time has 

elapsed between different growth events: nitrogen in the older parts of the diamond will 

be more highly aggregated. Simultaneous determination o f 815N and nitrogen 

concentration can be used to evaluate whether a shift in the carbon isotope composition 

across two growth zones is consistent with a fractionation process or no t

In this study the high sensitivity, high precision nitrogen isotope analysis 

techniques described in chapter 2 were combined with high resolution Fourier transform 

infrared (K11R) techniques and conventional carbon isotope mass spectrometry in order to 

study the growth history o f diamonds and to investigate the isotope fractionation 

processes which operate in the reservoirs from which they form. The starting point for the 

investigation was the material which had been available to Mattey (unpublished data- see 

footnote on previous page).

3.2 Samples studied

Swart et al. (1983) and Galimov (1984) had shown that coated diamonds could be 

very heterogeneous with respect to 813C hence this class o f diamond was a logical 

starting point for a nitrogen isotope study. The first 6 samples (samples 0, 3 ,4 ,6, B and 

DM101) studied were of uncertain origin although Zaïre was suspected because i) coated 

diamonds are restricted to only a few locations ii) Zaïre is the world’s largest producer 

and iii) the morphology of the diamonds was characteristic of the Mbuji Mayi kimberlite 

field in Zaïre (J.J.Gumey, pers. comm.). This suspicion was to be strengthened during 

the course of the study. In addition to these coated diamonds, nine small (~2 mm) cubes 

(C l to C9) and three octahedra (CIO to C l2) from the bulk Zaïre production were 

investigated. Coated and cubic diamonds occur together and it was probable that the six 

coated diamonds and nine cubes were from Mbuji Mayi. Three coated stones (MM1 to

MM3) and five cubic diamonds (MC1-MC5) which were authentic Mbuji Mayi diamonds
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were also obtained. The rarity of cubic diamond compared to octahedral diamond is a 

reflection of their different conditions of formation. The more common octahedral 

diamonds are the result of slow single crystal growth. Cubic habit diamonds are the result 

o f fibrous (m ultiple crystal) growth in a < 111> direction during periods of 

supersaturation with respect to the diamond phase (Kamiya and Lang, 1965; Moore and 

Lang, 1972).

3.3 Analytical techniques

(This section is covered in detail here as it is applicable to subsequent chapters.)

In order to study the growth zoning present within a diamond the sample is first 

prepared in the following way.

A 300 to 500 pm thick plate (a diameter) is cut from the diamond (see figure 3.2). 

The saw used for this initial cutting is a phosphor-bronze wheel coated with diamond 

paste which has a cutting rate o f 0.25 mm2 o f diamond per hour. When removed, the 

plate has a polished surface and is immediately amenable to study by both infrared (IR) 

and cathodoluminescence (CL) techniques. CL can reveal individual growth zones which 

have different concentrations of an impurity such as nitrogen and can also differentiate 

between diamond containing nitrogen within the IaA structure from that containing 

nitrogen within the IaB structure. IR supplies more quantitative information on the 

distribution and aggregation state of nitrogen within the diamond plate. Both of these 

techniques can be used as a guide for the next stage of preparation of the plate although 

for practical purposes the CL and IR techniques are usually applied after the next stage 

which involves the laser sectioning of the plate into a series of blocks.

Prior to laser sectioning the sample is mounted onto an aluminium plate (ca. 4 x 2  

cm) using a commercially available organic glue. As a laser beam will not register on 

diamond (transparent) the plate is coated with carbon black. The aluminium plate is then 

mounted upon a computer controlled stage and the diamond dissected with a Q-switched 

12 mW Nd-YAG laser. The two dissection patterns that have been used most frequently 

('ladder' sections and 'chocolate blocks') are indicated on figure 3.2 and in both cases the 

sections are cut parallel to <110> i.e. parallel to the growth stratigraphy. To cut through a
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A plate ( ca. 5 mm x 5 mm x 0.3 mm ) is cut 
from the centre of the stone using a diamond saw.

The plate is then laser sectioned into either :

{ 110)

A) 'Ladder section' OR B) 'Chocolate block'

Figure 3.2 Laser sectioning of diamond plates.

Plates are sectioned parallel to {110} i.e. parallel to the growth zoning within diamonds



500|J.m diamond plate requires 18 passes of the plate across the laser beam (i.e. the 

cutting rate is 30|im of diamond per pass) and the quantity of diamond that is vapourised 

by the laser amounts to a 30 |im  strip. Degassing of nitrogen in the diamond adjacent to 

the cut does not occur at detectable levels as there is no change in the IR absorption 

spectra moving away perpendicularly from the 'cut' (Milledge, pers. comm.). Indeed 

following laser sectioning the plate is cold to the touch (Seal, pers. comm.) hence 

virtually all the heat must be transported away from the specimen in the plasma that the 

laser produces.

After the diamond has been sectioned the aluminium plate is placed in an oven 

(400-500°C) to graphitise the organic glue. The graphitised glue and carbon black are then 

removed by immersing the plate in a mixture o f fused NaN03 , KNO3 and NaOH 

maintained at its melting temperature. Following this the sample(s) are washed in a variety 

of mineral acids and finally rinsed with water. Whilst it is possible that the surfaces of the 

samples will be contaminated with the nitrogen bearing compounds used for cleaning, as 

KNO3 and NaNC>3 have decomposition temperatures of 400 and 380°C respectively, 

nitrogen from these species should be totally removed during the 1150°C pyrolysis step 

used to pre-clean samples prior to combustion (see chapter 2, section 2.6.2). Indeed it 

will be shown later in this chapter that a certain type of diamond (cubic habit, type IaA) 

has a fairly uniform 515N value and nitrogen concentration. Laser-sectioned samples and 

samples that were merely fractured gave indistinguishable results.

Plates 3.1a and 3.1b are examples of diamonds which were cut using the two 

techniques. Plate 3.1a was from Mbuji Mayi in Zaire (sample MM1) and the results for 

this are discussed in this chapter, plate 3.1b was a diamond from Sierra Leone (sample 

SL2, see chapter 4).

The block sizes from ladder sections were initially 1 x 0.7 x 0.5 mm (samples 0,

3, 4 and 6). For reasons discussed below this size had to be reduced and block sizes of

ca. 300 to 500 x 500 ^m  cubes were used for later samples (B, MM1 and MM3)

resulting in individual sample weights of between 300 and 500 p.g. During sectioning

each block is individually labeled by the laser to prevent mis-identification once the

samples are removed from the stage. The size of block ensures ease of handling. This
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Plate 3.1 Examples of laser-sectioned diamonds
Plate 3.1a is of a ladder section cut from a coated diamond from Mbuji Mayi, Zaire (sample MM1, see 
later). The sample had a diameter of ca. 5 mm and each block was ca. 0.3 x 0.5 x0.5 mm.
Plate 3.1b is of a chocolate block cut from a coated diamond from Sierra Leone (sample SL2, see chapter 
4). The sample had a diameter of ca. 4 mm and each block was ca. 0.25 x 0.25 x 0.5 mm. The plate had a 
silver 'alphabet' pattern applied to its surface to give each block a unique identification mark.



type of preparation has been used for the analysis of coated diamonds where the growth 

zones are both serial and symmetrical.

The specimens from 'chocolate blocks' are smaller than those from ladder sections 

being typically 250 x 250 x 500 |im  resulting in each block weighing ca. 100 pg. 

Although it is possible to label the individual blocks with the laser, this practice has been 

abandoned since there is no knowing before the IR and CL results which blocks are to be 

analysed. Instead, as the cutting pattern is in the form of a grid, each block is mapped and 

given a unique grid reference. If CL and IR indicate that a single block will contain 

insufficient nitrogen for a precise isotope measurement then adjacent blocks can be taken 

and a composite analysed. This technique is applicable when the zoning within the 

diamond is either sectored (see Appendix 5) or asymmetrical. Although the laser can cut 

smaller block sizes it is impractical as, even with the 250pm grid pattern, in excess of 400 

blocks may result from a single diamond plate. The plates are only partially cut through to 

ensure that they remain intact during initial handling. Only after the blocks for analysis 

have been selected are the plates broken.

The first four coated diamonds (samples 0, 3, 4 and 6) exhibited complicated 

zoning, as revealed by CL, necessitating subdivision of the blocks by careful fracturing. 

The positions of the fragments within the unfractured blocks were then mapped. Most of 

these fragments formed the basis of a carbon isotope study by Mattey (unpublished data) 

and these data are incorporated into the results section. Unfortunately only enough 

material remained after his study for crude nitrogen isotope investigations. For some 

fragments it proved impossible to identify accurately their positions in the unfractured 

blocks, thus there is some uncertainty in plotting o f the nitrogen data. Inevitably, 

fracturing leads to loss of sample and this was a primary reason why the initial block size 

was reduced. The smaller block size also ensures greater compatibility between the 

isotopic analysis and FU R  techniques (see below). Samples B, MM1 and MM3 were cut 

into ladder sections whilst DM101 was cut into a chocolate block. The fourteen cubes and 

three octahedra from Zaire, being too small for laser sectioning, were fractured, as was 

one of the coated stones from Mbuji Mayi.

The FTTR instrument is a Bruker IFS45 equipped with microscope and computer-
98



controlled mapping stage. Samples 0, 3, 4, 6 and B were mapped parallel to where the 

strips had been removed for isotope analysis whereas for samples DM101, MM1 and 

MM3, the IR absorption spectra were obtained from the blocks which were analysed. 

Fragments resulting from the fracture of the small diamonds had at least two spectra 

recorded. The methods used for bulk carbon isotope analysis were essentially the same as 

the techniques described by Swart et al. (1983) with the addition o f a 550°C pre- 

combustion step to remove potential organic carbon contaminant species, at this 

temperature combustion of the diamond itself is minimal (Wright and Pillinger, 1988). 

The techniques used for nitrogen analysis were those described in chapter 2.

3.4 Results

3.4.1 Coated diamonds

The 813C and 815N data for the coated diamonds (with the exception of MM2) are 

shown diagrammatically in figure 3.3 and tabulated in Appendix 4 (tables A4-1 to A4-9). 

The data obtained by F l lR were reduced by plotting the nominal peak heights of the 

nitrogen and platelet absorptions. The reduced data, a qualitative profile of the co

variation of the A and B feature nitrogen and platelets, are displayed in figure 3.3.

The simplest profile was that obtained for ladder B: see figure 3a. 813C values 

obtained from the coat were between -6.7 and -7.1%c whereas the carbon in the core of 

the diamond was lighter: 813C values being between -8.6 and -8.7%o. Nitrogen isotope 

measurements were anti-correlated with carbon, the lightest nitrogen being within the coat 

(815N between -3.9 and -5.5%o), the heaviest within the core (815N between +4.7 and 

+5.1%c). The coat contained between 1180 and 1400 ppm of nitrogen and all was present 

within the paired (type IaA) structure. The core contained more nitrogen (1640 to 1810 

ppm) and, although the type IaA IR absorption spectra dominated, platelet absorptions 

were also detected. All the other samples studied had coats that were similar to sample B 

in terms of 813C (between -6.3 and -7.5%c), 815N (between -3.2 and -8.0%o) and IR 

absorption spectra (type IaA). With the exception of sample DM101, which contained 

between 2190 and 3350 ppm nitrogen, the coats of the samples were also similar in terms

of nitrogen concentration ca. 1000-1400 ppm. The cores of the samples were highly
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Figure 3.3 Results obtained from the sectioned diamonds. These two diagrams (and the following six) are profiles showing 
the covariation of 8 13C, 8 15N, N concentration and N aggregation state across the laser sectioned diamonds.



variable and the results for these are now summarised

The core of sample MM2 was almost identical to ladder B: 813C, -8.6%c, 815N, 

+4.2%o, [N], 1140 ppm and the IR absorption spectra being predominantly type IaA with 

subordinate platelets.

Although the isotope profile of sample DM101 (figure 3.3b) was similar to ladder 

B, a number of significant differences were observed. The most notable difference 

between the core of this sample and that of ladder B was the presence of type IaB IR 

absorptions and stronger platelet absorptions. The increase of these absorptions was at the 

expense of the type IaA absorption; i.e. the nitrogen in this sample was more highly 

aggregated than the nitrogen in ladder B. Also the 815N values were lighter (0.0 to 

-1.8%c) and 813C values heavier (-8.2 to -8.5%o) than those obtained from ladder B. This 

sample also contained more nitrogen (between 1980 and 2620 ppm).

The isotope results from the cores o f ladders MM1, 0 and 6 (figures 3.3c, 3.3d 

and 3.3e respectively) were similar hence these three samples can be considered together. 

Unlike the samples described above the cores of MM1, 0 and 6 were complex. The only 

complete profile was that obtained from sample MM1 (figure 3.3c) and showed 813C 

dropping to a minimum value of -9.3%c and rising again to -8.0%o in the centre of the 

stone. The corresponding 813C minimum in sample 6 was -8.9%o which rose to -8.1%©. 

More extreme values were obtained from sample 0, the minimum 813C value being 

-9.8%c and the maximum 813C value in the centre of the stone being -7.4%©. As this 

sample was studied at higher resolution than MM1 and 6, it is possible that the more 

extreme values obtained were due to less mixing (averaging) of growth zones. In all three 

cases the maximum 813C value in the centre of the diamond corresponds to a minimum in 

the nitrogen concentration. No obvious relationship was apparent between the 815N and 

813C values obtained from the cores of these diamonds, however in all cases the 815N 

values were positive; between +2.1 and +4.7%©. Although the three samples were broadly 

similar in terms of 813C, 815N and nitrogen concentration significant differences in the IR 

absorption spectra were observed. Ladder MM1 (and possibly ladder 0) was similar to 

ladder B above (IaA and minor platelets) whilst ladder 6 was similar to sample DM101 

(IaAB with strong platelet absorptions).
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Carbon in the core of ladder 3 (figure 3.3f) was isotopically heavier than that 

within the coat being between -4.9%© and -5.6%©. Like the other samples nitrogen within 

the core was isotopically heavier than that within the coat although it was never heavier 

than -2.0%© and was not anti-correlated with carbon. The core contained between 400 and 

1750 ppm nitrogen and the IR absorption characteristics were similar to ladder B.

Ladder MM3 (figure 3.3g) is a particularly complex sample and some of this 

complexity is more apparent than real. Earlier it was stated that ladder sections are cut in a 

<111> direction; i.e. in the same direction as the growth stratigraphy. Unfortunately this 

ladder section was inadvertently cut parallel to <100> (i.e. at 45° to the growth 

stratigraphy) resulting in complex mixing of growth zones. However certain features can 

be noted. The block excised from the very centre of the stone had a 813C value (-8.0%©) 

and 815N value (+4.6%©) similar to some of the samples described above although the 

nitrogen concentration (290 ppm) was low by comparison. Away from the core the 813C 

value remained fairly constant at between -6.8 and -7.3%©. In contrast the 815N values 

were variable; an initial drop to +0.2%© was followed by a rise to +7.1%©. The IR 

absorption spectra obtained were similar to sample DM101.

The core of ladder 4 (figure 3.3h) exhibited the most complicated and systematic 

carbon isotope zoning but unfortunately only a few 815N measurements could be obtained 

from it. The 815N data that were obtained suggested that nitrogen was highly variable in 

isotope composition. It was found to consist of a narrow outer core which had IR 

absorption characteristics similar to ladder B, surrounding an inner core with IR 

absorption characteristics similar to sample DM101. The 813C value of the outer core was 

between -5.9 and -6.1%o and it contained 3000 ppm N with a 815N value between +2.2 

and +1.6%c. The IR absorption spectra obtained from the inner core showed that nitrogen 

was symmetrically distributed; a minimum in the concentration occurring at the centre of 

the diamond which then rose and dropped to a second minimum at the junction with the 

outer core. The same smooth trend was noted in the carbon isotope composition: a 

minimum in 813C (-7.9%©) occurring in the centre of the diamond which then increased to 

a maximum (-5.2%©) at the junction with the outer core. Unfortunately little sample

remained after the carbon isotope study which precluded the detailed study of the co-
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variance o f nitrogen. However it was found that the inner core contained between 210 and 

650 ppm of nitrogen which was markedly enriched in 15N; 815N between +8.1 and 

+13.4%o.

3.4.2 Small diamonds.

The isotope and IR spectral results are tabulated in table A4-10. The cubic habit 

diamonds were found to be similar to the coats of the coated diamonds. All exhibited the 

type IaA IR spectra and contained between 710 and 1400 ppm nitrogen. The 815N values 

were between -3.1 and -6.0%c and the 813C values were between -5.5 and -7.4%o. The 

cubic diamond that contained the heaviest carbon (C3) was found to be a small coated 

stone and the isotope characteristics could reflect a mixture of coat and core. The three 

octahedral diamonds were found to be more variable. They contained between 1000 and 

1250 ppm of nitrogen and whilst two exhibited the IaA spectrum the third was a type IaB 

diamond. The ranges in 813C and 815N were between -6.4 and -8.4%c and between -5.8 

and +4.8%o respectively.

3.5.Discussion

3.5.1 Sectioned diamonds

The simplest diamond was sample B which consisted of a homogeneous core

containing nitrogen within the IaA structure, together with minor platelets, surrounded by

a coat in which the latter were absent. This indicates that the core underwent a period of

annealing prior to the formation of the coat and that the coat /  core boundary represents a

disruption in growth. After the coat had grown the diamond did not experience conditions

appropriate for the aggregation of nitrogen into the B feature or for the formation of

platelets. This implies that the diamond was ejected to the surface soon after the growth of

the coat. The change in isotope composition for both carbon and nitrogen across the

boundary demonstrates that growth of the coat commenced from a reservoir that was

isotopically distinct from that which produced the core. A summary is presented in figure

3.4. The same interpretation can be applied to all of the coated diamonds i.e. in each case

a change in the IR absorption characteristics and isotope composition occurs at the coat-
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slow, octahedral, growth during periods of 
saturation with respect to diamond

rapid, fibrous, overgrowth during periods of 
super-saturation with respect to diamond
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Figure 3.4 Summary diagram indicating the coat/core relationship
N.B. This is the simplest case where only one reservoir was involved in the genesis of the 
octahedral core. Also there was insignificant development of the IaB-aggregate during 
lithospheric storage



core boundary hence at least two stage growth is implied. Sample 4 grew in three stages.

Figures 3.5a and 3.5b are summary plots of all the data and in both cases results 

for individual diamonds have been grouped and identified with the relevant sample 

number. Figure 3.5a, a plot of 813C vs. 815N shows that the coats of the samples have a 

fairly uniform composition (813C -6.3 to -7.5%o; 815N -4 to -8%o). Although no 815N 

data was obtained for the coat of sample 4, 813C was in the above range. Isotope 

compositions for the cores are widely dispersed although for five of the samples the 

composition within the individual cores are quite tightly grouped. Sample 4 is not well 

constrained and as has already been discussed, this diamond is composite. Thus most of 

the samples appear to have a history involving at least two stages of growth, the final 

stage of which may be common to all the samples studied here (see below).

.Figure 3.5b shows the nitrogen concentrations plotted against the nitrogen isotope 

compositions. Nitrogen in the coats ranges in concentration from about 1000 to 3300 ppm 

and is all present within the paired structure (IaA). There is no obvious relationship 

between the nitrogen concentration and nitrogen isotope composition indeed, apart from 

sample DM101, the nitrogen concentrations, within the coats and cubes, are fairly 

uniform. The cores show a range in nitrogen concentration from 200 to 3000 ppm and, 

with the exception of ladder 3, the heavier isotope values are associated with the lower 

concentrations. This 'trend' is discussed below. However, before this, a discussion on 

the possible causes of the variation within the cores of some of the diamonds is given.

The cores of samples MM1, 0 and 6 are similar and display marked variations in

813C and nitrogen abundance. These data are plotted on figure 3.6 and form a distinct

trend; as the nitrogen concentration increases, the 813C value decreases. Unlike the

changes that occur at the coat/core boundaries these variations are not accompanied by a

change in the form of the IR absorption spectra hence it is difficult to constrain their

origin, multiple growth events, reservoir mixing or fractionation processes could each

result in the trend shown on figure 3.6. Whilst it is impossible to be more specific about

reservoir mixing or multiple growth events it is possible to comment upon possible

isotope fractionation mechanisms. Consider sample MM1, the only sample for which a

complete profile was obtained. The centre of the stone contains 1280 (±120) ppm N with
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Figure 3.6 Nitrogen content and carbon isotope variation within the 
cores of samples MM1, 6 and 0.



a 815N value of +2.7 (±0.6) %c: the 813C value is -8.0%c. Moving outwards the 513C 

value drops to a minimum of -9.3%c, the nitrogen concentration rises to a maximum of 

1780 ppm (an increase of 40%) and, throughout these changes, 815N remains fairly 

constant at 2.9 ±0.5%c.

Such a result could be produced in a closed system if 40% of the available carbon 

was lost during co-precipitation of a second, nitrogen free, carbon-bearing component 

enriched in 13C relative to the diamond. Such a component could be carbonate (carbon- 

rich, nitrogen poor) precipitated at 1100°C (an accepted temperature for diamond growth) 

from a reservoir of carbon dioxide. Changes in the carbon isotope composition of the 

reservoir due to carbonate precipitation will depend on the fraction of the total carbon 

precipitated as carbonate and also on the fractionation of carbon isotopes between 

carbonate and carbon dioxide. (3 -factors* for carbon isotope exchange for a variety of 

compounds have been calculated by Bottinga (1969 a,b) and Richet et al. (1977). The (3 - 

factors for calciteand diamond were calculated by Bottinga (1969 a,b) however only 

maximum temperatures of 700°C and 1000°C respectively were considered. As the 

relationship between the (3 -factor and reciprocal of the temperature (in K) is almost linear 

at high temperature the p -factors for diamond and calcite at 1100°C were estimated by 

extrapolation. The extrapolation is shown in figure 3.7. From the P -factors it is possible 

to obtain the fractionation factors (see footnote* ):-

* Consider the reaction 13COz +,2C —> 12C02 + 13C

The 'P - factor' is defined as the fractionation factor between C02 and C, i.e.

p c o 2

P -factors can be used to calculate the partitioning of isotopes between two coexisting molecules i.e. the 
fractionation factor (a). Consider methane and carbon dioxide:
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p -fa cto r

Figure 3.7 [}- factors for carbon isotope exchange at 1100°C

The p -factors for carbon exchange involving calcite and diamond were obtained 
by extapolation of the results of Bottinga (1969 a,b). The fi-factor for C02 was 
taken from Richet et al. (1977). The values are tabulated below.

p-factors CO2 1.0150
CaC03 1.0155
^diamond 1 .0 1 1 5



As A a-b * = 1000 In oca-b it is possible to deduce that at 1100°C

Ac0 2 -CaC0 3  -0.5 %c

AC02-Cdiamond 3.5 %c

Carbonate precipitated from a reservoir of CO2  will be enriched in 13C relative to 

the reservoir by only ca. 0.5%o whereas the diamond grown would be depleted in 13C by 

ca. 3.5%o relative to the reservoir. It is possible to model fractionation of carbon isotopes 

in the system COi-CaCOj-Quamond using the above figures. The following assumptions 

have been made i) diamond is only a 'passive observer' and in no way controls the 

isotope composition of the reservoir, ii) equilibrium is maintained between the reservoir 

and the carbonate (i.e. no Rayleigh distillation effects), iii) the distribution coefficient for 

nitrogen in diamond is 1; i.e. the increase in nitrogen concentration is a direct measure of 

carbonate precipitation and, iv) diamond is in isotopic equilibrium with the reservoir.

The starting 813C value of the C 02 would have to be -4.5%o for it to precipitate a 

diamond with a 813C value of -8.0%o (equivalent to the inner most part of sample MM1). 

As sample MM1 shows an increase in nitrogen concentration of ca. 40% his has been 

taken as an upper limit of precipitation of carbonate.

S^C tcal = 813CcaC03 + S^Ccc^

-4.5%o = 0 . 4 . 813CcaCC>3 + 0.6 . 813C,

since 813CcaC03 = S^Ccc^ + 0.5 %c

-4.5%c = 0.4 . S^C cc^ + 0.2 + 0 . 6 . 813C(

-4.7%o = 813Cc<>2

Loss of 40% of the available carbon to carbonate results in only a ca. 0.2%c shift 

in the isotope composition of carbon in the reservoir (hence diamond) to lighter values. 

Thus precipitation of carbonate, under the conditions outlined above, is unlikely to have 

been responsible for the observed changes in sample MM1.

Carbon isotope fractionation during diamond growth is considered further in

* Aab = 813Ca - 813Cb = 1000 In oca-b
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chapter 5. The above was perhaps the simplest case with only two components, the 

reservoir and carbonate, being involved (diamond was assumed to be 'passive'). Deines 

(1980) calculated carbon isotope fractionations for more complicated examples in which 

diamond was considered an active component. The calculations indicated that 

fractionations of up to 3-4%c might be produced, consistent with the results obtained in 

this study. Also Deines et al. (1987) suggest that there may be other, as yet unspecified 

components, such as compounds with Fe-C or Si-C bonds which may be exerting an 

influence. Again such compounds may control the 813C value of the reservoir and 

perhaps the C/N ratio but have little effect on the 815N value.

Consider now the possibility of nitrogen isotope fractionation during growth. The 

tendency for nitrogen to exsolve (aggregate) implies that the element is not readily 

incorporated into the diamond structure and hence fractionation of nitrogen isotopes 

during diamond growth should be expected. The diamond-reservoir fractionation factor 

for nitrogen may be larger than those for simple molecules (<1.5%c at temperatures 

>1000°C, Richet et al. 1977). Earlier it was noted that the cores with the lower nitrogen 

concentration tended to have the higher 815N values (see figure 3.5b). Such a relationship 

suggests a distillation process; 14N enriched nitrogen being lost from the reservoir, either 

through diffusion and/or being preferentially incorporated into diamond (or some other 

phase), with the residual nitrogen becoming progressively enriched in 15N. However the 

IR spectra reveal that the diamonds have had different histories hence the observed 'trend' 

may be fortuitous, indeed in the case of sample MM3, 815N varied by nearly 7%o yet 

there was little change in the nitrogen concentration. Also if diamond were controlling the 

nitrogen content of the reservoir, then nitrogen would be likely to become enriched in the 

residual volatiles as its tendency to exsolve suggests that it will preferentially partition into 

the volatile phase. Thus 815N and [N] ppm could show a positive correlation; the higher 

815N values occurring with the higher concentrations.

Another aspect of nitrogen in diamonds that has to be considered is the possibility

of fractionation of nitrogen isotopes after the diamond has grown. Aggregation of

nitrogen involves the migration and pairing up of nitrogen atoms, so that nitrogen is

mobile and may be escaping from the diamond. If this is occurring then nitrogen must be
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leaving via defects or cleavages so as to preserve the internal structure of nitrogen in 

diamond (see fig 3.3h). This point is considered further in a subsequent chapter.

The above discussion indicates that even within a closed system the co-variation 

of carbon and nitrogen isotopes and nitrogen concentration recorded by a diamond could 

be complex. The isotope composition of the carbon available for diamond growth will be 

controlled by the system C02 -CH 4-Cgraphite-Cdiamond-MC0 3 . Nitrogen is less well 

understood although possible components are N2-NH3-NH4+-Ndiamond- Diamond growth 

may exert only a minor influence on both the abundance and the isotope composition of 

both elements remaining in the reservoir and during equilibrium fractionation processes C 

and N are likely to be decoupled. Coupled behaviour would only be expected during 

kinetic fractionation processes such as diffusion.

( * see footnote)

3.5.2 Small cubic and octahedral diamonds

Appropriate data for the small diamonds are plotted with respect to the data for 

sectioned diamonds (Figs. 3.5a and 3.5b). Thirteen of the cubes are comparable with the 

coats, but cube (C3), which was found to be a small coated stone upon fracturing, is 

more like a core in composition. The three small octahedra are more varied. Two are 

similar to cores whilst the third resembles a coat It is likely therefore that the small cubic 

habit diamonds were precipitated at the same time as the coats although these diamonds 

may also be coated stones with nuclei being too small to be detected by current 

techniques.

In an attempt to assess closed system fractionation of carbon and nitrogen isotopes during growth a 
large (0.5 cm diameter) synthetically produced diamond was laser sectioned and analysed in a similar 
manner to the samples described above. The results are presented in Appendix 5. The diamond was sector 
zoned, the result of faceted growth in both <100> and <111> directions. Whilst variations in 813C were 
generally less than 0.5%o, a large partitioning of both nitrogen content and isotope composition (40%o) 
was observed between the different growth sectors. Although a fractionation of this magnitude cannot be 
ignored it is unlikely that the conditions prevailing during the growth of the diamond (in terms of /O 2 , 
pressure/temperature and reservoir chemistry) are ever encountered in nature. Indeed faceted cubic habit 
growth is rarely observed amongst natural diamonds:- see Appendix 5 for further discussion.
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3.53  Comparison with the previous work of Javoy et al. (1984)

The only other systematic investigation of nitrogen isotopes within diamonds was 

that of Javoy et al. (1984) who again studied diamonds from Mbuji Mayi district of Zaire. 

Their measurements were primarily for unmapped fragments (40-200 mg) from large 

stones (ca. 1 g or greater). No specific descriptions were given for these stones except 

that they were 'large crystal aggregates' some with 'well developed crystal faces'. As well 

as the diamonds studied for nitrogen a number of smaller octahedral diamonds were 

analysed for 813C only. At least two phases o f kimberlite intrusion are in evidence at 

Mbuji Mayi and Javoy et al. (1984) also measured the 513C value of carbonates 

associated with both of the phases.

The kimberlite carbonates associated with the earlier phase of eruption yielded 

813C values of between -6.1 and -11.8%c. The carbonate associated with the later event 

had a more restricted range in 813C; between -5.5 and -5.6%c. The small octahedral 

diamonds were found to be heterogeneous, the total range in 813C values being from -4.0 

to -10.0%o. Within a single diamond a range of 5.8%c was found.

Of the diamonds that were analysed for nitrogen only two were spectrally typed: 

sample D5 was found to be a spectral type IaA diamond whilst sample D3 was a IaB 

diamond. These larger diamonds were found to be quite homogeneous in terms of 813C. 

The carbon and nitrogen isotope and nitrogen abundance data obtained by Javoy et al. are 

presented in figure 3.8. Also indicated are the results obtained from this study.

Concerning the internal heterogeneity of the diamonds, the authors concluded that 

within a fairly 'normal' range o f carbon isotope compositions, the well crystallised 

(octahedral) diamonds originated from a heterogeneous medium and grew in an 

environment where volatiles were scarce. These diamonds had either originated from 

regions with differing 813C values or the 813C values had changed due to unspecified 

fractionation processes operating within the reservoir. It is unfortunate that no IR 

absorption spectra or nitrogen isotope data were obtained for these samples however it is 

conceivable that they were formed via similar processes to those which produced the 

octahedral cores of the coated stones i.e. multiple growth events (e.g. ladder 4) and
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complex changes in the carbon and nitrogen systems during a single growth event.

The large crystal aggregates were assumed to have grown faster than the smaller 

octahedral diamonds in an environment in which large quantities of carbon were 

concentrated; an obvious choice being the kimberlite itself. They noted that sample D3 

(the IaB diamond) was different from all the others in that it had a 813C value of -10.5%o. 

They concluded that either i) type IaB diamonds originate from mantle regions having 

813C values different from the average (this was not the favoured view) or ii) type IaB 

diamonds form at a time when the carbon reservoir was nearly exhausted; at an advanced 

stage of evolution. This latter interpretation was apparently confirmed by the nitrogen 

isotope data which are considered next

The nitrogen concentrations obtained from the large crystal aggregates ranged 

from 100 to 2100 ppm and the 815N values from +6.0 to -ll.l% c, although all samples 

except D3 (the IaB diamond) had average nitrogen concentrations above 750 ppm (see 

figure 3.8b). The sample with the lowest nitrogen concentration also had the highest 815N 

value; between +5.3 and +6.0%o. Javoy et al. noted that the positive 815N value and low 

concentration of the IaB diamond could be a signature characteristic of this type of 

diamond. However a process operating which lowered the concentration to ca. 100 ppm 

could also have been responsible for raising the 815N. This latter interpretation was in 

agreement with the favoured interpretation for the 813C value of the diamond; late stage 

precipitation from a fractionated reservoir. However this interpretation of the IaB diamond 

is at variance with the current data set. It can be seen from figure 3.8a that Javoy et al. 

relate D3 via a fractionation line to the coat-like diamonds; the type IaB diamond 

precipitating when the carbon reservoir is nearly exhausted. This appears unlikely as, by 

definition, nitrogen within D3 is more highly aggregated hence this sample either predates 

the others or formed at deeper levels. Sample D3 is similar in terms of IR absorption 

spectra, 813C and 815N to a number of the cores of the coated stones in the present study 

and it is therefore likely that sample D3 is a xenocryst and unrelated to the other samples.

The recognition that D3 is unrelated to the other samples goes some way to

alleviate a problem encountered by Javoy et al. which was the large range in 815N values

and the apparent anti-correlation with concentration. They considered two end-member
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Figure 3.8a 813C and 815N results of Javoy et al. (1984) for diamonds from Mbuji Mayi
Included are the 813C results for the carbonates from the two phases of kimberlite intrusion 
recognised at Mbuji Mayi. The kimberlite nodules are from the older event. Samples D3 and D5 
were spectrally typed and found to be type IaB and type IaA respectively. Javoy et al. interpreted 
the data as being representative of two stages of distillation; these are the lines marked T  and '2'. It 
was believed that the diamonds on the line marked T  were associated with the older kimberlite 
eruption, the range in 513C values obtained from the carbonates being broadly similar to the range 
observed in the diamonds. Similarly the group of diamonds on the line marked '2' have similar 
513C values to the primary carbonates. This interpretation requires sample D3 to have precipitated 
when the carbon reservoir associated with the initial eruption was nearly exhausted; i.e. it 
precipitated after sample D5. As the nitrogen within D3 is, by definition, more highly aggregated 
than that in D5 it must have either precipitated before D5 or at deeper levels than D5. Either way it 
cannot be related to sample D5 via a fractionation line. Also included on the figure are the coat 
(solid box) and core (dotted boxes) results from this study. It can be seen that three of the samples, 
including D5, plot within the field defined by the coats. It is quite likely that these three samples 
were in fact coat-type material. Sample D3 has all the characteristics of a core hence it is xenocryst 
and unrelated to the other samples.



815 N

Figure 3.8b Nitrogen concentration and 815N results of Javoy et al. (1984) for diamonds 
from Mbuji Mayi. Also indicated are the results obtained for the coats (solid boxes) and cores 
(dotted boxes) during this study. Individual results for sample D3 (IaB) and D5 (IaA) have been 
grouped. As can bee seen most of the analyses of Javoy et al. plot in or close to the field 
defined by the coats. Sample D3 (IaB) is more like a core in composition.



models to explain the observed distribution: i) reliant on isotope fractionations and ii) 

reservoir mixing. The problem with the fractionation model was the large range in the 

mean S15N values (~13%©) observed for a small range in the mean nitrogen concentrations 

(N.B. if individual analyses are considered then the range in 815N is approximately 

17%©). Equilibrium (Rayleigh) fractionation would only produce a range in 815N of ca. 

3%c if the fractionations involved were of the same order of magnitude as those for simple 

molecules at high temperature (<1.5%©). Although diffusion (a  = V 29/28) would be 

capable o f producing the above range it was difficult to envisage how such a process 

could operate save during the kimberlite eruption. Mixing of a nitrogen-poor 15N rich 

source with a nitrogen-rich 15N poor source could conceivably produce the observed 

relationship. They concluded that the 15N poor source would be located at greater depths. 

A plot of 1/[N] versus 815N did not yield a straight line and if mixing was involved then it 

was not simple. If sample D3 is removed from the data set then the 815N variation 

reduces to ca. l%c. However it is not known how many (if any) of the remaining samples 

were xenocrysts hence the variation in the 815N of the diamonds that were phenocrysts 

may be less. In section 3.5.1 it was shown that as carbon would be controlled by the 

system C02 -CH4-Cgraphite-Cdiamond-MC03  and nitrogen controlled possibly by the 

system N2-NH3-NH4+-Ndiamond, diamond precipitation may only have a minor effect on 

both the amount and isotope composition of both elements in the reservoir. Hence a 

relationship between 815N and nitrogen concentration might not be expected. This would 

undoubtedly be true during the co-precipitation of a nitrogen-free carbon-bearing phase 

such as carbonate. Carbonate is a common inclusion in the coats of coated diamonds (see 

chapter 4) hence during the growth of the coats there is little doubt that carbonate was 

being co-precipitated which would have had a marked effect on the C/N ratio of the 

residual reservoir.

The 813C and 815N values and nitrogen concentration data for the majority of the

large crystal aggregates studied by Javoy et al. are consistent with this type of material

being coat. Indeed the sample which was spectrally typed (sample D5) was found to be a

type IaA diamond and this plotted directly within the coat field. Thus the phenocrystal

origin inferred by Javoy et al. (1984) for most of the aggregates in entirely consistent with
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the data obtained in this study.

Finally they considered that although the large crystal aggregates may be a major 

sample of volatiles from the source region of kimberlites they might not be representative 

of the deep mantle. In this respect it is worth considering the results of Galimov (1984) 

who examined the carbon isotope composition of coat and core material from Siberian 

diamonds. As stated previously the coats of the diamonds studied fell in a fairly narrow 

range (813C between -6 and -8%o) whereas the cores were up to 10%c shifted from this 

value to both heavier and lighter values. Figure 3.9 shows the results of Galimov (1984) 

in relation to the results obtained during this study. The close agreement in the isotope 

composition o f the coats of coated diamonds from two continents suggests that they were 

formed from a common reservoir. Hence the possibility arose that the coats were 

characteristic of a deep reservoir which in terms of carbon at least, was indistinguishable 

from mid ocean ridge and ocean island basalts (MORB and OEB). This possibility formed 

the basis of a subsequent study which is detailed in chapter 4. Javoy et al. (1984) also 

used their data to formulate an Earth model however discussion on this will be left until 

chapter 4.

3.6 Conclusions

The isotopic and infrared spectral heterogeneity o f the cores of the coated

diamonds suggests that these represent a number of growth events that were separated in

time and /  or space. The zoned cores o f some of the diamonds preserve evidence of

isotope fractionation processes that operated during their growth. The maximum spread in

813C and 8 15N values that can be attributed to such processes is 3%o and 7%o

respectively. After formation, the diamonds were held in the lithosphere for a period

sufficient to allow for nitrogen aggregation to occur. In the case of sample 4 two distinct

periods o f octahedral growth are recorded. The more highly aggregated diamonds

(DM101, 6 and the inner core of sample 4) are either older or originate from hotter

(deeper?) areas of the lithosphere than the less aggregated diamonds. These cores, some

of which may have had totally different histories, were later involved in a common event

that led to the formation of the coats; cubic diamonds precipitated at the same time. One
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Figure 3.9 Carbon isotope composition of African and Siberian coated diamonds

The similarity of the carbon isotope composition of the coats from diamonds 
from two continents suggests that the volatiles from which they formed were 
derived from the same reservoir. This hypothesis formed the basis of a later 
study which is detailed in chapter 4.
Also shown for reference are the results obtained from the small cubic and 
octahedral diamonds (this study).



event that all the cores must have been involved in is the accumulation and 

emplacement of the kimberlite m elt This environment provides the volatiles necessary for 

supersaturation and also there would be insufficient time for significant nitrogen 

aggregation. This interpretation implies that the diamonds of cubic habit are genetically 

related to kimberlite magmatism, being early crystallisation products from a 'proto- 

kimberlite' melt and that the octahedral diamond cores represent entrained diamond 

xenocrysts. A cartoon summary of this interpretation is provided on figure 3.10.
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V3 Prior to the third growth event there had 
been little change in the aggregation state of the 
diamonds that grew during VI. However platelets 
had developed in the diamonds that formed during 
V2. V3 was a major influx of volatiles into the 
lithosphere. The volatile phase was supersaturated 
with respect to diamond and a fibrous coat grew 
rapidly on pre-existing diamond nuclei. Small 
cubic habit diamonds precipitated at the same 
time. Finally the diamonds were transported to 
the surface, entrained in the kimberlite melt. At 
the surface octahedral diamonds that may have had 
totally different histories are found together 
enclosed within a uniform coat

< r *
platelets

o
♦  ♦

♦ < *
IaAB + platelets

V2 Prior to the second growth event, some of the 
nitrogen within the diamonds that were located at 
greater depths had aggregated to form the IaB 
structure; platelets were present also. The IaB 
structure was absent from the diamonds located at 
shallower levels however platelets had developed. 
V2 was a small-scale event perhaps resulting 
from the remobilisation of carbon already present 
within the lithosphere. Diamond was only 
precipitated in a small region; some new 
diamonds nucleated and some overgrowth on pre
existing diamonds occurred. In both cases the 
growth form was octahedral.

VI The first growth event affected the whole of 
the lithospheric region under consideration. The 
diamonds grew slowly and the growth form was 
octahedral. Equilibrium and kinetic fractionation 
processes operating during growth led to some of 
the diamonds having complex internal variations 
in carbon and nitrogen isotope composition and 
nitrogen content. The nitrogen aggregation 
process commenced.

Figure 3.10 Hypothetical sequence of events during the growth of the coated diamonds. 
Three growth events (VI to V3) are represented.



Chapter 4

On the existence of a uniform carbon and nitrogen reservoir beneath the

continental lithosphere

4.1 Introduction

In chapter 3 it was demonstrated that coated diamonds (some specifically from the 

Mbuji Mayi kimberlite field, Zaire and others probably from the same location) exhibited 

pronounced internal serial zoning with respect to carbon and nitrogen isotope composition 

and nitrogen concentration and aggregation state. As well as the coated diamonds some 

uncoated octahedra and small cubic diamonds were also analysed. The diamonds of 

octahedral habit (including the cores of the coated diamonds) showed a range in 813C and 

815N from -9.8 to -4.9%c and from -5.8 to +13.4%c respectively. Individual stones 

preserved evidence of isotope fractionation processes that occurred during their growth 

although no correlation was observed between 813C and 815N. On the basis of their 

infrared absorption spectra the cores of the coated diamonds could be divided into two 

groups i) those in which the bulk of the nitrogen was present within the paired (IaA) 

structure and ii) those in which the nitrogen was more highly aggregated with a significant 

amount of the nitrogen being present within the IaB structure. Platelets were present in all 

cases but were more highly developed in the second group. This indicated that the 

diamonds in the second group were either older or had been at higher temperatures (from 

deeper within the lithosphere?) than those in the first group. Nitrogen concentrations 

ranged from 260 ppm to 3000 ppm with the more positive 815N values being obtained 

from the diamonds with the lower nitrogen content. The cubic habit diamonds (including 

the coats of the coated diamonds) were comparably uniform; 813C and 815N values were 

between -7.5 and -5.9%c and between -8.0 and -3.1%c respectively. Nitrogen 

concentrations ranged from 740 to 3500 ppm and all the nitrogen was present within the 

IaA structure. Platelets were absent in all cases. The octahedral habit diamonds were 

interpreted as being representative of multiple growth events separated in time and/or 

space. In the case of the coated stones, the octahedral diamonds were later involved in a
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common event which added a component (the coat) from a single homogeneous reservoir, 

the small cubic diamonds precipitated at the same time. The event recognised was believed 

to be intimately related to the accumulation /  emplacement of the kimberlite melt hence the 

cubic habit diamonds were interpreted as being phenocrysts whilst the octahedral habit 

diamonds were entrained diamond xenocrysts.

Comparison of the data obtained with those of Galimov (1984), who measured 

the coat and core carbon isotope compositions only of Siberian coated diamonds, 

suggested that the volatiles responsible for the growth of the coats were derived from a 

widespread asthenospheric reservoir. This chapter details the C and N results obtained 

from coated diamonds from Botswana, Sierra Leone, Angola, Siberia and a single cubic 

diamond from the Northern Territories of Australia. The aim of the study was to explore 

further the idea of uniformity amongst the coats of coated diamonds.

4.2 Samples studied.

The samples from Botswana (JW1-JW3) were from the mine at Jwaneng (on the 

western side of the Kaapvaal craton (Dawson, 1980; Mitchell, 1986) in the south of the 

country. An age of 235 Ma (late Permian) is suggested from a U-Pb study of zircons 

(Kinny et al., 1986) and, on the basis of whole rock Nd and Sr isotope geochemistry, 

Smith (1983) classified the intrusion as being a 'group I' kimberlite, plotting close to bulk 

Earth on a combined £Sr /  £Nd diagram (similar to ocean island basalts). Sample JW1

was an irregular coated diamond. The core was colourless and transparent, the coat being 

grey/black and opaque. Samples JW2 and JW3 were similar; irregular granular boarts. 

The coats of these two samples were also irregular and polycrystalline although the grain 

size (ca 2 mm) was coarser than that of the boarts they enclosed. The Sierra Leone 

samples (SL2, SL5 and SL8) were from the Cretaceous (92 Ma: Nixon 1987a) Koidu 

Kimberlite Complex which lies at the south-west margin of the W est African craton 

(Dawson, 1980; Tompkins and Haggerty, 1984). Samples SL2 and SL5 were from the 

Koidu No.2 pipe whilst SL8 was from the Koidu No 1 pipe. The coats of these three 

samples were deep yellow/green and were irregular in shape mimicking the morphology 

of the cores which they enclosed. The cores were transparent and SL8 exhibited 

pronounced zoning when studied by cathodoluminescence. No specific geographical
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information was available for the samples from Angola (AN1-AN4). Sample AN1 was a 

zoned cube the outermost part of which was clear, the inner 'core' being opaque. Sample 

AN2 was a coated octahedron similar to those described in chapter 3. Samples AN3 and 

AN4 were coated boarts. AN3 was a composite in that between the thin (250 |im) yellow 

coat and fine grained grey/black core was a layer (1 mm) of transparent diamond. The 

Siberian diamonds (UD1-UD3) were from the mid-Palaeozoic (355-340 Ma: Nixon 

1987b) Udachnaya (Daldyn-Alakyt kimberlite group) pipe situated within the centre of the 

East Siberian Platform (Dawson, 1980; Galimov, 1984; Mitchell, 1986). All three 

samples were transparent, colourless octahedral diamonds with thin (200 pm) yellow 

coats. All the coated stones described above were initially between ca 100 and 200 mg in 

weight. The single cubic habit diamond from the Northern Territory, Australia was a 

green microdiamond with an initial weight of 150 pg.

4 3  Techniques

Using the same analytical techniques as those given in chapter 3 the diamonds 

were either laser sectioned or fractured and then analysed for 813C, 515N and nitrogen 

concentration. Where possible infrared spectra were obtained prior to the other analyses. 

Plates 4.1a and 4.1b are photographs of two of the samples that were laser dissected into 

ladder sections; sample JW1 (Botswana) and sample UD2 (Siberia).

4.4 Results

The results for all samples are tabulated in tables A6.1 to A6.5 (Appendix 6) and 

the results obtained from the laser sectioned diamonds are shown in figure 4.1.

Jwaneng (Botswana): see figure 4.1a and table A6.1 (Appendix 6)

Sample JW1 is shown in plate 4.1a and figure 4.1a summarises the results 

obtained from it. The most notable feature about this sample was its exceptional isotopic 

zoning. The 813C values obtained for the coat of this diamond were between -5.2 and 

-6.1%o whereas the equivalent measurements for the core of the diamond were between 

-19.5 and -21.1%c giving a total spread in 813C of nearly 16%c. Similarly 815N varied by 

18.5%c from between -5.2 and -6.5%c in the coat to between +10.2 and +12.0%c in the 

core. This is the largest isotopic variation yet observed within a single natural diamond. 

The 790 to 1210 ppm of nitrogen that was present in the coat was in the paired structure
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Plate 4.1 Laser sectioned diamonds from Botswana and Siberia
Plate 4.1a is of sample JW1 (Jwaneng, Botwana). The diameter is about 0.5cm. Note particularly the 
thick, turbid coat.
Plate 4.1b is of a sample UD2 (Udachnaya, Siberia). The diameter is again about 0.5 cm. In comparison 
to TVV1 above this sample has a thin coat which is less turbid.



Figure 4.1a Figure 4.1b

Figure 4.1 Results obtained from the laser sectioned diamonds. These six diagrams show the co-variation of 513C, 815N, nitrogen 
abundance and nitrogen aggregation state within the six laser-sectioned diamonds. The shaded areas within the nitrogen abundance 
histogram indicates the regions in which abundant micro-inclusions occurred (spectral type 'i').
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Figure 42  IR absorption spectra obtained from the coat of sample JW1

In addition to those absorptions attributable to the diamond lattice and nitrogen 
as an impurity (lower figure) additional bands attributable to carbonate, water and 
trapped silicates were detected.



(IaA). However in addition to the absorptions due to nitrogen additional bands in the 

wavenumber range 1200-1400 cm*1 were detected (see figure 4.2). These result from 

abundant silicate micro-inclusions within the coat (see plate 4.1a) and their presence is 

designated by the term 'i' in figure 4.1. The chemistry o f these inclusions has been 

determined recently by Navon et al. (1988): see later. Also present with these absorptions 

are others which have been attributed to water and carbonate (Chrenko et al., 1967). The 

core of the diamond contained less nitrogen (330-510 ppm) which was more highly 

aggregated (type IaAB + platelets).

The two coated boarts JW2 and JW3, which were analysed on the simple basis of 

fragments broken from the coat and the core, were similar (see table A6.1, Appendix 6). 

The 813C values for the coats were both -5.0%c whilst the boarts were -6.1 and -5.9%c 

respectively. 815N values for both coats were negative being -6.1%c in JW2 and -3.3%c in 

JW3. Both boarts contained only 50 ppm nitrogen, the 815N values being +11.9%e and 

+5.6%o in JW2 and JW3 respectively.

Sierra Leone: see figure 4.1b to d and table 6 2  (Appendix 6).

The aggregation states of the nitrogen within these three samples (SL2, SL5 and 

SL8) were similar. The spectral characteristics of the coats were similar to JW1 above 

(i.e. IaA +'i') however their colour was deep yellow/green. The infrared absorption 

spectra obtained from the cores of the diamonds were predominantly of IaA type although 

platelets were detected in all cases. The nitrogen content of the coats was between 1000 

and 1370 ppm whilst the nitrogen concentrations of the cores were between 770 and 1830 

ppm and SL2 showed pronounced zoning (see figure 4.1c and also plate 3.1b). The 813C 

and 815N values of the coats were between -5.1 and -7.4%c and between -4.4 and -5.2%c 

respectively. The corresponding values for the cores were more variable; 813C between 

-1.9 and -5.8%o and 815N between +7.7 and -2.8%e. There was some evidence for 

zoning in the cores of these samples (see figures 4.1b to d). For example, in sample SL2 

(figure 4.1c), minimum values for both 813C and 815N occur at the centre of the 

diamond, being -3%c and +4.4%c respectively, which rise fairly smoothly to maximum 

values of -1.9%c and +7.7%c respectively at the junction with the coat.
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A ngola: see table A6.3 (Appendix 6)

The coats of the four samples from Angola were similar: 813C was between -6.6 

and -7.2%o and they contained between 710 and 1260 ppm of nitrogen which had a 815N 

value of between -5.2 and -l.l%o. Where measured the coats exhibited the IaA + ’i' 

spectra. The cores o f the diamond were very variable both in terms of isotope 

composition, I.R. spectral characteristics, nitrogen content and morphology. The two 

boarts (AN3 and AN4) were markedly enriched in 12C having 813C values of -14.3 and 

-17.9%o. Galimov (1984) noted that 12C enrichment was common amongst poorly 

crystalline diamonds. Nitrogen was absent from one of the samples (AN3) and low (140 

ppm) in the second; the 815N value was -1.3%o. Sample AN1, which was a zoned cube, 

had mean 813C, 815N values and a nitrogen content of -6.2%e, -1.7%o and 1510 ppm 

respectively. No IR absorption spectra were obtained from the core of this diamond as it 

was opaque due to a very high micro-inclusion content. The core of the sample AN2, an 

octahedron, was similar to the Mbuji Mayi samples (see chapter 3); 813C was -8.3%c, 

815N was +2.7%o, the nitrogen content was 800 ppm and the sample exhibited the IaA 

type spectrum plus platelets.

Udachnaya: see figure 4.1e to f  and table 6.4 (Appendix 6)

There was little difference in the coat and core isotope compositions of all three 

samples studied. The coats returned mean values of 813C = -6.7 ±  0.4%o, 815N = -3.1 

±1.2%c and nitrogen concentration = 900170 ppm. The mean 813C values for the 

sectioned cores were -6.710.2%c (UD1) and -6.010 .\%o (UD2: see plate 4.1b) whilst 

sample UD3 gave a 813C value ( 1 m easurem ent) of -7.0%o. The corresponding 815N 

values were -0.8 il.5% c (UD1; this sample was zoned), +0.3 10.5%e (UD2) and +0.4%c 

(UD3). Nitrogen concentrations within the three samples were between 590 and 900 

ppm. The coat and cores could however be distinguished on the basis o f their IR 

absorption spectra. The coats were the same as those measured previously (IaA + T) 

whilst the cores exhibited the IaA type spectrum plus platelets.
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Australian cube: see table 6.5 (Appendix 6)

The 513C, 815N and nitrogen concentration values obtained from this diamond 

were -4.1 %o, -%.l%o and 330 ppm respectively. The IR absorption spectra was type IaA 

+ 'i '.

4.5 Discussion

The 513C, 815N and IR results are summarised on figure 4.3 and included are the 

results detailed in chapter 3. The coats of the diamonds and the single cube from Australia 

have a restricted range in isotope composition; 813C -7.2 to -4.1%e, 815N -8.7 to -1.7%c, 

whereas the cores are highly variable; 813C -21.1%c to -1.9%o, 815N -2.8%© to +12.0%o 

(with the majority being positive). All the coats gave the IaA + 'i' absorption spectra 

whereas the cores contained nitrogen that was more highly aggregated. Thus the pattern 

seen for a single location (Mbuji Mayi, Zaire -chapter 3) has been repeated on a regional 

scale. The uniformity of the coats on a regional scale suggests that the formation process 

was the same at each location and that the volatiles involved were derived from a 

widespread reservoir o f restricted isotope composition. The following discussion 

concentrates on the identification o f this reservoir and the significance of its isotopic 

composition although some general points regarding the the isotopic composition of the 

cores are included.

4.5.1 Genesis of the diamond coats.

7J?. absorption spectra

At a single location, nitrogen within octahedral diamonds can occur with markedly 

different aggregation states (chapter 3). This indicates that the diamonds have had 

different thermal histories (Evans and Qi, 1982) and that they may have been formed in 

more than one event. The data currently available indicate that diamond coats only contain 

nitrogen within the IaA structure (plus paramagnetic nitrogen: see later) and that they 

never contain platelets. Thus, at a single location, it is apparent that they all formed at a 

similar time and that they only had short mantle residence times (see later) compared to 

octahedral diamonds. The IR absorption spectra also indicate that the genesis of the coats 

and cogenetic single cubes (chapter 3) was the final phase of diamond growth prior to
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Figure 4.3 Summary plot of the data obtained from the coated diamonds. Also included are the regions 
occupied by the samples studied in chapter 3 (Zaire). The shaded fields indicate the range in isotope 
composition displayed by the sectioned diamonds. Apart from the field labelled JWl-Ct (the coat of sample 
JW1) the fields are for the cores of the sectioned diamonds.



eruption. This final phase of diamond growth was apparently more widespread than those 

which preceded it since the coats enclose diamonds which may differ in isotopic 

composition, nitrogen content, nitrogen aggregation state and morphology.

The kimberlites (including the Mbuji Mayi field, Zaire; 71 Ma) span a range in age 

of ~300 Ma yet the aggregation state of the nitrogen within the coats is the same at each 

location. This suggests that the time period between the growth of the coats and the 

subsequent eruption of the kimberlites was similar at each location. Thus it would appear 

that the growth of the coats was related directly to kimberlite magmatism. Estimates of the 

length of time separating the growth of the diamond coats and their subsequent transport 

to the surface can be obtained from the IR absorption spectra. Nitrogen is incorporated 

into diamonds initially as a simple one to one substitution for carbon and this type of 

diamond is termed lb (see Chapter 1). This simple substitution of C ([He]2s22p2) by N 

([H e ]2 s22 p 3) results in unpaired electrons hence type lb  diam onds exhibit 

paramagnetism. At mantle temperatures the lb structure is unstable and with time the 

nitrogen atoms pair up to form the IaA structure. The kinetics of the aggregation of single 

nitrogen atoms to form the IaA structure has been investigated by Evans and Qi (1982). 

The reaction was found to follow second order kinetics, the extent to which 

transformation proceeded within a given time being a function o f the nitrogen 

concentration of the diamond and the temperature. Evans and Qi (1982) determined the 

rate constant for the reaction at various temperatures and using this it is possible to 

estimate a mantle residence time for a type IaA diamond. Diamond coats commonly 

contain paramagnetic nitrogen in concentrations of 1017 atoms /  cm3, or greater (Orlov, 

1977). For a diamond containing 1000 ppm of nitrogen (similar to the coats) this 

corresponds to -0.07%  of the nitrogen. The length of time it would take for 99.93% of 

the nitrogen to 'pair up' (form the IaA structure) would be 180,000 a at 1150°C, 46,000 a 

at 1200°C and only 12,500 a at 1250°C. However the diamonds from which the rate 

constants were derived were octahedral diamonds whereas diamond coats are fibrous (see 

below); less perfect crystals than octahedra. Collins (1978,1980) has demonstrated that it 

is possible to enhance the rate of nitrogen aggregation in octahedral diamonds if they are 

irradiated prior to heat treatment. The increased rate of aggregation results from the

119



production of vacancies within the lattice (allowing nitrogen to diffuse more easily) and, 

although the concentration of vacancies produced was only 5 ppm, the aggregation rate 

was increased by a factor of 50. Given that diamond coats are fibrous and contain 

numerous micro-inclusions it is probable that the rate o f nitrogen aggregation for this 

variety of diamond is higher than that for octahedral diamond. Thus the above estimates 

of the mantle residence times may be too high.

Direct attempts have been made to date coated diamonds, the most notable of these 

being that of Zashu et al. (1986) who used the K-Ar technique to date Zaire coated 

diamonds. The ages obtained (~6 Ga) were in excess of the age of the Earth and a number 

of models were put forward to explain this result. Recently Ozima et al. (1989) have 

shown that the old ages are only apparent, resulting from the presence of excess 40Ar 

associated with sub-micron inclusions (see below). Akagi and Masuda (1988) measured 

the 87Sr/ 86Sr ratios o f coated diamonds from the same location and found them to be 

almost identical to that of the host kimberlite. Moreover they concluded that the diamonds 

were less than a few hundred million years old, a view consistent with the IR data.

Fibrous structure and micro-inclusions.

In most diamonds the mode of growth is by the addition of carbon to the {111} 

faces. Cubic and coated diamonds both differ in that growth was as a series of fibres 

extending outwards in a <111> direction (Kamiya and Lang 1965, Moore and Lang 

1972). It is probable that the growth of these fibres was rapid, ensuring that some of the 

surrounding medium became trapped between the fibres resulting in the high micro

inclusion content; the more usual, slow, octahedral growth tends to push potential 

inclusions away from the surface. Rapid growth can only occur during periods of 

supersaturation with respect to diamond, a growth regime inferred for cubic diamond 

(Moore and Lang 1972).

The micro-inclusions provide valuable information regarding the chemical nature 

of the fluids from which the diamonds formed. Chrenko et al. (1967) identified the 

dominant components as being water and carbonate. Recently Navon et al. (1988 a,b) 

have provided a quantitative analysis of the inclusions. As well as water (60-1000 ppm)
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and carbonate (20-500 ppm as CO2) they found the following oxides; SiC>2, 30-60%; 

TiC>2, 2-6%; AI2O3, 2-10%; FeO 5-22%; MgO 2-7%; CaO 6-18%; Na20  1-8%; K20 , 8- 

22%; P2O5 0-3%; and detectable quantities o f Cr2C>3 and Cl. The total concentration of 

the above oxides was between 20-2000 ppm. The interpretation offered was that the 

inclusions represented a quenched fluid, the composition of which being distinct from that 

of kimberlites and more akin to lamproites.

In chapter 1, section 1.7, diamond genesis was considered and one o f the 

outstanding problems concerned the oxidation state o f the fluids from which diamonds 

crystallised. The presence of co-genetic carbonate as micro-inclusions indicates that these 

diamonds precipitated from fluids in which CO2 was the dominant carbon species rather 

than CH4. Also in chapter 1, sections 1.1, the radiogenic isotope characteristics of certain 

mantle-derived continental volcanic rocks were considered briefly. Certain rocks (e.g. 

lamproites) have been derived from regions of the lithosphere which have had higher 

Rb/Sr and lower Sm/Nd ratios than bulk earth for considerable periods of time prior to 

their eruption. There is, as yet, no agreement as to whether the trace element enriched 

nature o f these lithospheric regions is due to the recycling of crustal material or whether it 

is due solely to mantle magmatic/metasomatic processes (Fraser, 1987). CO2-H2O rich 

fluids have been invoked as agents for mantle metasomatism characterised especially by 

the addition of Fe and Ti (e.g. Harte et al., 1987). The presence of H2O, CO2, Fe and Ti 

within the diamond coats led Navon et al. (1988 a,b) to suggest that the material 

associated with coated diamond could be related to fluids responsible for the widespread 

metasomatism of the continental lithosphere. If correct then a contribution from recycled 

crust may not be required to explain the trace element enrichment within the lithosphere as 

the stable isotope data obtained in this study suggest that the fluids originated from 

entirely sub-lithospheric mantle (see below).

The compositional difference between the chemistry of the inclusions and that of 

kimberlite led Navon et al. (1988 a,b) to conclude that coats could not be phenocrysts. 

However, as noted by Menzies (1988), the kimberlite at depth may differ significantly 

from that seen at the surface and, whilst the data of Navon et al. (1988 a,b) rule out the
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possibility that the diamonds precipitated from the final kimberlite melts which were 

emplaced, growth during an earlier stage of kimberlite magmatism is not precluded.

Origin o f the fluids

The uniformity of the coats on a regional scale suggests that the formation process 

was the same at each location and that the volatiles involved were derived from a 

widespread reservoir of restricted isotope composition. The similarity between the 813C 

values of the coats and those of other upper mantle-derived materials such as mid-ocean 

ridge basalt (MORB), kimberlite carbonates and carbonatites (see Chapter 1) suggests that 

the fluids had their origin within the convecting upper mantle. Similarly the isotope ratios 

of Ne present within coated diamonds (Ozima and Zashu, 1988) fall on the array defined 

by MORB (Sarda et al., 1988). The simplest conclusion is that the fluids were derived 

from an extension of the MORB source underneath the continental lithosphere. Against 

this conclusion is the 87Sr/86Sr ratio (0.7038 to 0.7052) of the included matter in coats 

from Zaire (Akagi and Masuda, 1988). This, like the initial Sr ratios of Group I 

kimberlites suggests a source similar to that of ocean island basalts (OIB). This problem 

may be resolved if the precise mechanism which triggers kimberlite eruptions were 

known. There are currently two 'end-member' models concerning the causes of 

kimberlite magmatism: 'diapir melting' and 'volatile fluxing'. The subject has been 

reviewed recently by Mitchell (1986) and Fraser (1987) and only a brief account 

(summarised from Mitchell, 1986) is provided below.

The diapir melting models (e.g. Wyllie 1980; Nixon et al. 1981) are essentially 

variants of the mantle plume /  'hot spot' hypotheses. In its simplest form the model relates 

kimberlites directly to rising plumes of mantle material which were initiated by density or 

thermal perturbations of unknown origin. Decompression results in partial melting at the 

top of the diapir and the melt segregates due to density contrasts. Ascent of the magma 

within the lower lithosphere may be controlled by pressure-induced fracture propagation 

however at higher levels the melt may be channeled into pre-existing fractures that have 

been reactivated by the diapirs. The kimberlite magmas then rapidly ascend into the upper 

crust.
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The volatile fluxing model (whose main proponent has been Bailey, e.g. 1980) 

assumes that for long periods the lithosphere only allows slow leakage of volatiles from 

the asthenosphere. Fractures, developed or reactivated by tectonic processes, may 

penetrate the base of the lithosphere providing channels which allow for the easy escape 

of volatiles from the asthenosphere. The fractures 'focus' volatiles and heat at specific 

regions of the lithosphere-asthenosphere boundary resulting ultimately in the formation of 

alkaline magmas.

In the context of this study the two models imply widely different source regions 

for the carbon and nitrogen that comprise the diamond coats; the diapir model suggests a 

deep-seated source of volatiles, possibly the lower mantle, whilst the volatile-fluxing 

model implies the top of the asthenosphere.

Nitrogen does not offer much help in resolving this problem. The available data 

for oceanic basalts are summarised on table 4.1 below.

Table 4.1 Content and isotopic composition of nitrogen within oceanic basalts.

Sample [N] ppm S15N %c Reference

OIB (Hawaii) ~1 17 Becker & Clayton, 1977

OIB (Hawaii) 0.4 -0.4 Sakai et al, 1984

MORB 0.9 to 1.4 -0.1 to 0.8 i t

OIB (Hawaii) 0.2 to 1.2 12.8 to 15.5 Exley et al., 1987b

MORB

(Atlantic /Pacific n = 6) 0.2 to 2.1 +7.5 ± 1 i l

(Indian n=2) 0.3 to 0.4 -4.5 to -1.9 i i

OIB (Hawaii) 6 - 1.1 Javoy et al., 1986

MORB (Atlantic) - -2.6 Javoy & Pineau, 1986

A general point is that nitrogen within oceanic basalts is enriched in 15N relative to 

the cubic (IaA) habit diamonds (ca -5%o). Some samples contained nitrogen markedly
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enriched in 15N relative to atmosphere (0%c). A notable feature however is the difference 

in the results obtained by the different workers. For example consider the results obtained 

from Hawaiian basalts. Becker and Clayton (1977) obtained ca 1 ppm of nitrogen with a 

815N value of ca +17%c which is similar to the results of Exley et al. (1987b), who 

obtained 815N values of between +12.8 and +15.5%c (average +14.0 ±1 %c) and yields of 

between 0.2 and 1.2 ppm for three samples from Loihi. Sakai et al. (1984) observed 

similar nitrogen concentrations (0.4 ppm) for a sample from the Kilauea East Rift, 

however the measured 515N value (-0.4%o) was considerably lighter than those of both 

Becker and Clayton (1977) and Exley et al. (1987b). Finally Javoy et al. (1986) reported 

a much higher nitrogen concentration (6 ppm) with a 815N value (-l.l%c) similar to that 

obtained by Sakai et al. (1984).

This variation in the results of nitrogen concentration and isotope analyses for 

basaltic glasses from the same location contrasts markedly with the uniformity of the coats 

from dispersed locations. Javoy et al. (1986) highlighted the analytical problems 

associated with nitrogen isotope analysis but concluded that the data available then did not 

suffer from any analytical bias. This view is shared by the author. Indeed the results 

discussed in chapter 3 and those of Exley et al. (1987b) were performed over the same 

period of time using the same mass spectrometer. Likewise, the results obtained for the 

diamonds from Mbuji Mayi (chapter 3) are in good agreement with those obtained by 

Javoy et al. (1984) for diamonds from the same location.

If a uniform nitrogen reservoir does exist at depth, as implied by the present 

results, and is not reflected in either MORB or OIB glasses then degassing of the magmas 

during ascent may be a contributory factor to this. The subject of the behaviour of 

nitrogen within igneous systems has been summarised by Wlotska (1974) and more 

recently by Sakai et al. (1984). The solubility of molecular nitrogen in molten silicate 

glass is low: ca 0.2 ppm by weight at 1 atm pressure and 1400°C. The solubility of 

ammonia is much greater (up to 0.5 wt % N) as this species can be chemically bound 

under reducing conditions. However if ammonia enters the gas phase it will dissociate 

into N2 and H2. Only under very reducing conditions will the hydrogen from the 2H2O = 

2H2 + O2 equilibrium dictate that significant quantities of NH3 survive. The normally
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high oxygen fugacities of oceanic basalts (e.g.the Nazca plate: log /O 2 ca 1 0 12 ; 

Mazzullo and Bence, 1976) indicates that NH3, if present, will only be a minor 

component of the volatile phase. Thus during the ascent of basaltic magmas nitrogen will 

tend to exsolve and be present in the gas phase as N2; residual nitrogen within the magma 

could be a mixture of NH3 and N2. At temperatures greater than 675°C, NH3 coexisting 

with N2 will be enriched in 15N (by ca 1.0%c at 1100°C: Richet et al., 1977). If N2 starts 

to escape from the magma (see later) then the residual gaseous N2 will also be enriched in 

15N (in this case the fractionation factor will be large: V 29/28 ).

Thus both equilibrium and kinetic effects will tend to drive the isotope 

composition of residual nitrogen within the melts to more positive values. Clearly there 

needs to be an effective mechanism for the removal of nitrogen and one possibility is 

when the melts reach supersaturation and gas bubbles are formed (Exley et al., 1987b). A 

further possibility is that gas loss will occur when the basalts erupt onto the sea floor. 

Outgassing of noble gases during eruption has been considered by Allègre et al. (1987). 

They concluded that gas losses were over 98% for He, Ar and Xe. The triple bond in N2 

is very strong (945 kJ m ol'1), therefore the molecule's behaviour would presumably 

mimic that of a noble gas hence a large nitrogen loss is implied. As the measured 515N 

value of a sample of glass would be strongly dependent on the history of that part of the 

magma, it is easy to see why variable results could be obtained from a single location. 

The above implies that there would be a strong relationship between nitrogen 

concentration and isotope composition which was not detected by Exley et al. (1987b). 

Clearly many more nitrogen isotope data for basalt glasses are required and ideally they 

should be coupled to noble gas measurements.

If however one accepts that residual nitrogen in MORB is indeed enriched in the 

heavy isotope and that there is a widespread deep-seated reservoir depleted in 15N then 

there is a problem. Figure 4.4 shows the nitrogen results obtained from the coats and 

cubic diamonds together with those that have been obtained from MOR basalts, modem 

marine sediments and metasediments. The isotopic composition of the atmosphere is also 

indicated. It can be seen that combining the MORB values and those of the external 

reservoirs cannot give the mean 815N value of the diamonds. This was first noted by
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Figure 4.4 Histogram comparing the 815 N values of the cubic coats 
to those of MOR basalts, sediments and metasediments. It can be seen 
that recombining MOR basalts, the atmosphere and the crustal rocks cannot give 
the value of the diamonds. If there exists a deep-seated N-reservoir markedly 
depleted in 15N then heterogeneous accretion of the Earth is implied.



Javoy and Pineau (1983) and their interpretation culminated in a heterogeneous accretion 

model for the Earth (see below).

Summary

At a given location the genesis of diamond coats and cubic (IaA) diamond 

occurred only once. The event was the final phase of diamond genesis prior to the 

eruption of the kimberlite and it was widespread affecting many of the earlier growth 

regions. The aggregation state of nitrogen within this variety of diamond suggests a short 

mantle residence time. The diamonds appear to have grown rapidly, during periods of 

supersaturation, from a volatile rich fluid. The data suggest strongly a genetic link 

between the kimberlite eruption and the genesis of the diamond coats and the simplest 

interpretation is that they are an early crystallisation product from a kimberlite or 'proto

kimberlite' melt; i.e. phenocrysts. The ubiquitous presence of the additional absorptions 

in the IR absorption spectra of diamond coat suggest that fluids, similar to those described 

by Navon et al. (1988 a ,b) have been produced at six widely dispersed locations.

4.5.2 Isotopic variations amongst and within the cores of the diamonds.

Figure 4.3 summarises the 815N, 813C and nitrogen aggregation state data 

obtained from the cores. In contrast to the coats, the cores of the diamonds studied were 

found to be extremely variable in terms of carbon isotope composition, nitrogen isotope 

composition, nitrogen content, morphology and nitrogen aggregation state and, whilst a 

detailed account of the origin of these variations is reserved for the next chapter, some 

general points are noted below.

The most obvious feature is that if a diamond has a 813C value away from ca. -5 

to -7%o (composition of the coats) then it is likely to have a positive 815N value. In the 

discussion above it was suggested that the uniformity of the coats, together with their 

813C values, indicated that the source of the fluids from which they grew was a fairly 

homogeneous reservoir located within the convecting mantle. For the core compositions 

to survive requires that they be protected from the convecting mantle and a source within 

the lithosphere is implied. As each particular portion of the lithosphere will have had its 

own unique history, diamonds from different locations may have markedly different
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isotope compositions. Possible origins of this heterogeneity are considered in the next 

chapter.

4.53 Implications for Earth models

Although the nitrogen isotope results for the cubic (laA) habit diamond from the 

six locations studied were similar, the interpretation of the mean 515N value (ca. -5%o) is 

not straightforward. If one assumes that diamonds are providing a reliable estimate of the 

815N value of their mantle source regions then at least part of the asthenosphere is 

depleted in 15N relative to the atmosphere (0%o) and crustal materials (generally positive 

with a 815N value of 0 to +20%c). The problem identified by Javoy and Pineau (1983) is 

that if the mantle was originally homogeneous and the upper portions have outgassed 

giving rise to two secondary reservoirs, the atmosphere /  sediments (+metasediments) and 

the residual upper mantle (MORB) then the original value defined by diamonds does not 

lie between the two: see figure 4.4

In order to explain this observation Javoy and others (1983,1984,1986) have 

proposed a heterogeneous accretion model for the Earth. The model requires that both C 

and N isotope ratios survived the major early terrestrial differentiations (core-mantle-early 

crust-early atmosphere).

In terms of oxygen (an element which comprises ca. 30 wt % of the Earth's mass) 

isotopes the meteorites which most resemble the Earth's mantle are the enstatite chondrites 

(Clayton et al.,1976) see figure 4.5a. Javoy and others note that if the 813C value of the 

mantle (ca. -4 to -8%c) is compared with those of the various meteorite groups (see figure 

4.5b) then only the enstatite chondrites and the CM and Cl carbonaceous chondrites can 

be considered as possible terrestrial precursors. However nitrogen within meteorites 

belonging to the latter two groups is enriched in 15N relative to the mantle value given by 

the Mbuji Mayi diamonds (ca. -6%c, Javoy et al. 1984) and again only the enstatite 

chondrites are left as possible precursor material. A thin veneer of carbonaceous chondrite 

material (CM or Cl), added during the latter stages of accretion, is required in order to 

account for the 15N enrichment of the outermost parts of the planet. The oxygen isotopes 

impose that the 'upper Earth' contain no more than 1 to 2% of this material however such 

a contribution would provide more than 10 times the amount of C and N now present in
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Figure 4.5a A comparative plot of the oxygen isotope compositions of the 
Earth, Moon and the various stony meteorites. As can be seen from the above 
figure (simplified from Wasson, 1985) the enstatite chondrites have oxygen 
isotope ratios indistinguishable from those of the Earth and Moon.
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Figure 4.5b A comparative plot of the carbon and nitrogen isotope 
compositions of cubic (IaA) habit diamond and the various stony 
meteorites

Data sources EH, EL Grady et al., 1986; Kung and Clayton, 1978
CO, CV Kenidge, 1985
CM, Cl Kerridge, 1985
H, L, LL Grady et al., 1982; Kung and Clayton, 1978 
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the atmosphere, hydrosphere, sediments and continental crust (Javoy et al., 1986). As the 

enstatite chondrites have a mean 815N value of ca. -25%o the nitrogen isotope ratios of the 

diamonds from Mbuji Mayi (ca. -6%o, Javoy et al., 1984) were considered to be the result 

of mixing between the upper 15N enriched mantle and the lower 15N depleted mantle, 

which may have a 515N value as low as -40%o (Javoy et al., 1986).

Figure 4.5b shows the 515N and 813C results obtained from the cubic habit 

diamonds, analysed during the course of this study, in relation to the various meteorite 

groups. As can be seen, the diamonds are closest to the enstatite chondrites in isotope 

composition and also plot between the enstatite chondrites and the CM and Cl 

carbonaceous chondrites. However it seems unlikely that the composition of the coats 

represents mixing between an upper 15N enriched source and a lower 15N depleted source 

as mixing would have to be in similar proportions at each of the locations studied. It 

appears more likely that the field occupied by the coats reflects the S13C and 815N values 

of a distinct, well mixed, reservoir although it is impossible to say at present whether this 

reservoir is situated directly beneath the continents or whether it is located at deeper 

levels.

If the reservoir is located within the lower mande, which is not inconceivable 

given the OIB-like radiogenic isotope characteristics of Group I kimberlites, then it is 

enriched in 15N (815N ca. -5%o) relative to the mean value of the enstatite chondrites 

(815N ca. -25%c). This implies that by ca. 350 Ma (oldest pipe from which diamonds 

were studied) the lower mantle of the 'enstatite chondrite Earth' had lost a significant 

amount of its 14N. It will be shown in chapter 5 that there appears to have been little 

change in the 815N and 813C value of this reservoir since the mid-Archean hence the loss 

of 14N would have been at an early stage. One possibility is that light nitrogen was 

fractionated into the core during the early differentiations (Exley et al., 1987b). If the 

reservoir is located in the upper portions of the asthenosphere then its nitrogen isotopic 

composition may reflect loss of 14N enriched nitrogen to the atmosphere. Clearly data 

from many more samples are required before models regarding the structure of the mantle 

in terms of its nitrogen isotope composition can be constrained more tightly.
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4.6 Summary and conclusions

4.6.1 General

In recent years numerous 'box-models' of the crust - lithospheric mantle - 

convecting mantle have been proposed in order to explain the radiogenic isotope and 

noble gas data obtained from volcanic rocks and mantle xenoliths (for recent reviews see 

Wasserburg, 1987; Allegre, 1987; Menzies and Hawkesworth, 1987). In its simplest 

form the standard box model divides the Earth into three main reservoirs; i) the continental 

crust which has been extracted from ii) the depleted upper mantle and which is underlain 

by iii) the pristine lower mantle. MORB originate from the upper mantle and OIB from the 

lower mantle. The upper and lower mantle are internally homogeneous. In addition 

beneath the continental crust is the rigid sub-continental lithospheric mantle. This part of 

the mantle is very heterogeneous reflecting numerous magmatic /  metasomatic events 

occurring during its stabilisation. Heterogeneities that develop within the lithosphere 

persist as they are protected from the convecting asthenosphere. Figure 4.6 shows that the 

stable isotope data obtained during this study can be explained in terms of such a simple 

model.

4.6.2 Specific (see figure 4.6)

1] At depth there exists a uniform carbon and nitrogen reservoir. The 813C value is close 

to -6%c (± 2%c) and the results for coats suggest that the 815N value is ca. -5%c. If 

diamonds are providing a reliable estimate of the isotopic composition of nitrogen within 

their source regions then it is apparent that this uniform reservoir has isotopic 

characteristics akin to the enstatite chondrites. Carbon and nitrogen isotope studies 

cannot, as yet, distinguish between the upper and lower mantle. If the coats of coated 

diamonds are indeed phenocrysts then the source of the volatiles depends on the precise 

mechanism which triggers the kimberlite eruption. If kimberlites are triggered by some 

form of volatile fluxing then the source of volatiles may be the top of the asthenosphere if, 

however, diapirism is involved then the source of the volatiles may be the lower mantle.

2] Carbon and nitrogen within the lithosphere are both extremely variable in isotope 

composition. A range in 813C of about 20%o was found during this study however it is
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known that the total range is closer to 40%c (from -35 to +3%o), similarly a range in 815N 

of about 15%e was found however the range found during the study detailed in the 

previous chapter and that of Javoy et al. (1984) is nearly 25%c (from -11 to +13%c). The 

presence of both polycrystalline aggregates and single stones as cores within coated 

diamonds from Jwaneng is evidence that markedly different physical-chemical conditions 

prevailed in the source regions of diamonds from one location. The aggregation state of 

the diamonds within the lithosphere is highly variable from IaA to IaB: this reflects 

variable P-T conditions during growth and variable periods of storage within the 

lithosphere.

3] Although diamonds within the lithosphere may have extreme 813C values most are 

close to ca. -6%c suggesting that the volatiles for such diamonds were derived from the 

uniform reservoir located within the convecting mantle.

4] Prior to kimberlite eruptions volatiles from the deep reservoir enter the continental 

lithosphere and in certain cases conditions are conducive to the overgrowth of coats on 

pre-existing diamond nuclei. Small cubic diamonds precipitate at the same time. As the 

pre-existing diamonds could have 813C values anywhere between -35 and +3%c 

(extremes that have been reported-see chapter 1), depending on the particular history of 

the source region, a maximum internal variation in coated diamonds of ca. 30% o  is 

expected.

5] The diamonds are entrained in the ascending kimberlite which breaks through to the 

surface. As the kimberlite consolidates carbonates are precipitated which again reflect the 

deep-seated source; 813C ca -4 to -8%o.
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Chapter 5

Regional variations in the carbon and nitrogen isotope 
composition of variety 1 diamonds

SJ -intr.QfluatiQn

In chapter 4 it was concluded that by the mid-Palaeozoic the major carbon isotope 

heterogeneity within the mantle (513C ca.+3 to -35%o), that has been established from the 

study of diamonds, was restricted to the sub-continental lithosphere. Beneath this was a 

uniform reservoir which had been the source of volatiles for the coats of coated 

diamonds. Due to the limited number of samples analysed from each location little 

interpretation could be offered for the xenocrystal cores of the coated diamonds. 

However it was noted that if a diamond had a 813C value away from ca. -3 to -7%c then it 

would tend to contain nitrogen enriched in 15N relative to that present within the coats.

The cores of coated diamonds are usually variety 1 diamonds (i.e. octahedral 

crystals or modifications thereof) and are thus equivalent to the majority of naturally 

occurring stones. This chapter details results obtained from variety 1 diamonds from six 

locations; the Finsch, Premier and Jagersfontein kimberlites in South Africa, the 

Williamson kimberlite in Tanzania and the Prairie Creek and Argyle lamproites in North 

America and Australia respectively. These samples were studied in order to investigate 

the heterogeneity of carbon and nitrogen isotope ratios within the sub-continental 

lithosphere.

5.1 1 Background

5.1.1.1 The Premier and Finsch kimberlites.

Premier mine (South Africa)

The Premier kimberlite is located 30 km ENE of Pretoria and represents the 

largest kimberlite occurrence in South Africa. It is of precambrian age (ca. 1250 Ma, 

Allsopp and Barrett, 1975; Allsopp and Kramers, 1977, although the most recent studies 

indicate an age of 1180±60 Ma; Fraser, 1987 and references therein) and at least three 

separate phases of intrusion are represented, all of which contain diamonds. The 

morphology of the diamonds has been investigated by Harris et al. (1975); irregular 

forms dominate followed by macles, dodecahedra and octahedra. Harris and Gurney
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(1979) reported that out of nearly 400,000 diamond studied, only ca. 1600 (0.41%) had 

visible mineral inclusions. The eclogitic assemblage of sulphides, pyrope-almandine, 

omphacite, comprises ca. 60% of the inclusions, with the peridotitic assemblage of 

sulphides, olivine, orthopyroxene, Cr-pyrope, Cr-diopside accounting for the remainder. 

Richardson (1986) obtained a Sm-Nd isochron age of 1150160 Ma from composites of 

'eclogitic' garnets and pyroxene, which was in good agreement with the sulphide 

inclusion model age of ca. 1200 Ma obtained by Kramers (1979) and also 

indistinguishable from the preferred intrusion age of 1180130 Ma. Thus there is no 

resolvable time difference between the growth of the diamonds and their ejection to the 

surface. However the aggregation state of the nitrogen (Davies, 1981) within the 

diamonds requires that they were stored within the lithosphere for 1-10 Ma prior to 

ejection. The initial Nd and Sr isotope ratios at the time of crystallisation of the eclogitic 

inclusions were substantially higher (£Nd ca. 44 to 4-8) and lower (£Sr ca. -10 to -16) 

respectively than those of the bulk Earth at 1150 Ma (Richardson, 1986). These ratios are 

are characteristic of asthenospheric (depleted) upper mantle akin to that presently 

producing mid-ocean ridge basalts. Carbon isotope compositions of diamonds from this 

mine have been studied in detail by Deines (1980, et al., 1984) and this work will be 

considered after a general introduction to the Finsch mine.

Finsch

The Finsch kimberlite is situated on the Kaapvaal craton, near Postmasburg, Cape 

Province, South Africa and is the second largest pipe in South Africa after Premier 

(Fraser, 1987). Smith (1983) dated the pipe at 114 Ma and, on the basis of mineralogy 

and isotope data, he classified it as being a Group II ('micaceous') kimberlite, originating 

from an old, trace element enriched portion of the sub-continental lithosphere. The 

recovery grade of diamond from Finsch is ca. 1 carat per tonne or ca. 0.2 ppm and the 

morphology of the diamonds are similar to those at Premier although octahedral and 

dodecahedral diamonds are more common than at Premier (Harris et al., 1975). Although 

the percentage (0.39%) of inclusion bearing diamonds recovered from Finsch is similar 

to that at Premier (0.41%), the mineral inclusions are dominated (>98%) by those of the 

peridotitic paragenesis. Richardson et al. (1984) obtained a model Nd age of 3.300±200
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Ma (i.e. about 30 times older than the pipe) from 'peridotitic' sub-calcic garnet inclusions 

and demonstrated that the diamond hosts had to be xenocrysts.

Previous carbon isotope studies o f diamonds from the Finsch and Premier mine.

A comparative study of the carbon isotope composition of diamonds from these 

two mines, in relation to their inclusion chemistry, was carried out by Deines et al. 

(1984). The diamonds from the Premier mine exhibited a range in 813C of between -12.3 

and -1.9%c (mean value -4.8%c) with a mode in the distribution occurring at ca. -5.0%c. 

In contrast the diamonds from Finsch showed a more restricted range (813C between -2.6 

and -8.6%c: mean -6.0%o) and the mode in the distribution occurred at between -6 and 

-7%c. ( N.B. the data are summarised on figure 5.2, however in the case of Premier the 

results of Deines (1980) are included).

For the Premier mine there was no difference in the carbon isotopic composition 

of the inclusion-bearing and the inclusion-free diamonds. For both mines there was no 

relationship between the 8 13C values of the diamonds and their colour, shape and 

deformation. The lack of a correlation between 813C, colour and shape had previously 

been reported by Deines (1980) for Premier mine.

When the 813C values obtained from the diamonds were considered in relation to 

their inclusion chemistry some features became apparent. Figure 5.1 shows the 

relationship between the calcium and chrome content of peridotite suite garnets and the 

carbon isotope composition of the host diamond. Included on the diagram is the lherzolite 

field of Sobolev et al. (1973). Fifty diamonds from the Finsch mine contained P-type 

garnets and most of these (48) plotted well into the harzburgite field; the diamond hosts 

had 813C values of between -4.7 and -8.6%o. One garnet plotted within the lherzolite field 

and the host for this had a 813C value of -2.6%c. The final garnet plotted close to the 

lherzolite field and the diamond host had a 813C value of -3.5%o. For Premier mine only 

five P-type garnets were recovered. Three of these plotted either within or close to the 

lherzolite field and the diamond hosts had 813C values between -2.0 and -2.9%c. The 

remaining two diamonds from Premier had S13C values of -12.2 and -5.7%c and the 

garnets from both plotted within the harzburgite field. Thus it appeared as if the more 

fertile inclusions were associated with 13C enriched diamonds. Similar results were
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obtained for olivines and pyroxenes; most had refractory compositions with the more 

fertile (always < 8 samples out of >40) being associated with 13C enriched diamond 

hosts. Further evidence for this was obtained from two diamondiferous xenoliths from 

the Finsch mine: see figure 5.1. The garnets from the xenoliths both plotted within the 

lherzolite field and the 813C values of the diamonds present were -2.8 and -4.6%c.

Estimates of the temperature of equilibration of the peridotite suite inclusions 

within the diamonds (based on the garnet-olivine geothermometer) suggested that those 

associated with the higher 13C diamonds equilibrated under higher P/T conditions than 

those associated with the diamonds of lower 13C content. The implication of this was that 

the 13C enriched diamonds crystallised at greater depths than the 13C depleted diamonds. 

Similar P/T estimates for E-type inclusions produced the same result; 13C enriched 

diamonds apparently originating from deeper within the mantle.

5.1.1.2 Williamson mine and Jagersfontein

In contrast to Finsch and Premier there is little in the literature devoted to these 

two mines and, in particular, there are no published carbon isotope data.

Williamson mine, Mwadui, Tanzania

The diamond pipe at Mwadui is the largest in the world and was discovered in 

1940. In 1972 the value of the diamonds from this pipe accounted for 90% of the 

nation's total income from minerals. It is situated on the centre of the Tanzanian Craton, 

about 100 miles due south from Lake Victoria, in a region that may contain up to 400 

kimberlite intrusions (Nixon and Condliffe 1986, Nixon 1987c) and has been dated at 

189 Ma (in Hervig et al., 1980). A limited number o f inclusions from diamonds have 

been studied (Hervig et al., 1980); all belonged to the peridotitic paragenesis. 

Jagersfontein

The Jagersfontein pipe (now mined-out) is situated close to the southern margin 

of the Kaapvaal Craton about 130 km southwest from Kimberley. An age of 86 Ma has 

been obtained for the pipe (in Smith, 1983) and on the basis of mineralogy and isotope 

data Smith (1983) classified it as being a Group I ('basaltic') kimberlite.
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5.1.1.3 Arkansas and Argyle

These two intrusives can be considered together as unlike the other four above 

they have been classified as lamproites.

Arkansas, (Prairie Creek)

Four kimberlite-like intrusions are known to occur in the area of Murfreesboro, 

Pike County, Arkansas. The Prairie Creek intrusion is the best known as it is the only 

body to have been commercially exploited for diamonds (Scott Smith and Skinner, 1984) 

and is the only one which will be covered in more detail. The age of the intrusion is 

known from field relations to be Late Cretaceous and an age of 106±3 Ma has been 

obtained by Gogineni et al. (1978). It is located between the Appalachian Fold Belt and 

the mid-Mesozoic downwarp of the Mississippi embayment (Meyer, 1976; Dawson, 

1980; Eggler et al., 1987). Although originally classified as a kimberlite, Scott Smith and 

Skinner (1984) re-classified it as a lamproite on the basis of petrography, mineral 

chemistry and whole rock chemistry. Fraser (1987) suggested that the melt had been 

derived from a trace element enriched portion of the sub-continental lithosphere, 

enrichment occurring ca. 2.0 Ga before present. Carbon isotope measurements for just 

two diamonds are present in the literature (Honda et al., 1986, 1987). One diamond had a 

fairly normal 813C value (-3.3%o) whilst the second had a 813C value of between -9.2 

and -11.9%c, outside the accepted range for the upper mantle.

The Argyle Lamproite

The diamondiferous Argyle (AK1) olivine lamproite is situated in the East 

Kimberley region of Western Australia. The diatreme occurs near the eastern margin of 

the Halls Creek Mobile Zone, comprised of Archean and Lower Proterozoic sediments 

and volcanics which were deformed at ca. 1920 Ma (Boxer et al., 1986). The mobile 

zone was intruded by a series of granites at ca. 1800 Ma (Boxer et al.). An age 1200±50 

Ma, based on Rb-Sr and K-Ar systematics has been obtained by Pidgeon et al. (1986). 

McCulloch et al. (1983) and Fraser et al. (1985) have shown that the Western Australian 

lamproites were derived from source region which were enriched in trace elements 

relative to bulk Earth for considerable periods prior to eruption. (N.B. The possibility of 

crustal contamination sensu stricto (see Hawkesworth et al., 1983) was ruled out by
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Fraser et al. (1985) on the basis of trace element mixing considerations). Ages of the 

enrichment events of ca. 1000 Ma were calculated by McCulloch et al. (1983). These 

ages were the time at which the Nd isotope evolution lines of the lamproites intersected 

that of the depleted mantle. As the lamproites showed extreme enrichment of the light rare 

earth elements these were considered to be minimum ages (Sm/Nd of the lamproites 

being less than that of the source region) and that Archean ages were more likely. Fraser 

(1987), recognising the problem of Sm/Nd fractionation during partial melting, used Pb 

isotopes to date the enrichment events. For the W est Kimberley region two major 

enrichments were required separated by ca. 2.0 Ga, the first at ca. 3.5 Ga, the second at 

ca. 1.8 Ga. Diamonds from this mine have formed the basis of a number of studies, three 

of which are summarised below.

Harris and Collins (1985) measured the infrared absorption spectra of 151 

inclusion-bearing diamonds. The proportion of inclusion-bearing diamonds (0.2%) is 

less than that at both Finsch (0.39%) and Premier (0.41%). Of the inclusions 61% were 

E-type, 21% P-type, the remainder being sulphides. A unique result was obtained; unlike 

all other locations, the diamonds at Argyle contained most of their nitrogen within the B- 

aggregate. The equations of Evans and Qi (1982) suggested that the diamonds would 

have needed to have equilibrated at 1400°C for a period of time almost equivalent to the 

age of the Earth. However the equilibration temperatures of the inclusions are of the order 

of only 1150°C. Even allowing for errors in the activation energy of nitrogen 

aggregation, experimentally determined by Evans and Qi (1981), it was concluded that 

something had happened in the source region of the diamonds to enhance the rate of the 

aggregation process.

Further evidence for the enhancement of the nitrogen aggregation process was 

provided by Richardson (1986) who obtained a Sm-Nd isochron age from composites of 

E-type garnets and clinopyroxenes. The isochron age so obtained was 1580±60 Ma . As 

the intrusion has been dated at 1200+50 Ma the mantle residence time for the diamonds 

was only ca. 400 Ma hence the nitrogen aggregation process must have been greatly 

enhanced. In contrast to the E-type inclusions from Premier, the initial Nd isotope ratio 

was higher and the initial Sr lower than bulk earth at 1560 Ma (ESr +37 to +44; £Nd -3 to
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-4). These isotopic characteristics are indicative of a trace element enriched component 

'akin to that found in old sub-continental lithosphere' (Richardson 1986).

Carbon isotope ratio measurements of Argyle diamonds were performed by 

Jaques et al. (1986). In a manner similar to Deines and co-workers (1980, 1984, 1987), 

they were studied in relation to their inclusion mineralogy. As noted by Harris and 

Collins (1985) the inclusions were dominated by the eclogitic paragenesis (orange garnet, 

clinopyroxene, coesite, kyanite and rutile and sulphide). The peridotite paragenesis 

inclusions were mainly olivine with subordinate Cr-pyrope and enstatite. A notable 

feature of the inclusion chemistry is that the clinopyroxenes have a high jadeite 

(NaAl[Si2C>6]) content (up to 9.5 wt. % Na20, 19 wt. % AI2O3) and high K2O contents 

(up to 1.3 wt.%) indicative of formation at very high pressures. An explanation for the 

enhanced nitrogen aggregation rate at Argyle is that plastic deformation of the diamonds 

at high pressure (Lang, 1986) resulted in vacancies within the lattice which would have 

enhanced the rate of nitrogen diffusion. The carbon isotope results obtained from the 

diamonds with eclogitic inclusions are presented in figure 5.2. The range in 813C values 

was between -6 and -16%o with the mode in the distribution occurring at -11 %c, outside 

the generally accepted range for the upper mantle. Jaques et al. 'tentatively' suggested 

that the diamonds with the eclogitic inclusions were derived from recycled crustal 

material.

5 .2  S am p les  stu d ied  and an a ly tica l tech n iq u es.

The tables in Appendix 7 list all the relevant information concerning the shape and 

colour of the diamonds and in all 53 diamonds were analysed for 813C, 815N, nitrogen 

abundance and IR absorption spectra where possible. Also a further 32 diamonds were 

analysed for carbon only. The techniques used were similar to those described 

previously, however only one of the diamonds was laser sectioned, (sample Fin#7), the 

remainder being fractured.

5.3 R esu lts

The results are tabulated in Appendix 7. For each location, the number of samples 

that were studied for both carbon and nitrogen was small hence it is necessary to consider 

just how representative the sample sets were. Figure 5.2 is a histogram showing the

137



80

6 0 -

4 0 -

2 0 -

3 0 -  

20 -  

10 -

10

0
-35 -30 -25 -20 -15 -10 -5 0 +5

ô 13C

Figure 52  Carbon isotope com position o f the diam onds from  
Finsch, Prem ier and Argyle that were studied for nitrogen.

The close agreement between the literature values and those 
obtained in this study indicates that the nitrogen results will 
be broadly characteristic of a given mine.

Premier
O  Deines et al. (1980, 1984) 

S 2  This study

H a zLJmi—i

Finsch
CU Deines et al. (1984) 

E23 This study

Argyle
CH Jaques et al. (1986) 
E 0  This study



carbon isotope results from the diamonds studied for both carbon and nitrogen compared 

to carbon isotope results present in the literature. Only diamonds from the Finsch, 

Premier and Argyle mines are included as little or no data are available for the others. The 

fairly good agreement between the literature values and those obtained in this study 

indicate that the nitrogen isotope data will be broadly characteristic of the diamonds from 

a given mine.

5 .3 .1  F in sch  and  P rem ier

The results obtained from the diamonds from Finsch are summarised on figures

5.3 and 5.4. 513C values for the diamonds from the Finsch mine were between -2.7 and 

-6.4%c with a mean values of -4.5%©. Nitrogen concentrations ranged from 70 to 580 

ppm and 8 15N values were between +5.9 and -10.8%© with negative values 

predominating. No correlations were found between 8 13C, 8 15N and nitrogen 

concentration: see Figure 5.3. Sample Fin#7 (see figure 5.4), the only diamond to be 

sectioned, was composite; the result of two stage growth. Unlike the coated stones 

discussed in chapters 3 and 4, both stages of growth were of the more usual octahedral 

diamond as opposed to the fibrous mantles of coated diamonds. The inner zone contained 

between 140 and 410 ppm of nitrogen with a mean 815N value of -1.610.5%©; the IR 

absorption spectra showed that this was a type IaAB diamond which contained platelets. 

The outer zone contained between 380 and 580 ppm of nitrogen of lower 815N (-8.5 to 

-10.5%c) which was present predominantly as the paired (IaA) structure. Although 

platelet absorptions and absorptions from the higher aggregation state (IaB) were detected 

they were both small in comparison to those obtained from the inner zone. The carbon 

isotope ratio was remarkably uniform across the whole diamond; 813C= -5.24 ±0.08%c.

Similar results were obtained from the diamonds from Premier (see figure 5.5); 

813C values were between -2.9 and -5.3%©, 815N values were between -1.0 and -12.3%© 

and nitrogen concentrations between 5 and 460 ppm. Like the Finsch diamonds there was 

no firm evidence for correlations between 813C, 815N and nitrogen concentration.

5 .3 .2  W illia m so n  and  J a g ersfo n te in

The results for the six diamonds from the Williamson mine were similar to those 

obtained from the diamond from Finsch and Premier; the diamonds contained between 3
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and 640 ppm of nitrogen of 815N value between +1.3 and -7.7%«. 513C values were 

within the range -3.3 to -4.7%c :see figure 5.6 (N.B. some previously published (e.g. 

Boyd et al., 1985) nitrogen isotope data for Williamson diamonds were erroneous (815N 

values as low as -40%o) due to the analyst being unaware of an experimental effect; the 

'pressure effect', see chapter 2).

The results obtained from Jagersfontein were, for the most part, different from 

the three mines discussed above but similar to the results obtained from the coated 

diamond from Jwaneng (JW1: Chapter 5), the diamonds from Western Australia (see 

below) and some of the diamonds from Arkansas (see below). Sample J5 a colourless, 

dodecahedron gave results similar to the Finsch, Premier and Williamson diamonds; 

8 13C= -4.8%«, 8 15N = -2.7%o with a nitrogen concentration of 520 ppm. All other 

samples were markedly depleted in 13C; 8 13C being between -16.6 and -19.4%«. 

Nitrogen concentrations were between 8 and 900 ppm and 815N values between -6.0%« 

and +5.6%«, the majority being positive (see figure 5.7).

5.3.3 Arkansas and Argyle.

The diamonds from Arkansas were the most variable studied; 813C varied from 

between -5.5 and -17%«, 8 15N from between -2.1 and +16.4%c and nitrogen 

concentration from between 360 and 1680 ppm (see figure 5.8). IR spectra showed that 

both IaA (+platelets) and IaAB (+platelets) diamonds were represented.

The Argyle diamonds were also depleted in 13C and most were enriched in 15N 

relative to the diamonds from Finsch, Premier and Tanzania. 813C values were between 

-7.0 and -19.7%«, 815N values between -7.5 and +12.1%« (the majority being positive) 

and nitrogen concentrations between 16 and 1980 ppm (see figure 5.9). Although none 

of the samples were laser sectioned, several were fractured and found to be internally 

heterogeneous. For example, three analyses were performed on sample A18: the IaA-type 

IR absorption spectra was obtained from the outermost zone of the diamond. This gave 

8 13C, 8 15N and nitrogen concentration values of -12.8%c, -0.2%« and 210 ppm 

respectively. The innermost part in which the 180 ppm of nitrogen more highly 

aggregated (IaB) contained lighter carbon (-14.5%c) and heavier nitrogen (+12.1%«).

139



-5

5 13C

-15 

-25
-10 -5 0 5 10

5 1SN

1000 

800
[N] ppm

600 

400 

200 

0
-10 -5 0 5 10

5 15N

1000

[N] ppm 800 

600 

400 

200 

0
-25 -15 -5

5 13C

Figure 5.7 Summary o f  the carbon and nitrogen data
obtained from the diam onds from  the Jagersfontein m ine.



-5

- 10 -

6 13C

-1 5 -

-20 H------------------- i-------------------i-------------------
-10 0 10 20

6 15N

2000

[N] ppm

1000 

0
-10 0 10 20 

8 15N

[N] ppm

2000

1500

1000-

5 0 0

6 13C

Figure 5.8 Summary o f  the carbon and nitrogen data
obtained from the diam onds from Arkansas



-5

8 13C
- 10 -

-15-

-20
0 0 To 20

8 15N

1200 

1000

[N] ppm 800

600 

400 

200 

0
-10 0 10 20 

8 15 N

[N] ppm

Figure 5.9 Summary o f  the carbon and nitrogen data
obtained from  the diamonds from W estern Australia



5.4 Discussion (see figure 5.10)

5.4.1 Finsch, Prem ier, W illiam son, Jagersfontein (1 sam ple).

The results for these diamonds were similar. They were also similar to the results 

obtained from the coats of the coated stones discussed in chapters 3 and 4. The 

interpretation offered for these diamonds is that the volatiles involved in their growth 

originated from a fairly uniform reservoir within the convecting mantle (the same one that 

supplied the volatiles from which the coats formed) and, in the case of carbon, the 

isotopes were little fractionated during growth. The dates obtained by Richardson (et al., 

1984, 1986) of 3.3 Ga (Finsch) and 1.2 Ga (Premier) are significant especially if the 

coats of coated diamonds are phenocrysts. The similarity between the carbon and 

nitrogen isotope ratios of the diamonds from Finsch and Premier and coats of the coated 

diamonds would then imply that, in terms of 5 15N and 8 13C, there has been little 

evolution of the mantle reservoir reservoir since the mid-Archean (see figure 5.11). There 

is a slight difference between the carbon isotope results from the coats of the coated 

diamonds (mid-Palaeozoic to Cretaceous) and the variety 1 diamonds; the mode in the 

813C value being ca. -6.5%c for the coats and ca. -5%c for the variety 1 diamonds. This is 

partly due to sampling as Deines et al. (1984) have shown that the mode in the 813C 

distribution of diamonds from Finsch occurs at ca. -6%o whilst in the smaller sample set 

investigated here the mode is at ca. -4.5%c. Even taking this into account the coats are 

depleted in 13C relative to the mode in the distribution of all diamond analyses. Whether 

this reflects a change in the reservoir since the mid-Archean is unclear. Deines et al. 

(1984) showed that the mode in the 813C distribution of the Premier diamonds was at a 

higher 13C content than that for Finsch diamonds which would suggest that changes 

since the Archean were non-linear. However Galimov (1984) has shown that Siberian 

diamonds generally tend to have lower 13C contents (closer to the composition of the 

coats of the coated diamonds) than diamonds from South Africa hence the slight 

variations noted (ca. ±1.5%o) is probably a reflection of small scale sub-lithospheric 

mantle heterogeneity.

140



-20 -10
T
0

~T
10 20

8 ' 5N « f e

Figure 5.10 Summary of the carbon and nitrogen isotope results obtained from the variety 1 diamonds



H
ad

£

U
en

to 3.3 Ga Finsch mine, 
South Africa

Time before present

1.2 Ga Premier mine, South Africa

0 10 20 ca. 100-300 Ma Diamond coats (Siberia, 
Botswana, Sierra Leone, Zaire, Angola)

Figure 5.11 Isotopic composition of diamonds as a function of age.
The similarity bewteen the diamonds from Finsch, Premier and the coats of coated 
stones suggests that the volatiles from which they formed were derived from the same 
mantle reservoir and that this reservoir has changed little since the mid-Archean.



5 .4 .2  J a g e r sfo n te in , A rk an sas and  A rgy le .

Most of these samples are clearly distinct (see figure 5.10) from those discussed 

in Section 5.4.1 but not unlike some of the cores of the coated diamonds (e.g. Zaire and 

Jwaneng: see chapters 3 and 4). In general depletion in 13C is accompanied by 

enrichment in 15N. The existence of 13C depleted diamonds has been recognised for 

many years, however the general lack of additional geochemical constraints has resulted 

in there being three models to explain them: crustal recycling, primordial heterogeneity, 

high temperature fractionation (see Chapter 1). One relationship may exist however 

between 8 13C, 8 15N and nitrogen aggregation state. Table 5.1 lists some of the data 

obtained by Javoy et al. (1984), together with some of the data presented in chapters 3 

and 4.

Table 5.1 815N values and nitrogen aggregation states of 13C depleted diamonds

Samples 813C 815N Spectral Type

1] -10.5 +5.6 IaB

2] -7.6 to -9.3 -1.8 to +5.1 IaA to IaB

3] -8.4 +4.8 IaB

4] -19.5 to -21.1 +10.2 to +12.0 IaAB

1] Sample D3 (Javoy et al., 1984)
2] Ladders DM101, MM1, 0, 6, B + sample MM2 (Chapter 3)
3] Sample C12 (Chapter 3)
4] Sample JW1 (Chapter 4)

Light 8 13C values are generally accompanied by positive 8 15N values and 

absorptions in the IR spectra due to the B aggregate are common. This apparent 

relationship becomes more convincing if other 813C and IR data from the literature are 

considered. Diamonds from the Finsch mine, Premier mine and Roberts Victor mine (all 

South Africa) generally have 813C values close to -6%o (Deines 1980; Deines et al. 1984; 

Deines et al. 1987). For these diamonds there is generally more nitrogen within the A- 

aggregate than within the B-aggregate (Deines et al. 1987; Deines et al. 1989); i.e. type
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IaA diamonds dominate over type IaB. Also diamonds from Finsch and Premier 

generally contain nitrogen which is depleted in 15N relative to air (see figure 5.10). Prior 

to this study it was known that diamonds from Argyle in Western Australia had 8 13C 

values from -6 to -16%c (Jaques et al., 1986) with the nitrogen being highly aggregated 

(B-aggregate dominating ; Harris and Collins, 1985). The 513C values (-19.7 to -7.0%c) 

and nitrogen aggregation states (mainly IaB) obtained in this study were similar to those 

reported by others and again it can be seen (Figure 5.10) that these two characteristics are 

accompanied by generally positive 815N values.

It was stated previously that the degree of nitrogen aggregation within Argyle 

diamonds is higher than would be predicted from their known mantle residence time of 

400 Ma (Richardson, 1986). Harris and Collins (1985) suggested that some unknown 

mechanism had 'speeded up' the process within the source region of Argyle diamonds. It 

is known that vacancies produced by radiation damage can lead to enhanced rates of 

nitrogen aggregation (Collins 1978, 1980). A second way of producing vacancies within 

the lattice is by plastic flow or shearing and cathodoluminescence images of Argyle 

diamonds reveal dislocations in one direction indicative of shearing (Milledge, pers. 

comm.). Furthermore the inclusion study of Jaques et al. (1986) revealed features (such 

as high jadeite components within clinopyroxenes) which indicated that the Argyle 

diamonds grew at pressures and temperatures higher than those normally associated with 

diamond genesis. One conclusion that may be drawn is that the Argyle diamonds, and 

perhaps all the 13C depleted type la diamonds, originate from deeper regions of the 

mantle than the more normal octahedral growth form diamonds. This conclusion has been 

arrived at by Deines et al. (1987), for a group of (mainly type Ha) diamonds from the 

Roberts Victor kimberlite, South Africa which have 513C values within the range -15 to 

-16 %o.

Although deeper, a source still within the lithosphere must be inferred since i) the 

uniformity of the 513C values of the coats and their equivalence to CO2 in mid-ocean 

ridge basalts suggests that the asthenosphere has a restricted range in 813C, the mean 

value being close to -6%o, ii) for the heterogeneities to survive convective dispersal 

requires lithospheric storage, iii) Western Australian lamproites are derived from enriched

142



lithosphere (McCulloch et al. 1983; Fraser et al. 1985; Fraser 1987) and iv) the initial Sr 

and Nd isotope ratios of inclusions from Argyle diamonds are suggestive of mildly 

enriched lithosphere (Richardson 1986). In order to account for the high degree of 

nitrogen aggregation (due to shearing) I suggest that the atypical diamonds originate from 

less stable (both chemically and mechanically) regions of the lithosphere perhaps regions 

close to the boundary with the asthenosphere (see figure 5.12).

The three models (primordial heterogeneity - high temperature fractionation -

crustal recycling) that have been proposed to explain the 5 13C variations are now

described in detail and re-assessed in the light of the results obtained during this study.

5.5 Origin of carbon and nitrogen isotope heterogeneity within the
lithosphere,
5.5.1 Prim ordial Heterogeneity.

In this model the carbon isotope heterogeneity exhibited by diamonds is perceived 

as reflecting heterogeneities within the mantle that have survived since the accretion of the 

Earth 4.6 Ga ago (Deines et al., 1986, 1987). The basis for the model is the close 

agreement between the range of 813C values that has been obtained from diamonds and 

the range obtained from the more common meteorite groups (see figure 5.13). The 

association of 12C enriched diamonds with 'fertile' mantle chemistries has been taken as 

direct evidence for this. Deines et al. (1986) reported that four diamond sub-groups (M l- 

M4) could be recognised at the Orapa mine, Botswana, on the basis of the 8 13C 

distribution. Diamonds in M l had 813C values between -4.0 and -8.5%o, M2 between 

-9.0 and -12.5%c, M3 between -13.0 and -16.5%o and M4 between -16.5 and -20.5%c. 

The most common inclusions within diamonds from Orapa are garnets. Garnets from 

diamonds belonging to M4 were apparently very fertile, being particularly enriched in 

FeO and Ti02, and indistinguishable from fertile garnet peridotites from Lesotho (see 

table 5.2). It was concluded that the association of 13C depleted diamonds with such a 

chemistry was 'evidence that the 13C depleted carbon is a primary constituent of the 

mantle underlying Orapa' (Deines et al., 1986).
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Figure 5.12 Proposed carbon isotope structure of the upper mantle.
Diamonds located in rigid, stable regions of the lithosphere tend to have normal 
5 13 C values. For these diamonds there is consistency between their age, 
equilibration temperatures and degree o f nitrogen aggregation. The major 
heterogeneity is located in unstable regions of the lithosphere perhaps close to the 
boundary with the asthenosphere in which 'normal' carbon occurs. These 
diamonds have nitrogen aggregation states higher than that expected from their 
known age. A portion of subducted slab is shown lying at the boundary which 
may be the cause of the heterogeneity. Two pathways for group I kimberlites are 
shown, one entrains diamonds from the anomalous zone, the second from higher 
up. In both cases the volatiles associated with the kimberlite, together with any 
diamond overgrowths, reflect an asthenospheric origin.



Table 5.2

Mean composition of garnets inclusions within diamonds ('mode M4'-see text) 
from the Orapa mine, Botswana. Also shown for comparison are the compositions 
of garnets from xenoliths from various Lesotho kimberlites (see text and footnote)

Orapa L#1 L#2-S L#2-CPc L#2-CPr

S i0 2 40.25 40.83 41.2 41.5 41.0

T i02 0.73 0.33 0.41 0.07 0.36

Al203 19.63 20.67 21.0 19.1 18.8

Cr203 2.93 2.94 2.82 6.50 5.89

FeO 14.29 13.06 9.59 7.21 9.52

MnO 0.54 0.38 0.43 0.39 0.45

MgO 16.82 17.17 20.0 19.8 18.8

CaO 4.16 4.38 4.86 6.41 5.86

Na20 - - 0.05 tr tr

Orapa - garnet inclusions, L#1 - Mean composition of garnets from three lherzolites, Matsuko kimberlite 

Lesotho (Cox et al., 1973), L#2 - garnets from composite xenolith (LBM-137) from the Matsuko 

kimberlite, Lesotho (Harte et al., 1987), S - pyroxenite sheet, CP-coarse peridotite, c - core , r - rim.

The association of 13C depleted diamonds with fertile garnet chemistries cannot 

however be taken as unambiguous evidence for the carbon isotope composition being 

primary. There is much evidence present within the literature which suggests that fertile 

garnet chemistries can result from 'Fe-Ti' metasomatism of mande peridotites. Composite 

xenoliths consisting of pyroxenite sheets traversing 'wall-rock' coarse peridotites are 

especially amenable to the study of metasomatic effects. Harte et al. (1987) detail results 

obtained from xenoliths recovered from the Matsuko kimberlite, Lesotho. Zoning present 

within coarse-grained garnets from the wall rock was investigated as was the composition 

of the garnets from within the pyroxenite sheets. It was found that the rims of the coarse

grained garnets (see table 5.2-L#2-CPr) had compositions similar to the garnets within 

the pyroxenite sheets (see table 5.2-L#2-S), generally rich in Fe and Ti. The cores of the 

coarse grained garnets (see table 5.2-L#2-CPc) were poorer in both elements and closer 

in composition to common coarse grained peridotites. Harte et al. (1987) summarise the 

effects of this Fe-Ti metasomatism on silicate minerals: generally there is an increase in Ti 

and Al/(A1+Cr) and a decrease in Mg/(Mg+Fe). Similarly Smith and Boyd (1987) carried
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out a detailed study of an unusually fertile lherzolite (PHN 1611) from the Thaba Putsoa 

kimberlite, Lesotho. Garnet crystals exhibited compositional serial zoning. Significant 

core-to-rim increases in FeO (8.5-9.0%), TiC>2 (0.66-0.93%), Na2<D (0.06-0.07%) and 

P2O5 (0.035%-0.04%) and decreases in Cr203 (2.2-1.9%) and MgO (21.1-20.6%) were 

found. The most plausible explanation for the variations noted was that the Ti, P, Na and 

Fe had been introduced in the form of a fluid hence the fertile composition of the xenolith 

was interpreted as being due, at least in part, to metasomatism. Hence it is possible that 

the garnet inclusions within the diamonds from Orapa owe their fertile character to 

metasomatic processes and are thus not representative of primitive mantle.

Also this model has to be questioned seriously in light of the results presented in 

this and previous chapters. The results obtained from the coats of the coated diamonds 

together with those obtained from the diamonds from Finsch, Premier, Tanzania and 

Siberia suggest a fairly uniform asthenospheric reservoir that has changed little since the 

mid-Archean. This in turn suggests that the homogenisation process following accretion 

went almost to completion. In order to survive homogenisation, any primordial 

heterogeneities would have had to have been frozen into the lithosphere at an early stage. 

Thus it would be expected that 13C depleted diamonds would be associated with old 

(>3.3 Ga) sub-continental lithosphere. However the locations producing 13C depleted 

diamonds tend to be concentrated along craton margins (e.g. Arkansas, Jagersfontein, 

Orapa, Mbuji Mayi, Sierra Leone) or off the craton in the case of Argyle. Hence these 

locations are associated with younger rather than older lithosphere which negates against 

the heterogeneities being trapped at an early stage. Also the diamonds from Argyle have 

been dated at 1.5 Ga (Richardson, 1986).

Finally it is worth considering if the nitrogen isotope data are consistent with the 

primordial heterogeneity model. Figure 5.13 is a repeat of figure 4.5b and included are 

the results obtained from the variety 1 diamonds. 13C depletion (relative to mantle = ca. 

-6%o) is commonest amongst the CO and CV carbonaceous chondrites and the ordinary 

(H, L, LL) chondrites. Although 15N enrichment (relative to AIR) is present within these 

groups the mean values are between 0 and -22%c with extreme values extending to below 

-40%o. Hence if diamonds preserve primordial (CO, CV and ordinary chondrite)
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compositions then it would he expected that both 15N enrichment and depletion would 

accompany 13C depletion. Although the CM and Cl carbonaceous chondrites are the most 

15N enriched groups the minimum 8 13C value is only -15%e. If, however, there are 

volumes of the lithosphere that preserve primordial material (non-enstatite chondrite), 

then oxygen isotope anomalies, plotting away from the terrestrial fractionation line, may 

be present.

5.5.2 High temperature fractionation of carbon isotopes

Theoretical calculations (Bottinga, 1969a,b; Richet et al., 1977) have 

demonstrated that at high temperature (>1000°C) carbon isotopes will fractionate 

significantly between co-existing carbon-bearing species. The calculated fractionations of 

carbon isotopes between a number of common carbon-bearing species at 1000°C are 

listed below.

A diamond-graphite = +0.4%o

A diamond-C02 = -4.4%o

A diamond-CH4
= +1.1 %c

A CH4 -CO2
= -5.5 %c

Also in a preliminary study Javoy et al. (1978) found that CO2 in equilibrium with C 

dissolved in a tholeiitic melt at 1200°C will be enriched in 13C by ca. 4%o compared to the 

C in the melt.

Thus carbon isotope fractionation processes may operate during diamond growth. 

What needs to be considered is whether they will be capable of producing diamonds with 

a 813C value of, for example, -30%c from a reservoir which initially contained carbon 

with a bulk 8 13C value of -6%o. It is possible to sub-divide potential fractionation 

processes into i) fractionation of carbon isotopes within a closed system, ii) fractionation 

of carbon isotopes within an open system, iii) fractionation of carbon isotopes in the 

presence of 'exotic' carbon-bearing species and iv) fractionation of carbon isotopes 

during unusual growth conditions. Each of these will be now be considered in turn in the 

context of the results obtained during the course of this study (where applicable). Earlier 

it was concluded that the major carbon isotope heterogeneity within the mantle was
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confined to zone close to the lithosphere /  asthenosphere boundary. The final section

discusses possible C isotope fractionation mechanisms within this zone.

Carbon isotope fractionation during diamond growth within a system closed with respect 
to carbon.

Deines (1980) used the P-factors of Bottinga (1969a,b) and Richet et al. (1977) to

model carbon isotope fractionation during the growth of diamonds in the presence of a

vapour. Although the author recognised that the presence of a vapour at ca. 50 kbar

pressure was debatable, as isotope fractionation effects would be greatest in the presence

of a vapour phase, the results obtained by the modelling would represent an 'end-

member' situation i.e. the maximum fractionations possible. The variables that were

considered were i) the various diamond precipitation mechanisms, ii) the abundance of

the species H2, H2O, CH4, CO, CO2 and O2 in the vapour phase, iii) the initial carbon

isotopic composition variability of the source carbon, iv) the variation of the carbon

isotope composition resulting from changes in temperature and pressure and v)

distillation effects. Numerous (58) models were constructed and the overwhelming

conclusion that was drawn from the modelling was that, even in the presence of a

vapour, isotope effects during diamond growth will be of the order of less than ca. 5%c.

Thus the fairly restricted range in 813C values seen at such locations as Bellsbank

(Deines, 1980) and Finsch (Deines et al., 1984) could be attributed to fractionation

processes operating during the growth of the diamonds, however the more extreme

values (e.g. Argyle) require a different explanation. In chapter 3, the results obtained for

some of the coated diamonds from Zaire preserved evidence of fractionation processes

and the intra-sample range in 813C was always less than 2.5%o. Small scale (closed

system) isotope fractionation during growth is also consistent with the nitrogen isotope

and concentration data obtained during the course of this study: see chapter 3.

Carbon isotope fractionation during diamond growth within a system open with respect 
to carbon.

Javoy et al. (1986) considered the effects of carbon isotope fractionation during 

the degassing of CO2 from the mantle. As CO2 in equilibrium with dissolved C may be 

enriched in 13C by ca. 4%c then degassing of CO2 will result in the residual carbon 

becoming increasingly enriched in 12C due to Rayleigh distillation effects. Hence as
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degassing proceeds diamonds precipitated from the residua will in turn become 

increasingly enriched in 12C. Consider the case of diamonds from a location such as the 

Finsch mine (813C ca. -6%c). According to Javoy et al. (1986) these diamonds would 

have precipitated when the reservoir was little outgassed. They recognise that the spread 

in 513C would have resulted from closed system fractionation processes operating during 

growth. If 75% of the available carbon were to be lost as CO2 enriched in 13C by 4% o  

relative to the residual carbon then diamonds precipitated would have a 513C value close 

to -11.5%o, equivalent to the diamonds from Argyle. Similarly the 12C enriched 

diamonds from Jagersfontein, Arkansas and Jwaneng would represent even later stages 

in the distillation process. For a given system there may be multiple stages in the 

distillation which could give rise to the total range observed within diamonds.

The most important question to be addressed is whether the distillation model can 

account for the co-variation of nitrogen. As stated previously decoupling of C and N 

should be expected during diamond growth however during kinetic fractionation 

processes, such as degassing, coupled behaviour would be expected: nitrogen would also 

be lost during the degassing of CO2. In an analogous situation to mid-ocean ridge basalts 

it will be assumed that dissolved N would be in the form of NH3 and gaseous N in the 

form of N2. Hence during degassing of N at 1000°C residual nitrogen will become 

increasingly enriched in 15N (An2.nh3 being ca. -1 %o at 1000°C). Consider the case of a

reservoir that initially precipitated diamonds with 1000 ppm N, a 515N value of -5%c and 

a 813C value of -5%o. Assuming that the distribution coefficient for nitrogen in diamond 

is 1, what will be the composition of the diamonds precipitated after 75% of both the 

gaseous C and N species have been lost through degassing? Using the Rayleigh 

distillation equation:

R = R0.(F) i« "1)

where R0 is the initial isotope ratio, R is the isotope ratio of the residua, F is the fraction 

of the total carbon that the residua represents and a  is the fractionation factor, it is 

possible to calculate this. The composition would be 815N = -3.6%c, 813C = -10.4% o  and 

the nitrogen concentration remains the same at 1000 ppm. (N.B. it is usual for diamonds 

with a negative 813C value of -10.4% o  to contain nitrogen with a positive 815N value; ca.
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+5%o for example). But during degassing events nitrogen would be lost at a faster rate 

than carbon as i) it is less soluble than C and ii) N2 has a lower mass (28) than CO2 (44) 

and will thus diffuse at ca. 1.25 (V 44/28 ) times the rate of CO2. Consider how much 

nitrogen would have to be lost in order for the reservoir to precipitate diamonds with a 

815N value of +5%c. Using the same Rayleigh distillation equation it is possible to 

deduce that 99.995% of the nitrogen would have to be degassed. This would result in the 

diamonds having only about 0.2 ppm nitrogen. Yet for such locations as Arkansas, 

Jagersfontein and Argyle most of the diamonds have nitrogen concentrations far in excess 

of this.

So for variety 1 diamonds the degassing model cannot account for the 

accompanying nitrogen isotope and concentration variations. Also the 815N value of a 

diamond tends to be positive whenever the 813C value deviates away from ca. -4 to -8%o 

to both lighter and heavier values. For example consider the cores of the coated diamonds 

from Sierra Leone (SL2-chapter 5) and Botswana (JW l-chapter 5). Sample SL2 had a 

813C value of between -1.9 and -3%o, a 815N value of between +4.4 and +l.l%o and a 

nitrogen concentration of between 920 and 1830 ppm. Sample JW1 had a 813C value of 

between -19.5 and -21.1%o, a 815N value of between +10.2 and +12.0%o and a nitrogen 

concentration of between 330 and 500 ppm. The combined 815N-813C plots (this chapter 

and chapters 3 and 4) reveal that globally there is no correlation between 815N and 813C 

which argues further against a global distillation model. It is also difficult to envisage 

how a degassing process could operate at pressures in excess of 50 kb, the pressure 

usually associated with diamond growth. Indeed clinopyroxenes from Argyle (diamond 

8 13C ca. -11 %o) have high jadeite and potassium contents (Jaques et al., 1986) which 

indicate higher pressures than those usually associated with the diamond source regions.

Degassing of CO2 will occur during the ascent of the kimberlite and if some 

metastable growth (Mitchell and Crockett, 1971) of diamond occurs then the distillation 

process suggested by Javoy et al. (1986) may operate. In particular it may explain the 

characteristics of the rare type lb diamonds. These are cubic in habit, show enrichment in 

12C (813C -5 to -27%c, Galimov, 1984; this study), are low in nitrogen and when 

nitrogen is detectable by infrared they exhibit, by definition, the lb absorption spectrum.
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This latter feature shows single atom nitrogen so that the diamonds have not been at high 

temperature for very long. They are also usually associated with placer deposits. Galimov 

(1984) suggested that this indicated growth within the pipe, particularly the upper most 

parts, as these regions will contribute most to the placer deposits.

Carbon isotope fractionation in the presence o f 'exotic' carbon species.

Up until now isotope fractionations have been considered with respect to common 

carbon-bearing phases. There is however the possibility that carbon phases or complexes 

exist within the mande which allow for greater isotope fractionations than those discussed 

previously.

In particular Deines (1980) and Deines et al. (1987) note that large differences 

occur in the carbon isotopic composition of co-existing phases within iron meteorites. 

Nodular graphite has a 5 13C value of between -4.8 and -8.3%o and the mode in the 

distribution is between -5 and -6%c. Co-existing cohenite (Fe3C) and taenite (Y-Fe) show 

ranges in isotopic composition of between -18 and -19%o and between -19.2 and -22.1%o 

respectively. Although the precise reason for this distribution in unknown an equilibrium 

fractionation is not excluded. Given that iron meteorites may have experienced 

temperatures equivalent to those prevailing during diamond growth (but perhaps not the 

pressure), there is the possibility that one or more (as yet unknown) phases are 

controlling the carbon isotopic composition of some diamonds. Deines et al. (1987) 

suggest compounds containing Fe-C or Si-C bonds as possibilities.

A more tangible contender has been provided by Freund and co-workers. In 1977 

Freund et al. reported that high purity MgO contained carbon in concentrations of up to 

2500 ppm. In the years 1977-1980, using a nuclear reaction technique (12C(d,p)13C) 

Freund and co-workers were able to demonstrate that the carbon was not uniformly 

distributed, instead it existed with steep concentration gradients occurring beneath the 

surface. It was believed that the carbon was in the atomic state and was dissolved within 

the lattice. The carbon apparently had a very high mobility migrating from the bulk to the 

surface and back to the bulk as a function of temperature. Freund et al. (1980) reported 

similar concentrations of carbon in synthetic forsterite and concentrations of up to 10,000 

ppm in naturally occurring olivines. In a later study Oberhauser et al. (1983) found
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concentrations of carbon of ca. 2 atomic % within 5000A of the surface of natural 

olivines. The concentration dropped to between 1000 and 10,000 ppm within 1-2 fim of 

the surface. The high surface concentrations were thought to be due to the high mobility 

of the carbon in solid solution, the carbon diffusing out towards the surface of the 

crystal.

The high solubilities detected together with the form that the carbon was in has 

major implications for mantle carbon geochemistry. In the context of diamond studies the 

form of the carbon was of paramount importance. Atomic carbon has, by definition, a P- 

factor (defined in chapter 3) of 1. The P-factor for carbon exchange for CO2 at 1000°C is 

approximately 1.0175. Therefore the fractionation factor (a) between atomic carbon and 

CO2 would be,

a CC>2-Catomic
Pco2

Pca to m ic

= 1.0175

therefore Ar n „ r  ~ 17.5%c
' - ' - ' . ¿ " '“ a to m ic

Galimov noted that if the carbon isotope composition of CO2 is close to -5%o, 

atomic carbon in equilibrium with this would have a 5 13C value of ca. -22.5%c. If the 

atomic carbon was to aggregate then isotopically light diamonds can, in principle, be 

formed. A pre-requisite for this is the removal of the oxidised carbon (CO2) from its 

reduced form.

In view of the importance of the results of Freund and co-workers similar 

experiments were performed in other laboratories. Mathez et al. (1986) analysed four 

naturally occurring olivines using the same techniques. The limit of detection was 65 ppm 

and none of the samples contained carbon in excess of this limit. The equilibration 

temperatures and pressures of the four samples ranged from shallow crustal to upper 

mantle (~50 kb, 1130°C) and the authors concluded that the solubility of carbon in olivine 

is negligible under all conditions found in the crust and upper mantle and that analytical 

problems likely 'plagued some of the earlier experiments'.

The work of Freund and co-workers had suggested that carbon in solid solution 

in olivine had a very high mobility even at low temperature (<800 K). This possibility
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was examined by Tingle et al. (1986). Using 14C labelled compounds they examined 

both the solubility and mobility of carbon in olivine. The maximum solubility at 30 kb 

was found to be ca. 150 ppm C and the mobility of carbon was found to be similar to Fe- 

Mg interdiffusitivities at 1200°C. Both these results contradicted the results of the earlier 

workers.

Tsong et al. (1985) attributed the high surface concentrations of carbon noted by 

Freund and co-workers to surficial organic contamination as opposed to indigenous 

carbon that had migrated to the surface. In view of the recent work involving stepped 

combustion of, for example, basaltic glasses (see chapter 1) this interpretation has to be a 

serious possibility. To recall, all basalt glasses contain a carbon component that is 

released by combustion at low temperatures (<600°C). Although some of this carbon may 

be indigenous to the samples the bulk of it is in the form of organic matter adsorbed onto 

the surface.

In summary the high solubility and mobility of atomic carbon in olivine reported 

by Freund and co-workers has not been independently substantiated and must therefore 

remain open to question.

Carbon isotope fractionation during unusual growth conditions.

Lastly there is the possibility of isotope fractionation during unusual (perhaps 

rapid) growth conditions. The evidence for this comes from the poorly studied and to 

some extent mysterious polycrystalline aggregates of diamond; carbonado, framesite, 

boart, stewartite etc. Indeed following the pioneering work of Craig (1953) and Wickman 

(1956) it was the unprecedented 5 13C results for carbonado (-27.4 to -28.4%c) of 

Vinadograv et al. (1966) that did much to stimulate more carbon isotope research on 

diamond. Ironically, a systematic study of the isotope systematics of these polycrystalline 

aggregates has yet to be undertaken. As has been pointed out by both Meyer (1985) and 

Harris (1987) the lack of research is due partly to their somewhat mysterious origin. 

Whilst some clearly originate from kimberlites, this source cannot be assumed in all 

cases. However some generalisations can be drawn from the work that has been done. 

Firstly they tend to be enriched in 12C. Although only four nitrogen determinations have 

been attempted during the course of this work low nitrogen concentrations (0-140) ppm
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were obtained in all cases. Nitrogen isotope ratios were variable. Gurney and Boyd 

(1982) have reported that framesite from Orapa is associated with eclogitic paragenesis 

minerals and two carbon isotope measurements on Orapa framesite performed during the 

course of this study gave values of -13 and -16%c. A correlation between 813C and 

crystallinity would imply a process rather than a source control. It is intriguing to note 

that apart from crystallinity these diamonds have all the characteristics of 'eclogitic' 

spectral type II diamond (e.g. Deines et al., 1987). Whilst subducted carbon has been 

invoked to account for a source of 12C for type II diamonds (Milledge et al., 1983) there 

may, in the polycrystalline aggregates, already be a source present within the mantle. It is 

important that polycrystalline diamonds of known (kimberlitic) origin be analysed for 

513C and compared with single crystal diamonds from the same location. Although these 

aggregates are similar to some type II diamonds, they cannot, on the basis of their 

nitrogen content, be the source of the more common type I diamonds which are also 

depleted in 13C.

Carbon isotope fractionation at the lithosphere / asthenosphere boundary

In Section 5.4.2 it was suggested that the major C isotope heterogeneity within 

the mantle was restricted to the lithosphere, in a zone close to the boundary with the 

asthenosphere. Possible reasons for this are now considered briefly.

Although there is no consensus on the oxygen fugacity of the upper mantle, a 

major change close to the lithosphere / asthenosphere boundary has been inferred (see 

Chapter 1). If so then both speciation within the carbon system and also the diamond 

precipitation mechanism would vary with depth. It may be that the diamonds of 'normal' 

isotopic composition grow from CO2 whilst the atypical diamonds grow from CH4 

(possibly within the presence of 'exotic' carbon species).

Since the base of the lithosphere will be both chemically and mechanically 

unstable diamonds which grow here are more likely to be resorbed than those which 

grow in the colder, more rigid lithosphere located at higher levels. It is possible that the 

deeper regions have passed repeatedly in and out of the diamond stability field (in terms 

of /O 2 rather than pressure and temperature). Thus the volatiles may have been processed 

many times with any small scale fractionation of C isotopes, associated with a single
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growth /  resorption event, having been compounded to produce large deviations away 

from -6%c. Mechanical instability of the lithosphere could result in the shearing of 

diamonds allowing for enhanced nitrogen aggregation rates.

5.5.3 Recycling of crustal carbon via the subduction cycle.

Pelagic sediments contain both carbonate carbon (ca. 0%o) and organic carbon

(ca.-20 and -35%o) in highly variable amounts. Thus the range in 813C values (ca. 0 to

-35%c) in crustal carbon is equivalent to the range of 813C values observed for diamonds

(+3 to -35%o). This observation has led to suggestions (e.g. Milledge et al., 1983) that

the large range in 813C values observed for diamonds could be the result of the

introduction of sedimentary carbon into the diamond stability field via the subduction

cycle. One of the main objectives of this study was to see whether the isotope ratios of

nitrogen in diamonds were consistent with such a model. Figure 5.14 is a summary

diagram showing all the 813C-815N results obtained during the course of this study. Also

shown on the diagram are the fields occupied by carbonate-rich sediments (N.B. the

8 15N value is from the assumption that there will be some organic nitrogen present),

organic-rich sediments and the value of sub-lithospheric mantle carbon and nitrogen (as

recorded by diamond). All of the results for diamonds can be explained in terms of three

component mixing between the various reservoirs with equilibrium fractionations during

growth producing the spread in the isotope ratios at each location. What now needs

consideration is whether sedimentary volatiles can be subducted to depths of 150 km.

This requires that both carbon and nitrogen originally present within organic molecules

and carbonate either become stable phases or enter stable phases.

Chemical changes during the subduction of sedimentary carbon and 
nitrogen.

1) Organic carbon.

Due to the economic importance of the fossil fuels (coal, oil and gas) chemical 

changes that accompany the burial of organic-rich sediments have been studied in detail. 

In general progressive burial of organic matter is accompanied by dehydration, 

decarboxylation (breakdown of R-COOH), loss of methoxyl (CH30 )  and carbonyl 

(C=0) groups and deamination phenomena (loss of NH2 groups) Degens (1969). Overall
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Figure 5.14 Summary diagram of the carbon and nitrogen results obtained from all the samples described in this chapter and chapters 3 and 4. 
The horizontal and vertical lines are an estimate of the mean isotopic composition of asthenospheric carbon and nitrogen. Also shown are the 
isotopic composition of carbonate-poor and carbonate-rich sediments. All the results can be explained in terms mixing between the three 
components with isotope fractionation during growth producing the spread in composition at each location.



the process involves the loss of the functional groups (containing O, N, H and S) and an 

increase in the abundance of aromatic structures. Continued burial results in the 

coalescence of the aromatic structures to form graphite. In the case of both coal (derived 

from land plants) and kerogen (derived from organic muds) it has been found that little 

change (<4%o towards 13C enriched values) in the 513C value of the sediment occurs 

during diagenesis, catagenesis and subsequent metamorphism (Degens, 1969; Galimov, 

1977). That the change in 813C is only small has been attributed to the amount of organic 

carbon lost e.g. as methane gas (which is isotopically 'light' due to the ease with which 

12C-12C bonds break relative to 12C-13C bonds) during burial being only a small fraction 

of the carbon originally present within the sediment (Hoefs, 1987).

Thus during deep burial organic carbon will be converted to graphite with a 513C 

value little changed from that originally present within the organic material from which it 

formed. As graphite is the stable form of carbon down to ca. 150 km (diamond) then, in 

principle, 13C depleted carbon can be re-introduced into the diamond stability field via 

subduction.

2) Organic nitrogen.

The situation with organic nitrogen is more complicated than that for organic 

carbon. Initially nitrogen (being present within functional groups) will be expelled from 

the organic matter. As stated in chapter 1, degradation of organic matter is accompanied 

by the production of NH4+ ions which are sorbed on clay minerals. Hence nitrogen 

although being lost from the organic fraction is still be retained within the bulk sediment. 

Having an effective ionic radius between Cs+ and Rb+, NFLi* will substitute for K+, 

hence the fate of nitrogen during subduction is best viewed in terms of the fate of 

potassium.

There is much evidence that potassium associated with the subducted slab is lost 

to the overlying mantle wedge during dehydration reactions. Some of this potassium 

ultimately ends up within volcanic rocks associated with the subduction event (e.g. 

Pearce, 1983; Rogers et al., 1987). What needs to be addressed is whether potassium 

from the slab can be subducted to depths in excess of ca. 150 km. The fate of subducted 

potassium has been discussed by Wyllie and Sekine (1982). Figure 5.15 is an idealised
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Magmas generated at 'R' and 'IT are the parents of the 
calc-alkaline series of volcanic rocks
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petrological cross-section through subducted oceanic lithosphere (simplified from Wyllie 

and Sekine). Aqueous solutions released from dehydration reactions such as the 

breakdown of amphibole result in partial melting at the region marked 'M' on the figure. 

These magmas (containing potassium) rise into the overlying mantle wedge (hot) and 

react to form hybrid phlogopite pyroxenite. During solidification of the hybrid rock 

aqueous solutions may be concentrated and rise causing partial melting at N (see figure

5.15) . For a given thermal structure partial melting continues to occur at M (see figure

5.15) however the phlogopite pyroxenite bodies continue to be subducted and become 

isolated from their source of magma. As magma is still being generated at M, a whole 

series of phlogopite pyroxenite bodies may be produced above M and transported 

downwards to depths in excess of 150 km. At R (see figure 5.15) partial melting of the 

pyroxenites occurs as phlogopite becomes unstable. Magmas generated at both R and N 

are the parents for the calc-alkaline series of volcanic rocks. Hence subducted potassium 

although contributing to calc-alkaline volcanics (e.g. Pearce , 1983) and other orogenic 

potassic rocks (e.g. Rogers et al., 1987) becomes stabilised within phlogopite at depths 

of ca. 150+ km. Thus it is possible that sedimentary ammoniacal nitrogen may also be 

stabilised within the lithosphere at depths in excess of 150 km which would result in 

isotopically distinct regions that may later become involved in diamond genesis events.

However at metamorphic grades higher than greenschist, direct coupling of 

potassium and ammonium no longer occurs, the ammonium breaks down and the 

nitrogen is lost to metamorphic fluids (Haendal et al., 1986). By the upper amphibolite / 

granulite facies metamorphism as much as 90% of the original nitrogen may have been 

lost. Although subduction zone metamorphism does not pass through granulite facies, 

any sedimentary ammonium associated with the slab is likely to suffer a similar fate 

especially if there is any partial melting involved. Any N2 formed by the breakdown of 

ammonium will behave in a similar manner to the noble gases which, Staudacher and 

Allègre (1988) conclude, are returned to the external reservoirs effectively during 

subduction. Thus large scale nitrogen subduction is unlikely and, like H2O, it is probable 

that nitrogen, once outgassed from the mantle, remains largely within the crust, 

hydrosphere and atmosphere.
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3) Carbonate

At all pressures up to and including 45 kb the dissociation and fusion temperature 

for siliceous limestone and carbonate are well above the estimated temperatures for the 

subducted slab (Huang et al., 1980) suggesting that, apart from re-crystallisation to 

marble and transformation to aragonite, the carbonate component in sediments could be 

subducted to great depths. Although dehydration of the oceanic crust lowers the 

dissociation temperatures, Huang et al. (1980) concluded that as, the marbles produced 

from the pelagic limestones would permit only limited access to H2O, most of the 

carbonate would persist to great depth.

Hole et al. (1984) considered the relatives roles of pelagic sediment, the mantle 

wedge and a fluid phase derived from the dehydrating oceanic crust in the genesis of 

magmas from the Mariana Island Arc. A mix of 98.6% mantle, 0.4% sediment and 1% 

fluid could best explain the observed geochemical characteristics of the magmas (negative 

Ce anomalies, high Ba/La and high large ion lithophile to high field strength element 

ratios). The calculated Sr isotope ratio of the source region, assuming the sediment had 

1000 ppm Sr (associated with carbonate) with 87Sr/86Sr of 0.7150, the fluid from the 

slab had 110 ppm Sr (87Sr/86Sr = 0.7045) and the mantle host has 6.4 ppm Sr (87Sr/86Sr 

= 0.7024), was 0.7070, far higher than the measured ratio within the basalts (0.7033- 

0.7040). Subduction of carbonate-rich sediments would be expected to lead to high 

87Sr/86Sr ratios. The observed low 87Sr/86Sr suggest that either the sediments are 

removed from the slab during early subduction (subcreted) or that the carbonates do not 

participate in the contamination of the mantle wedge or that the carbonates become 

stabilised and are 'locked' within the deeper mantle.

The observation that arc magmas do not appear to be contaminated by carbonate 

suggests that loss of carbonate carbon during subduction would have to be via the 

dissociation of carbonate followed by removal of CO2; i.e. CaO (SrO) would have to be 

retained. If carbonate does dissociate during subduction then 13C enrichment of the CO2 

in arc volcanics would be expected. Unfortunately there are few data on arc volcanics 

however the few that there are do not preclude a significant carbonate component within 

their source (Mattey, 1987).
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Evidence for the subduction of sedimentary volatiles.

Mass balance considerations.

Javoy et al. (1982) used the available carbon isotope data from oceanic basalts, 

the experimental results of Javoy et al. (1978), the length of active ridges and estimates of 

the spreading rates at ridges to approximate the yearly flux of carbon from the mantle. 

Two extremes were considered: i) the whole of the oceanic crust (basalt+gabbro) was 

degassed at ridges and ii) only the basalt layer was degassed. Degassing rates of 7.2 x 

1014 g y r 1 and 0.58 x 1014 g y r 1 respectively were obtained. The amount of carbon 

present at the Earth's surface was estimated to be 8 x 1022 g. Using the mean calculated 

degassing rate of 3.9 x 1014 g y r 1 and assuming steady state degassing for the last 4 Ga 

they deduced that 22 times more carbon had been degassed than was currently available at 

the Earth's surface. They concluded that recycling of sedimentary carbon back into the 

mantle must occur in order to maintain the balance. No such study has been conducted 

for nitrogen as there are few data available.

Direct evidence for subduction o f 'sedimentary' volatiles.

In recent years there have been a number of studies dedicated to the active 

volatiles present in arc volcanics and back-arc basin (BAB) basalts. Mattey et al., (1984) 

and Exley et al. (1986) noted that CO2 from BAB tended to be, on average, 5%c depleted 

in 13C relative to typical MORB glasses (i.e. ô13C BAB ca. -12%o Ô13C MORB ca. -7%c) 

which was suggestive of a mixing relationship between asthenospheric carbon and 

carbon with an organic signature; i.e the results implied the subduction o f sedimentary 

volatiles past the regions of arc-magmatism. Similar conclusions regarding hydrogen 

were drawn by Poreda (1985) from a study of glasses from the Mariana Trough; 8D 

values of -46%c to -32%c being obtained. Finally Harmon and Hoefs (1986) reported 

834S values of up to +20%c from oceanic and continental margin arc volcanics which 

suggested the subduction of sea-water sulphate to ca. 100 km at least.

The 'carbonate problem'.

From the above it would appear that subduction of sedimentary volatiles is a good 

working model to explain the observed isotopic heterogeneities within diamonds. 

However, apart from the uncertainties regarding e.g. NH4+ actually making it to the
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diamond stability field, there is one problem that transcends all others; organic carbon 

which, on average, represents the minor carbon component (compared to carbonates) 

within sediments is over-represented. That is, 12C enriched diamonds dominate whereas 

diamonds with 513C values closer to 0%o should be more common.

This problem has been commented on by both Javoy et al. (1986) and Deines et 

al. (1987). Essentially carbon within an 'average' pelagic sediment would be comprised 

of 3-4 parts carbonate to every 1 part of organic carbon. Assuming 813C values of 0%c 

and -25%o for the carbonate and organic fractions respectively means that an 'average' 

sediment will have a 813C value of between -6 and -5%o, identical to generally accepted 

value for carbon from the upper mantle. In order for sedimentary carbon to be 

responsible for the observed 813C distribution in diamonds requires that either i) an 

average sediment is subducted and the organic fraction is preferentially incorporated into 

diamonds or ii) an average sediment is subducted and part or all of the carbonate fraction 

is lost at an early stage or iii) a sediment, in which the organic fraction of the carbon is, 

for example, half of the total carbon, is subducted.

Preferential incorporation of organic carbon into diamonds is difficult to envisage. 

A pre-requisite being that the carbonate carbon and organic carbon (graphite) and nitrogen 

(phlogopite?) be separated prior to diamond growth. To achieve this would require that 

either the 'organic' carbon and nitrogen or the carbonate carbon enter a fluid phase and 

diffuse away. Any such process would almost certainly result in isotopic equilibration 

between the various carbon species. Also it is unlikely that the isotopic disequilibrium 

between carbonate carbon and 'organic' carbon could be maintained to great depths.

The fate of carbonate during subduction was discussed above. Wholescale loss of 

carbonate to the overlying mantle wedge is apparently precluded by the Sr-isotope data 

(Hole et al.,1984). Preferential loss of carbonate carbon during subduction would 

therefore have to involve reactions such as

Calcite + Quartz = Wollastonite + CO2 Cost to mantle wedge)

CaCC>3 + SiC>2 = CaSi03 + CO2 T

Finally, a 8 13C value of ca. -5 to -6%o is only the average composition of 

sediments and within a given sedimentary sequence the composition is highly variable
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from ca. 0%o (carbonate-rich) to ca. -25%c (carbonate-poor). Thus the bulk value of a 

particular sediment may deviate greatly fr< -5 to -6%o and a particular sediment being

subducted may have a bulk 813C value of, for example, -15%c. Again, however, if the 

average 513C value of sediments being subducted were equivalent to average oceanic 

sediments then the subduction of 'light sediments' would be counterbalanced by the 

subduction of 'heavy sediments' and again it would be expected that 13C enriched 

diamonds would be more common.

5 .6  C o n c lu s io n s

1) The pattern in the 813C-815N plot obtained for the coated diamonds from Zaire, 

Botswana, Sierra Leone, Angola and Siberia (chapters 3 and 4) is to some extent repeated 

by the variety 1 diamonds studied in this chapter. There is a cluster of 813C values 

around -5%c and these diamonds generally have negative 815N values (referred to 

hereafter as Group Oi) equivalent to the coats of the coated stones. Diamonds that have 

lower 813C (and higher-see chapter 4) values tend to have nitrogen that is enriched in 15N 

(referred to hereafter as Group O2) equivalent to the cores of the coated stones.

2) The Group Oi diamonds have grown from volatiles that were derived from the same 

reservoir as that from which the coats of the coated diamonds formed; i.e. a uniform 

reservoir underlying the sub-continental lithosphere (see also chapters 3 & 4). Unlike the 

fibrous coats, the group Oi diamonds grew slowly (octahedral habit) within the 

lithosphere and the volatiles from which they formed were not those associated directly 

with the kimberlite which ejected them to the surface (i.e. the diamonds are xenocrysts). 

Indeed it is probable that some of the rounded forms of the diamond were the result of 

resorption immediately prior to the kimberlite eruption. At least two diamond growth 

events occurred in the source regions of the diamonds from Finsch. Fractionation 

processes which operated during the growth of the Oi diamonds have resulted in a spread 

in the isotope ratios (particularly nitrogen) in comparison to the coats of the coated 

diamonds. The great disparity in the age of the Finsch diamonds (-3.3 Ga) and the 

inferred age for the coats (mid-Palaeozoic to Cretaceous) suggests that there has been 

little evolution of the asthenospheric reservoir since the mid-Archean. The slight (±1.5%c) 

differences between the variety 1 and the coated diamonds is probably a reflection of
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small scale sub-lithospheric mantle heterogeneity, either spatially or in time. For these 

diamonds there is consistency between their ages, equilibration temperatures and nitrogen 

aggregation states.

3) The group O2 diamonds are equivalent to the cores of some of the coated diamonds 

(e.g. sample JW1, see chapter 4). The volatiles involved in their growth have either i) not 

been derived from the same reservoir as that from which the Oi diamonds and coats were 

formed or ii) have been fractionated within the mantle. In either case it is apparent that 

volumes of the lithosphere are extremely heterogeneous at ca. 150 km depth. The results 

suggest that these diamonds may be associated with deep unstable regions of the 

lithosphere. For these diamonds there is inconsistency between their ages, equilibration 

temperatures and nitrogen aggregation states.

The idea that these heterogeneities represent relict primordial heterogeneity are not 

supported by the data obtained within this study because firstly the common meteorite 

groups that contain carbon with a 813C values as low as -25%c contain nitrogen of 

generally negative 815N. Secondly the results obtained for the Oi diamonds and the coats 

of the coated suggest the existence of a uniform reservoir that has changed little since the 

mid-Archean (~3.3 Ga). This in turn implies that the heterogeneities are restricted to the 

subcontinental lithosphere. Thus for the heterogeneities to be primordial implies that they 

must have been incorporated into the lithosphere prior to 3.3 Ga. The observation that the 

locations which produce the O2 diamonds tend to be concentrated around the craton 

margins (Arkansas, Jagersfontein, Sierra Leone, Orapa, Mbuji Mayi and Lesotho 

(Smirnov et al., 1979)) or off the craton in the case of Argyle, indicates that these 

diamonds are not associated with the oldest lithosphere.

When considered in conjunction with the cores of the coated diamonds (chapters 

3 and 4) then it is apparent that globally there is no correlation between carbon and 

nitrogen isotope ratios which negates against temperature independent, kinetic isotope 

fractionation processes being responsible for the observed variations. Similarly closed 

system equilibrium fractionation processes involving common carbon-bearing species 

appear incapable of producing the observed extremes within a single growth event. It is 

possible that multiple stages of fractionation are involved, associated with chemical /
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mechanical instability near the lithosphere /  asthenosphere boundary. The polycrystalline 

aggregates of diamond together with the rare type lb diamonds may be providing 

evidence for extreme fractionation of carbon isotopes during growth however their low 

nitrogen content negates against similar processes being responsible for the isotope 

characteristics of the O2 diamonds.

The idea that the heterogeneities have been introduced into the lithosphere via the 

subduction cycle are, at face value, supported by the data obtained during the course of 

this study i.e. the data can be explained in terms of three component mixing between 

carbonate rich sediment, organic rich sediment and asthenospheric volatiles. The problem 

with this model is the uncertainty surrounding the fate of organic carbon, carbonate 

carbon and organic nitrogen during subduction. In particular there is the problem that 13C 

depleted diamonds are apparently over-represented as 13C enriched sediment is more 

common.

The similarity between the diamonds from Jagersfontein, (Jwaneng?, Orapa?), 

Arkansas and Argyle points to a common formation process. At present it is impossible 

to choose between high temperature isotope fractionation processes or subduction related 

events. However it is highly unlikely that volumes of the sub-continental lithosphere 

preserve relict primordial components.
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Chapter 6: Conclusions and future research

6.1 C onclusions

6.1.1 Technical

A highly sensitive static vacuum mass spectrometer, gas extraction line and 

operating protocol, that were initially designed for the analysis of extraterrestrial samples 

where precision (± 2 to 3%o) was of secondary importance, have been appraised and 

modified to allow precise stable isotope ratio measurements of nitrogen gas. The 

instrument is capable of obtaining comparative nitrogen isotopic compositions (515N 

values) to a precision of ±0.24%c from samples of 11 ng N2 as determined from a zero 

enrichment test, performed throughout a single day, on 40 consecutive measurements. 

The absolute accuracy of the method, as derived from measurements of standards of 

known isotope composition is about ±0.5%c. The instrument routinely analyses samples 

of gas between 2 and 30 ng N2 but can also handle 0.5 ng quantities of gas. It is difficult 

to assess the performance of the instrument at these low levels as the inlet does not have 

the capability to reproducibly introduce such small samples.

Gas extraction techniques have been modified to allow the analysis of samples 

containing large amounts of carbon (e.g. diamonds). A facility exists whereby the C 0 2 

resulting from the combustion of samples can be recovered and analysed on a separate 

instrument; the reproducibility of the 0 13C value is about ±0.1 %c. The technique was 

designed with high sample throughput (up to 6 per day) as a priority.

It has been verified by experiment that such species as CH4, CO2 and CO which 

would otherwise interfere with the 515N measurements can all be removed during the 

purification operations. A study of the difficulties that may be encountered if some 

nitrogen present within the samples were converted to one or more of the nitrogen oxides 

has also been undertaken. Nitrous oxide would be totally decomposed to the elements 

during purification however NO and NO2 would only be partially recovered. A method 

for assessing whether nitrogen oxide production is a real problem during the analysis of 

geological samples has been devised.
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6.1.2 A study of carbon and nitrogen from the Earth's mantle.

Since each chapter has a conclusions section they are not repeated here. Instead 

the following draws them together in an attempt to produce a 'working model' to account 

for the stable isotope characteristics of the mantle regions which are sampled by 

diamonds.

6.12.1 The genesis o f group 0 \  diamonds.

The starting point is a model Earth 3.3 Ga ago (see figure 6.1), the age of the 

group Oi diamonds from the Finsch mine (Richardson et al., 1984). By this time the 

major differentiation of the Earth into the core, mantle and atmosphere had occurred. Also 

there had been significant crustal growth and continental lithosphere extended down to 

>150 km i.e. to within the diamond stability field (Richardson et al., 1984). Redox 

conditions within the lithosphere were variable. Beneath the continental lithosphere there 

was a uniform carbon and nitrogen reservoir which was to supply the volatiles necessary 

for diamond growth. For the purposes of this discussion it is assumed that nitrogen 

isotopes are not fractionated significantly during the growth of diamonds and a 515N 

value of -5%o is assigned to the mantle reservoir; the 813C value o f the carbon was -6%c. 

This composition relates most closely to the enstatite chondrites (Javoy et al., e.g. 1986). 

As the carbon and nitrogen isotope data currently available cannot differentiate between 

upper and lower mantle the reservoir is shown as being the whole of the sub-lithospheric 

mande.

Evidence for diamonds being present within the sub-lithospheric mantle is slight 

and may be that they were, and still are, absent from such regions. The reasons being that 

conditions may be too oxidising (or reducing) and also that supersaturaion of carbon 

necessary for diamond nucléation may not occur, i.e carbon is too dispersed. Diamond is 

unstable in the lower 1500 km of the mantle (see chapter 1, section 1.3).

Differentiation (partial melting / fractional crystallisation) of mantle material 

resulted in melts/fluids enriched in incompatible elements including carbon, nitrogen and 

hydrogen. The micro-inclusion data for coated diamonds indicates that such fluids may 

have been CO2-H2O rich (see chapter 4). These fluids entered the sub-continental
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Figure 6.1 The genesis of group Oi diamonds



lithosphere and encountered reducing conditions which resulted in diamond precipitation 

through the reduction of CO2. The mean 813C and 815N values of the diamonds 

precipitated from these primary mantle fluids were -6%c and -5%c respectively however 

isotope fractionation processes during growth (see chapters 3 and 5) resulted in some 

dispersion around these values. Once the diamonds had grown, nitrogen aggregation 

commenced.

Between 3.3 Ga and present day there was significant crustal growth and 

concurrent extension of the continental lithosphere (see figure 6.2). Continued 

differentiation events within the mantle resulted in fluids of similar composition to those 

which produced the diamonds at 3.3 Ga. Examples of such diamonds are those from the 

Premier mine (diamonds 1.2 Ga old, Richardson 1986) in South Africa, the Williamson 

mine in Tanzania and Udachnaya in Siberia (see chapters 4 and 5). Also in the source 

regions of the Finsch diamonds at least one more diamond genesis event occurred which 

resulted in the (octahedral) overgrowth of diamond on existing diamond (see chapter 5) 

and possibly the nucléation of new diamonds. The net result is the large peak at ca. -6%o 

in the 813C distribution of diamonds (see chapter 1). Group Oi diamonds can occur in all 

regions of the lithosphere beneath the graphite-diamond stability curve.

6.12.2 Group O2 diamonds (see figure 62).

Between 3.3 Ga and present day marked regional heterogeneities developed 

within the continental lithosphere. It may be that these are the result of the recycling of 

crustal material and /  or isotope fractionation processes (see chapter 5). Evidence that 

these diamonds tend to be young comes firstly from the isochron age of Richardson 

(1986) for the Argyle diamonds (1.5 Ga) and secondly from the observation that they 

tend to occur around craton margins indicating that they formed within younger rather 

than older lithosphere (see chapter 5).

6.12.3 Carbon and nitrogen within the mantle in the Phanerozoic (see figure 6.3).

By the Phanerozoic both carbon and nitrogen isotope ratios within the continental 

lithosphere were very variable on a regional scale. However the 813C value of most 

lithospheric carbon reflects the underlying uniform reservoir i.e. ca. -6%c. Also recent
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Figure 6.2 Genesis of octahedral diamonds during the time interval 3.3 Ga to present day.

Significant crustal growth occurred during this time interval with concurrent extension of the lithosphere.
[1] Continued differentiation of mantle material resulted in the growth of new group O j diamonds. Also at certain locations 
(e.g. the source region of the Frnsch diamonds) diamond overgrowths occurred on existing group Ot stones.
[2] Recycling of crustal material introduces isotopic heterogeneities into the lithosphere.
[3] Isotopic heterogeneities develop within the lithosphere due to the action of unknown fractionation processes.

Group Oi diamonds may occur in all regions of the lower lithosphere whilst group 0 2 diamonds are restricted to the margins.



Figure 6.3 Carbon and nitrogen within the mantle in the phanerozoic (see text, section 6.1.2.3 for discussion).

[1] Kimberlite eruptions occurred due either to volatile fluxing or diapirism (see chapter 4). In certain instances, conditions were conducive for the formation of coats (diamond 
overgrowths). The coats have 8 13 C and 8 15 N values similar to the group O i diamonds. Both group O ! and group 0 2 diamonds can be present as the cores of the coated 
diamonds depending upon the history of the lithosphere which the coat-forming fluids pass through.



mid-ocean ridges and ocean islands are degassing carbon with a 813C value close to - 

6%o. In the time interval 350 Ma to 90 Ma numerous kimberlite pipes erupted. In certain 

instances conditions were conducive for the overgrowth of diamond coats on pre-existing 

diamonds at some period during the accumulation and emplacement of the magmas 

(chapters 3 and 4). These coats have 813C (ca. -6%o) and 815N (ca. -5%c) values similar 

to the group Oi diamonds and the same mode of genesis is implied; differentiation of a 

uniform mantle reservoir. Although the coats and the group Oi diamonds are similar in 

terms of isotopes it is probable that the precise differentiation process which led to their 

growth may be different because, at a given location, coats occur on diamond cores that 

are distinct in terms of their isotopic composition, morphology, nitrogen aggregation state 

etc. and a major influx of volatiles into the lithosphere (that which ultimately led to the 

kimberlite eruption) is implied (see chapter 4). Group Oi diamonds may have formed via 

some form of volatile fluxing whilst the coats may be related to a diapir (see chapter 4). 

When the kimberlite magmas consolidated carbonates were precipitated which again 

reflect the 813C value of the mantle reservoir, close to -6%o (see chapters 1 and 4). The 

cores of coated diamonds may be either group Oi or group O2 depending on the history 

of the lithospheric regions which were affected by the influxes of (coat-forming) fluids. 

Hence coated diamonds are expected to show a maximum intra-sample 813C variation of 

ca. 30%o.

Diamonds from one mine may contain a number of sub-populations that may be 

distinguished on the basis of their 813C and 815N values, N contents and N aggregations 

states. This may be due to:

a) The kimberlite pipe sampling several lithospheric source regions. Evidence for this is 

provided by the diamonds from Jagersfontein in which both group O2 and group Oi 

(albeit only 1 sample in the set) diamonds are represented (see chapter 5). Also the cores 

of the coated diamonds from Mbuji Mayi, Zaire (see chapter 3), could be sub-divided into 

two groups on the basis of their infrared absorption spectra. One group was either older 

or had originated from deeper within the lithosphere than the second.
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b) Multiple growth events within the same lithospheric source region. Evidence for this is 

provided by the zoning of isotopes, nitrogen content and nitrogen aggregation state 

within octahedral diamonds ( e.g. ladder 4, chapter 3; sample Fin#7, chapter 5).

The great disparity in age between the group Oi diamonds (up to 3.3 Ga old) and 

the coats of coated diamonds (~90 to 350 Ma) suggests that, in terms of carbon and 

nitrogen, there has been little evolution of the mantle reservoir since the mid-Archean.

6.2 Future Research

6.2.1 Independent verification of the 81SN value of mantle nitrogen.

As nitrogen is a trace component in diamond and is also chemically bound it is 

likely that some fractionation of nitrogen isotopes occurs during the growth of diamonds. 

Thus until both the magnitude and direction of nitrogen isotope fractionation during the 

growth of natural diamonds is established the significance of the absolute 515N value 

(ca.-5%o) of the coats of coated diamonds and the group Oi diamonds will remain open to 

question. The most convincing method of determining whether nitrogen isotopes were 

being fractionated or not would be to analyse nitrogen from other mantle derived 

materials. It has been shown that attempts to analyse basaltic glasses have produced 

variable results possibly related to the degassing of the magmas during ascent. As the 

coats of coated diamonds have been interpreted as being phenocrysts a suite of fresh, 

hypabyssal facies kimberlites may be worthy of investigation. Certainly both oxygen and 

carbon, present as carbonate, within such samples can retain their mantle signatures. 

Included in the suite of samples would be both group I and group II kimberlites to look 

for any relationships between the radiogenic and stable isotope ratios. Also the study 

could be extended to include mantle xenoliths and megacrysts. As ammoniacal nitrogen 

substitutes for potassium then a study of phlogopite /  K-richterite peridotites may prove 

informative.

6.2.2 Origin of the stable isotope heterogeneities within the mantle.

The present study has only managed to place constraints on the location (in both 

time and space) of the stable isotope heterogeneities within the mantle; their origin 

remains unresolved. The two processes that need fuller investigation are the high
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temperature fractionation of carbon and nitrogen isotopes within natural systems and the 

subduction of sedimentary volatiles.

62 2 .1  Subduction o f sedimentary volatiles.

The fate of organic carbon and nitrogen and carbonate carbon during diagenesis, 

metamorphism and ultimate subduction is a subject area that needs detailed study. Whilst 

an approach based around high pressure /  temperature experimental work may be the 

most appropriate it may be that analogous 'experiments' have been carried out naturally. 

For example, a detailed study of the changes that take place during the regional 

metamorphism of sediments, containing both carbonates and organic material, may 

provide information about processes that occur during the first few kilobars of 

subduction. Whilst some work has been performed on this (see Hoefs, 1987), most has 

been in relation to geothermometry.

The 815N values obtained from the group O2 diamonds are consistent with the 

latter being subduction related. In the discussion in chapter 5, it is suggested that 

sedimentary, organic nitrogen can be subducted as NH4+ substituting for K+ in common 

minerals. As the chemistry of island arc and continental margin volcanics often appears to 

need a contribution of potassium from the underlying slab (and associated sediment) a 

study of nitrogen within potassium-bearing minerals from such rocks may establish 

whether the mechanism of nitrogen subduction, as outlined in chapter 5, is a reality or 

not.

622 .2  High temperature fractionation o f isotopes.

Single stones

As diamonds are zoned (i.e. do not equilibrate once formed) it would be expected 

that they would preserve evidence of isotope fractionation processes that occurred during 

their growth. The present study has found that the maximum variation in 513C that can be 

attributed to such processes is about 3%c. It may be that larger fractionations were not 

detected as only a limited number of samples from each location were studied. Hence a 

study dedicated to diamonds from one mine may show whether there were any systematic
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variations which could be attributed to isotope fractionation processes. The Argyle mine, 

Western Australia would be a suitable mine for study since the range in 813C values for 

the diamonds is at least 16%c, from -19% c  (this study) to -3% o  (van Heerden, pers. 

comm.).

Poly crystalline aggregates

As noted in chapters 1 and 5, it was the unprecedented carbon isotope results for 

Brazilian carbonado (Vinadograv et al. 1966) that did much to stimulate further studies of 

mantle carbon. However a detailed isotope study of this material and the other 

polycrystalline aggregates is yet to be undertaken. It was suggested in chapter 5 that 

carbon isotopes may be fractionated significantly during their growth and, once formed, a 

source of isotopically distinct carbon would exist within the mantle which may be re

mobilised and re-precipitated as single crystal type II diamonds. Thus a sedimentary 

origin for the carbon in such type II diamonds would not be required. Galimov (1984) 

has noted that 12C enrichment is commonest amongst poorly crystalline diamonds. 

These polycrystalline aggregates are perhaps providing the strongest evidence that 

significant fractionation of carbon isotopes can occur during diamond growth.

Type lb diamonds

These diamonds may also be providing evidence for carbon isotope fractionation 

during growth. The cubic habit and type lb IR absorption spectra suggests that their 

genesis is intimately related to kimberlite eruptions. It may be that they formed metastably 

during the ascent of the kimberlite. They can also exhibit extreme 13C depletion (813C as 

low as -27% c )  and it may be that this is due to fractionation related to the outgassing of 

the kimberlite. If so then extreme nitrogen isotope fractionation may be in evidence 

however no 815N values have yet been obtained from such diamonds.

6.2.3 Fractionation of nitrogen isotopes during nitrogen aggregation.

In chapter 1 a detailed account of nitrogen aggregation within diamonds was 

provided. It was seen that, with increasing time and temperature, nitrogen initially present 

as single atoms (lb) aggregated to form pairs (IaA) and then higher aggregates (IaB). 

Other potential nitrogen bearing structures are platelets and voidites. In chapter 3 it was
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suggested that since nitrogen within diamond is clearly mobile then some may be 

escaping from the diamond resulting in some post-crystallisation fractionation of nitrogen 

isotopes. This hypothesis could be tested by experiment. A homogeneous type IaA or 

type lb diamond could be cut into two halves and one analysed for 515N and N content 

without further treatment. Nitrogen within the second would then be aggregated, 

hopefully to form a pure IaB diamond. This would then be analysed to look for any loss 

in nitrogen and change in the 815N value.

A second approach would be to perform progressive or stepped graphitisation 

experiments on nitrogen-bearing diamonds; i.e. progressive destruction of the diamond 

lattice. It may be possible to progressively liberate nitrogen from within the different 

structures and, by analysing the 5 15N value, to determine whether nitrogen was 

fractionated during the aggregation process. If so, then the partitioning of nitrogen 

isotopes between the different structures would provide important information regarding 

the mechanism of aggregation.

6.2.4 Other samples.

In most igneous systems nitrogen is an incompatible element hence the element is 

concentrated within the crust and atmosphere. In chapters 1 and 5 some aspects of 

nitrogen isotopes geochemistry were outlined. Most nitrogen within the oceans has a 

positive 815N value due to the fractionation of nitrogen isotopes during denitrification. It 

was shown that nitrogen is relatively abundant in sediments and that the 815N value of 

marine sediments reflects that of the oceans i.e. positive. During metamorphism of 

sediments, nitrogen is retained as ammonium ions substituting for potassium in common 

rock-forming minerals such as biotite, muscovite and K-feldspar. Ammoniacal nitrogen 

has also been detected in both S and I-type granites although the isotope ratio of the 

nitrogen was not determined (Itihara and Honma, 1979).

Since nitrogen is apparently ubiquitous in the crust, occurring in common 

minerals in the same sites as Rb+ and K+ (and can therefore be linked directly to Sr and 

Ar isotope studies), perhaps the future for nitrogen isotope geochemistry lies in the study 

of crustal rocks and fluids: sediments, metasediments, igneous rocks and their various 

inter-relationships together with mineralising fluids.
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APPENDICES

Appendix 1: Data tables for chapter 1

Carbon isotope results from Australian Microdiamonds

Sample 5 13C Description

MDR 885 -24.3 grey/brown cube

AMO 1445 -14.6 clear yellow

" 796 -25.4 cream/pink turbid irregular

" 1589 -17.9 rounded irregular

" 1660 -12.3 part octahedron

” 1814 -13.5 brown twinned octahedron

" 2125 -13.4 colourless irregular

" 2136 -4.8 colourless irregular

" 2174 -17.3 pale brown irregular

" 1171 -16.4 resorbed octahedron

CAL 530 -21.9 turbid cube

" 588 -1 2 .8 cream turbid cube

" 629 -13.5 grey turbid cube

" 651 -18.8 twinned cube

WAL 023 -1 1 .2 pale yellow cube

" 083 -18.2 twinned cube

" 062 -26.7 brown cube

MDR, AMO Queensland
WAL, CAL Northern Territory
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Appendix 2: Data tables for chapter 2

Table A2-1: Variation of the m/z 28/29 ratio during a 16 minute analysis period
(See figure 2.4)

m /z 28 m /z 28 /29 tim e (s)
m /z 2 8 /2 9 m 

m /z 2 8 /2 9
m /z Ì281Ì 
m /z T281

6 .085 141.899 76 1.00038 1.016
5 .966 141.794 158 1.00112 1.036
5 .857 141.877 239 1.00054 1.056
5 .7 6 2 142.105 320 0 .99893 1.073
5 .666 141 .846 402 1.00075 1.092
5 .567 141 .880 483 1.00051 1.111
5 .479 142 .030 564 0 .9 9 9 4 6 1.129
5 .382 141 .790 646 1.00115 1.149
5 .297 142 .096 727 0 .99899 1.168
5 .203 142.059 808 0 .99925 1.189
5 .119 142.133 890 0 .99873 1.208
5 .029 141 .932 971 1.00015 1.230

Run data m/z 28i 
m/z29i 
m/z 28/29 
m/z 28/29m 
half-life 28 
half-life 29

= 6.185x10*9 A
= 4.353x 10*11 A
= 142.103 ± 0 .196
= 141.953 ± 0.036
= 54.2 minutes
= 53.6 minutes
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Table A2-2 Precision / measured ratio as a function of sample size

Table A2-2.1 40|iA trap current 
(See figure 2.5)

m /z 2 8 /2 9  (±  se  t ) aliquot size  (ng) m ean (±  std i i ) error (%o)

134 .314  ±  0 .414 0.6
133 .566  ±  0 .436 i t

134.214  ±  0 .348 i t 134 .234  ±  0 .4 1 2 3 .0
134 .679  ±  0 .405 i i

134.398  ±  0 .410 i t

137 .040  ±  0 .176 1.0
136.981 ±  0 .223 i i

136.743  ±  0 .184 i t 136 .891 ±  0 .1 7 0 1.25
136 .672  ±  0 .297 i t

137 .017  ±  0 .287 i t

138 .019  ±  0 .133 1.5
138 .079  ±  0 .224 i i

138.361 ±  0 .197 i i 138 .172  ±  0 .158 1.14
138 .325  ±  0 .199 i t

138 .078  ±  0 .141 "
138.461 ±  0 .140 1.9
138 .539  ±  0 .156 "
138 .644  ±  0 .169 i t 138 .538  ±  0 .068 0 .49
138 .503  ±  0 .174 i t

138 .542  ±  0 .147 t i

139 .320  ±  0 .0 6 2 3.3
139 .205  ±  0 .0 7 6 i t

139 .210  ±  0 .062 i t 139 .205  ±  0 .0 7 2 0 .5 2
139 .129  ±  0 .0 9 0 i t

139 .162  ±  0 .0 6 2 i t

139 .500  ±  0 .058 4 .9
139 .526  ±  0 .068 "
139.573  ±  0 .086 " 139 .555  ±  0 .049 0 .35
139 .627  ±  0 .055 I t

139 .549  ±  0 .0 7 2 i t

139.874  ±  0 .073 6.8
139 .796  ±  0 .041 i i

139.993  ±  0 .039 i t 139 .861 ±  0 .0 8 6 0 .61
139 .774  ±  0 .049 i t

139.867  ±  0 .044 i t

140 .066  ±  0 .037 9 .8
140 .064  ±  0 .045 t i

140.157  ±  0 .048 1» 140.071 ±  0 .051 0 .3 6
140.041 ±  0 .0 5 6 i t

140 .028  ±  0.061 i t

140.243  ±  0 .050 14.7
140 .209  ±  0 .0 3 6 "
140.229  ±  0 .030 " 140 .219  ±  0 .016 0.11
140.207 ±  0 .043 it

140.209  ±  0 .047 i i

+ sc =  standard error Ü std  = standard deviation
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Table A2-2.2 100(iA trap current
(See figure 2.7)

m /z 2 8 /29  (±  se  *) ali±uot size  (ng) mean (±  std # ) error (%o)

130 .446  ±  0 .269 0 .4 2 n.a. n.a.
131 .387  ±  0 .224 0 .47 n.a. n.a.
129 .934  ±  0 .234 0 .39 n.a. n.a.
131 .236  ±  0 .124 0 .38 n.a. n.a.
130 .574  ±  0 .338 0 .37 n.a. n.a.
128 .800  ±  0 .227 0.31 n.a. n.a.
129 .007  ±  0 .247 0 .28 n.a. n.a.
129 .269  ±  0 .278 0 .29 n.a. n.a.
128 .118  ±  0 .217 0 .27 n.a. n.a.
132 .980  ±  0 .2 0 6 0 .54
133 .087  ±  0 .183 t t 133 .030  ±  0 .0 5 0 0 .4
133 .023  ±  0 .185 t t

133 .952  ±  0 .1 6 6 0 .67
134 .235  ±  0 .214 M 134 .118  ±  0 .148 1.1
134.167  ±  0 .218 "
135 .526  ±  0 .127 1.0
135 .572  ±  0 .138 t l

135 .582  ±  0 .1 4 0 " 135 .560  ±  0 .0 3 0 0.2
136.349  ±  0 .137 1.4
136 .285  ±  0 .1 2 0 t t 136.375  ±  0 .105 0.8
136 .490  ±  0 .111 t t

n.a. not applicable 
i  se standard error 
#  std standard deviation

174



Table A2-3 Results from the zero enrichment test
(See figure 2.6)

Run m/z 28/29m (± se ) m/z 28i * 515Nx ± o %0

1 139.438 ± 0.038 3.139 -0.04 ± 0.37
2 139.433 ± 0.034 3.117 -0.14 ± 0.33
3 139.413 ± 0.031 3.113 -0.19 ± 0.39
4 139.386 ± 0.045 3.103 0.06 ± 0.41
5 139.395 ± 0.036 3.100 -0.31 ± 0.40
6 139.352 ± 0.042 3.112 -0.29 ± 0.37
7 139.312 ± 0.029 3.111 0.32 + 0.36
8 139.356 ± 0.041 3.111 -0.32 ± 0.39
9 139.312 ± 0.036 3.105 -0.06 ± 0.37

10 139.304 ± 0.036 3.098 -0.01 ± 0.42
11 139.302 ± 0.046 3.092 -0.09 ± 0.48
12 139.290 ± 0.049 3.099 0.27 ± 0.49
13 139.327 ± 0.048 3.100 0.01 ± 0.46
14 139.329 ± 0.042 3.090 -0.32 ± 0.51
15 139.284 ± 0.058 3.088 -0.13 ± 0.51
16 139.266 ■± 0.041 3.094 0.11 ± 0.43
17 139.282 ± 0.043 3.079 -0.66 ± 0.48
18 139.190 ± 0.051 3.120 0.32 ± 0.46
19 139.234 ± 0.039 3.114 -0.17 ± 0.43
20 139.210 ± 0.045 3.097 0.26 ± 0.52
21 139.246 ± 0.057 3.085 0.07 ± 0.56
22 139.256 ± 0.053 3.093 -0.02 ± 0.54
23 139.253 ± 0.054 3.076 0.04 ± 0.48
24 139.259 ± 0.040 3.078 -0.12 ± 0.51
25 139.242 ± 0.058 3.077 0.02 ± 0.55
26 139.245 ± 0.051 3.078 -0.22 ± 0.55
27 139.215 ± 0.050 3.081 0.12 ± 0.51
28 139.232 ± 0.046 3.075 0.13 ± 0.45
29 139.250 ± 0.043 3.092 -0.22 ± 0.46
30 139.220 ± 0.051 3.067 -0.25 ± 0.52
31 139.185 ± 0.051 3.077 -0.12 ± 0.48
32 139.168 ± 0.044 3.068 0.19 ± 0.51
33 139.194 ± 0.055 3.068 -0.37 ± 0.54
34 139.142 ± 0.051 3.071 0.44 ± 0.55
35 139.203 ± 0.058 3.059 -0.41 ± 0.56
36 139.146 + 0.053 3.067 0.24 ± 0.51
37 139.179 ± 0.048 3.065 -0.18 ± 0.47
38 139.154 ± 0.045 3.050 0.32 ± 0.51
39 139.198 ± 0.055 3.065 -0.36 + 0.53
40 139.148 ± 0.050

*5'5N* = ( W i22 8 % C  ~ O ’1 1000
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A2-4.1 CO sample size ~50 ng : volume 150 cm3  : CuO at 440°C

Table A2-4 : Oxidation of CO over CuO
(see figures 2.12,2.13)

nVz 28i m/z 28/29 f In (f) time (s)

7.924 90.488 1.00 0.00 0
6.283 90.513 0.79 -0.23 6
5.894 90.551 0.74 -0.30 12
5.692 90.690 0.72 -0.33 14
4.424 90.827 0.56 -0.58 24
3.318 91.040 0.42 -0.87 35
2.272 91.636 0.28 -1.25 51
1.312 93.025 0.17 -1.80 70
0.433 108.515. 0.06 -2.90 120
0.029 119.601 0.00 -5.60 210
0.023 127.827 0.00 -5.85 300

A2-4.2 CO sample size ~30 ng : volume 135 cm3  : CuO at 300-500°C 
1) CuO at 300°C

m/z 28i m/z 28/29 f In (f) time (s)

4.541 91.682 1.00 0.00 0
3.161 91.830 0.67 -0.36 10
1.982 92.139 0.44 -0.83 21
1.424 93.140 0.31 -1.16 31
1.012 94.169 0.22 -1.50 45
0.567 96.186 0.13 -2.08 61
0.272 101.118 0.06 -2.86 80

2) CuO at 400°C

m/z 28i m/z 28/29 f In (f) time (s)

4.381 91.656 1.00 0.00 0
3.01 1 92.426 0.69 -0.38 1 1
1.498 93.242 0.34 -1.07 26
0.586 95.656 0.13 -2.01 46
0.294 99.223 0.07 -2.70 70

3) CuO at 500°C

m/z 28i m/z 28/29 f In (f) time (s)

4.368 91.599 1.00 0.00 0
2.228 92.455 0.51 -0.67 10
0.948 93.762 0.22 -1.53 25
0.363 98.645 0.08 -2.49 45
0.1 16 109.818 0.03 -3.61 70
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T able A 2-5 M ethane oxidation  w ithin  the p urification
section (see figure 2.15)

Initial aliquot ~20 ng CH4  throughout

A2-5.1: volume 150 cm^ : CuO at 440°C : Pt at 1150°C

m/z 28 i m/z 29/29 times (s)

2.564 91.956 6
3.522 93.149 10
3.708 93.894 15
3.558 93.974 25
2.828 94.473 40
2.136 94.688 60
1.412 95.598 90
0.795 91.755 1 2 0

A2-5.2: volume 90 cm^ : CuO at 440°C : Pt at 1150°C

3.466 93.252 5
3.948 93.790 10
3.825 94.315 15
3.084 94.378 25
2.044 95.180 41
1.218 95.206 60
0.519 99.118 90
0.311 104.136 1 2 0

A2-5.1: volume 90 cm^ : CuO at 440°C : Pt at 900°C

3.398 92.844 5
3.934 93.270 10
3.515 93.460 15
2.963 93.659 24
2.006 94.139 41
1.165 95.320 60

Table A2-6 Reduction of N2 O over hot Platinum (see figures 2.18,2.19)

A2-6.1 initial sample size 30 ng N2  as N2 O : volume =150 cm^ Pt at 880°C

m/z 28( ng N2 m/z 28/29 N2O residual̂ " f In (f) time (s)

3.026 1 0 .8 139.798 18.8 0.64 -0.45 6
4.343 15.5 139.722 14.1 0.48 -0.74 11
5.364 19.1 140.268 10.5 0.35 -1.04 14
5.802 20.7 139.501 8.9 0.30 -1 .2 0 16
6.251 22.3 139.432 7.3 0.25 -1.40 18
6.983 24.9 139.161 4.7 0.16 -1.84 25
7.049 25.2 139.135 4.4 0.15 -1.89 25
7.445 26.6 138.764 3.0 0 .1 0 -2.27 30
7.708 27.5 139.096 2 .1 0.09 -2.46 35
8.028 28.7 138.828 0.9 0.03 -3.41 45
8.185 29.2 138.588 0.4 0 .0 1 -4.25 60
8.224 29.4 139.121 0 .2 0 .0 1 -4.66 70
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A2-6.2 initial sam ple size 27.8 ng N 2  as N 2 O : volum e =150 cm 3 Pt at 1220°C

m /z 28 i ng N 2 m /z 28/29 N2 0  residual^ f In (0 tim e (s)
2 .8 7 0 10.2 138.930 17.6 0 .63 -0 .46 6
4 .4 9 6 16.1 139.785 11.8 0 .4 2 -0.86 10
5 .3 4 2 19.1 139.527 8.8 0 .3 2 -1 .16 14
6 .929 24 .7 138.625 3.1 0.11 -2 .19 25
7 .7 2 0 2 7 .6 138.774 0 .3 0.01 -4 .58 45
7 .799 27 .8 138.729 0 .0 0.00 -8 .70 59

A2-6.3 initial sample size 27.7 ng N2  as N2 O : volume =150 cm3 Pt at 1220°C
2 .593 9 .3 139.373 18.4 0 .67 -0.41 5
3 .188 11.4 139.062 16.3 0 .59 -0.53 7
3.981 14.2 138.929 13.4 0 .49 -0 .72 10
4 .7 5 3 17.0 138.849 10.7 0 .39 -0 .95 13
5 .130 18.3 138.939 9 .3 0 .34 -1 .09 14
6 .174 22.0 138.739 5 .6 0.20 -1 .59 20
7 .0 0 0 2 5 .0 138.316 2 .7 0.10 -2 .34 30
7 .535 26 .9 138.436 0.8 0 .03 -3 .60 45
7 .737 27 .6 138.434 0.0 0.00 -6 .55 61

A2-6.4 initial sample size 27.8 ng N2  as N2 O : volume =90 cm3 Pt at 1150°C
3.731 13.3 139.172 14.5 0 .5 2 -0 .65 5
5.891 21.0 139.399 6.8 0 .25 -1.41 10
6 .708 23 .9 139.002 3 .9 0 .14 -1 .97 15
7 .604 27.1 138.625 0 .7 0 .03 -3 .68 27
7 .754 27 .7 138.690 0.2 0.00 -7 .44 46
7.731 2 7 .6 138.808 0.2 0.01 -4 .73 59

A2-6.5 initial sample size 263 ng N2  as N2 O : volume =90 cm3 P ta t 1220°C
3 .245 11.6 139.263 14.8 0 .5 6 -0 .58 5
5 .067 18.1 138.854 8.2 0.31 -1 .16 9
6 .352 22 .7 138.674 3 .7 0 .1 4 -1 .97 15
6 .735 24 .0 138.361 2 .3 0 .09 -2.44 20
7 .209 25 .8 137.923 0.6 0.02 -3 .78 30
7 .228 25 .8 138.193 0 .5 0.02 -3 .90 45
7 .339 26 .3 138.253 0 .1 0.01 -5 .24 66

A2-6.6 initial sample size 56.6 ng N2  as N2 O : volume =150 cm3 Pt at 1220°C
5 .349 19.1 138.639 37 .5 0.66 -0.41 5
7 .0 4 0 25.1 138.871 31 .5 0.56 -0 .59 9
7 .034 25.1 31.5 0 .5 6 -0 .59 9

10.964 39.1 138.926 17.4 0 .31 -1 .18 15
13.515 4 8 .2 138.709 8 .3 0 .15 -1.91 24
15.405 55 .0 138.393 1.6 0.03 -3 .57 40
15.824 56.5 138.235 0 .1 0.00 -6.41 66

Table A2-7: Reduction of N2 O over CuO(l-x) at 850°C

Initial sample size 56.6 ng N2  as N2O : volume =15cm3 Pt at 25°C

m /z 28 i ng N 2 m /z 28/29 N2 0  residual"̂ f In (0 tim e (s)

2 .7 0 0 9 .6 — 16.1 0 .63 -0 .47 30
6 .3 9 0 22.8 — 2 .9 0.11 -2 .18 90
6.721 2 4 .0 — 1.7 0 .0 7 -2 .70 190
6 .989 2 5 .0 — 0.8 0 .03 -3 .50 213
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A2-8.1 volume 150 cm3 : CuO at 440°C : Pt at 1150°C

Table A2-8 Reduction o f NO-NO2  over hot platinum
(see figures 2 .20 ,2 .21)

m/z 28i N 2 (ng) time (min)

1.138 4.1 1
1.554 5.6 3
3.023 10.8 6
4.153 14.8 10
5.649 20.2 15

A2-8.2volume 90 cm3 : CuO at 440°C : Pt at 1150°C
2.428 8.7 1
3.399 12.1 3
4.825 17.2 6
6.455 23.0 10
8.674 31.0 15

A2-8.3voIume 90 cm3 : CuO at 650°C : Pt at 1150°C
4.588 16.4 5
3.895 13.9 10
4.635 16.6 15

A2-8.4volume 90 cm3 : CuO at 440°C : Pt at 1230°C
5.877 21.0 5
8.958 32.0 10

12.580 44.9 15

A2-8.5 volume 90 cm3 :CuOat440°C :Ptatl200°C

ng N2 ng N2-blank Residual NOx f ln(f) time (min)

5.20 0.00 84.60 1.00 0.00 0
14.54 9.34 75.26 0.89 -0.18 5
20.77 15.57 69.03 0.82 -0.20 10
29.61 24.41 60.19 0.71 -0.34 17.5
41.01 35.81 48.79 0.58 -0.55 25
45.16 39.96 44.64 0.53 -0.64 30
49.88 44.68 39.92 0.47 -0.75 35
55.88 50.68 33.92 0.40 -0.91 45
65.97 60.77 23.83 0.28 -1.27 60
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A 2-8.6 volum e 15 cm^ : CuO at 440°C : Pt at 1200°C

ng N2 ng N2-blank Residual NOx f ln(f) time (min)

0.10 0.00 80.40 1.00 0.00 0
21.29 21.19 59.21 0.74 -0.31 5
42.25 42.15 38.25 0.48 -0.74 10
52.75 52.65 27.75 0.35 -1.06 15
62.64 62.54 17.86 0.22 -1.50 20
71.33 71.23 9.17 0.11 -2.17 30
76.29 76.19 4.21 0.05 -2.95 40

Table A2-9 The effects of the presence of argon on the measures m/z 28/29 ratio of nitrogen 
(see figure 2.22)

m/z 28/29m ± se * m/z 28) 

(x 10'10)

m/z 40 

(x 10‘12)

mz 40/28 

(x 102)

5l5Nx*

139.415 ± 0.041 2.99 0.29
139.366 ± 0.055 3.00 6.94 2.31 +0.05 ± 0.58
139.329 ± 0.046 2.99 0.29
139.344 ± 0.047 2.99 6.94 2.32 -0.01 ± 0.48
139.357 ± 0.045 2.99 0.29
139.331 ± 0.040 2.99 5.73 1.91 +0.01 ± 0.47
139.309 ± 0.047 2.97 0.29
139.282 ± 0.057 3.00 5.74 1.91 -0.06 ± 0.59
139.237 ± 0.046 2.99 0.29
139.282 ± 0.034 2.99 4.49 1.50 -0.03 ± 0.49
139.318 ± 0.042 2.99 0.28
139.249 ± 0.039 2.99 4.48 1.50 +0.27 ± 0.47
139.256 ± 0.058 2.99 0.28
139.219 ± 0.042 2.97 3.28 1.10 +0.11 ± 0.47
139.212 ± 0.046 2.97 0.31
139.166 ± 0.038 2.99 3.40 1.14 +0.32 ± 0.43
139.207 ± 0.050 2.98 0.31
139.181 ± 0.050 2.97 3.37 1.13 +0.20 ± 0.50
139.210 ± 0.047 2.97 0.31
139.226 ± 0.063 2.98 1.58 0.53 -0.14 ± 0.56
139.201 ± 0.051 2.97 0.29
139.186 ± 0.053 2.98 1.56 0.52 +0.06 ± 0.53
139.189 ± 0.055 2.98 0.28

* se standard error
f  Ratiox_________
^(Ratio(x-l)+Ratio(x+l)) x0.5 xlOOO

where 'x' is the analysis number)
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Appendix 3: Heterogeneous catalysis at low pressure

A3.1 Chemisorption of gases at low pressure: the Langmuir adsorption isotherm.

The fraction (0) of a catalyst surface that will be covered by a mono-molecular 

layer of adsorbed gas is governed by the dynamic equilibrium that exists between 

evaporation of molecules from the surface and condensation of molecules from the gas.

The rate of evaporation is proportional to the fraction of surface covered:-

rate evap -  0

hence ra teevap = k j.0

where lq is a proportionality constant

The rate of condensation is proportional firstly by the fraction of uncovered 

surface (1-0) and secondly to the pressure (which controls the frequency and density of 

molecular collisions) of the gas :-

rate condens oe P-(l-0) 

rate condens —

where k2 is a proportionality constant

at equilibrium:-

k j.0  = k2.(l-0 ).P

0

0

k2.P
k l+ k 2.P

b.P
1+b.P

If the adsorbed gas were 'A' then b is termed the 'adsorption coefficient' of A on 

the surface in question.

With increasing P, the denominator and numerator tend to equality, hence 0 tends 

to unity. As P tends to 0 the denominator tends to 1 and 0 ~ b.P
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A32 Kinetics of catalysed reactions

Consider the reaction A —> P where P immediately degasses from the surface and does 

not compete with A for surface adsorption sites.

Agas  ̂ Aads  ̂ Pads  ̂ Pgas

The rate of removal of A from the gas phase will be proportional to the concentration of

adsorbed A.

dP k b  P
I T  "  k 0 A -  7 ± l t  (Langmuir-Hinshelwood rate expression)

A* A

where k is a rate coefficient. At high pressure 0 A ~1 and the reaction is of zero order. At 

low pressure 0A = bA.PA and the reaction is first order:-

dPA
dt

¿Pa
dt

-k.bA.PA incorporate bA into k 

- k i .P A

which on rearrangement and integration leads to:-

= •k l 't

where PA° is the pressure of A at time = 0 and PA is the pressure at time = t .

Define f  as ln(f) = -k j.t

Temperature dependence of rate

*  k 0 A

The effect of temperature upon rate is the product of the effects on k and 0A 

separately. For high values of P (0 A equals unity) the whole of the temperature effect is 

upon k and the temperature dependence of k can be expressed by the Arrhenius 

relationship:-

k = A.exp('Ea/RT)

where Ea is the activation energy for the reaction, A is a pre-exponential, R is the gas
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constant and T is the temperature in (K).

For low values of P, as 0 A is close to 0, the effect of temperature on bA has to be

considered. Since bA is an equilibrium constant: -
dlnbA AHads 
~dT~  = RT2

where AHads is the standard molar enthalpy of adsorption of A

bA = C.exp('AHads/RT)

where C is a constant.of integration 

Since eA

-dPA
dt

bA-PA

PA.A.C.exp ((‘Ea-AHads)/RT)

PA.A.C.exp (Ea'/RT)

where Ea' is the apparent activation energy.

Ea = Ea' -AHads

as adsorption is exothermic -AHads is a positive number and Ea' is always <Ea.

On an Arrhenius plot of ln(k) against 1/T°K the slope of the regression line 

multiplied by (-R) gives Ea. At low pressure the slope for a catalysed will always be less 

than that for an uncatalysed reaction and the dependence of k on catalyst temperature is 

less

Effect of reaction volume on rate

dP^
d t

for constant mass of gas and constant T

PA

set k2

dP^
d t

i.e rate inversely proportional to volume

-kj.PA

C
V

kj.C

where C = n.R.T.

Summarised from Langmuir (1916) and Bond (1987)
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Table A4-1: Results obtained from Ladder B

Appendix 4: Data tables for Chapter 3

Sample weighting) 813C 815N N(ppm)

B1 502 -6.7 -5.0 1180
B2 492 -7.0 -4.4 1390
B3 490 -7.7 +0 .2 1570
B4 495 -8 .6 +4.9 1640
B5 495 -8 .6 +4.7 1810
B6 497 -8.7 +4.8 1750
B7 478 -8 .6 +5.1 1790
B8 495 -7.9 +3.3 1690
B9 500 -7.1 -3.9 1450
BO 515 -6 .8 -5.4 1 2 0 0

Table A4-2: Results obtained from sample DM101

Sample weighting) 813C 815N N(ppm)

A 8 8 -6.4 -7.0 3350
B 83 -6.3 -7.2 3200
C 96 -6.5 -6.3 2880
D 89 -6.5 -5.7 2280
E 90 -7.5 -6 .8 2950
F 93 -8 .0 -4.7 2190
G 83 -8 .0 -0.4 2390
H 8 6 -8 .2 -1 .8 2620
I 81 -8.5 -0.3 2490
J 85 -8.4 0.0 1980
K 8 6 -8 .2 -1 .6 2250

Table A4-3: Results obtained from Ladder MM1

Sample weighting) 513C 815N N(ppm)

A 380 -6 .6 -5.1 1 0 2 0
B 382 -6 .8 -3.4 1380
C 336 -6.9 -0 .8 1580
D 386 -8 .1 + 1 .6 1580
E 384 -8 .8 +2.5 1630
F 373 -9.0 +2.5 1570
G 379 -8 .0 +2.4 1190
H 383 -8 .0 +3.4 1360
I 382 -8 .8 +3.0 1640
J 384 -9.2 +2.7 1690
K 380 -9.3 +3.6 1780
L 382 -8.9 +2.1 1530
M 371 -7.5 +0.4 1820
N 373 -6.9 -3.5 1500
O 423 -6.7 -4.3 1560
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Table A4-4: Results obtained from sample MM2

Sample 513C 51SN N(ppm) Type Platelets

Coat -6.5 -5.5 830 IaA absent
Core -8.6 +4.2 1140 IaA present

Table A4-5: Results obtained from Ladder MM3

Sample weight(|ig) Ô13C 815N N(ppm)

A 387 -6.6 -3.2 1020
B 386 -7.0 -0.2 1020
C 369 -7.0 +7.1 590
D 362 -6.8 +5.6 510
E 388 -7.3 +3.4 490
F 391 -7.1 +0.2 550
G 388 -7.2 +0.3 750
H 383 -8.0 +4.6 290
I 379 -7.2 +3.0 630
J 383 -6.8 +5.3 480
K 385 -7.0 +4.8 470
L 382 -7.2 +3.4 580
M 377 -7.2 -0.4 870
N 316 -6.6 -4.0 920

Table A4-6: Results obtained from Ladder 6

Sample weighting) 5*3C 515N N(ppm)

61 25 -7.0
61 65 -7.2
61 370 -6.8 -3.2 1080
61 486 -7.0 -4.0 1060
63 218 -8.5
63 26 -8.0
63 204 -8.4 +4.3 1250
64 75 -8.2
64 47 -8.2
64 276 -8.1 +3.6 940
64 484 -8.2 +3.4 1040
65 92 -8.8
65 436 -8.1 +3.2 690
66 68 -8.9
66 249 -8.6
67 108 -6.7
68 145 -6.3
68 234 -7.0 -5.5 1030
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Table A4-7: Results obtained from Ladder 0

Sample weighting) 513C 815N N(ppm)

01 29 -7.1
01 226 -7.3
02 190 -8.9
02 95 -8.0
02 163 -8.7 +2.9 1320
03 165 -8.8
03 300 -8.2
04 462 -7.8
04 56 -7.4
04 327 -7.6 +3.8 640
05 183 -7.9
05 191 -9.3
05 340 -8.0 +4.7 610
06 222 -9.2
06 214 -8.3
06 173 -8.5 +2.8 1170
07 25 -9.0
07 21 -9.8
07 199 -8.0
07 265 -7.0
08 147 -6.6
08 42 -6.6
08 212 -6.8 -5.6 1080

Table A4-8: Results obtained from Ladder 3

Sample weighting) 813C 815N N(ppm)

31 95 -6.8
31 75 -6.5
31 173 -6.9 -8.0 1340
31 205 -7.2 -7.6 1010
32 130 -6.2 -3.4 400
32 410 -5.0
32 179 -5.4 -3.0 1380
33 841 -5.2
34 168 -5.5
34 165 -5.6 -3.4 1560
34 268 -5.6 -2.0 1745
35 180 -5.4
36 33 -4.9
37 141 -6.4
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Table A4-9: Results obtained from Ladder 4

Sample weightQig) 813C 815N N(ppm)

41 318 -6.5
41 53 -6.1
41 296 -6.1 +2.2 3000
41 151 -5.9 + 1.6 3000
42 500 -5.2
42 102 -5.4
42 60 -5.3
42 210 -5.3 +8.1 210
43 84 -6.2
43 366 -5.6
44 508 -7.9
44 374 -7.8
44 260 -7.6 +10.4 270
45 190 -6.7
45 214 -5.4 +13.4 350
45 194 -6.1 +8.7 650
45 42 -5.6
46 495 -5.3
47 450 -6.7

Table A4-10: Small Diamonds From Zaïre

Sample Habit §13C s15n N(ppm) Type

Cl Cub. -7.4 -5.2 1170 IaA
C2 Cub. -7.2 -5.2 1260 IaA
C3 Cub.* -5.5 -3.6 1400 IaA
C4 Cub. -6.7 -5.5 1020 IaA
C5 Cub. -6.7 -5.3 950 IaA
C6 Cub. -6.8 -5.0 1050 IaA
Cl Cub. -7.1 -4.4 1120 IaA
C8 Cub. -7.2 -5.2 1210 IaA
C9 Cub. -6.5 -6.0 830 IaA

CIO Oct. -6.4 +0.4 1160 IaA
C ll Oct. -7.3 -5.8 1000 IaA
C12 Oct. -8.4 +4.8 1250 IaB
MCI Cub. -6.6 -4.9 1370 IaA
MC2a Cub. -6.5 -3.5 710 IaA

" b Cub. -7.3 -3.9 730 IaA
MC3a Cub. -6.2 -4.9 1140 IaA

" b Cub. -6.9 -3.7 1290 IaA
MC4a Cub. -6.5 -4.5 960 IaA

" b Cub. -6.2 -5.4 790 IaA
MC5a Cub. -6.2 -3.2 840 IaA
” b Cub. -5.9 -3.1 810 IaA

Cub. Cubic C1-C12 Bulk Zaire

Oct. Octahedral MC1-MC5 Mbuji Mayi cubes

*Coated diamond
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Appendix 5: Fractionation of nitrogen in a synthetic diamond of mixed 

crystal habit

One of the problems encountered in the interpretation of the nitrogen isotope 

results detailed in chapter 3 was due to the lack of knowledge concerning the behaviour 

of nitrogen during diamond growth. One possibility was that nitrogen was being 

fractionated with one of the isotopes being preferentially incorporated into the lattice. 

Synthetic diamonds, which grow within closed systems, offer an opportunity to 

investigate such a hypothesis. Therefore a plate was cut from a large (ca 0.5 cm diameter) 

synthetic diamond for laser sectioning into a 'chocolate block' (see chapter 3) in order to 

study possible isotope fractionation effects related to growth.

As soon as the plate had been cut it was apparent that the diamond was sector 

zoned; visible examination revealing zones of white and yellow diamond. When viewed 

in cathodoluminescence it was apparent that {100} (cubic) and {111} (octahedral) forms 

dominated however there was some minor development of {113} facets. Unfortunately 

no photograph is available however the outlines showed in figures A5.2a to A5.2c are an 

accurate representation of the major features. Before a description of the sample is 

continued a brief summary on how sectored growth occurs is given (from Moore, 1985).

A growing crystal will take on the form of the slowest growing facet; fast

growing facets 'grow out' of the crystal. Figure A5.1a is a schematic section through a 

diamond which grew on both cube (C) and octahedral (O) planes. If the faces grew at an 

equal rate the section through the diamond would be an octagon and such a shape is 

shown in the centre of the figure. If the C faces grow at a faster rate than the O faces then 

the perpendicular distances between growth fronts at successive intervals of time will be 

significantly greater in the C directions than in the O directions. Eventually only the O 

facets are left and in this case there will only be a very narrow cubic growth sector. The 

velocities of crystal growth in the directions of the normals to the facets is proportional to 

the surface free energies of those facets hence the growth rate of a face is inversely 

proportional to the density of the atoms within that face. In diamond the octahedral face 

contains the greatest number of atoms per unit area and in nature the octahedral growth 

form dominates. In synthetic systems, by varying the temperature and pressure, it is
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A5.1bA5.1a
(after Moore, 1985)

Figure A5.1 Development of sector zoning within synthetic 
diamonds

A5.1a A crystal will take on the form of its slowest growing facet. In diamond this 
is usually the octahedral (O) facet, the cube (C) faces 'grow out' of the crystal.

A5.1b During diamond synthesis it is possible to select the P-T conditions whereby the 
the O and C facets grow at similar rates resulting in a cubo-octahedron which will have 
distinct growth sectors.

100

A5.2a Carbon isotope results

Figure A.5.2 Results obtained from the laser-sectioned synthetic 
diamond.

The synthetic diamond analysed had only two well developed growth sectors, one 
octahedral and one cubic. However there was some minor development of {113} 
sectors.



100 113

A5.2b Nitrogen concentration results

100
113

A5.2c Nitrogen isotope results



possible to alter the ratio of the free energies of the cube and octahedral facets such that 

the former has the lower free energy and crystals of mixed habit, cubo-octahedra, may 

result. In practice octahedral diamonds are grown at higher and cubic diamonds at lower 

temperature. Figure A5.1b is a cartoon showing the development of sectored growth 

zoning.

The sample investigated during this study had only two well defined growth 

sectors, one cubic and one octahedral and following the CL study, an infrared absorption 

spectra was obtained from each of the laser cut blocks. The spectra obtained were type lb 

(isolated nitrogen atoms) throughout and the strength of the absorption spectra indicated 

that the octahedral growth sector contained a factor o f ca. 2-3 more nitrogen than the 

cubic sector.

Selected blocks were then removed and analysed for 15N and 13C abundance and 

total nitrogen content. The results are displayed in figures A5.2a to A5.2c. The 

quantitative mass spectrometric study confirmed that the octahedral portion of the 

diamond contained approximately twice as much nitrogen as the cubic portion, as 

expected from the CL and FTIR results. The nitrogen rich areas had 815N values close to 

atmospheric (0%o) decreasing (-0.4 to -2.5%o) from the centre outwards, however the 

nitrogen poor cubic regions had 815N values that increased from +30.7%c to a maximum 

of +42.1%o towards the edge of the plate. No isotope measurements were obtained from 

the {113} growth sector and the IR results indicated a very low nitrogen content. On a 

lesser scale there could be some structure within the 813C measurements in that the 

relative 13C abundance is higher at the centre than at the edge (-24.1 to -24.7%o 

octahedral sector; -23.9 to -24.4%o cubic sector). As the technique for carbon isotope 

analysis is reproducible to ±0.1 %o the growth trends revealed in the 813C from interior to 

exterior may be real. The single exception to the above trends is the fragment close to the 

edge of the octahedral zone (813C = -21.45%o ; 130 ppm N; 815N = -0.6%c), which 

seems anomalous in respect of both elements. Unfortunately no material was available for 

a replicate analysis. It is not clear whether there is a difference in 813C between the cubic 

and octahedral sectors because of inappropriate sampling.
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To understand the isotope systematics of the diamond it would be useful to know 

the conditions under which the diamond was grown and the nature and isotope 

composition of the starting materials used in its production. However, the stone came 

from the de Beers' Industrial Diamond Corporation and its previous history is 

undocumented. It is possible, however, to discuss the method for producing synthetic 

diamonds in general terms.

Most small synthetic diamonds (<1 mm in size) are grown rapidly (during a few 

minutes) from graphite in the presence of solvent metals such as cobalt, iron or nickel 

(Giardini and Tydings, 1962) at temperatures ~1720K and pressures of ca 55-60 kbar, 

although other methods exist (Wedlake, 1979). Large diamonds, such as that described 

here, are obtained over a period of days using a reconstitution technique. Thus small 

diamonds, almost certainly synthetics, act as the carbon source for the large specimens to 

avoid volume changes during growth. In this method, diamond dissolves in a hot source 

region -1720K  and re-precipitates in a cooler seeded region where the temperature 

differential preferred for relatively slow growth (2.5 mg h r 1) is 30K. The driving force 

for the reaction is the solubility gradient between the two regions. The morphology of the 

reconstituted diamond is controlled by the exact thermodynamic conditions selected. Thus 

octahedral diamond is produced at high temperature in a pressure regime close to the 

Berman-Simon graphite-diamond equilibrium curve. Cubic diamond normally grows at 

lower temperatures and pressures well into the diamond stability field; cubo-octahedra are 

formed at intermediate temperatures and pressures. Although the presence of nitrogen 

appears to promote growth it is common to decrease the residual nitrogen content of 

synthetic diamonds (in experiments to obtain gems, heat sinks or semi-conductors doped 

with boron) by introducing a getter metal such as Al, Ti or Zr.

Despite the lack of knowledge about the generation of the diamond studied it, is 

possible to discuss the isotopic heterogeneity observed in terms of possible growth 

models. One previous attempt to measure the carbon isotope fractionation during the 

conversion of graphite to diamond was made by Hoering (1961), who found that the 

diamond that resulted was enriched in 13C by 0.3%o relative to the initial graphite. 

However this value was within the uncertainty of the analytical technique. The present
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data set suggest that 13C-enriched carbon is the first to crystalise in both the cubic and 

octahedral zones, which is consistent with a process whereby nickel metal becomes 

supersaturated with carbon rather than the break-down o f a carbide (Giardini and 

Tydings, 1962) or a diffusion-controlled process. Crystal structure can influence isotopic 

properties; if there is a change in density between polymorphs, the more closely packed, 

well ordered structure, will tend to be enriched in the heavy isotope (Hoefs, 1987). As 

there is no density difference between cubic and octahedral diamond and because 

fractionation factors at high temperatures will be small, there is no reason to expect a 

change in isotopic composition in going from one growth morphology to the other. The 

813C values acquired here do not contradict such assumptions, although the octahedral 

sector does exhibit slightly lower 13C abundance.

It has been known for some time that nitrogen is incorporated into the cubic and 

octahedral sectors of synthetic diamonds to different extents although no isotope 

measurements have been attempted previously. Strong and Chrenko (1971) suggested 

octahedral zones with up to 100 ppm nitrogen but other regions only 5-7 ppm. This 

change in concentration immediately implies that conditions were favourable for an 

isotope fractionation effect. The trends in 815N are, at face value, entirely consistent with 

an equilibrium process with the cubic and octahedral zones showing contrasting 

preferences for the heavy and light isotope respectively. If it is an equilibrium 

fractionation then it will be due to physical differences in the external 'template' of the 

growing sectors. A working hypothesis is that nitrogen or nitrogen-bearing complexes 

arriving at the octahedral growth area are readily accepted and the nitrogen retains its 

initial isotope composition and the concentration within this sector is close to that in the 

medium. Due to the difference in the structure of the cubic sector's external template the 

nitrogen or nitrogen bearing complexes are not readily incorporated and only 50% or less 

of the nitrogen arriving enters the diamond structure. Because of this selectivity the 

greater strength of the 15N-C bond results in the the cubic sector being enriched in 15N. 

As the cubic and octahedral templates are merely different views of the same lattice it is 

probable that differences in the spacing of the lattice carbon atoms exposed at each 

surface is involved. As this spacing will change, according to temperature and pressure,
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the partitioning observed could be highly variable. The extreme values of N concentration 

observed by Strong and Chrenko (1971), i.e. 100 ppm in the octahedral sectors against 

5-7 ppm in the cubic sectors suggests that even larger fractionations than those detailed 

here may exist

Not knowing the source of the nitrogen it was not possible to explore equilibrium 

fractionation more fully. If the starting nitrogen had a 815N close to atmospheric, say 0 to 

+2.5%o, which is probable, then only the cubic face shows any marked fractionation 

which is in accord with the model presented above. Any other starting composition leads 

to more complicated interpretations.

As an alternative to the above explanation of the 815N measurements, it is 

conceivable that if  a gettering process was used during manufacture of the stone, to 

remove unwanted nitrogen from the system, it could be implicated in some way. 

However this would require that the gettering be operative after the growth of the 

diamond so that enrichment in 15N could be achieved by preferential diffusion of light 

atoms. If the metal nitride survived the combustion process used to release nitrogen from 

the diamond, then differences in 815N between the cubic and octahedral growth sectors 

would be observed. Against such an interpretation are both the IR results which indicated 

that nitrogen was present as isolated atoms (i.e. had not aggregated) and the knowledge 

that at the temperature of synthesis nitrogen has a restricted mobility. Also Grady et al. 

(1986) have reported that osbomite (TiN) will combust to release nitrogen at ~1273K.

W hatever the precise reason, the result was surprising and is the largest 

fractionation yet encountered that can be attributed to crystal structure (Boyd et al., 

1988). As is often the case, the results of an experiment designed to help answer one 

question have raised a great many more. There is clearly scope for future work in this 

area and a few of the topics that could be studied are listed below. Most of these would 

require the co-operation of the industrial interests which control the production of 

synthetic diamonds. For obvious reasons many of the parameters involved in diamond 

synthesis are kept secret.
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1) Measurement of the isotopic fractionation between starting materials and product 

diamonds both when small diamonds are grown from graphite and when large diamonds 

are grown from smaller ones.

2) Partitioning of nitrogen as a function of temperature and nature of metal solvent.

3) The study of several diamonds from the same 'batch' to see whether the 

partitioning of nitrogen between sectors is the same for the different diamonds.

4) The study of other growth sectors including the {113} sector.

5) Laser-microprobe extraction of nitrogen from metal inclusions within different 

sectors.

6) A study initiated to see whether it was always the cubic sector that was depleted in 

nitrogen.

Whilst the result was interesting in its own right it is not known what relevance (if 

any) the study of synthetically produced diamonds has to the understanding of natural 

systems. In synthetic systems it is possible to 'push' carbon well into the diamond 

stability field i.e. there is insufficient time for equilibrium to be maintained during the 

rapid application of elevated temperatures and pressures. Indeed this lack of attainment of 

equilibrium can be used to control the shape of the final stone i.e. it is is possible to force 

carbon through the P/T region in which the octahedron is the equilibrium shape into the 

region in which the cube is the equilibrium shape. For most natural systems, equilibrium 

will be maintained at all times, octahedral habit diamond precipitating (during periods of 

saturation with respect to reduced C) close to edge of the diamond stability field. Indeed 

faceted {100} growth is very rare in nature. An obvious exception to this is the cubic 

habit diamond studied in chapters 3 and 4. This variety of diamond grows during periods 

of supersaturation with respect to reduced C (Kamiya and Lang 1965, Moore and Lang, 

1972) and the normal octahedral growth form is replaced by fibrous non-faceted cubic 

habit growth (c.f. the facted cubic habit growth of synthetic diamonds). As stated 

previously (chapters 3 and 4) the growth of this variety of diamond is probably related to 

a major inlux of volatiles from the asthenosphere into the lithosphere; a high 

concentration of mobile carbon is (rapidly?) introduced into the lithosphere, diamond
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precipitation being the result of a change in the oxygen fugacity (see Chapter 4). If 

nitrogen were being fractionated significantly during the growth of natural diamonds then 

it might be expected that nitrogen within the more common octahedral diamonds would 

have a different 815N value than that within the cubic habit diamond. The results detailed 

in this thesis indicate no such difference; Group Oi (see chapter 5) and cubic habit (type 

IaA) diamonds both having mean 815N values of ca. -5%o.
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Table A6.1 Jwaneng
JW-1 Ladder section (One half only)

Appendix 6 Data tables for chapter 4

Sample 6i3C 5 15n N(ppm) Type

JW1-Q-8J -5.2 -5.5 790 IaA
JW1-Q-8I -5.3 -5.3 910 *
JW1-Q-8H -5.3 -5.9 940 *
JW1-Q-8G -5.6 -6.5 970 IaA+'i'
JWl-Ct-8F -6.1 -5.1 1100 IaA
JW1-Q-8E -6.0 -5.2 1210 IaA
JWl-Ct/Cr-8E -2.5 730 IaA/IaAB+P
JWl-Cr-8C -19.5 +10.2 410 IaAB+P
JWl-Cr-8B -21.1 +12.0 500 IaAB+P
JWl-Cr-8A -20.5 +11.4 330 IaAB+P

JW-2 and JW3 Coated boarts

Sample Ô13C 5 15n N(ppm) Type

JW2-Q -5.0 -6.1 630 nm
JW2-Cr -6.1 + 11.9 50 nm
JW3-Q -5.0 -3.3 800 IaA
JW3-Cr -5.9 +5.6 50 nm

Table A62  Sierra Leone
SL2 Ladder section

Sample 813C 6 15n N(ppm) Type

SL2-Q-A -5.1 -4.5 1370 IaA+'i'
SL2-Cr-B -3.2 +3.9 830 IaA+P
SL2-Cr-C -2.0 +7.7 1010 IaA+P
SL2-Cr-D -2.1 +6.1 1540 IaA+P
SL2-Cr-E -2.2 +5.7 1560 IaA+P
SL2-Cr-F -3.0 +6.7 1050 IaA+P
SL2-Cr-G -3.0 +4.4 1830 IaA+P
SL2-Cr-H -2.5 +5.6 1130 IaA+P
SL2-Cr-I -1.9 +5.9 1550 IaA+P
SL2-Cr-J -2.4 +6.5 920 IaA+P
SL2-Cr-K -2.9 +3.3 750 IaA+P
SL2-Q-L -5.8 -4.4 1140 IaA+’i'
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SL5 Ladder section

Sample 5i3C 5 15n N(ppm) Type

SL5-Ct -7.0 -4.9 1230 IaA+'i'
SL5-Q-A -7.4 -5.2 1230 IaA+'i'
SL5-Cr-B -5.8 -1.1 1140 IaA+P
SL5-Cr-C -4.9 +1.1 940 IaA+P
SL5-Cr-D -4.7 +1.1 980 IaA+P
SL5-Cr-E -4.9 +0.3 800 IaA+P
SL5-Cr-F -3.3 +0.3 860 IaA+P

SL8 Ladder section

Sample 5!3C 5 15n N(ppm) Type

SL8-Q-A -5.1 -4.6 1000 IaA+'i'
SL8-G-B -4.6 -3.3 940 IaA+P
SL8-Cr-C -5.4 -2.0 840 IaA+P
SL8-Cr-D -5.3 -2.3 940 IaA+P
SL8-Cr-E -5.0 -2.8 820 IaA+P
SL8-Cr-F -5.0 -2.2 810 IaA+P
SL8-Cr-G -5.2 -1.4 770 IaA+P
SL8-Cr-H -4.8 -2.3 900 IaA+P
SL8-G-I -5.8 -3.1 870 IaA+P
SL8-Q-J -5.4 -4.8 1100 IaA+'i’

Table A6.3 Angola

AN-1 Ladder section of a zoned cube (One half only)

Sample 5i3C 515N N(ppm) Type

Ct -6.6 -4.3 1020 IaA+'i'
AN1-Cr-0H -6.3 -1.9 1570 ♦
AN1-Cr-0G -6.1 -1.6 1530 *
AN1-G-6F -6.2 -2.0 1400 *
AN-1-G-6E -6.2 -1.5 1700 *
AN-1-Cr-6D -6.2 -1.6 1550 *
AN-1-Cr-6C -6.2 -1.4 1300 *

AN1-Cr-Av -6.2 -1.7 1510

* samples were opaque
ANl-Cr-AV is the mean core composition
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AN2 Coated Octahedral

Sample 8 13C 8 15n N(ppm) Type

AN2-Q -6.9 -1.7 1180 IaA+'i’
AN2-Cr-1 -6.8 -2.2 1260 IaA+'i'
AN2-Q-1 -8.1 +2.7 800 IaA+P

AN3 and AN4 Coated boarts

Sample 5 13C 8 15n N(ppm) Type

AN3-Q -7.2 -5.2 1100 IaA
AN3-Cr-1 -10.5 -1.1 880 nm
AN3-Cr-2 -17.9 nm 0 nm
AN4-Q -6.63 -1.7 710 nm
AN4-Cr -14.3 -1.3 150 nm

AN3 was composite consisting of a rounded boart (AN3-Cr-2)overgrown by a layer of 
white diamond (AN3-Cr-1) which in turn had a thin coat (AN3-Ct) of yellow diamond.

Table A6.4 Siberia (Udachnaya)

UDl Ladder section

Sample 813c 8 15n N(ppm) Type

UDl-Ct -6.7 -4.1 820 IaA+'i'
UD1-Ct/Cr-0A -6.9 -0.2 850 IaA+P
UD1-Cr-0B -6.8 +1.7 590 IaA+P
UD1-Cr-0C -6.9 +0.4 770 IaA+P
UD1-Cr-0D -6.6 -0.7 870 IaA+P
UD1-Cr-0E -6.4 -2.6 890 IaA+P
UD1-Cr-0F -6.6 -2.2 880 IaA+P
UD1-Cr-0G -6.5 -1.0 840 IaA+P
UD1-Cr-0H -6.8 -0.9 820 IaA+P

UD2 Ladder section (one half only)

Sample 8 13C 8 15n N(ppm) Type

UD2-Ct -6.4 -1.8 920 IaA+'i'
UD2-Ct/Cr-2J -6.5 +0.4 690 IaA+'i'+P
UD2-Cr-2I -6.0 -0.3 590 IaA+P
UD2-Cr-2H -5.9 +0.8 610 IaA+P
UD2-Cr-2G -6.1 -0.4 580 IaA+P
UD2-Cr-2F -6.1 +0.9 650 IaA+P
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UD3 Fractured coated stone

Sample 5i3C S15N N(ppm) Type

U3-Ct -7.1 -3.3 980 IaA+'i'
U3-Cr -7.0 +0.4 900 IaA+P

Table A6.5 Australian cube (Northern Territory)

Sample 8 13C 815n N(ppm) Type

CAL 039 -4.1 -8.7 330 IaA+'i'
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Appendix 7: Data tables for chapter 5

Finsch

Sample S13C 8 15n [N] ppm

El -3.5 -7.4 340
E2 -3.0 -3.7 70
E4 -3.4 -3.4 400
E6 -4.1 -4.9 340
E7 -6.4 +5.9 80
E8 -4.7 -4.3 400
E10 -5.1 -6.4 470
E ll -4.0 -2.7 260
E12 -3.3 -10.8 400
D ll -6.2 +4.6 560

t t -6.0 +2.4 70
F#6 -5.3 -4.6 380

i t -4.5 -5.1 430
-4.6 -2.8 450

Ladder Fin#7

Sample 8 i3C 8 15n [N] ppm

1 -5.3 -10.5 380
2 -5.3 -8.5 580
3 -5.1 -1.7 140
4 -5.3 -2.0 410
5 -5.3 -1.1 384
6 -5.2 -5.1 266
7 -5.2 -8.6 470

Finsch: (carbon only)

Sample 8i3C Sample 8 i3C

D1 -3.6 D8 -2.7
it -5.6 i t -3.7

D3 -2.9 D9 -4.3
i t -3.8 n

- 4 . 4

D4 -4.8 FG2 -5.2
it -4.6 FG3 -4.6

D6 -6.0 FG4 -3.4
ti -6.0 FG5 -3.8

D7 -5.3 FG6 -5.2
-5.2 i t -5.7

199



Premier

Sample 5 13C 6 15n [N] ppm

Pol -5.1 -1.3 260
t t -5.3 -2.3 250

Po2 -3.6 -5.5 —

Po3 -2.9 - 1 . 0 5
Pdl -5.2 -6.3 140
P#1 -4.9 -12.3 460

t t -5.0 -11.7 440
t t -4.8 -10.7 350

Jagersfontein

Sample 5i3C 8 15n [N] ppm

G1 -18.2 +5.6 700
G2 -17.2 +4.0 600
G3 -17.0 +3.0 560
G4 -19.4 +2.9 620
G5 -18.0 +2.5 900
G6 -16.6 +3.8 720
J1 -19.1 -6.0 8
J2 -16.8 -3.0 30
J5 -4.S -2.7 520

Williamson

Sample 513C 6 15n [N] ppm

W1 -3.4 -7.7 140
W2 -3.3 — 3
W3 -4.6 -1.6 410
W7 -4.7 +1.3 20
W8 -4.7 -3.3 640
W10 -4.4 +0.5 130

Arkansas (See also Table 2.8)

Sample 5 13C 5 15n [N] ppm Type

AK1 -5.7 +5.8 660 IaAB+P
t t

— +8.0 600
AK2 -17.0 +5.2 1570 IaAB+P

" — +5.5 1630
AK3 -5.6 -1.4 630 IaAB+P

t t
— -2.1 800

AK4 -5.5 +3.1 450 IaA+P
tt

— +2.6 360
AK5 -11.3 +16.4 470 IaAB+P

t t 16.6 644
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Western Australia

Sample 8 13C 5 15n N(ppm) Type

WA1 -11.0 +5.7 60
WA2 — +0.5 920
WA6 — -7.5 309
WA3 -7.1 +4.0 260
WA8 -9.7 +4.1 70
WA12 -10.0 +7.4 460
WA17 — +0.9 470
A4 -10.5 +2.1 16
A8 -11.0 -0.8 140 IaB

it -11.4 +1.8 110 IaB
A15 -9.5 +5.2 560 IaB+P

it -9.8 +5.1 480 IaB+P
A16 -12.8 +5.7 1980 IaB+P

t i -12.0 +9.0 410 IaB
i t -12.1 +9.4 700 IaB
i t

— +7.5 500 IaB
A18 -14.5 + 12.1 175 IaB

t i -13.4 -1.8 130 —

it -12.8 -0.2 210 IaA
A20 -10.8 +8.4 60 IaB

t t -10.6 +7.3 30 IaB
A24 -12.0 +8.0 200 IaB

t t -10.3 -1.9 35 —

” -12.2 +8.0 130 —

6171 -11.5 +7.1 50 —

6172 -11.1 +0.5 20 —

Western Australia: (carbon only)

Sample 813c Sample 513C

WA1 - l i . i WA16 -7.4
WA2 -13.5 WA17 -19.7
WA3 -7.1 WA18 -11.7
WA4 -11.5 WA19 -13.3
WA5 -11.4 WA20 -12.0
WA6 -11.6 WA21 -11.6
WA7 -10.8 WA22 -10.2
WA8 -9.6 WA23 -9.5
WA9 -7.0 WA24 -12.4
WA10 -12.9 WA25 -12.4
WA11 -15.3 WA26 -8.3
WA12 -10.5 6169 -12.0
WA13 -15.6 6170 -11.2
WA14 -14.1 WAP1 -12.2
WA15 -7.4 WAP2 -11.8
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Habit and Colour of samples listed in Appendix 7

Finsch
E1-E12 Brown to dark brown rounded dodecahedra and irregular forms 

2 to 3 mg
D 1 -D11 Green rounded dodecahedra and irregular forms 2 to 3 mg
Fin#7
F#6

Light brown irregular form about 1 carat (200 mg) 
Colourless rounded dodecaheron about 5 carats (1 g)

Premier
Pol-Po3
Pdl

Pink/brown and white octahedara about 1 mg 
Pink/brown rounded dodecahedra about 1.5 mg

P#1 Light yellow m ade about 3 carats (600 mg)

Jagersfontein
G 1-G6 Irregular grey about 2 to 3 mg
J1/J2
J5

Pink/amber dodecahera about 2 mg 
White irregular form abou 3mg

Williamson
W1-W10 White fragments, original habit unknown

Arkansas
AK1
AK3-AK5

Colourless irregular about 5 mg
i t  i t  i t  i i

AK2 Green rounded dodecahadera about 5 mg

Western Australia
WA1-W26 White irregular and resorbed octahedra 5-10 mg
A4-A24
6169-

6172
W A PI.n

Fragments from an inclusion study mostly white irregular

'Champagne' coloured fragments 
Pink fragments
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