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Abstract. 

During the course of this research an instrument utilising combustion as a means 

of gas extraction capable of N, e, Ar and He analysis has been developed and the entire 

analytical procedure has been automated. 

N and e isotopic analysis has been performed on eclogitic and peridotitic 

diamonds (mainly from Yakutian kimberlites and the Roberts Victor kimberlite pipe). 

Diamonds with unusual (light and heavy relative to the peak of ol3e distribution of mantle 

diamonds) carbon isotopic signatures were considered for the research so that diamonds 

in the range of ol3e from -30%0 to +2.8%0 were characterised for olsN. The results 

together with data obtained previously by the others define fields for eclogitic and 

peridotitic diamonds on a plot of Ol5N vs. ol3e. The model of mantle nitrogen and carbon 

evolution is discussed. 

A comprehensive comparison between carbonado and other known forms of 

microcrystalline diamond (framesites and shock diamonds) has been made for a number 

of parameters: N and e isotopic composition and N content; 4He content; morphology of 

the inner structure of diamond aggregates. It can be concluded that carbonado is generally 

similar to frame sites and all facts known about carbonado can be explained on the 

grounds of common mantle origin involving subducted carbon and nitrogen. Since 

extremely high 4He concentrations are encountered in carbonado this parameter is 

considered to be the most singular feature of this diamond variety and the radial 

distribution of 4He in single diamond crystals has been studied. A 4He content comparable 

with that in carbonado was found in the 30 J.lm skin of diamond crystals (up to 1.4x 10-2
) 

suggesting that carbonado could acquire high 4He concentration in the same geological 

processes as single diamond crystals and making carbonado indistinguishable from 

mantle diamonds in terms of He content. An additional result of the investigation is that 

the maximum of 4He diffusion coefficient for diamond at mantle P,T conditions can be 



estimated (=4xlO-2I
) from the 4He zoning identified in the interior of a diamond crystal 

from the Finsch kimberlite. 

A number of diamonds of impact origin from Popigai crater and Ebeliakh river 

placer deposits were studied for N, C and Ar isotopic compositions. It was concluded that 

diamonds from these two localities have resulted from separate impact events and that 

diamond aggregates studied are most probably consist of a mixture of different Ar and N 

carriers (e.g. two types of diamond grains). 
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Chapter 1. Introduction. 

1.1. General. 

Understanding of the processes of Earth's formation and its evolution is one of 

the main goals of geochemistry. Mid oceanic ridge (MOR) basalts are accessible, 

providing us with information about modem mantle and hence about its current stage of 

evolution; crustal rocks of different ages and mantle rocks brought to the surface at 

different geological times can in theory provide us with information about the evolution of 

the crust and of the mantle. However, most of the geochemical signatures of the minerals 

can have been modified due to secondary processes during their residence in the crust, 

and therefore original geochemical and isotopic signatures of rocks and minerals of 

considerable age are not normally well preserved. It is generally accepted that most 

diamonds are xenocrysts in kimberlites and lamproites, having merely been transported 

by kimberlitic melts to the Earth's crust. Hence they may contain isotopic and 

geochemical signatures acquired during their growth in the mantle, because they have the 

ability to preserve these signatures due to high resistance to secondary processes. It is 

also accepted that diamonds were formed in the mantle, and some of them may be as old 

as 3.3 Ga (Richardson, 1993), as revealed from the studies of radiogenic isotope 

systematics in diamond inclusions; estimations of diamond ages based on noble gas 

studies have been taken to suggest that some diamonds are almost as old as the Earth 

(Ozima and Zashu, 1983). Hence, studying of diamond is one of the few direct methods 

(possibly the only one) providing information about the ancient mantle. 

Whereas C isotopes have already been studied in different types of diamond and a 

significant number of data have been acquired for diamonds from kimberlitic rocks, only 

preliminary attempts have been made to understand N isotopic variations in diamonds 

although N is known to be a major impurity in terrestrial diamonds. The fIrst systematic 

study of both N and C isotopic composition in diamonds has been made by Boyd, 1988; 
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diamonds from various localities and of different morphologies (octahedra, fibrous and 

coated diamonds) were analysed. The second study (Van Heerden, 1994) made an 

attempt to investigate N isotopic composition in diamonds in relation to eclogitic and 

peridotitic inclusion classification. No systematical study of polycrystalline diamonds 

(frame sites, carbonado and diamonds formed in the shock processes) have yet been 

carried out. Knowledge about Nand C isotopic variations in these diamonds may provide 

additional information helping us to understand the reasons for the existing of large 

isotopic variations of C and N observed in previous works. 

Diamonds can often be found in placer deposits because kimberlitic rocks are 

eventually decomposed by secondary processes, whereas diamond, being a resistant 

phase, survives to be re-deposited in alluvia. However, some polycrystalline diamonds 

from placers, often referred as carbonado, have exhibited some properties which were not 

usual for diamonds from kimberlitic rocks, leading to controversy about the process of 

their formation. The controversy is generally based on the occasional observations made 

by several scientists on few samples but nevertheless some of these observations were 

considered completely unexplainable from the traditional stand point involving the mantle 

origin of diamonds. However, none of the researches on carbonado had included 

complementary studies involving different methods applied to the same samples, and only 

few of them had tried to compare carbonado with other types of polycrystalline diamond 

of known origin. Such specimens include framesites and the shock-formed diamonds 

which were recently discovered in impact craters, adding even more uncertainty to the 

understanding of the nature of polycrystalline diamonds from placers, since impact rocks 

bearing diamonds can be also decomposed, leading to the re-deposition of the diamonds. 

It is worth noting that the most unusual features of carbonado are the high concentrations 

of radiogenic noble gases such as 4He produced by U-Th fission (Ozima et al., 1991), 

and the light isotopic composition of the carbon (Vinogradov et. al., 1966; Galimov et. al. 

1985; Ozima et. at., 1991, Kaminsky, 1991). The understanding of the nature of these 

features is closely related to more fundamental questions of diamond geochemistry than to 

the origin of one diamond variety. Knowledge of the possible extent of 4He implantation 
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in diamonds during their residence in the crust is essential to the estimation of the original 

isotopic composition of He trapped in diamonds, while the carbon isotopic composition 

of carbonado may indicate the existence of a phase depleted in I3C isotope that was 

involved in the mantle processes, if carbonado could be proved to be of mantle origin. 

Therefore, if any conclusions could be reached on the subject, they may have effect on the 

understanding of C, N and noble gas systematics of diamond in general. 

1.2. Short review on diamond properties. 

Diamond is a fcc crystal, space-group Fd3m and thus has a centre of symmetry, 

which is important because defects which destroy the local centero-symmetry, can be 

analysed by a number of techniques and their development is ptf dependant, so that 

mantle history can be postulated. Other structural varieties of carbon are amorphous 

carbon, a- and ~- graphite (layered hexagonal structure), lonsdaleite (hexagonal wurtzite 

structure), chaoite (Goresy and Donnay, 1968) recently the carbon allotrope C60 was 

discovered (Kroto et al., 1985) and a number of other kinds of carbon has been 

postulated; some of them can coexist with diamond, and are of interest in this context. 

Sixty eight elements have been found in diamond (Sellschop, 1979) and it is these 

impurities which provide much of the knowledge regarding processes of diamond 

formation now available. However, most effort has been concentrated on N, H and noble 

gas impurities. 

What is more important is that isotopic variations have been found within and 

between diamonds, and as analytical techniques became more sensitive, the detailed 

distribution of such variations can be analysed in relation to geological provenance. 

Diamond is exceptionally hard (diamond much harder than any other natural 

mineral) and chemically stable (except to oxygen at temperatures greater than :::::600°C) 

making it resistant to secondary alteration, the low diffusion rates of nitrogen and noble 

gases in diamonds means they are likely to retain their mantle record for Ga time scales 

and may therefore act as a "bottle" for storing and transporting gases to the Earth's 

surface. This, together with the great antiquity (>3 Ga) of some diamonds makes them a 
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mineral of considerable importance for understanding the geochemistry of the early mantle 

of the Earth. 

Among chemical properties of diamond the oxidation in the vacuum at temperature 

above =600°C is the most important for our study, since this allows us to extract gases 

trapped in diamond structure at relatively low temperatures and simultaneously analyse 

chemical and isotopic composition of noble gases, nitrogen and C02. 

1000 

Metal ? - 800 '""' ~ - Liquid ..c 
~ -- -
e 
=' ? '" '" e 600 

Q.. 

400 
............ 

Diamond 
Liquid 

200 

1000 2000 3000 4000 

Figure 1.1. Carbon P-T phase diagram (Bundy, 1980) 

Diamond-graphite thermodynamic system was originally studied by Berman and 

Simone 1955), who calculated the PT equilibrium curve. Then it was developed by Bundy 
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(1980) for C transformation in wide range of PT conditions(fig 1.1). Petrologic studies of 

mineral inclusions in natural diamond and diamond-bearing xenolithic rocks (Meyer, 

1968; Sobolev, 1974; Sobolev et ai, 1986; Tsai et aI., 1979; Gurney et aI., 1979; 

Vaganov and Sokolov, 1988) confIrmed ultra-high pressure and temperature conditions 

involved in diamond formation. 

Although formation of diamonds in equilibrium conditions was well understood, 

physicists kept searching for metastable conditions leading to the diamond formation. As 

a result two general processes were discovered to be able to generate diamonds: shock 

and chemical vapour deposition (CVD) processes(table 1.1 ). Whereas natural examples 

of shock synthesised diamonds were discovered in meteorite impact structures, diamonds 

formed in CVD processes have not so far been recognised in nature unambiguously. 

However, CVD processes were proposed to explain several unusual diamond occurrences 

such as diamonds in ureilites, the Kokchetav metamorphic complex and Ries crater 

diamonds(Hough et ai., 1995). 

Table 1.1. Methods used to synthesise diamond at low pressures and low temperatures 
(from Bachman, 1994). 

ThermalCVD Microwave Plasma CVD 

thermal decomposition 915 MHz plasma 
chemical transport reaction (CfR) 9.45 GHz low pressure plasma 
hot fIlament technique 2.45 GHz thennal plasma torch 
oxy-acetylene torch 2.45 GHz magnetised (ECR) plasma 
halogen-assisted CVD 8.2 GHz plasma 

DC Plasma CVD Other (Non-CVD) Methods 

low pressure DC plasma C-implantation with laser treatment 
medium pressure DC plasma laser-conversion of amorphous carbon 
hollow cathode discharge 
DC arc plasmas and plasma jets 

Radiofrequency Plasma CVD 

low pressure RF glow discharge 
thermal RF plasma CVD 
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1.3. Nitrogen impurity in diamonds. 

At the beginning of the twentieth century most of the diamonds were discovered to 

have certain optical absorption features which were absent in the other rarer species (see 

Woods, 1994). The diamonds with those features were classified as type I and others as 

type II (Robertson et aI., 1934). Later it was realised that the type I diamonds are the ones 

which contain nitrogen whereas type II diamonds contain only a few ppm. 

Type IaA diamond 

Platelet msotption 
Type laAB diamond 

willt platelets '" 

IS00 

7 

Type laB diamond 
willt plalelets 

1300 1100 900 

wavenumber (em .1) 

8 9 10 11 
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Figure 1.2 Infrared spectra of type Ia diamonds (After Davies, 1984) 
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Further spectroscopic investigation proved that nitrogen in the majority of natural 

type I diamonds is partially aggregated and these diamonds subsequently were referred to 

type la. On the contrary diamonds, where nitrogen is found as single substitutional 

atoms, known as Ib; Ib type is normal for synthetic diamonds but exceptionally rare for 

natural ones. Type la in its tum was subdivided accordingly to the major two types of 

aggregates (A and B) into laA and laB. They could be easily recognised by IR spectra 

(fig. 1.2.). Both these defects could be often present together in diamonds. It has been 

found that the A centre has trigonal symmetry, and this and other considerations suggest 

the structure to be a pair of adjacent N atoms. According to the evidence from EPR 

studies (see for reference Woods, 1994), the B centre consist of four substitutianal N 

atoms tetrahedrally sited about a vacancy. Although the A and B aggregates contain the 

bulk of the nitrogen in natural diamonds, other aggregates of less importance occur in the 

diamond structure, such as N3 centre, voidites etc. Platelets are another type of defect in 

diamonds, for which the relation to nitrogen is still not understood, however, their 

formation has been found to be related to the presence of nitrogen and the process on its 

aggregation from A centres to B centres. 

Laboratory experiments in which diamonds are treated at high temperatures, under 

high pressure to prevent conversion to graphite, have thrown light on the 

interrelationships between the various states of nitrogen in diamond and the sequence of 

its aggregation in nature. Heating type Ib diamonds (with single N atoms) with 

concentrations between 1019 and 1020 cm-3(560-5600 ppm) at temperatures 1700°C -

1900°C, under stabilising pressure in the range 5.5-6.5 GPa, brings about substantial 

aggregation to form N pairs (A centres) (Chrenko et al.,1977; Taylor et ai., 1995). 

Conversely, heating natural type laAIB specimens containing predominantly A centres for 

30 min at 1850°C, produces no changes, however at 1960°C, 2040°C and 2240°C 

produces some disaggregation (see Woods, 1994). These results imply that nitrogen 

atoms, taken up by the growing diamond in the form of single N defect at supersaturated 

concentrations, undergo the reaction 

N+N<=>A centre 
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with the forward reaction strongly dominant. Typical experimental results are: a 

composite heat treatment of a type laA natural diamond comprising 3 hr at 2500°C, 1 hr at 

2600°C and 30 min at 2700°C resulted in conversion to B centres such that the final B: A 

concentration ratio reached around 3: 1 (e.g. Evans and Qi, 1982). 

The observed dependence of the aggregation process on HPIHT conditions has 

been successfully applied to the interpretation of the geological history of natural 

diamonds(Taylor and Milledge, 1995; Taylor et at., 1995). It has confirmed long 

residence times for the majority of diamonds in the mantle, since they are usually contain 

nitrogen in an aggregated form. 

1.4. Morphological varieties of terrestrial diamonds (after 

Orlov, 1973 and Vladimirov et al., 1989). 

It is accepted that the most comprehensive classification of the terrestrial diamonds 

was originated by Orlov in 1973. The classification is based on the differences in the 

primary growth forms of the diamond crystals, since growth of diamond under different 

conditions of crystallisation provides variable morphology. Secondary morphological 

features resulting from processes subsequent to diamond crystallisation are disregarded in 

this classification. 

Single diamond crystals. 

Variety I. Octahedral {111} shapes (fig. 1.3) are the most abundant among 

monocrystals of diamond. Octahedral crystals occur both with mirror-smooth, even faces 

and sharp edges, and with stepped development of the { Ill} planes. 

Variety II. The growth form of this variety is cube {lOG} (fig. 1.3). Plane-faced 

crystals of this variety are found only as cubic polyhedra. These include crystals with 

even faces, and also with concave, negative faces, as on skeletal forms. 
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Octahedron Cube 
Combination of 
octahedron, cube and 
rombic dodecahedron 

Figure 1.3. Major original habits of diamond 

Variety III. This variety consist of cubic diamonds characterised by features of 

fibrous growth. They could be either semitransparent and colourless or greyish or almost 

black and non transparent. They can appear in the parallel aggregates and spinel twines. 

Variety IV. This group consist of octahedra, cubes and combinations of 

octahedron-cube-rhombic dodecahedron shapes. The diamonds of the group have a "coat" 

and consequently called "coated stones". The cores of these crystals are octahedrons of 

variety I, which covered by a fibrous coat of yellowish or greenish colour, sometimes 

dull due microscopic inclusions. Microscopic inclusions are most abundant on the core-

coat boundary. 

Variety V. Octahedra with syngenetic graphite inclusions. Diamonds of this 

variety are dark or even black due to high graphite impurity in the outer part of the 

crystals. Cores are commonly transparent and colourless. 

Variety VI. Spherocrystals which are shaped as spheroid, octahedra, dodecahedra 

or cuboid. These crystals were formed by fibrous growth from single centres similar to 

the growth of spherolites, but fibres develop parallel to the direction of growing forming 

monocrystals. 

Polycrystalline aggregates of diamond. 

Variety VIICballas) The term ball as describes diamond spherolites of radial fibrous 

structure. They are usually perfectly spherical but drop- and pear-shaped specimens are 
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also known. Ballas may be colourless, greyish or black. The dark colour is due to 

microscopic black impurities, possibly graphite, common for outer part of spherolites. 

Variety VIIICboart). Characteristic of this variety are aggregates of large number of 

small euhedral crystals, more or less uniform in size. The aggregates are oval or globular 

in shape, while individual crystallites show octahedral habit, often with stepped 

development of faces. 

Variety IXCboart). This variety of distinctly granular diamond aggregates has the 

appearance of irregular lumps. The individual grains are easily distinguishable but show 

not regular crystal form. The aggregates are opaque, dark-grey or black. Boart of 

irregular shape coloured from grey to black, formed by diamond grains of 

crystallographic shapes. The aggregates could be unequally grained. 

Variety X, Carbonado (see chapter 1.6.1 for details). 

Variety XI. Yakutite (impact diamonds, see chapter 1.6.2 for details). 

The classification was originally developed for diamonds occurred mainly on the 

territory of former Soviet Union, therefore polycrystalline aggregates such as framesites 

and stewartites (see chapter 1.6.3 for details) were not taken into account due lack of the 

samples from South Africa. However, it seems that they could be related to the variety IX 

of diamonds in general. 

1.5. Diamonds in relation to kimberlites. 

Most of the diamonds found on Earth, without doubt, originate in kimberlites or 

lamproites, or are related to them in some way, e.g. most of the diamonds extracted from 

placers are originally brought to the surface by kimberlites. Therefore much research has 

been concentrated on kimberlitic diamonds and associated rocks, which are a valuable 

source of knowledge about mantle geochemistry and petrology. There follows a short 

review of available literature on the subject. 
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1.5.1. Kimberlites (fig.1.4). 

Kimberlites were the first rocks in which diamonds were found and still remain 

the main target (together with lamproites) of diamond exploration. Therefore we need to 

consider this particular rock to evaluate the connection between diamonds and the 

diamond bearing assemblage. 

TUff CRATER 
IIING LAI«( 

=SHAlIS 

eroSion I_I 

!OO m 

soo .. 

SCALES 

Figure 1.4. Generalised model of kimberlite diatreme and its sub-diatreme dykes 
(Dawson, 1980). 

The tenn "kimberlite" appeared when Henry Carvill Lewis described the diamond 

bearing rock from Kimberley (South Africa) as a porphyritic mica-bearing peridotite and 

recognised that it was a type of volcanic breccia (Lewis, 1887), and the rock was named 
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kimberlite after geographical locality. Since then, a lot of effort has been made by 

petrologists to understand the complex nature of this alkali ultramafic rock and to arrive at 

a comprehensive definition of it. Mitchell (1979) defines kimberlites as follows: 

Irregular alkalic peridotites containing rounded and corroded megacrysts 

of olivine, phlogopite, magnesian ilmenite and pyrope set in a fine­

grained groundmass of second generation euhedral olivine and 

phlogopite, together with primary and secondary (after olivine) 

serpentine, perovskite, carbonate (calcite and/or dolomite) and spinels. 

The spinels range in composition from titaniferous magnesian chromite to 

magnesian ulvospinel-magnetite. Accessory minerals include diopside, 

monticellite, apatite, rutile and nickeliferous sulphides. Some kimberlites 

may contain major modal amounts of diopside or monticellite. 

Other approaches to define kimberlites have also been advocated by Skinner and 

Clement(1979) and by Clement et al.(1984). 

From the outset it became clear that classification of kimberlites is necessary 

owning to complication of mineral compositions and variations from one kimberlite body 

to another. Lewis (1887,1888) originally noted that some of the kimberlites are enriched 

in mica. Following this fact Wagner (1914) divided kimberlites into basaltic (less than 5% 

of mica) and lamprophyric (more than 50% of mica phenocrysts in groundmass) types. 

More recent investigations of Sr, Nd, Pb isotopic systems confirmed geochemical 

significance of this classification. On the basis of Sr, Nd and Pb isotopic data Smith 

(1983) suggested dividing kimberlites into two groups (fig. 1.5, 1.6), essentially 

consistent with previously established petrographical varieties. Group I kimberlites 

possess isotopic characteristics similar to those of many ocean island basalts (Om) and 

are believed by some geologists to have been derived from sources in the asthenosphere. 

Group II kimberlites have higher abundances of potassium and are characterised by time­

averaged enrichment of light rare earth elements and elevated Rb/Sr ratios. They are 

thought to be produced by partial melting within the sub-continental lithosphere. Groups I 

and II correspond to basaltic and lamprophyric types respectively. Because it was 
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considered inappropriate and misleading to use terms such as basaltic kimberlite (Mitchell 

1970, Skinner and Clement 1979) it is better for classification purpose to divide 

kimberlites into Groups I and II without petrographical specification in the names. 
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Figure 1.5. Initial 87Sr/86Sr(a) and initial 207PbP04Pb(a) ratios plotted against initial 
206PbP04Pb for Group I and II kimberlites (Smith, 1983). 
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Figure 1.6. Group I and II kimberlites together with mid-oceanic ridge basalts, oceanic 
iland basalts and diopsides from peridotite xenoliths (Smith, 1983), 

1.5.2. Xenoliths (after Dawson, 1980). 

Kimberlite intrusions contain fragments of a wide variety of rock types. Minerals 

derived from their disintegration are incorporated into the host kimberlite, thereby 

resulting in an extremely complex and hybrid mineralogy. Some types of xenoliths could 

often contain diamonds. 

Xenoliths from five different sources may be recognised: 

1. Fragments of the immediate wall-rock of the intrusion, 

2. Fragments derived from earlier formations , existing at the time of kimberlite 

emplacement, but subsequently removed by erosion. 

3. Blocks from buried formations. 

4. Granulites derived from deep seated metamorphic terrains. 

5, Xenoliths of rock-types believed to derive from the Earth's upper mantle. 
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The last type of xenoliths possesses the high density and specific mineralogy which 

indicate the high pressure and temperature conditions of formation normally associated 

with the mantle or the deepest parts of the crust. In their tum they could be divided into 

several petrological groups: 

A. The peridotite-pyroxenite suite. 

B. The eclogite-grospydites suite. 

C. Metosomatised peridotites, rich in amphibole andlor mica. 

D. Glimmerites and the MARID-suite of rocks. 

E. Miscellaneous xenoliths. 

01 

wehrlite Peridotites 

lherzolite 

olivine websterite Pyroxenites 

we stente clinopyroxenite 

Opx orthopyroxenite Cpx 

Figure 1.7. Classification of ultromafic rocks according to International 
Geological Union. 

Representatives of A-E groups vary in volume in different kimberlite bodies. 

Usually they comprise no more than 2% of the bulk rock (Davidson 1967. The 

kimberlites of USSR), but in a few exceptional cases such as Matsoku and Lesotho the 

xenoliths form 20-30% of the rock (Dawson, 1968). In general, xenoliths of peridotites 

are predominant, though occasionally pyroxenites are relatively common (Matsoku, 
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Lesotho); in Roberts Victor, Bobbejaan, Rietfonten (S.Africa), Orapa (Botswana), 

Zagadochnaia (Yakutia) eclogites comprises a high proportion. Groups A and B will be 

discussed further, as their paragenesises is generally known to be linked with diamonds. 

A. The peridotite-pyroxenite suite. 

The rocks of the peridotite-pyroxenite suite are lherzolites, harzburgites, dunites, 

websterites and pyroxenites. The nomenclature, based on the modal proportion of olivine, 

orthopyroxene and clinopyroxene according to the International Union of Geological 

Sciences suggested classification which is shown in the fig. 1.7. The pressure and 

temperature limits of formation of the rocks of peridotite-pyroxenite suite may be deduced 

from the stability fields of individual minerals or assemblages, these fields being based 

upon current experimental data (see Dawson, 1980). In the case of gamet lherzolites, 

these have been shown to have formed over a wide PT regime. Taken as a group, garnet 

lherzolites have formed at temperatures varying from approximately 900°C to almost 

140(YC and have apparently been derived from the depths of between 120 and 210 km. 

The rock series garnet lherzolite- garnet harzburgite-harzburgite-dunite has been 

linked together as being a sequential series: the garnet lherzolite is the most fertile and the 

dunite is the most barren in the sense that dunite is the end member after complete 

extraction of basaltic liquids from parental garnet lherzolite (O'Hara et al. 1975; Carswell 

et al. 1979). Whilst this model is essentially correct, there are other alternative 

explanations for the genesis of some of these rocks. For example Dawson et al. (1980) 

have shown that some garnet lherzolites may be derived by exsolution of small amounts 

of garnet and diopside from harzburgites; some garnet harzburgites are the result of pro­

graded metamorphism of orthopyroxene-olivine-chromite rock, and there are several 

instances of garnet-bearing rocks in which the garnet is seen replacing spinel. 

The more iron rich garnet websterites and garnet pyroxenites are believed to have 

originated by partial fusion of garnet lherzolites to form liquids relatively rich in iron; 

these liquids did not migrate far from the site of origin, and consolidated under essentially 
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the same pressure/temperature conditions as the rock from which they were 

derived(Gumey et al 1975). 

B. The eclogite-grospydite suite 

Nodules of eclogite are much rarer in kimberlites than those of peridotites with very 

few exceptions, however ecIogitic xenoliths bear diamonds more frequently. 

The term eclogite was first introduced by Hauy (1882) and applied to the 

metamorphic rock from the Fichtelgebirge, Bavaria, consisting of green omphacite and 

pink pyrope. In the early days of diamond mining in South Africa the term was 

introduced as the name of the rock composed of garnet-pyroxene nodules in kimberlite. 

Smulikowski (1972) and Coleman et al.,(1965) have shown that the garnets in the 

kimberlite eclogites are relatively rich in the pyrope molecule, and that clinopyroxene has 

a relatively high diopside/jadeite ratio; in addition Hanno (1970) has shown, on the basis 

of Fe-Mg partitioning between coexisting garnets and clinopyroxene, that kimberlite 

eclogites have equilibrated at high temperature. Grospydites are a special type of 

peraluminous eclogite. The principal difference between grospydite and kyanite eclogite is 

that garnet in the grospydite contains more than 50% of grossular molecule. 

The origin of eclogites in kimberlites remains a controversial topic In mantle 

geochemistry because of their great antiquity (e.g. Jacob and Jagoutz, 1991) and the 

vigorous debate about whether they represent either oceanic crust recycled by subduction 

or crystallised high pressure melt. The question is relevant to the interpretation of the 

isotopic composition of carbon in diamonds, since diamonds of the ecIogitic suite are 

characterised by wide variations of ol3C and hence could be related to the crustal material. 

Convincing evidence from oxygen isotope measurements (Garlick et.al. 1971), 

showing a range of 0180 values similar to those observed in ophiolites (Gregory and 

Taylor, 1981; McCulloch et al. 1981) gave rise to the models which suggests the origin of 

eclogites as subducted oceanic crust. Taking into account radiogenic isotope studies of 

eclogites from South Africa which gave evidence of late Archean age (Jacob and Jagoutz, 

1991; Jagoutz et al., 1984; Manton and Tatsumoto, 1971, Pearson et al. 1995), mantle 
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eclogites are very likely to represent the only accessible relicts of the Archean oceanic 

crust. Jacob et at. (1994) showed that the genetic model developed on the basis of South 

African eclogites is also applicable to mantle eclogites from Siberia. Some Udachnaya 

eclogites have trace element concentrations similar to mid-oceanic ridge basalts though 

many are more depleted in light rare earth elements (Jerde et al., 1993, Ireland et 

al.,1995). Ireland et al. (1995) attributed this feature to the extraction of 

tonalitic/trondhjemitic melt during subduction of oceanic crust. 

Petrogenetic models postulating a magmatic origin for eclogites as mantle melts or 

cumulates were popular early in the intensive study of eclogites from the kimberlites of 

South Africa (e.g. Hatton, 1978; MacGregor and Carter 1970). Sobolev et al.(1994) also 

argued quite recently for a mantle origin of eclogites, denying any connection with 

subduction for the majority of eclogites from Udachnaya: 

" .. the best evidence for their mantle origin is an absence of any firm evidence for a 

crustal origin" 

1.5.3. Diamonds. 

After the first discovery of diamonds in kimberlite (Lewis, 1887), it was believed 

that they had been formed in the rock itself and until recently kimberlite was considered to 

be the only primary source of diamonds. The association therefore suggested a 

phenocrystal relationship, and accordingly Harte et al. (1980), Mitchell and Crochet 

(1971) and Dawson( 1971) supposed diamonds to be one of the early crystallisation 

products of kimberlite within the upper mantle. Other versions of phenocrystal 

hypotheses maintain that diamond grew in an explosion chamber at high levels in the crust 

(Leontyev and Hadenskii, 1957, Trofimov 1971). The discovery of diamondiferous 

xenoliths of mantle rocks such as eclogites and peridotites made it obvious that some 

diamonds were formed in the mantle from a primary source other from kimberlites. The 

connection with mantle xenoliths was supported by different features e.g. similarity 

between composition of diamond inclusions and that of mantle xenoliths (see below); 

diamonds in kimberlites are usually resorbed which shows that they are unlikely to be in 
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equilibrium with other kimberlite crystallisation products; the age of diamonds is usually 

greater than the emplacement age of the corresponding kimberlite. Hence, current opinion 

on the subject claims the majority of diamonds to be xenocrysts in kimberlites, they are 

just passengers travelling using kimberlite as transport. 

Parage netic assemblages of diamond inclusions were originally studied by Meyer 

(1968 a,b) and by Sobolev et al. (1969). The researches were carried out generally on the 

basis of a comparison of syngenetic inclusions within diamonds and coexisting minerals 

in the diamondiferous xenoliths. Two major parageneses were recognised: peridotitic and 

eclogitic, - they correspond to two types of mantle xenoliths (both of which could be 

diamondiferous) often found by kimberlites. A summary of recognised paragenetic 

varieties, including subtypes of the peridotitic and eclogitic suites are shown in Bulanova 

et at., 1993. 

1.6. Polycrystalline varieties of diamonds. 

Polycrystalline diamonds have not been studied extensively as compared with 

single diamond crystals due to their unimportance for diamond exploration, and hence no 

systematic research was carried out to establish geochemical methods of distinguishing 

between the different varieties such as carbonado, yakutites and framesites. However, 

several investigations using different methods were made for each variety separately, 

suggesting some differences between them. 

1.6.1. Carbonado. 

Carbonado can be described as a polycrystalline aggregate of diamond with 

crystallites ranging from 10 Jlm to 95 Jlm (Fettke and Sturgis, 1933 and Kerr, 1948) and 

having a significant number of pores, often rounded, incorporated in these diamond 

aggregates (Trueb and de Wys, 1969; Trueb and Butterman, 1969). The largest 

carbonado was found in 1895 being of 3167 ct (Westman, 1982), which is slightly larger 

than the largest diamond ever found (Cullinan 3106 ct - itself fragment of a cleavage a 
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single diamond crystal), although the size of most carbonados varies from less than 1 ct to 

40 ct. It has been known as a polycrystalline fonn of diamond at least since the 1840's 

(Trueb and de Wys, 1971), when it was first discovered and mined as a placer mineral in 

Sincoro county in Brazil. Subsequently it has been found in the States of Bahia, Parana 

and Minas Gerais (Trueb and de Wys, 1969; Kaminsky, 1991) and at time mining of 

such diamonds accounted for 60-70% of all diamond production in Brazil (Sturzer, 1931) 

and up to 0.1 % of the world production of industrial diamonds (Trueb and de Wys, 

1969). It is also known from other areas particularly in Venezuela (Gran Sabana region) 

and from Ubangui region (Berberati, Carnot, Nola (West Ubangui) and Ouadda, N'Dele 

(East Ubangui» of the Central African Republic, where the name "carbon" (Trueb and de 

Wys, 1971) is more common. Finds of carbonado were also reported in Western 

Australia and Russia (Kaminsky et ai., 1978) but no special research was undertaken to 

confinn them as carbonado. Even though carbonado finds have been widely reported 

from the alluvial deposits, they have never been described in primary rocks so that their 

origin is uncertain. 

In the first studies Roth et. ai. (1926) and Gerlach (1924) postulated the presence 

of amorphous carbon or graphite as a colouring and binding agent between diamond 

crystallites but Brandenberg (1930) found no such evidence in X -ray diffraction 

diagrams. Certain differences have been detected between carbonados from Brazil and 

from Ubangui. Crystallites in Brazilian carbonado were found to be between 1 ~m and 4 

~m in diameter(total range 0.5-20 ~m) and appear to be either octahedra or anhedral 

(Trueb and de Wys, 1969). The samples from Ubangui have crystallites of size 5-10 ~m 

(ranging from 2 to 100-250 ~m, although the latter are rare), and octahedral and cubic 

morphology of the crystallites was observed (Trueb and de Wys, 1971). The density of 

carbonado from Brazil, on account of variable number of pore space, is 3.326-3.434g/cc 

(Trueb, de Wys, 1969) but 3.176-3.301g/cc in Ubangui specimens (Trueb, de Wys, 

1971) (the density of pure diamond is 3.511glcc). The composition of mineral inclusions 

in carbonados (table. 1.2.) was found to be quite different as compared to these that 

occurred in kimberlite diamonds. However, the inclusions in carbonado were mainly 
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observed in pores and cracks occurring frequently in the diamond aggregates, suggesting 

a secondary nature (Trueb and Butterrnan, 1969; Trueb and de Wys, 1969, Kerr, 1948). 

Differences between the compositions of inclusions in carbonado from Brazil, Venezuela 

and Central Africa could also be observed. 

Table. 1.2. Composition of inclusions in carbonado samples from different localities 
(Kerr, 1948; Trueb and de Wys, 1969; Trueb and de Wys, 1971; Trueb and Butterrnan, 
1969). 

CARBONADO FROM CARBONADO FROM CARBONADO FROM 
BRAZIL UBANGUI VENEZUELA 
orthoclase(80% ) Al-serpentite quartz 
hematite clorite 
gehlenite chromite 
allanite florencite 
perovskite ilmenite 
zircon magnetite 
rutile perovskite 
corundum quartz 
cassiterite olivine 
graphite rutile 
quartz 
magnetite 
chalcedony 
chloritoid 
pseudomalachite 
covelite 
anhydrite 

The range of C isotopic composition for carbon ados from Brazil and Central Africa 

was found to be from -23%0 to -31%0 (Vinogradov et. al. 1966; Galimov et al. 1985; 

Ozima et. al., 1991, Kaminsky, 1991), which is unusual for diamonds from kimberlitic 

sources. Hence it was suggested that an unusual process or source material was necessary 

to explain the existence of carbonado. Recent data for noble gases in carbonado added 

even more controversy concerning the geological history of carbonado. Concentrations of 

radiogenic isotopes of noble gases (excluding 4OAr) in carbonados had appeared to be 

much greater than in any other terrestrial diamonds studied, for example, 4He 

concentrations could be several orders of magnitude higher than that found in any other 

diamonds (Ozima et al., 1991). The isotopic composition of He, Xe, Ne, Kr shows that 

fission of U and Th had a major influence on the noble gas isotopic system of carbonado 

(Ozima et al., 1991) which was considered to be impossible in the mantle environment, 

due to the low U-Th concentrations expected there. 
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1.6.2. Impact diamonds. 

Yakutites were first recognised as a variety of diamond in 1966, when 

polycrystalline diamonds of unusual morphology were discovered in alluvial deposits of 

Northern Yakutia. Being anhedral and of dark-brown to steel-grey colour, they were 

often confused with carbonado in the literature. Similar polycrystalline diamond 

aggregates were also encounted in alluvial deposits in the Ukraine (Polkanov et al., 1973, 

1978). During mineralogical studies of yakutites, the hexagonal modification of carbon 

(lonsdaleite) was recognised to be contained in the polycrystalline aggregates (Krajnyuk 

and Bartoshinsky, 1971; Kaminsky et al., 1978, 1985; Klyuev et al., 1978). Since 

lonsdaleite is a high pressure modification of carbon, having already been recognised in 

meteorites (Hanneman et al., 1967), the formation ofyakutites appeared to be linked with 

meteorite impact events. In 1972 Masaitis et al. reported first finds of polycrystalline 

diamonds with lonsdaleite in impactites from the Popigai crater, confirming an impact 

origin for yakutites. Recently the impact produced diamonds were reported in deposits of 

the KT -boundary (Gilmour I. et al. 1992), and from the Ries crater (Hough et aI., 1995, 

ref ). 

Table 1.3 Properties of shock diamonds suggesting two types of source material 
(Veshnevsky et al., 1995). 

Properties of diamonds Type I Type II 
2.5 -3.1 
yellow-greenllight-blue 
520°C - 650°C 
-22.3 - -24.6 
organic matter 

Impact diamonds recovered from impactites are mainly 0.1-0.5 mm in size, but 

specimens from placers up to 1-5 mm have been found; their colours are variable from 

colourless through yellow to grey and black (yellow and black are the most usual). The 

size of crystallites usually varies in the range 0.1-1 11m and specimens show strong 

preferred orientation. Carbon isotopic composition ranges from -9%0 to -21%0 (Kaminsky 
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et ai., 1977; Galimov et ai.,1978; Kaminsky 1991). Several features of the diamonds 

suggested two types of source material (table 1.3). 

1.6.3. Framesites. 

Framesite is a commonly used term for polycrystalline diamonds from Orapa and 

Jwaneng kimberlite pipes where polycrystalline diamonds constitute a substantial 

proportion of the total diamond population. Terms like boart and stewartite are more or 

less synonymous with framesite, and in different geographical areas different names are 

in use. The colour of the aggregates is usually from white to dark grey and single 

crystallites are often smaller than 100 J..lm in diameter. The mineral composition of 

inclusions in the aggregates resembles those described for single diamonds crystals. and 

inclusions of both eclogitic and peridotitic types of assemblages can be recognised in the 

framesites (Kirkley et al. 1991 and McCandless et ai., 1989). Although, carbon isotopic 

composition in framesites was found to vary from -3.8%0 to -23.5%0 the diamonds 

enriched in 12C isotope were encountered more often for framesites from Orapa and 

Jwaneng than for single diamond crystals. The only difference which could be observed 

between framesites from Orapa and from J waneng is the appearance of magnetism in the 

framesites from Orapa, resulting from the presence of magnetite in the interstitial space. 

1.7. Brief review of Nand C isotopic geochemistry of the 

crust and the mantle. 

Carbon and nitrogen belong to the group of the most abundant elements in the 

solar system. They play the significant roles in the geochemistry of the Earth, especially 

in the biosphere. Both elements have accumulated on the Earth's surface during 

geological history. Their major reservoirs are the atmosphere for N, and the biosphere 

and carbonaceous sediments for C. Carbon occurs in the reduced form in organic matter 

and hence in coal. It also occurs in the oxidised state primarily as carbon dioxide, as 

carbonate ions in aqueous solution, and as carbonate minerals. Nitrogen forms only a 
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small number of minerals all of which are uncommon. Perhaps, the most abundant are the 

nitrides (K and Na), which can usually be found in non-marine evaporate deposits in arid 

regions of the Earth. Natural occurrences of other nitrates are also known. In igneous 

rocks N occurrence primarily in the form of ammonia, which replaces potassium in 

silicate minerals. Nitrogen in soils and aqueous environments on the surface of the Earth 

appears in the form of nitrate, nitrite, ammonium, ammonia, oxides and in amino acids 

and other organic matter (Faure, 1986). 

1.7.1 C and N isotopic composition of crustal material. 

Carbon. 

Among the rocks constituting the Earth's crust carbon is largely confined to those 

of sedimentary nature. A significant part of Earth's carbon is fixed in carbonates and in 

reduced forms of biogenic origin. 
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Figure 1.8. Plot of aBc of reduced carbon in sedimentary rocks of Precambrian to 
Middle Cambrian versus the rank of organic (McKirdy and Powell, 1974). 

The carbon contained in fossil fuels(coal, petroleum, natural gas etc.) is strongly 

enriched in 12C, which is consistent with the view that those materials have biogenic 

origin. The al3c of fossil fuels falls into range -20%0- -40%0, with exception for natural 

gas which may be as light as -70%0. Progressive metamorphism of kerogens leads to 

enrichment by BC due to the formation and loss of methane, which concentrates J2C (fig. 
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1.8). On the other hand the effect could be explained by an isotopic exchange between 

carbonates and graphite during metamorphism (Kreulen and van Beek, 1983) 

Carbon isotopic composition in sedimentary carbonates is noticeably different 

from the carbon of fossil fuels, since fractionation processes have taken place during 

carbonate precipitation. The fractionation of carbon isotopes between C02 gas and 

carbonate species in aqueous solution has been studied by Deuser and Degens (1967), 

Wendt (1968), Vogel et ai., (1970) and Emrich et aI., (1970), among others. The 

carbonate equilibrium can be represented by the following equations: 

CO f-----7 co 
2(g) 2(aq) 

+ -
co + H ° f-----7 H + HC0

3 2~q) 2 ~q) 

+ +2 -
CaCO + H f-----7 Ca + HCO 

3(s) (aq) 3 (aq) 

+2 
CO +H O+CaC0

3 
f-----7Ca( )+2HC0

3
( ) 

2(g) 2 (s) aq aq 

The fractionation factors for carbon isotopes in this system reported by Emrich et 

al. (1970) are: 

Calcium carbonate-bicarbonate = 
Bicarbonate-carbon dioxide gas = 
Calcium carbonate-carbon dioxide gas = 

a,20°C 
1.00185 
1.00838 
1.01017 

These results indicate that calcium carbonate precipitated in isotopic and chemical 

equilibrium with C02 gas is enriched in 13C by about 10%. The ODC values of carbonates 

of marine origin of Cambrian to Tertiary age are virtually constant and have values close 

to zero on the PDB scale., average value obtained for 321 samples of marine sediments 

being of +0.56±1.55%0(Keith and Weber, 1964). Freshwater carbonates are more 

variable in isotopic composition and more enriched in 12C, the average value being of -

4.93±2.75%0 for 183 samples (Keith and Weber(l964). The isotopic composition of 

carbon in the shells of modem marine molluscs ranges from +4.2 to -1.7%0 and in 

freshwater species from -0.6 to -15.2%0, reflected in similar variations to that of 

corresponded carbonates. 
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Banded iron-formations containing deposits of laminated chert, iron oxides, 

silicates and carbonates are an important object of carbon geochemistry, since they carry 

information about the Precambrian environment and contain significant amounts of 

carbonaceous material. Siderite from this formation have carbon with isotopic 

composition in the range from -9.0±1.7%0 and for ankerite the range is -9.6±1.6%0 

(Becker and Clayton, 1972). Similar results were observed for the banded iron-formation 

of Krivoi Rog (Russia) (Galimov, 1968). The formations often contain graphite, 

sometimes up to 3% of the rock, which has 013C value ranging from -20%0 to -36%0, thus 

undoubtedly of organic origin. 

Nitrogen. 

Generally speaking the highest concentrations of nitrogen are observed in fossil 

fuel deposits connected with organic matter. Coal can contain up to 3% of nitrogen, while 

marine sediments contain only a few thousand ppm, and most other rocks contain of 

much less than 1000 ppm of nitrogen. 

Organic matter contains a significant part of the fixed nitrogen, although some of it 

is in minerals in the form of ammonia, and occasionally forms nitrates. The abundance of 

nitrates, however, is low among rocks, since nitrates can easily be dissolved in water at 

normal temperatures. 

The appearance of ammonia ions in silicates is of great interest because they are 

more stable. The size of the ammonia ion is almost the same as that of potassium ion, 

therefore the highest concentration of nitrogen could be expected in potassium silicates. 

Among these the most interesting are feldspar, which has an ammonium species 

buddingtonite containing of about 5 weight percent of ammonia (table 1.4). Buddingtonite 

was discovered in 1964 in the ores of "Sulphur Bank", California as a pseudomorph of 

plagioclase in andesitic rocks transformed by hydrothermal solution high ammonia (Erd et 

al., 1964). Buddingtonite is the hydrated ammonium feldspar with formula 

NH4AISi30g-1I2H20. Afterwards it was recognised in the ore deposits of "Phosphoria 

Formation", Idaho where it consist of 50% of the rock, and is associated with albite, illite 
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and montmorillonite (Gulbrandsen, 1974). It has been suggested that buddingtonite 

originated as a result of the diagenesis of volcanic glasses. In 1982 the mineral was found 

in ores of "Condor", Australia in concentrations of 10% in the 600m thick layers of 

bitumenised rock (Loughnan, Roberts,1983). The authors concluded from their research 

that the mineral was formed at significant depth in a high ammonium environment. 

Table 1.4. Chemical composition of buddingtonite. 

1 2 
Si02 63.80 67.97 
Al203 19.16 18.02 
Fe203 1.88 0.42 
Ti02 0.99 -
MgO 0.21 0.14 
CaD 0.04 0.31 
BaD 0.26 -
Na20 0.06 0.04 
K20 0.62 1.03 
(NH4)20 7.95 7.92 
S 1.59 -
H2O 3.28 3.31 
H2O 0.88 0.83 
Sum 100.69 99.99 

II II 1- buddmgtomte from Sulphur Bank (Erd et ai.,1964); 2- buddmgtomte from 
"Condor" (Loughnan, Roberts, 1983). 

Other silicates do not exceed ppm levels of nitrogen concentration. According to 

Wlotzka (1972) the majority of them contain 10-70 ppm of nitrogen. However, based on 

more recent researches, nitrogen proved to be more abundant than that in minerals from 

some crustal rocks e.g. Honma and Itihara (1981) and Duit et ai.(l986) who reported that 

biotites in igneous and metamorphic rocks commonly contain >250 ppm of [NH4t, 

Boyd et al.(1993) reported concentrations up to 900 ppm for orthoclase and 691 ppm for 

muscovite. For biotite up to 5000 ppm of ammonia has been reported by Darimont et ai. 

(1988). 

In order to understand the isotopic geochemistry of nitrogen in crustal rocks, it is 

necessary to know the nitrogen isotopic composition in biogenic matter, as it is 

subsequently involved in sedimentation and then in diagenesis. 

In general, nitrogen in animal tissue is enriched in 15N relative to the atmosphere, 

whereas plants tissue might be slightly depleted in 15N. However, a wide range of Sl5N 
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values occurs in plant tissues when the nitrogen was derived from nitrate or ammonia that 

had been isotopicly fractionated before being absorbed by the plants. As a result the olsN 

values of "total soil nitrogen" range widely in 176 soil analyses from -4.4%0 to + 17%0, 

according to Letolle (1980). The ground water olsN value varies from 0%0 to 25%0 

depending on the sources that may locally dominate the inputs of N (Letolle, 1980). 
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Figure 1.9. Variations of olsN in coal as a function of the concentration of volatiles (Data 
from Drechsler and Stiehl 1977; Stiehl and Lehmann, 1980) 

The isotopic composition of N in coal varies from -2.5 to +6.3%0 and seems to 

depend on the origin of the organic material and on the rank of the coal. Drechsler and 

Stiehl (1977) and Stiehl and Lehmann (1980) concluded from their measurements that 

"humid" coal, derived from terrestrial plants, has lower olsN values than "bituminous" 

coal formed from zoo-plankton and phyto-plankton. The volatile N compounds released 

during thermal maturation of coal are initially enriched in IsN, which causes the olsN 

value of the coal to decrease. This phenomenon is demonstrated by the olsN values of 

coal ranging in rank from lignite to anthracite (fig. 1.9). The trend was duplicated by 

stepwise pyrolysis of a sample of bituminous coal heated from 225°C to 400°C (Drechsler 

and Stiehl, 1977; Stiehl and Lehmann, 1980). 

28 



Table 1.5. Nitrogen isotopic composition of some components of the oceanic reservoir 
(Cline and Kaplan, 1975) 

Organisms 
Phytoplankton +5.2%0 to 9.7%0 +7.5 
Zooplankton +12.8%0 +12.8 
Fish +9.9%0 to 20.5%0 +15.9 

Dissolved component 
Nitrate +4.8%0 to +7.5%0 +6.2 
Ammonia +6.5%0 to +7.5%0 +7.0 
Dissolved N2 -0.2%0 to +0.7%0 +0.4 

Sediments 
Ammonia +2.9%0 to +5.3%0 +4.1 
Organic +4.7%0 to +6%0 +5.4 
Total Nitrogen +5.3%0 to + 13.4%0 +5.7 

Rain 
Nitrate -7.3%0 to +3.4%0 -1.7 
Ammonia -0.1%0 to 9.0%0 +4.6 

The ocean reservoir includes several components containing nitrogen, their B '5N 

value variations were reported by Cline and Kaplan, 1975 (table 1.5.). 

Table 1.6. Nitrogen isotopic composition of different crustal materials. 

Type of material 
total soil nitrogen 
ground water 
lacustrine sediments 
Coal 
Petroleum 
Particulate organic from 
sedimentation traps 
terrestrial particles of organic matter 
marine sediments 
granites 
mineral separates from granites 
meta<;ediments 

-4.4 to +17 
+0 to +25 
+2.7 to +5.6 
-2.5 to +6.3 
+0.7 to +8.3 

+2.9 to 4.4 
+2.5{av.) 
+6.8±4.1 

+5.1 to +10.2 
+2 to +15.9 
+1 to +5.9 

Reference 
Letolle,1980 (176 samples) 
Letolle, 1980 
Pang and Nriagu,1976 
Foure, 1986 
e.g. Wlotzka, 1972 

Saito and Hattori,1980 
Sweeney et al., 1978 
Wada et al., 1975 
Boyd et al., 1993 
Boyd et al., 1993 
Bebout and Fogel, 1992 

The isotopic composition of nitrogen for granites and metamorphic rocks lies in a 

similar range of B'5N to that discussed above for sediments and organics (table 1.6). The 

Ol5N values for granites from the Comubian batholith vary from +5.1 to 10.2%0, whereas 

the mineral separates of these rocks show variations from +2 to +15.9%0 (Boyd et. al., 

1993). The highest values were observed for biotite. Studies of nitrogen in 

meta<;edimentary rocks in the Catalina Schist, California yielded values of S,sN between 

+1%0 and +5.9%0, with systematic increases of BI5N with increasing metamorphic grade. 
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1.7.2. Carbon and nitrogen isotopic composition of the mantle. 

In order to evaluate C and N isotopic variations in the mantle several types of 

rocks and minerals can be used. Studies of basalt glasses or gas vesicles in the basalts 

provide isotopic characteristics of C and N in the modem sub-oceanic mantle, while 

studies of carbonates in carbonatites and kimberlites provide a way of characterising C 

isotopic composition. For investigations of the N isotopic composition of sub-continental 

mantle, the most suitable material is diamond, the mineral which contains higher 

concentrations of N and C than any other phases formed in the sub-continental mantle. 

1.7.2.1. Carbon and nitrogen isotopic compositions of basalts. 

Carbon. 

Carbon isotope signatures of oceanic basalt glasses provide an important means of 

probing the geochemistry of mantle carbon. The abundance and isotopic composition of 

carbon in basalt glasses have generally been determined by stepped combustion to 

separate indigenous and non-indigenous carbon components (Mattey et aZ., 1984; Exley et 

aI, 1986a; Exley et al., 1986b; DesMarais, 1986; Sakai and DesMarais, 1984) and Ol3C 

range from :::-4%0 to =::-8%0 with few exceptions was obtained. Some of the data on 

marginal basin basalts, though, provide lower ol3C values, sometimes as low as -

16.5%c(Mattey et al.,1984; Exley et aI, 1986; Macpherson and Mattey, 1993). Two 

explanation have been suggested to explain this phenomenon. According to the first, light 

carbon in these basalts is a result of subduction of sedimentary carbon with further 

mobilisation due progressive metamorphism and dissolution in the basalt melt (Mattey et 

aZ., 1984). The second explanation proposes that the fractionation is caused by degassing 

of the magma (Macpherson and Mattey, 1994). 

Nitrogen. 

Until recently nitrogen isotope data on basalts were rather too complex to be 

interpreted in terms of relation to certain reservoirs of mantle nitrogen; the summary of 
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previous studies, after Boyd and Pillinger (1994), is presented in table 1.7. However, the 

scatter of the data from + 12%0 to -4.5%0 can be understood assuming contamination of 

indigenous mantle by crustal nitrogen; the contamination effect is already well known for 

Ar in basalts. Results obtained by Marty et aZ.,(1995) confirms the suggestion showing 

the mixing lines between Ar and N of MORB and those of AIR. In their study, the gas 

from fluid inclusions from several MORB samples was analysed and it appeared to be that 

fluid inclusions contains almost an order of magnitude more nitrogen than glasses, and 

therefore contamination effect is less noticeable in case of gas in vesicles than in case of 

gas dissolved in glasses. On the basis of combined Ar and N isotopic study Marty et aZ., 

1995 have concluded that ()J5N of MORB fluid is :::::-4%0. 

Table. 1.7. N isotope data that have been obtained from oceanic basalts and a harzburgite 
(after Boyd and Pill inger, 1994). 

Sample [N],ppm 81sN , %0 References 

OIB(Hawaii) 1 +17 Becker and Clayton, 1977 
OIB(Hawaii) 0.4 -0.4 Sakai et af., 1984 
MORB(n=2) 0.9,1.4 -0.1,-0.8 Sakai et aZ., 1984 
OIB(Hawaii) 0.2-1.2 +12.8 to +15.5 Exley et aZ., 1987 
MORB(A,P)(n=6) 0.2-2.1 +7.5 Exley et aZ., 1987 
MORB(l.o.)(n=2) 0.3,0.4 -4.5,-1.9 Exley et aZ., 1987 
OIB(Hawaii) 6 -1.1 Javoy et aZ., 1986 
MORB(A) 12 -3.5 J avoy and Pineau, 1991 
Harzburgite 8 -5.0 Nadeau et aZ., 1990 

1.7.2.2. Isotopic composition of C and N in diamonds of 

mantle origin. 

Carboll. 

The first C isotopic data was reported by Craig (1953), who analysed six octahedral 

diamonds from the South African kimberlite mines and obtained values between -2.4%0 

and -4.7%0 except for one value of +2.4. Then Wickman (1956) analysed 37 diamonds 

mainly from Africa and obtained the range -3.2%0 to -9.6%0, with one sample having a 

8J3C value -13.9. These results suggested that diamonds were isotopically homogeneous. 

However, further research revealed a wider range of 813C (Vinogradov et a1.(1966) 
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obtained values of oI3C=-27.8%0 to -28.4%0 for carbonado diamonds, Kovalskiy et al. 

1972 have reported ol3C values of -21.4%0 to -22.2%0 for four diamonds from the 

Ebelyakh placers and ol3C values of -32.2 for one from Mir pipe). Systematic studies of 

diamonds diamonds localities world wide established a wider range of 013C from -34.4%0 

to +2.8%o(Galimov et al. 1978; Sobolev et al. 1979; Smirnov et al., 1979; Milledge et al., 

1983; Deines et al. 1984, 1987, 1991, 1992; Kirkley et al., 1991; Boyd et ai., 1987; 

1988, 1994) than had been suggested by the pioneering works of Craig(1953) and 

Wickman( 1956). 

Diamonds derived from kimberlites and lamproites have been studied 

systematically. There have been some attempts to find correlations between ol3C and 

different properties of diamonds, such as colour, inclusions, and morphologies 

(summarised in Vladimirov et ai., 1989). Colour of diamonds seems to have no obvious 

connection with the isotopic composition of carbon (fig. 1.10). However, some 

differences in ol3C value distributions were observed for different morphological varieties 

(fig. 1.11). These analyses refer mainly to diamonds from areas of the former Soviet 

Union. However, the similar ranges of ODC were reported for fibrous cubes (variety III) 

and coated diamonds (variety N) by Boyd and Pillinger(l994), and ol3C variations of 

cubic microdiamonds from the Northern Territory of Australia (Lee et ai., 1991) were 

found to be similar to those for diamonds of variety II (fig. 1.12). Relationship between 

carbon isotopic composition and the paragenesis of mineral inclusions (fig. 1.13)was first 

identified by Sobolev et ai. 1979: the ol3C value for most diamonds containing peridotitic 

inclusions or obtained from peridotitic xenoliths range between -1 %0 and -10%0 (peak ==-

5%0), in contrast to the diamonds of eclogitic suite which show ol3C variations from -

35%0 to +2.5%0 (major peak::::-6%0), covering the whole range of 013C for diamonds (such 

variations were also observed for Type II diamonds (Milledge et ai., 1983)). However, 

diamonds with websteritic inclusions, which are variety of peridotitic diamonds, were 

found to be enriched in 12C relatively to the majority of P-type diamonds, having ol3C in 

the range from -6%0 to -23%0, with the peak of the distribution -18%0(Dcines et al 1993; 

van Heerden et aI., 1995). 
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Figure 1.1 0 Carbon isotopic composition of yelIow(A), 
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colourless (E) diamonds (Vladimirov et aI., 1989). 
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Figure 1.12 Coanjula fibrous microdiamonds (Lee et al., 1991) . 
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Figure 1.13 Isotopic composition of carbon in diamonds of 

eclogitioc(A) and peridotitic suites (B) (Soholev et aI., 1979) 
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On the basis of C isotope data from different phases linked with the mantle, 

several explanations for a wide range of ol3C in the E-type of diamonds have been put 

forward. The most popular idea suggests that the variations of ol3C resulted from 

subduction of crustal C and its role in diamond formation in eclogites( see Kirkley 1991). 

Some scientists, however, attribute this wide ol3C range to processes of high temperature 

fractionation occurring deep within the mantle (Galimov, 1984, 1991; Javoy et al. 1986). 

There have been several approaches which generally invoke Rayleigh distillation, which 

35 



are either at variance with new data or difficult to envisage (Kirkley et al. 1991). 

Variations of S 13C in the mantle resulting from heterogeneity of the Earth from the very 

beginning until the time of diamond formation also discussed (Deines et al. 1987). 

Boyd(1988) and Kirkley et al.(1991) point out the difficulty of preserving primordial 

isotope heterogeneity. 

Nitrogen. 

The first six analyses of nitrogen isotopic composition in diamonds were reported 

by Wand et al.(1980) and Becker and Clayton. (1977): cS I5N was found to be in the range 

0-+5%0. Then several crystal aggregates of diamonds from Mbuji Mayi, Zaire were 

studied for nitrogen isotopic composition by Javoy et al.(1984), who recognised wider 

variations from -11 %0 to +5%0. A significant number of data for diamonds from world­

wide kimberlites was provided by Boyd(1988) in the first systematic research of nitrogen 

isotopes in diamonds. Diamonds of different shapes, from different kimberlite pipes were 

analysed for Sl3C and Sl5N and internal variations of Sl5N within single diamond crystals 

were demonstrated. 

The octahedral diamonds were characterised by wide variations of Ol5N values from 

+16%0 to -11%0 (Boyd and Pillinger, 1994) which appeared to be correlated with SDC in 

some respects: low SI3C diamonds (S13C lower than -10%0) contain nitrogen within the 

range -2.5%0 to +16%0, whereas high SI3C diamonds (o13C from -2%0 to -10%0) contain 

nitrogen ranging from +6%0 to -11%0 (Boyd and Pillinger, 1994). 

Nitrogen isotopic composition of fibrous diamonds (coats and fibrous cubic 

diamonds of N variety by classification of Orlov(1973» were found to lie in a rather 

narrow range of SI5N=-5±4%0 and S13C=-6.5±3%0 (Boyd et al. 1994). Based on these 

data, Boyd et al.(1994) suggested a model for the formation of that particular type of 

diamond. According to this model, the growth of fibrous diamonds resulted when 

kimberlitic magma invaded continental lithosphere, but failed to move the whole way up 

to the surface. The magma released a significant amount of fluid saturated with carbon so 

that rapid crystallisation of diamond could occur (Boyd et al. 1994). 
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1.7.2.3. C and N isotopic geochemistry of the mantle. 

It is generally accepted that isotopic composition of the carbon reservoir in the 

Earth's mantle is about -5%0. This became evident when statistically representative dataset 

of ol3e values for different mantle phases became available. Peaks of ol3e distribution for 

diamonds, carbonatites, carbonates from kimberlites and MOR along with 01 basalts are 

in good agreement with each other, and point out on the existence of a homogeneous 

reservoir of carbon; no difference was observed for suboceanic (basalts) and 

subcontinental (kimberlites, carbonatites) mantle. However, the reason for rather wide 

variations of o13e within diamonds of the eclogitic suite still give rise to discussion. The 

situation as regards the understanding of the isotopic geochemistry of nitrogen within the 

mantle remains obscure and puzzling owed to the lack of adequate data. On the basis of 

Ol5N values for fibrous diamonds and high-ol3C octahedral diamonds, Boyd and Pillinger 

(1994) concluded that nitrogen in diamonds with o13C=-5%0 represents the subcontinental 

mantle nitrogen reservoir, which is in agreement with the earlier suggestion of Javoy et 

al., (1986), based on the study of diamonds and basalts. However, the whole range of 

variations indicated in diamonds from -11 %0 to + 16%0 could not be explained 

unambiguously. 

1.8. The source material for the Earth's formation. 

Since the first steps in development of planetology it is believed that carbonaceous 

chondrites are the best candidates for the role of source material for the Earth's fonnation. 

Relative composition of the major petrological elements of the CI chondrites proved the 

best match to the bulk Earth, but volatiles could give to rise problems if they could not be 

removed from the early Earth by degassing process. However, the questions as to how 

far the process could go and whether it is possible for 99% of volatiles to be removed, are 

remains without a clear answer. 
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Figure 1.14. 0170-0180 relationships among Earth-Moon and chondrites. H,L -ordinary 
chondrites; E- enstatite chondrites; A,M,P- eucrites, howardites, diogenites, 
mesosiderites and pallasites; N, L - Nakhla and Lafayette; U - ureilites; I AB, II E - iron 
meteorites; B - Bencubbin and Weatherford; ES - Eagle Station, lizawisis; M - moon; K -
Kakangari. (after Clayton et aI., 1976) 

The revolutionary work of the Chicago group (Clayton et at., 1976) raised the 

question of the Earth's source material once again when oxygen isotope analysis was 

introduced to a study of meteorites. They demonstrated remarkable similarity between the 

isotopic composition of oxygen in the enstatite chondrites and that of the Earth and the 

Moon, which could not be said for the other types of meteorites(fig. 1.14). Considering 

hydrogen isotopic composition, the enstatite chondrites appear again to provide the best fit 

to that of the Earth as compared with our meteorites. However, carbon isotopes do not 

provide useful way of distinguishing CI, CM and enstatite chondrites, since all of them, 

together with Earth's bulk carbon, are in the same range of ol3C values. Nitrogen, on the 

contrary, discriminates very strongly between carbonaceous and enstatite chondrites. The 

olsN of the former ranges from +20%0 to +40%0 whereas for the latter it is from -22%0 to 

-42%0. Therefore, primary nitrogen of the Earth could be the distinguishing feature in the 

discussion. According to Javoy et al.(l986), the original isotopic composition of the 
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Earth's nitrogen could be matched with that of enstatite chondrites, since the cS I5N value of 

the diamonds he analysed are closer to that type of meteorite than to the carbonaceous 

chondrites. The diamond sample with the lightest nitrogen is only 11 %0 heavier than the 

heaviest enstatite chondrite. However, as more nitrogen isotope data for diamonds 

became available, the question of the primary isotopic composition of the Earth appeared 

to be more complicated, due to the absence of a model which could explained the 

variations observed. 

1.9. Aims of the study. 

1.9.1 C and N of subcontinental mantle. 

Whilst the carbon isotopic study of different phases, formed in the mantle, 

including diamond, revealed the presence of a homogeneous reservoir, a more detailed 

view of diamonds, as representing carbon in sub-continental mantie, indicates the 

existence of a certain heterogeneity reflected by wide 013C variations in the ec10gitic 

diamonds. Combined C and N isotopic studies undertaken to shed some light on the 

nature of the heterogeneity of C in diamonds have already indicated certain differences in 

the distribution of Sl5N for isotopically light and isotopically heavy S13C diamonds. 

However, N isotope data for diamonds with heavy carbon (cS13C -2%0 - +2.5%0) and 

with very light C (ODC -15%0 - -35%0) are either not statistically representative or absent 

which might be explained by the rarity of such specimens as compared with the majority 

of diamonds which have ol3C -5±4%o. Previous C and N studies of diamonds also 

revealed the fact that Nand C isotopic compositions of fibrous diamonds show a very 

restricted range, whereas octahedral diamonds have wide variations of both C and N 

isotopic compositions. The reasons for the presence of N isotopic variations in octahedral 

diamonds is also disputed, and interpretations generally invoke subduction, N evolution 

from primitive isotopic composition of enstatite chondrite type material to the modem 

isotopic composition of N reflected by some diamonds, and/or fractionation processes. 

Octahedral diamonds are known to be associated with two types of paragenetic 
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assemblages (peridotitic and ec1ogitic) which supposedly reflect different environments of 

diamond formation, hence understanding of N isotopic variations of these sUbtypes can 

reveal some information on the reasons for the total variations. 

Having as the main objective of the research, the further development of C and N 

isotopic systematics of diamonds hopefully leading to better understanding of the 

geochemistry of sub-continental mantle, I set our intentions to: 

1. Characterising for N isotopic composition diamonds having unusual ranges of C 

isotopic composition (al3C of 0 - +2.5%0 and al3c of -15 - -30%0); 

2. Investigation of N isotopic variations in diamonds of known paragenetic types; 

3. Comparison of diamonds formed in the mantle with other types of terrestrial diamonds 

such as yakutites and carbonado, in terms of C and N geochemistry. 

The research is intended to answer the following questions: 

1. Do C and N isotopic systematic of diamonds support the subduction influence on the C 

and N isotope geochemistry of the sub-continental mantle? 

2. Is enstatite chondrite type of material a suitable starting point for the Earth's mantle 

evolution, and can the signs of N evolution of the Earth's mantle be identified? 

1.9.2 Carbonado and other polycrystalline forms of diamond. 

Carbonado diamonds remain a highly controversial topic in diamond mineralogy 

and geochemistry, due mainly to absence of a co-ordinated approach to the study of this 

type of diamond and a comprehensive comparison with other types of polycrystalline 

diamonds. Two main geochemical distinguishable features of carbonado (extremely light 

carbon isotopic composition and the presence of highly radiogenic noble gases) may have 

a significant influence on the understanding of C and N isotopic variations in the 

diamonds of defined mantle origin, and the significance of possible variations of 

radiogenic noble gases in diamonds. Therefore, by combining C, N isotopic analysis and 

N, He content measurements, with IR and internal structure investigations of carbonado 

diamonds from Brazil and Central Africa, I seek to provide a comprehensive 

characterisation of these carbonado populations. The comparison of the geochemistry of 
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carbonado with that of yakutites and framesites may lead either to developing means of 

separating these diamond groups, or to the similarity with one of them, thereby 

suggesting the origin of carbonado. The existence of the specific noble gas isotope 

signature of carbonado is linked to the more fundamental questions of noble gas 

geochemistry in diamonds, since none of the previous studies of noble gases in single 

diamond crystals was able to identify the contribution of components of different origin, 

thus leaving significant uncertainty in the interpretation of data, for example as regards 

He. Hence, to clear this up, the 4He zoning could be investigated, since 4He can 

characterise the extent of post -growth modification of the radiogenic noble gas isotopic 

signature due to the implantation as a result of U-Th decay in surrounding environment. 

Thus, in respect of carbonado origin the objectives are as follow: 

1. To characterise the geochemical and mineralogical properties of carbonado on the basis 

of the combined study of two sample sets (Brazil and Central Africa); 

2. To compare carbonado with other types of polycrystalline diamonds of known origin, 

and to identify possible links between them; 

3. To investigate the possible extent of He concentrations resulted from natural a-particle 

implantation effect on single diamond crystals from kimberlitic rocks, and to test the 

necessity of invoked an unusual processes of carbonado formation to explain its noble gas 

content. 

1.9.3 Analytical technique development. 

Simultaneous analysis of N and C in samples of terrestrial diamonds was 

successfully introduced by Boyd et al. ,( 1988) and therefore the principles of nano-mole 

analysis in a static mass-spectrometer, as well as the gas purification and the gas handling 

system were adopted for this study from previous works (Wright et al., 1988; Boyd et 

al., 1988). Even though this research was not targeted at the introduction of new 

analytical techniques, many developments and improvements were investigated in order to 

reach the goals on which the research was targeted: 
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1. It is well known that atmospheric N contamination may have a tremendous effect on 

the correct interpretation of N isotopic measurements, especially for the samples 

containing low N contents. Using a combination of step heating and step combustion 

techniques, the most satisfactory form of temperature treatment of diamond samples prior 

to analysis to remove any possible N contamination was devised; 

2. To increase effectiveness of sample throughput, further improvements of the loading 

and extraction techniques were achieved; 

3. The effect of non-nitrogen contribution on the small gas aliquots (less than 1.5 ng of 

nitrogen) in the gas handling system was investigated, and an efficient correction 

procedure was introduced; 

4. The performance of simultaneous N, C and noble gas analysis of diamond using the 

same extraction, gas handling and purification systems requires modification of some 

units, as well as the introduction of an additional mass-spectrometer and reference system; 

4. To increase the effectiveness of the instrument, a fully automated system was 

developed to perform the whole analysis from the extraction to the isotopic measurements; 

this was especially important for high resolution step heating and combustion 

experiments. 
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Chapter 2. High precision nitrogen stable isotope 

analysis combined with He, Ar and C isotope 

measurements performed in an automated mode. 

Abstract. 

This chapter details the design, calibration and operating protocol for a new 

automated instrument designed for N, C and noble gas analysis. The instrument includes 

a gas source static-vacuum mass spectrometer utilised for abundance and stable isotope 

analysis on picomole quantities of nitrogen gas, a quadrupole static mass spectrometer 

utilised for analysis of some noble gases and nitrogen content, and a capacitance 

manometer for the quantitative measurements of carbon yields. The original design of the 

instrument is similar to that described by Wright et al. (1988) but has been modified to 

enable analysis of noble gases and to automate the entire analytical procedure. 

This instrument is capable of analysing less than 0.1 nmol of nitrogen and about 

3x10·JO cc of Ar and of 3x10·9 cc of 4He, and is routinely used for stepped heating 

(pyrolysis and combustion) experiments peiformed in relation to different geochemical 

studies. The precision of the S15N measurements range from :1::0.2%0, for 0.1 nmol to 

±3.5%0 for 10 pmol from repeated zero enrichment reference measurements. However, 

the reproducibility of measurements of standards involving extraction and purification has 

a standard deviation of ::=1%0. The precision of 4°Ar!6Ar is ::=3% 38Arl6Ar is ::::4% for Ar 

aliquot of 1.8*10.7 cc. 
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2.1. Introduction. 

2.1.1. Nitrogen isotopic analysis. 

When compared to the advances made in the high-precision measurement of stable 

isotopes of light elements such as carbon, hydrogen, sulphur and oxygen in geological 

specimens, the study of nitrogen isotopes have progressed at a considerably slower rate. 

One explanation, suggested by Kaplan (1975), is the difficulty in the measurement of an 

element of low abundance in geological specimens but which constitutes almost 80% of 

the Earth's atmosphere. 

The magnitude of this problem has been reduced by the application of "stepped" 

heating (pyrolysis) techniques (Chang et ai., 1974; Becker and Clayton, 1975). This 

involves heating the sample in discrete temperature increments under vacuum in order to 

resolve the various sources of nitrogen within the sample. Further developments were 

instigated by heating a sample in a pressure of a few torr of oxygen in a stepped 

combustion extraction (Frick and Pepin, 1981; Lewis et aI., 1983), which in conjunction 

with pyrolysis techniques increased the chance of separating gas from different carriers. 

However, only the introduction of static mass spectrometers for nitrogen isotopic analysis 

has really allowed the progress in the understanding of nitrogen isotopic geochemistry 

(Wright et al ., 1988). 

2.1.2. Overview of methods used for stable isotope analysis. 

Conventional gas source mass spectrometers operating in the dynamic vacuum 

mode and consistent with early designs (Nier, 1947) are traditionally used for stable 

isotope analysis. During analyses the mass spectrometer is left open to the pumping 

system and rapid and repeated comparisons of sample and reference gas are measured by 

means of a 4-way "changeover" valve. Both are bled consecutively through two 

capillaries, each from its own reservoir. Although the precision of the Ol5N values is high, 

approximately +0.026%0 (e.g. Mariotti, 1984), this method requires relatively large 
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samples to be used, as the majority of sample gas does not contribute in any way to the 

analysis. For one analysis, a typical sample size of >0.1 J.U11ols nitrogen would be 

required. Assuming an average geological sample contains a few tens of ppm of nitrogen, 

then the initial sample size would be in the order of 19. This is impractical with samples 

that are in limited supply or of a valuable nature such as extraterrestrial material (Le. lunar 

samples, meteorites), diamonds and some mineral separates. Application of step heating 

techniques to separate gases released from different carriers present within the sample 

would require even larger sample sizes depending on the number of steps needed for 

resolution of the components. 

The advent of static vacuum mass spectrometers began to resolve this problem. 

Initially developed for noble gas analysis (Reynolds, 1956), static mass spectrometry was 

suggested as a technique for the measurement of nitrogen abundances (Irako et al., 1975 

and later Gardiner and PiIIinger, 1979) and then for nitrogen isotopic analysis (Fallick et 

al ., 1980), before finally being developed by Brown and PiIIinger (1981) and Frick and 

Pepin (1981). Static vacuum mass spectrometers resulted in an increase in sensitivity of 

about 3 orders of magnitude compared to dual inlet dynamic vacuum instruments. The 

major reason for this improvement was that the mass spectrometer was isolated from the 

pumps prior to the gas being admitted and hence acted as its own sample reservoir. The 

huge increase in sensitivity which allowed a corresponding decrease in sample size was 

achieved at a cost of only a factor of 10 loss of precision for the isotopic measurements 

(Wright et ai., 1988). An extensive discussion of static versus dynamic mass 

spectrometers has been detailed elsewhere with reference to carbon isotopic analysis 

(Wright et al ., 1983; Wright, 1984; PiIIinger, 1984; Carr et al ., 1986). 

Another instrument commonly used for elemental analysis in industry has recently 

been introduced for isotopic analysis (Hashizume and Sugiura, 1990). The Quadrupole 

Mass Spectrometer (QMS) is a device based around a quadrupole mass filter. It is 

possible to tune the quadrupole to filter out all but specific ions by means of manipulating 

the "path stability". Practically, this means that only ions of a certain range of charge/mass 

combination can pass through the radio frequency (r.f.) electric field generated between 
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the four poles of the filter (Todd and Lawson, 1975). By tuning this r.f. field it is 

possible to select charged ions with a small mass range effectively limited to a single 

atomic mass. Using parameters for the ion source and detector it is then possible to 

optimise the detection of these ions. The ease, with which a radio frequency can be 

allocated (scanned) to tune different masses, enables the QMS to acquire data more 

rapidly than a sector type mass spectrometer. The only drawback with the system is that 

inaccuracies in the measurements made it very difficult to study of N, Ne and Ar 

abundances together with isotopic composition. Hashizume and Sugiura (1990), however 

developed the QMS for use in static mode eliminating inaccuracies with alterations in 

experimental technique and statistical analysis of large numbers of measurements. 

2.1.3. N isotopic studies and the advantages of combined 

analysis of isotopic ratios of N with other gases. 

The static mass spectrometry technique applied to the isotope analysis of nitrogen 

in geological samples has successfully been introduced in many fields of geochemistry. 

While important results for understanding the subcontinental mantle geochemistry have 

been obtained by systematic study of diamonds (Boyd, 1988), many encouraging data 

have been obtained for extraterrestrial materials such as meteorites, lunar soils and 

interstellar grains (see for reference Pillinger, 1992). Although many researches have 

been carried out on nitrogen geochemistry of suboceanic mantle (Sakai et ai., 1984; Exley 

etal., 1987; Javoy and Pineau, 1991), only simultaneous analysis ofN and Ar isotopes 

have led to the significant progress in the understanding of Nand Ar isotopic variations of 

MOR basalts (Marty, 1995, Marty et aI., 1996). Many other studies have also pointed out 

the importance of conjoined N, C and noble gas analysis with step combustion-pyrolysis 

technique due to the heterogeneity of most natural samples. Therefore, development of an 

instrument working automatically and capable of the analysis of N, C and noble gases 

seems to be essential for understanding terrestrial and extraterrestrial geochemistry of 

volatiles. 
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2.4. Aims of this work. 

Here in I discuss operation procedures and the design of extraction and 

purification systems, reference gas systems, for two static mass spectrometers (a 

magnetic sector gas source static vacuum mass spectrometer routinely used for nitrogen 

isotope measurements and quadrupole static mass spectrometer used for noble gas 

measurements). Both instruments were built with a view to being used in automatic 

mode. The design of this instrument is developed from that described previously by 

Wright et al . (1988) and utilises the principles of the extraction and purification 

techniques described by Boyd et al . (1988). However, major modifications have been 

made to the inlet section and pumping systems, and to the operation of the instrument, 

which have improved the precision and accuracy of the nitrogen isotope measurements by 

a factor of 10 and hence led to a further reduction in the sample size required for analyses 

of nitrogen abundances and isotopic composition. Using a highly sensitive quadrupole 

mass spectrometer enables simultaneous analysis of nitrogen and noble gases in the same 

samples. Automation of the entire procedure from extraction to the isotopic analysis has 

simplified and regulated usage of the instrument and is a step forward in respect of 

standardisation of the step heating technique, whilst freeing the operator from tedious 

instrument minding over extended (many hours) periods. 

2.2. General overview of the instrument. 

2.2.1. The overview of the inlet system. 

The inlet system with exception of parts of the combustion section, purification 

volumes and loading section is constructed in stainless steel 3/8 inch and 312 inch 

diameter pipe work as opposed to the pyrex glass-line technology previously employed; 

various parts of pipeline are joined together by VCR type of fittings (Valve and Fitting 

Co, U.K.), and by FC flanges (Vacuum Generator Co, UK) The advantages of this are 

that the inlet is more robust and less prone to breakages, and that a cleaner vacuum can be 
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maintained as the metal system can easily be baked at tOO-150°C to reduce contamination 

on the inner surfaces of the pipework. The sample gas is manipulated around the inlet by 

the use of two types of BK series air-actuated valves (Nupro, Valve and Fitting Co, 

U.K.), CR38 valves (VG Hastings, Sussex, U.K.) and pneumatic right-angle valves 

(A VI50M-P, MDC). The configuration of the inlet is illustrated in Figure 2.1 and 2.2. 

2.2.2. Pumping systems. 

There are two separate vacuum systems for the inlet: 

i) The "main" line (fig. 2.1) which evacuates the combustion section, purification sections 

and the sample split volumes (Le. the line routinely used during sample analysis). 

ii) The "back" line (fig. 2.2.) which pumps out the sample loading and standard loading 

section, the capacitance manometer, CO2 split volumes, manifold and the N and noble gas 

reference gas aliquotting systems. 

Both of these lines are maintained at high vacuum by two Triode (Starcell)TM ion 

pumps (IP3 and IP4) in conjunction with IPS60 power supplies (VG Hastings, Sussex, 

U.K); ion pumps are separated from the pipe line by pneumatic right-angle valves 

(AV150M-P, MDC). These can monitor pressures in the range of 10-4 mbar to 10-9 mbar. 

The main line is usually maintained at a pressure of <10-8 mbar, whereas the back line 

operates at "'" 10-7 mbar. 

Rough pumping for inlet pressures of > 10-3 mbar (e.g. after loading a sample) is 

achieved using a model MS50 sorption pump (Va Hastings, Sussex, U.K) packed with 

50 nm molecular sieve. The combination of sorption pump and ion pump provides a 

completely oil-free pumping system and hence a greatly reduced hydrocarbon 

background. 
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Figure 2.2. "Back" line schematic. IP4 - Triode (Starcell)TM ion pump; SP - MS50 
sorption pump (VG Hastings, Sussex, U.K); AIR - reservoir with AIR standard; BAR 
- MKS Baratron capacitance manometer, model 390HA (MKS Baratron, 
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MDC).; GATEl, GATE2 - M Series UHV C-Loc gate valve (Caburn MDC, East 
Sussex, U.K.); MANIFOLD - manifold including 5 ports for take off vessels. 
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The nitrogen analyser is connected to a Triode (Starcell)TM ion pump (lpt fig. 

2.1), in conjunction with a VPS60 power supply (Va Hastings, Sussex, U.K.), by a 

CRP38 high vacuum, bakeable stainless steel valve (Va Hastings, Sussex, U.K.) and to 

the inlet section via a modified NUPRO 4BK all metal bellows valve (NUPRO, Oxford 

Valve and Fitting Co, Oxon, U.K.). These valves are shown in Fig. 2.1. as 32 and 31 

respectively. If the mass spectrometer is at atmospheric pressure (i.e.. after filament 

replacement or vacuum loss), it can be evacuated to a pressure of 10-3 mbar via a manual 

valve Ml (CR38, VG Hastings, Sussex, U.K.) and valve 11 to a sorption pump situated 

in the inlet (Fig. 2.1 and 2.2). 

The vacuum in the QMS (HAL 2, Hiden Analytical Ltd., Warrington, UK) is 

maintained via valve 14 by a Triode (Starcell) TM ion pump (IP2 fig. 2.1), in conjunction 

with a VPS60 power supply (VG Hastings, Sussex, U.K.) In order to decrease 

hydrocarbon background in the QMS it is also connected to the Ti-Al getter (GTl, fig. 

2.1) via valve 38, allowing separation of the QMS from the getter when nitrogen analysis 

performed. 

2.3. Loading system. 

The two similar loading systems are attached to the inlet of the "back" line and are 

designed with several objectives in mind: (i) high sample throughput; (ii) ability to 

perform thermal treatments of the samples prior to analysis to remove gas components 

which are not of interest (e.g. atmospheric and organic contamination). 

2.3.1 Overview. 

The samples can be sequentially placed in the loading volume situated between a 

M Series UHV C-Loc gate valve (Cabum MDC, East Sussex, U.K.) and valve 39 (fig. 

2.3). The gate valve (GATE, fig. 2.3 ) is a manual valve with a Viton O-ring seal which 

separates the high vacuum combustion section from the back line. The loading volume 

consists of a glass section, where up to 10 samples can be held, attached to a metal-glass 

connection (Valves and Fittings Co., UK). The glass section contains a quartz tube joined 
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with a pyrex tube by quartz-pyrex connection (Cambridge Glassblowing Co., UK) and 

two Young valves (H Young, Scientific Glassware Ltd., UK), one of which is used for 

sample introduction and another to separate the loading volume from the inlet of the back 

line to decrease the size of the volume which is necessarily exposed to atmosphere. A 

schematic of the loading system is illustrated in Fig. 2.3. 

2.3.2 Sample preparation. 

Several ways of sample preparation for nitrogen isotopic analyses have been 

suggested in the previous studies (e.g. Boyd, 1988). Perchloric acid, for example, 

oxidises all forms of carbon except diamond therefore treatment with HCI04 were applied 

in order to remove organic contamination from samples. In addition combustion in the 

atmosphere. at 500°C for 3-4 hours as suggested by Boyd (1988) was applied for 

diamond samples prior to analysis. In order to optimise the above treatments pyrolysis at 

l100-1200°C prior to combustion of diamond was investigated. The loading section has 

been designed so that samples can be pre-pyrolised before the actual experiment (fig. 

2.3). 

2.3.3 Loading procedure. 

The loaded samples are evacuated overnight with the back line ion pump (IP4, fig. 

2.2) after pumping on the - sorption pump (SP, fig. 2.2) . To drop the sample into the 

extraction section. the gate valve is opened and the sample can be moved into the 

combustion tube using the metal magnet (fig. 2.3.). After the sample is loaded the gate 

valve is then closed and the extraction can commence. 
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2.4. Extraction system. 

2.4.1. Overview. 

Several extraction systems of different design were investigated for experimental 

purposes. The instrument has two gate valves and two loading systems, hence two 

extraction system can be always attached to the inlet (fig. 2.1). The extraction systems are 

designed to be replaceable; they are attached to the gate valve through FC flanges 

(Vacuum Generators, UK) with welded metal-glass connections accompanied with a flexi 

section (Valves and Fittings Co., UK). 

Since the majority of the samples analysed by this instrument utilise a stepped 

combustion technique, all of the extraction sections contain a Cu/CuO finger which has an 

operating oxygen pressure of a few torr. The oxygen pressure is monitored regularly, and 

replenished if necessary by the procedure described by Boyd et al. (1988). The following 

types of systems were evaluated: (i) a simple combustion section, (ii) a high throughput 

horizontal combustion section, (iii) a high temperature combustion section and (iv) a 

combustion section for nitrogen combined with noble gas analysis of diamond samples. 

Simple combustion section. 

The simple extraction system consists of quartz reactor tube with attached Cu/CuO 

reservoir accompanied by resistance furnace. The sample is heated by a resistance wire 

furnace designed and built on site for temperatures up to a maximum of 1300°C; 

temperature control is obtained by the use a chromel-alumel eCr Ni / AINi) thermocouple 

connected to a temperature controller (Eurotherm 808). The description of the design of 

the furnaces are given by Boyd et al . (1988). Although this system has an advantage of 

simplicity it does not allow: 1) safe use of high temperatures (higher than 1200°C) due to 

collapsing of quartz reactor; 2) high sample throughput since after each experiment the 

sample should be touched off by glass blowing leading to an increase in blank level; 3) 

limited ability to combust large samples (diamonds in particular) due to absence of the 
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oxygen flow in the reactor; 4) use for a He analysis due to a high He blank (He easily 

diffuses through quartz). 

Horizontal combustion section. 

In order to analyse samples (especially diamonds) routinely usmg bulk 

combustion technique a horizontal combustion section has been designed (fig. 2.3). It has 

Cu/CuD reservoir on the one side of the quartz reactor tube and on the other side a cold 

finger and a finger used for storage of analysed samples. Using such a design CO2 is 

continuously frozen down giving the oxygen better access to the sample, this results in 

increase of a size of diamond which can be combusted in one step. Since furnaces can be 

moved, the spent sample can be removed by the metal magnet from the reactor straight 

after the sample gas transferred in the purification section. Therefore, blank between 

different samples does not change considerably. This design allows analysis of up to 7-8 

diamond samples over a day, however the temperature ranges used and noble gas blanks 

are similar to those associated with type of extraction system described above. 

High temperature combustion section. 

In order to increase the range of extraction temperatures and to decrease noble gas 

blanks an extraction system having the space surrounding the reactor tube and CuiCuO 

reservoir maintained at low vacuum (Fig.2.4,b) has been investigated. The supplementary 

vacuum is achieved by surrounding each with ajacket (alumina for the reactor and quartz 

on the CuiCuO reservoir) and evacuating the space between by rotary pump. The main 

reasons for this are that it prevents internal quartz reactor tube from collapsing at 

temperatures of 1500°C and also dramatically decreases noble gas blanks due to reduced 

exposure to atmospheric diffusion. 
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Figure 2.4. Extraction sections used for experiments involving noble gases. (a) -
combustion section used for combustion of large samples; (b) - high temperature 
section. Fl - sample furnace; F2 - Cu/CuO furnace; CF - cold finger; CuO -
Cu/CuO reservoir; GATE - M Series URV C-Loc gate valve (Caburn MDC, East 
Sussex, U.K.); V - valve 2 or 3 see fig. 2.1; 1- flanges (Valves and Fittings Co,UK); 
2 - flexy section ( ); 3 - alumina tube; plain lines - metal pipework; grey lines -
pyrex or quartz pipes. 

Combustion section used for combined N, C and nobLe gas anaLysis In 

diamonds. 

The last extraction system described here provides low noble gas blanks and also 

an ability to combust large diamond samples. This system has a Cu/CuO reservoir and 

cold finger split at different ends of the reactor tube (fig. 2.4a) and quartz jacket is 

attached to the reactor and the Cu/CuD reservoir (the space inside the jacket is held at the 

low vacuum). However, this design does not allow samples to be removed from the 

reactor and each new experiment can only be started after entire combustion or degassing 

of the previous one. 
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2.4.2 Gas extraction 

The length of a step in the combustion section can be variable from 20 min to 1 

hour, depending on: (i) the type of analysis (bulk or step heating types of extraction; (ii) 

the number of constituent gases to be analysed as different purification and analysis times 

are required. For a pyrolysis extraction the temperature of the CulCuO furnace is 

maintained at 450°C. For a combustion extraction, the temperature of the CulCuO furnace 

is increased to 850-920°C in order to liberate oxygen for combustion of the sample. 

Before transferring of the sample gas in the purification section, the CuO furnace 

temperature is reduced to 600°C for 5-10 minutes, to reabsorb most of the excess oxygen 

and then reduced to 450°C for a further 5-10 minute to reabsorb any remaining oxygen. 

2.S. Purification system. 

The purification section consists of a molecular sieve trap, a CulCuO finger, a 

platinum finger and a variable cryogenic trap (temperatures on all traps are controlled by 

Eurotherm temperature controllers (see 2.9.2». The original design of this section has 

been described in some detail by Boyd et a1 . (1988). The aim of this section is to collect 

the sample gas from a temperature step and purify it prior to its analysis in the mass 

spectrometer. The purification procedure was originally designed to remove any species 

which could ultimately interfere with the mJz 28 and 29 i.e. CO, CO2, dimerised CH4 etc. 

and to reduce any nitrogen oxide species to N2 gas. Since the instrument can perform 

sequential analysis of He content and Ne, Ar, N and C isotopic compositions and 

contents the purification procedure is not exactly the same as was used for N analysis 

(Boyd, 1988). 

Stage 1. 

After the extraction stage, the sample gas is transferred to the molecular sieves 

kept at the liquid nitrogen temperature with an exception of He and Ne which can not be 

trapped by molecular sieves. To avoid mainly He contamination through single walled 
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glass, the CuiCuO finger is held at room temperature. Subsequently an appropriate aliquot 

of He and Ne can be taken and analysed by QMS. 

Stage 2. 

This stage of purification is equivalent to that described by Boyd, (1988) used for 

N analysis. At the end of this stage CO2 is frozen down on the cryogenic trap while N 

and Ar are in the gas phase available for the analysis. For most of the samples the Nand 

Ar mixture is split in approximately equal volumes: 50% for Ar analysis and 50% for N 

are taken separately for analysis of their isotopic compositions and abundances. 

Stage 3. 

The carbon dioxide frozen on the cryogenic trap is released while temperature on 

the trap is increased up to -120°C and then it is frozen down again on to the capacitance 

manometer (baratron) cold finger. Then, after the CO2 is released from the baratron cold 

finger, it can be appropriately split and measured by the baratron (see section 2.7). 

2.6. Isotopic measurement. 

2.6.1. Isotopic analysis of the gases extracted from samples. 

Currently the QMS is used for (i) quantitative simultaneous analysis of 4He 

content and Ne isotopes; (ii) isotopic analysis of Ar in half of the Ar-N mixture; (iii) 

measurement a small aliquot of N to estimate N abundance and select an appropriate 

proportion of sample gas to be let in to the MS. 

QMS measurements are performed in static mode with background data taken 

prior to sample analysis. The background is measured while the QMS is connected to the 

ion pump (IP2, fig. 2.1). After background measurements the QMS is separated from the 

ion pump (IP2 fig. 2.1) by closure of the valve 14 and a sample gas is let in to the 

chamber through the valve 6. If necessary the small aliquot of sample gas can be taken 

using volume between valves 6 and 7 to be analysed to give an indication of total 
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abundance; according to the size of this aliquot the instrument chooses an appropriate 

proportion of the sample gas to be let into the mass spectrometer for maximum accuracy 

without saturating the system. Following 20 seconds of equilibration, the acquisition of 

data starts. The number of performed scans can be variable from 50 to 200 depending on 

the purpose of analysis. 

Measurement of the small nitrogen aliquot is performed in a similar mode to noble 

gas measurements except for the fact that for nitrogen analysis the getter is separated from 

the QMS by closure of valve 38 (fig. 2.1). Ions of rnJz 14 and 29 are measured in the 

aliquot to give a guide to the abundance of nitrogen and its isotopic composition 

(measurement of rnJz 29 is especially important for exotic extraterrestrial samples (e.g. 

Franchi et al., 1986) which contain extremely heavy nitrogen (OI5N>+350%o)). 

Once the nitrogen aliquot is analysed by QMS, a splitting sequence can be selected 

to take an appropriate aliquot for nitrogen isotopic analysis proceeded using the MS. The 

analysis is performed in static mode with zero data taken prior to sample measurements. 

After the background measurements, the chamber is separated from the ion pump and the 

nitrogen aliquot can be let in to the MS. Data acquisition starts following equilibration 

between the aliquot volume used and the MS chamber (20 seconds). Since the MS 

contains three collectors, intensities of rnJz 28, 29 and 30 are simultaneously acquired. 

Final data are presented as intercepts of 28129,30129 ratios and 28 intensity corrected for 

background measurements. 

2.6.2. Quadrupole static mass spectrometer. 

The QMS used in this instrument is a HAL 2 (Hiden Analytical Ltd., Warrington, 

UK.). Gases in the QMS are ionised using a tungsten filament. The mass resolution is 

approximately 1 atomic mass unit. The ion beam is intensified by a secondary electron 

multiplier, rather than faraday collectors as used in most stable isotope instruments. 
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2.6.3. Nitrogen static mass spectrometer. 

The mass spectrometer is a modified version of a Dennis Leigh Technology 

Magnetic Sector analyser (DLT, Winsford, Cheshire, U.K.), with a llOmm radius flight 

tube and a 90° magnetic sector. 

2.6.3.1. The ionisation source. 

The ionisation source is a traditional "nude" Nier type design as described by 

Wright et al (1988). The ionising electrons are emitted by a tungsten filament (DLT, 

Winsford, Cheshire, U.K.), operating at 3.5-4.0 A, with an ionising energy of 76eV, 

producing an operating trap current of 1251lA. A tungsten filament is preferred to others 

such as rhenium, because it has been observed to be more durable, although initially it 

takes longer to degas (Wright et al., 1983). This ensures that the mass spectrometer is 

operational for longer periods of time as the filament has a greater life expectancy. 

Ionisation source parameters are controlled by a source control box (DLT lOS 5001, 

Winsford, Cheshire, U.K.). 

2.6.3.2. The collector assembly. 

The ion beam is focused into the collectors by means of a 90° sector magnet 

generating a flux density of 0.4 T. The total volume of the mass spectrometer, including 

source and collector housing is estimated to be -0.5 x 10-3 m3 The collector assembly 

utilised on this instrument is a modification of that described by Carr et al. (1986) for 

carbon isotopic analysis. The system uses three separate Faraday collectors, one each for 

mass 28 C4N I4N+), mass 29 CSN I4N+) and mass 30 C5N I5N+) In previous instruments 

(Wright et al. 1983), the impinging ion beams were scanned over the collector in order to 

allow abundance and isotopic measurements to be made. whereas in this instrument the 

collectors are fixed and the ion beams are focused directly into the correct collector. The 

two major advantages of this procedure are: (i) it has allowed the abundance of mass 30 
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within the mass spectrometer to be ascertained, and hence correction made for the 

contributions of CO and any hydrocarbons to the nitrogen analyses (see section 

2.10.1.4); (ii) it minimises the length of time for each analysis and increases the number 

of data points measured during this period. The importance is obvious, when dealing with 

an element such as nitrogen with a relatively short half-life against destruction in the mass 

spectrometer. The increased number of measurements can only enhance the precision of 

the final results and reduce the errors associated with the measurements. For comparison, 

the instrument described by Wright et al. (1988) would make only 15 scans of the ion 

beam, each scan taking 20-30 seconds, whereas the instrument documented in this paper 

makes 100 measurements on each collector in two minutes. 

2.7. Carbon abundance measurements 

Carbon abundances are measured on a capacitance manometer (MKS Baratron, 

model 390HA, Massachusetts, U.S.A.), connected to a metal liquid nitrogen trap, where 

CO2 released from the sample is usually frozen down after the end of nitrogen isotopic 

analysis (see section 2.5) and then can be released in the baratron volume (between valves 

21 and 23, fig. 2.2). The CO2 pressure in the baratron is displayed on a digital meter with 

a saturation pressure of 1 torr; if the baratron is saturated an appropriate splitting 

procedures are used. Subsequently CO2 can be transferred into a take off vessel attached 

to the manifold (fig. 2.2) and eventually analysed using an off line dynamic mass 

spectrometer. 

2.8. Reference gas aliquotting systems. 

2.8.1 Nitrogen reference gas aliquotter. 

The nitrogen reference gas consists of 99.998% pure nitrogen (White Spot Grade, 

British Oxygen Corporation, Ipswich, U.K.) which is stored in a metal cylinder behind 

valve 29 (Fig. 2.1). In order to accurately calculate the correct isotopic composition of 

any sample gas analysed on this instrument, the reference gas has to be initially calibrated 
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with respect to AIR or another known nitrogen standard (section 2.10). 

Previous mass spectrometers have utilised two reference gas systems: a fixed 

volume and a variable volume aliquotting system (Wright et al., 1988; Wright et al., 

1983; Carr et al., 1986). However, this method of reference gas metering proved to be 

too restrictive in dealing with a large variety of nitrogen abundances and it is also difficult 

to automate. 

For the instrument described herein, sample and reference are matched by means 

of a capillary gas pipette (between reference gas volume REFI and valve 29, fig. 2.1) 

capable of delivering picomole quantities of reference gas into the inlet with a 

reproducibility of 0.5% once the instrument has stabilised (Pillinger, 1992). Using this 

technique, the quantity of reference gas to be admitted into the mass spectrometer is 

determined, not by adjusting the volume of the aliquotter, but by altering the length of 

time that reference gas is bled into the constant volume contained by valves 27, 28 and 

29. This is known as the bleed time. Initial testing of the capillary aliquotter was carried 

out by Russell (1992) using the carbon static vacuum mass spectrometer described by 

Carr et al. (1986) to ensure there was no fractionation effects from the capillary. In order 

to ensure that any sample gas can be matched with an equal pressure of reference gas, the 

capillary is set to a bleed rate of -1 pmol/s. The accuracy of the aliquotting is discussed in 

Appendix I (fig. AI-I and table AI-I). 

After the reference gas has been bled into the inlet volume for the desired length of 

time, valve 29 is closed, and the gas is expanded up to the inlet valve of the mass 

spectrometer. Before being admitted into the analyser, any trace contaminants e.g. CO2 

are removed by a liquid nitrogen cold trap (CFI, fig. 2.1) placed between the inlet and the 

mass spectrometer. 

2.8.2 Noble gas reference gas aliquotter. 

An aliquotter of a similar design is used for noble gas reference gas analysis, but 

the cylinder is filled with air to provide a mixture of noble gases. It consists of reference 

vessel filled with air at about 3 atm pressure and connected to the vacuum system via a 
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capillary through which a continuous flow of the air is bleeding. The system makes it 

possible to take any necessary aliquot of the air. The noble gas references aliquots are 

purified prior to analysis using Ti-Al getter (GT2 fig. 2.1); some of the noble gases can 

be trapped on activated charcoal (AC, fig. 2.1), if necessary. Relative abundance of He in 

the reference gas was found to be different from the expected value for air i.e. 

(He! Ar)recl(He! Ar) AIR::::: 17.5 (the effect is possibly due to fractionation at constant rate by 

passage through the capillary); the He!Ar ratio was found to be unchanged over the 1 year 

period oftime. The capillary is set to a bleed rate of 1.77xlO-1I and 1.5xl0-9 for He and 

Ar respectively, and the dependence between the bleed time and the intensity of the signal 

measured by QMS were found to be linear (Appendix 1: fig. AI-2, AI-3 and AI-4) as in 

the case of nitrogen reference. 

2.9. Automation of the analysis. 

All analytical procedures including extraction, purification and actual analysis are 

controlled by a Opus Technology 486 PC together with Labview Graphical Programming 

Language version 4.0. The latter was chosen specifically for its intuitive programming 

style, allowing access for maintenance and upgrading to those with an interest in the mass 

spectrometer who do not have formal programming skills. The computer communication 

configuration is illustrated in fig. 2.5. 

2.9.1. Inlet system. 

The valves, which are used routinely during analyses, are pneumatically operated 

utilising compressed air generated in the two lines by two compressors. Valves and relays 

are controlled using the valves control device which is a product made at the Open 

University (four of these devices are currently being used). It is designed to latch data 

regarding up to 12 valve or relay settings in or out upon being addressed and strobed by 

the computer. A key safety feature is that the controllers also allow manual control of the 

valves, in the event of computer failure. 
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Figure 2.5. Configuration of the computer communications. 

2.9.2 Control of temperature. 

Analyses performed by the instrument reqUire various accurately controlled 

temperature states to be achieved in different parts of the system (the furnaces, cryo-trap, 

Cu/CuO fingers etc.). Eurotherm 808 series temperature controllers (Eurotherm Controls 

Ltd., UK) are used to monitor and maintain these temperatures, by adjusting the internal 

heater power consumption for each device. The PC is able to read current status and write 
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target these temperatures via the serial link. 

For complete automation of the system is necessary to be able to control the 

cooling of the cryogenic trap, cold fingers and molecular sieve. One of the simplest 

methods, adopted here, is to use a network of pipes and valves and simply pump nitrogen 

taken from a liquid nitrogen reservoir dewar flask through a metal jacket surrounding each 

device to be cooled, as and when required. Computer control is achieved by use of the 

valve control devices operating the valves and switching the pumps on and off. 

The molecular sieve also contains an internal heating element, this is switched on 

as a time saving measure for rapid degassing during the clean up procedure. For the 

cryogenic trap, the internal heater and Eurotherm 808 temperature controller, operating in 

conjunction with "pulsed" nitrogen cooling enables the cryogenic trap to acquire and 

maintain any temperature between liquid nitrogen temperature and 200°C as necessary. 

2.9.3. QMS control. 

The controller unit, supplied with the QMS, performs the manipulation of the 

quadrupole r.f. field and allows the user full control of masses detected and sensitivity of 

the detector, within certain parameters, performing several modes of scanning. This 

controller is operated by the PC in its tum, thus it acquires results of mass scans 

generated by QMS and for subsequent processing. 

2.9.4. Nitrogen MS control. 

The Analogue Voltage Card is used to set the scanning voltage for the nitrogen 

mass spectrometer. The mlz 28, 29 and 30 intensities are read using a Multimeter with 

Scanning Card (Keithley Instruments Inc., USA) connected to the mass spectrometer 

remote head amplifiers. Each amplifier has a different sensitivity. The major (mass 28) 

uses a 1 GO resistor, with a sensitivity of 10-8 A at full scale deflection (f.s.d). The minor 

I (m/z=29) uses a 100GO resistor with 10-10 A f.s.d and minor 2 (mlz=30) uses a lOOGO 

resistor with 10-
11 

A f.s.d.. The PC is then able to acquire data from the 
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multimiter for producing the intercept values of intensity of mlz 28, and 28/29, 30/29 

ratios and errors. 

2.9.5. Pressure and Temperature Monitoring. 

The Keithley Multimeter is used for more than the mass spectrometer. It also 

monitors pressure by reading the baratron (BAR, fig. 2.1) output voltage and reads 

temperatures in other parts of the system via thermocouples. 

2.10. Instrumental appraisal and calibration. 

Prior to the analysis of samples, the instrument needs to be stringently assessed. 

The internal precision, sensitivity and reproducibility of the mass spectrometer is 

calculated from repeated reference gas analyses until a suitable operational level is 

achieved. In respect to the accuracy of N analysis correction for the presence of non­

nitrogen components is also essential. Full system blanks are necessary, both during 

recovery of the instrument after maintenance and routinely thereafter to ensure the 

instrument operates with its optimum blank level. The instrument also requires 

calibration, in order that the yield and isotopic composition data obtained can be 

considered as quantitative and comparable both within, and between laboratories. 

2.10.1. Instrumental appraisal. 

2.10.1.1.Nitrogen. 

The precision of the 81sN measurements can be ascertained from the analysis of 

aliquots of reference gas. In this paper, two types of experiments have been undertaken to 

achieve this. The first experiment is a zero enrichment test, in which repeat analyses on 

equal sized aliquots of gas have been measured, in order to determine both the precision 

for the aliquot size and to monitor instrumental drift during the course of the experiment. 

The second requires the analysis of several aliquots at a variety of reference gas 

pressures, such that the precision for different sized aliquots can be calculated, and it is 
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also yields infonnation about the absolute variation of the 28/29 ratio with increasing size 

of the aliquot. 

For the zero enrichment experiment 48 analyses of 0.1 nmol aliquots of nitrogen 

reference gas were made using a 10 minute pumping out time for the mass spectrometer. 

The zero enrichment study gave a standard deviation (10) of ±D.21 %0 (Appendix 2: table 

A2-2, fig. A2-1». 

For the second experiment, analyses of reference gas were made for 12 different 

sized aliquots from 0.01 nmol to 0.12 nmol, each using a 10 minute pumping out time 

between measurements. The Ol5N values and the associated errors were calculated from 

the mean 28/29 ratios. The results obtained are given in Table 2 and shown graphically in 

Figure 2.6. 

From Table 2.2 and Figure 2.6., it can be seen that the precision improves with 

increasing bleed time and that this instrument can routinely measure isotopic compositions 

with a precision of +0.4%0 over a wide range of sample sizes from 0.5 nmol to 0.12 

nmol; larger samples would have to be split to provide an aliquot of the correct size for 

study so there is no advantage in going to larger specimens. For small amounts of 

reference gas «50 pmol), the precision lies between + 1.0 and +2.4 %0. 

Table 2.1. Standard deviations for nitrogen isotopic measurements of different aliquots of 
reference gas (Appendix 2: table A2-1). 

Size, (nmoI) 
0.02 
0.03 
0.04 
0.05 
0.06 
0.07 
0.08 
0.09 
0.12 

Mean 28/29±st.dev 
131.52±0.32 
133.49±0.21 
134.59±0.14 
135.20±0.09 
135.64±0.08 
135.84±0.08 
136. 13±0.09 
136.29±0.07 
136.74±0.05 

St.dev, %0 
2.43 
1.60 
1.02 
0.64 
0.63 
0.58 
0.64 
0.51 
0.38 
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Figure 2.6. Variations of error in Ol5N against reference gas aliquot size (table 2.1.). 

2.10.1.2. "Mass 30" effect on nitrogen isotope measurements 

and correction of nitrogen isotopic composition. 

From Table 2.2 it can be seen that the 28/29 ratio varies as a function of sample 

size. To investigate the dependence of 28/29 ratio on aliquote size a three isotope plot 

28/29 ratio VS. 30/29 ratio was considered. For variable amounts of reference nitrogen a 

reproducible 28/29-30/29 linear correlation is usually obtained (fig. 2.7). Large aliquots 

(> 0.1 nmol) of nitrogen have high 28/29 and low 30/29 ratios and the ratios are not 

variable; however, points for aliquots smaller than 0.1 nrnol move towards low 28/29 and 

high 30129, indicating the presence of an increasing proportion of contaminant from the 

system and thus producing a mixing line. The slope of the mixing line seen in fig. 2.7. 

changes over a long period of time indicating that the isotopic composition of the inlet 

contaminant varies. Therefore, it appears to be that inlet contaminant is a mixture of 

several components in constant proportion over at least short periods of time; candidate 

species are most likely to be CO and hydrocarbons released from valves and metal 

pipeline. It is not surprising that a metal inlet, and especially metal valves, could release 

CO and hydrocarbons. 
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Figure 2.7. Reference gas calibration line: 28/29 vs. 30/29 (R2=0.989 for the line). 

Assuming the same effects are present in the case of samples analysis, the 28/29-

30/29 reference-gas correlation can be used for correction for the non-nitrogen 

components. This assumption has been supported by experiments with sample gas. 

Nitrogen released from the samples was split into a few aliquots of different sizes which 

were separately measured; the same 28/29-30/29 dependence as for the reference nitrogen 

was obtained. 

2.10.1.3.Mass 30 correction. 

The conventional way of representing N isotopic data is the "delta" format. The 

"delta" value in %0 for N can be calculated using formula: 

(2.1 ) 
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which is equivalent to commonly known "delta" notation: 

[

15 N) [15 N) 
15 14 N sm 14 N sf 

o N= [) xIOOO 15 N 

14 N sf 

where Ol5N is "delta" value for nitrogen isotopic composition conventionally presented in 

permill (%0); (28129)sm is the ratio measured in the sample gas; (28/29)st is that measured 

for standard in an approximately equivalent aliquot size to that of the sample to obtain the 

same gas pressure in the chamber of the MS. This calculation assumes that pure nitrogen 

is present in the chamber during the measurement or at least a similar amount of 

contaminant with similar composition is the present in the reference and sample gases, 

which implies that ratio 30/29 in each pair of measured gases should be affected in the 

same way. However since this may not be always the case (especially when aliquot size is 

lower than 0.1 nmol) the correction procedure can be used. The correction also produces 

a better error estimation since it is based on the stability of reference gas measurements 

during the experiment. 

The calculation of Ol5N using "mass 30" is based on the fact that there is a linear 

correlation between different aliquots of reference gas and the assumption that each 

sample gas measurement lies on a similar mixing line. For series of reference gas 

measurements the slope, intercept and their 1 cr errors are calculated using a York fit. 

From these the 28/29 ratio of pure nitrogen and its error can be estimated assuming that 

30/29 ratio of it is 0.0018. Assuming that the CO-hydrocarbons mixture on the reference 

mixing line, the value for pure nitrogen of the sample gas can be calculated; the error of 

28/29 for nitrogen of the sample gas is also estimated. The geometrical illustration of the 

correction is shown on fig. 2.8. Using 28129 ratios for reference and sample gases the 

Ol5N can be calculated in accordance with the formula (2.1). For each sample gas 1 cr error 

is estimated separately. 
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Figure 2.8. Geometrical illustration of "mass 30" correction (REFm and Sill are 
experimentally obtained data for reference gas and sample gas respectively; LINEsm and 
LINEref are mixing lines between nitrogen of the sample (Nsm) reference gas (N ref) on the 
one hand and contaminant (C) on the other; 28/29 corresponded to the Nref and Nsm are 
used for the calculation of the cS I5N). 

2.10.1.1. He, Ar and Ne measurements. 

The precision of He and Ar abundance is determined from the repeated analysis of 

aliquots of reference gas (Appendix 3) (table 2.1.). It should be noted however, that use 

of an electron multiplier enables significant changes of the QMS sensitivity; the main 

limitations of the analysis by QMS are the blank levels (table 2.1). Presision of Ar isotope 

measurments has been determined for the range of aliquots of AIR standard from 1.5x 10-9 

cm3 to 7_2xlO-S em3 (40Ar); the 4°Ar/36Ar ratio is 283±12 and 38Ar/36Ar is 0.18±0.02 

(Appendix 3). Both ratios are very close to the Ar ratios of atmospheric air 

( 40 ArP6 Ar=296; 38 ArP6 Ar= 0.185). 
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Table 2.2. Precision, sensitivity and blanks of 40 Ar and 4He measurements (the blanks are 
measured for the whole analytical procedure including extraction) . 

Aliquot 
size, cc 

St.dev. Sensitivity, Aliquot, sec Reference gas Blanks, cc/g 

4°Ar 
4He 

1.80xlO-7 

1.47 xlO-8 

cclcps flow, cc/sec 

2.7% 1.31 xlO-10 120 1.5 xlO-9 

8.8% 1.05 xlO- 12 1000 1.5 xlO- 11 

2.10.2. Instrumental calibration 

3xlO-10 

1x10-9 

To ensure that the yield and isotopic data obtained from the mass spectrometer are 

accurate and reliable, the instrument requires regular calibration. Calibration parameters 

are reviewed after a loss of vacuum or after any routine maintenance has been carried out 

and thereafter, calibration checks are made regularly to monitor any sensitivity change in 

the mass spectrometer. The reference gas used in this system also needs to be calibrated 

with respect to independent standards, since subsequent checks are required to determine 

whether its isotopic composition has changed over time. Two types of nitrogen standards 

are used for this purpose: local air standard (AIR) and a laboratary diamond standard. 

2.10.2.1. AIR standard. 

Several studies have proved that the atmosphere is a homogeneous reservoir (Dole 

et al. 1954, Junk and Svec 1958, Mariotti 1985), therefore air nitrogen is the simplest 

absolute standard. AIR can be used to monitor sensitivity of mass spectrometer and 

stability of N isotopic composition of nitrogen and noble gas reference gas. 

The AIR was stored in a 300m! metal cylinder with two modified valves (40 and 

41, fig. 2.2) acting as an aliquotting system to provide a aliquots of 0.5ml for routine 

calibrations of MS. The aliquot of required size can then be transferred in the clean up 

section and after purification the quantity of nitrogen in the aliquot is measured using the 

baratron (note the baratron is calibrated for CO2, see 2.10.2.5). Now the intensity of mlz 

28, measured by MS, can be calibrated using known amounts of nitrogen. From the 

results shown in the Appendices 4 and 5, it can be seen that local AIR provides an 

accurate and reproducible means of obtaining a value for the nitrogen conversion factor 
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and for measurement of the isotopic composition of the reference gas. 

AIR standard can also be used as an independent isotopic standard to control 

isotopic compositions of Ar and relative 4He abundance in the noble gas reference. 

2.10.2.2. Diamond standard. 

Neither reference gas nor AIR standards reproduce the whole experimental 

procedure applied to the samples during analysis including extraction and purification, 

hence they do not necessarily reflect the reproducibility of the combustion experiments. 

Therefore it is essential to introduce a standard which can evaluate reproducibility of the 

whole procedure used from extraction to analysis. This is most important in the case of N 

and C since they can be involved in various chemical reactions during preparation of the 

sample gas for analysis. Therefore a laboratory diamond standard was introduced for 

routine measurements to investigate the reproducibility of Nand C isotopic compositions 

and N abundances. Since the majority of diamonds can be heterogeneous in terms of N 

and C isotopic compositions and N content (e.g. Boyd 1988), a diamond powdered to 

1O-15Jlm was chosen assuming that even in the case of possible isotopic difference 

between grains it is not likely that different aliquots of diamond powder would show 

isotopic heterogeneity. A typical sample consists from ::::6000 to :::: 100000 grains from the 

reservoir of "'" 1 Ox 1 09 grains of diamond. 

Preparation, extraction, purification and analysing procedures used to obtain N 

and C isotopic composition and N content in the diamond standard are exactly the same as 

routinely performed for samples. The results obtained were blank corrected and the Ol5N 

calculation included "mass 30" correction. Summaries of Nand C isotope and N 

abundance data are shown in table, Fig 2.9 and 2.10 (O I5N=-0.23±O.99%o, oBC=-9.7 

±O.5%o, nitrogen abundance =1103±79 ppm (see Appendix 5». 
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Figure 2.9. Reproducibility of experiments in terms of N isotopic composition, based on 
measurements of laboratory standard diamond. 
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Figure 2.10. Reproducibility of experiments in terms of C isotopic composition, based on 
measurements of laboratory standard diamond. 
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2.10.2.3 Biotite standard. 

Biotite-70 is an Ar standard widely used in the former Soviet Union (Afanas'ev 

G.D., and Zykov S.I., 1974); its Ar content is 9.48*10-5 cm3/g (±5%). It was used for 

calibration of sensitivity of QMS. Samples of biotite-70 were weighted, and since the Ar 

concentration in it is well known it is easy to work out how much gas could be released 

from the sample in the course of experiment. Biotite-70 specimens were pyrolysed using 

the same extraction section as used for diamond sample analysis; to be sure that all Ar is 

released from the standard two or three extraction steps were applied. The procedures 

following extraction steps were the same as used for sample analysis. To obtain reliable 

conversion factor in the course of calibration three or four standards of different size were 

analysed. The conversion factor is calculated as the gradient of the graph - measured 

40 Ar(intensity) vs. calculated 40 Ar from the weight of the sample (fig. 2.11). 
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R2 = 0.9922 
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Figure 2.11. Ar calibration line based on the experiments with standard Biotite-70 (Ar,cps 
is intensity of Ar signal measured by QMS in counts per second; Ar,cm3 is amount of Ar 
relea~ed from each sample of standard calculated from known concentration of Ar in 
Biotite-70). 
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2.10.2.4. Baratron calibration 

The baratron can be calibrated either using known quantities of CO2 gas, 

measured on a separate instrument and transferred via evacuated glass take off vessels or 

by combustion of diamond crystals of known weight. The conversion factor is calculated 

from the gradient of the graph - measured C content (baratron pressure) vs. carbon 

content (diamond weight). The usual precision of carbon measurements is ±5% as could 

be determined from the calibrations; the combustion experiments involving diamond 

samples have also indicated that the deviation of the carbon content measured using the 

baratron from the diamond weight is not higher than 5-10% . 
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Figure 2.12. Calibration of Capacitance manometer (Baratron) using diamond (Bar, V is 
pressure measured by baratron in volts; C, mg is weight of diamond crystals). 

2.11. Blank measurements. 

In order to obtain precise abundance and isotopic composition data using the 

combined instrument, it is imperative that the magnitude and isotopic composition of the 

full system blank is accurately known. Such blanks are carried out before and in some 
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cases after experiments, in order to correct the measured abundance and isotopic values 

for the sample. These blank measurements are usually performed for the extraction 

temperatures of llOO-1200°C since it is the highest extraction temperature used in the 

course of experiments and blanks at this temperature are suppose to represent worse 

possible cases during the experiments. 

The nitrogen combustion blank was found to be quite constant for a series of 

experiments during a single day (variations being within 20% for quantities of nitrogen 

and within 3%0 for isotopic composition). In absolute term and over longer periods blanks 

could vary from 0.02 to 0.05 nmol in terms of nitrogen abundances with al.~N shifting 

from 0 to -12%0 in terms of isotopic composition. The pyrolysis blank is generally 

slightly lower than the combustion blank i.e. typically <0.02 nmol. Isotopically, the 

pyrolysis blank tends towards even lighter values of al5N between -15%0 and -25%0. 

The nitrogen blank measured from the purification section alone, is usually =5 

pmol with a Ol5N composition of between -25%0 to -35%0 due to the small size of the 

blank. The nitrogen blank from the inlet section (including the extraction section) will 

vary slightly between each experiment but generally ranges from 0.01 nmol to 0.04 nmol. 

The Ol5N values usually range from -10%0 to -20%0. 

2.12. Concluding remarks and further developments. 

The main advantages of the instrument are ability (i) to perform simultaneous 

analysis of a number of gases, (ii) to analyse isotopic composition of nitrogen on nmol 

sized samples with high precision; (iii) to perform bulk and step heating (combustion) 

experiments in automatic mode. 

Currently carbon isotope analysis of extracted CO2 can only be possible off line, 

and therefore it does not provide results with the highest precision. The technique does 

not allow to the study carbon isotopic composition with high resolution during stepped 

extraction, because of limited number of ports in the manifold and sample size 

requirements for analysis by conventional dynamic mass spectrometer. Therefore 

77 



introduction of an integrated carbon isotope instrument particularly for small sample 

analysis is an obvious step forward. 
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Chapter 3. Carbon and nitrogen isotopic composition 

of mantle diamonds and their implications for the 

Earth's evolution model. 
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Abstract. 

Many studies of the carbon isotopic composition of diamonds have been made 

during last 20-30 years. Variations of 83C from +2.5 to -35%0 with a major peak of =-

5%0 were observed for diamonds from kimberlitic sources,' carbon isotopic compositions 

of CO2 in the MOR basalts and carbonatites have also been found to be of ca. -5%0, 

suggesting that mantle carbon is about this value. However, reasons why the diamond 

data scatter away from this value remain in dispute. Two major views on this question 

propose either an influence of subducted crustal material on diamond formation or 

processes of carbon isotope fractionation. Several efforts have been made to combine 

the study of carbon isotopic composition in terrestrial diamonds with that of nitrogen, 

but so far only diamonds from kimberlites with unknown paragenesis have been 

considered. 

The current study considers diamonds of known paragenesis as well as 

diamonds with unusual carbon isotopic signatures from various sources. As a result I 

obtained preliminary conclusions about o/5N variations in diamonds of eclogitic ( -3 to 

+23%0) and peridotitic ( -34 to +9.5%0) types. I also characterised for oJ5N diamonds 

with a wide spread of 83C from +2.8%0 to -30%0 and found the main peak of the IPN 

distribution to be =-1%0 suggesting that subcontinental mantle must have almost been 

equilibrated with the atmosphere in respect of nitrogen isotopic composition before the 

majority of diamonds were formed. Herein I confirm the suggestion, made on the basis 

of different studies, that subduction plays a significant role in diamond formation, and 

that diamonds may trap gases delivered into mantle regions by subducted plates. Our 

data also confirm an important role for enstatite chondrite type of material in the 

formation of the Earth, since I found 815N and ol3C of one diamond (015N of -34%0, ol3C 

of -4.2%0) within the range of enstatite chondrites, and obtained signs of evolution of 

mantle 015N from -34%0 to the values close to the modern atmosphere. 
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3.1. Introduction. 

Diamonds have long attracted scientists of many kinds and the remarkable 

properties of the mineral have made it an important source of information for mantle 

geochemistry in particular. In the first place most diamonds are xenocrysts in 

kimberlites and lamproites, having merely been transported to the Earth's surface by 

kimberlitic (or lamproitic) melt; petrologically they link with mantle xenoliths. 

Therefore using diamonds we can probe deep levels of subcontinental mantle, 

especially for carbon and nitrogen isotopic signatures, since no other minerals formed in 

the deep mantle normally have carbon and nitrogen concentrations comparable with 

those in diamond. In the second place different methods have indicated the antiquity of 

diamond; studies of mineral inclusions have shown that diamonds could be as old as 3 

to 3.3 Ga. (Richardson et. al.,1993), whereas estimations of diamond ages based on 

noble gas studies have been taken to suggest that some diamonds are almost as old as 

the Earth (Ozima et al., 1983, Ozima, 1989). Therefore, diamond may sample ancient 

mantle, and due to its high resistance to secondary processes, may preserve the 

signatures of the processes in which it was formed during the early stages of Earth's 

evolution. 

3.1.1. ODe in diamonds. 

After pioneer work by Craig (1953), who first analysed six octahedral diamonds from 

the South African kimberlite mines and obtained values between -2.4 and -4.7%0 with 

one exception of +2.4%0, huge amounts of data have been acquired for diamonds 

localities world wide (Wickman, 1956; Vinogradov et a1.1966; Koval'skiy et al.l972; 

Galimov et al. 1978; Kravtsov et ai.1978; Gurkina et ai.1979; Sobolev et ai.l979; 

Smirnov et aI., 1979, Deines et ai. 1984, 1987, 1991, 1992; Kirkley et ai., 1991; Boyd et 

al., 1987; 1988, 1994; Milledge et ai., 1983). The ol3e values obtained for diamonds 

were found to be spread over the range from +2.8%0 to -35%0 with the main peak of the 

distribution at -5%0. There have been some attempts to find correlations between ol3C 
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and different properties of diamonds, such as inclusion type and morphological varieties 

as determined by Orlov's classification (Orlov, 1973). Some such relationships were 

indeed observed for different morphological varieties of diamond (Vladimirov et al., 

1989): octahedra have oDe ranging from -25%0 to +1%0, which covers almost the whole 

range of oDe observed for diamonds; cubic monocrystals tended to the oBe values 

lighter than those for the majority of diamonds (-15±4%0); fibrous cubes, coated 

diamonds and octahedra with syngenetic graphite inclusions do not appear to be 

distinguishable from one another in this respect (o l3e of -7±2.5%0), but cores of coated 

diamonds could be outside the common range, with lower values of oDe. The above 

conclusions were arrived via diamonds obtained mainly from Yakutian kimberlites, but, 

the ol3e ranges observed were confirmed by Boyd and Pillinger (1994) for fibrous 

cubes and coated diamonds from other localities. Clear relationships between carbon 

isotopic composition and the paragenesis of mineral inclusions were first identified by 

Sobolev et al. 1979: the oBe value for most diamonds containing peridotitic inclusions 

or obtained from peridotitic xenoliths range between -1%0 and -10%0 (peak =-5%0), in 

contrast to the diamonds of eclogitic suite which show sl3e variations from -35%0 to 

+2.5%0 (major peak=-6%0), covering the whole range of ol3e for diamonds. Such 

variations were also observed for Type II diamonds (Milledge et al., 1983). 

3.1.2. 81SN in diamonds. 

The first six analyses of nitrogen isotopic composition in diamonds were reported 

by Wand et al.(1980) and Becker and elayton(1977) and olsN was found to be in the 

range 0 to +5%0. Shortly afterwards several crystal aggregates of diamonds from Mbuji 

Mayi, Zaire were studied for nitrogen isotopic composition by Javoy et al.(l984), who 

found wider variations from +5 to -5%0. A significant number of data for diamonds from 

kimberlites world-wide were provided by Boyd(1988) in the first systematic research of 

nitrogen isotopes in diamonds. Diamonds of different varieties, from different 

kimberlite pipes were analysed for sDe and SlsN, and internal variations of SlsN within 

single diamond crystals were demonstrated. The octahedral diamonds were 
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characterised by wide variations of 515N values from +16%0 to -11%0 (Boyd and 

Pillinger,1994) which appeared to be correlated with ol3e in some respects: low 513e 

diamonds (513e lower than -10%0) contain nitrogen within the range -2.5%0 to +16%0, 

whereas high 513e diamonds (ol3e from -2%0 to -1O%0) contain nitrogen ranging from 

+6%0 to -11 %0 (Boyd and Pill inger, 1994). Nitrogen carbon isotopic compositions of 

fibrous diamonds (coats and fibrous cubic diamonds of variety IV according the 

classification of OrIov( 1973)) were proved to lie in a rather narrow range (o15N =-5±4%0 

and 513e=-6.5±3%0) (Boyd et al., 1987). Based on these data Boyd et al.(1994) 

suggested a model of formation for this particular type of diamond. According to this 

model, the growth of fibrous diamonds occurred when kimberlitic magma invaded 

continental lithosphere, but failed to move the whole way up to the surface. The magma 

released a significant amount of fluid which was saturated with carbon, so that rapid 

crystallisation of diamond could occur. 

3.1.3. Interpretations of s13e and SlsN variations in diamonds. 

It is generally accepted that the isotopic composition of the carbon reservoir in 

the Earth's mantle is about -5%0. Peaks in ol3e distribution for diamonds, carbonatites, 

carbonates from kimberlites, and MORB, along with OIB are in good agreement with 

each other and point to the existence of a homogeneous reservoir of carbon (Mattey, 

1987; Javoy et al.,1986); no difference was observed for suboceanic (basalts) and sub­

continental (kimberlites, carbonatites) mantle. However, the reason for the rather wide 

variations of oDe within diamonds of the eclogitic suite is still problematical. The most 

popular idea suggests the variations of ol3e in E-type diamonds are due to the 

subduction of crustal carbon and its effect on diamond formation in eclogites (see 

Kirkley et al., 1991). However, some scientists appeal to processes of high temperature 

fractionation occurring deep within the mantle to rationalise ol3e variations obtained for 

diamonds (Galimov,1984,1991; Javoy et al.1986); there have also been several 

approaches which generally invoke Rayleigh distillation, which are either at variance 

with new data or difficult to envisage (Kirkley et al.1991). Variations of ol3e in the 
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mantle arising as a result of heterogeneity of the Earth from the very beginning with the 

time of diamond genesis were also discussed (Deines et al. 1987). However, 

Boyd(1988) and Kirkley et al.(1991) point out the difficulty of preserving primordial 

isotope heterogeneity. The situation regarding the understanding of isotopic 

geochemistry of nitrogen within the mantle remains even more complicated (Boyd and 

Pillinger 1994; Boyd, 1988; Exley et ai., 1987; Javoy et ai., 1984, 1986). On the basis 

of o,sN variations in fibrous diamonds and also in high-ol3e octahedral diamonds, Boyd 

and Pillinger (1994) concluded that oI5N:=-5%0 represents the subcontinental mantle 

nitrogen reservoir in agreement with earlier suggestion of Javoy et al., 1986, based on 

the study of diamonds and basalts. However, the whole range of variations found in 

diamonds from -11%0 to +13%0 could not be explained unambiguously. 

3.1.4. Aims of the study. 

As was noted above, previous combined studies of carbon and nitrogen isotopic 

composition in diamonds have already indicated certain differences in the distribution 

of o,sN for isotopically light and isotopically heavy oJ3e diamonds. However, nitrogen 

isotope data for diamonds with heavy carbon (oJ3e -2%0 to +2.5%0) and with very light 

carbon (oDe -15%0 to -35%0) are either not statistically representative or absent which 

might be explained by the rarity of such specimens as compared with the majority of 

diamonds which have ol3e -5±4%0. Therefore I decided to pay more attention to 

diamonds from sources which contain diamonds with unusual oJ3e values. In this work I 

also started to measure for both carbon and nitrogen isotopic composition for diamond 

samples of known paragenetic varieties, since differences observed by others in ol3e 

distribution for eclogitic and peridotitic diamonds may be reflected in the o,sN 

distribution as well. Here I report preliminary results of this study of samples with 

known paragenesis. 
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3.2. Samples. 

3.2.1. Diamonds with known paragenesis. 

Diamonds from one eclogitic xenolith and four peridotitic xenoliths from the 

Roberts Victor kimberlite pipe (central part of Kaapvaal craton) were studied. Carbon 

and nitrogen isotopic composition and nitrogen content have been measured for several 

fragments of diamond crystalline aggregates from eclogitic xenolith RV124. The 

xenolith itself had been studied by others and was found to be Type A, according to the 

classification of Jagoutz et ai., (1984) or Type I according to classification of 

MacGregor and Carter (1970) (Jacob and Jagoutz, 1991). The age of this xenolith, as 

estimated using Sm-Nd isotopic systematics by Jacob and Jagoutz et ai., (1994), is 

2.7±O.2 Ga. 

Peridotitic xenoliths, from which diamonds have been extracted, were classified 

according to the CaO content in the garnets as lherzolites (RVI61,167) and harzburgites 

(RV180, 175)(Viljoen et ai., 1991). One fragment of a crystal from xenolith RV161 was 

analysed. A single octahedral crystal from lherzolite RV167 was broken and fragments 

of rim and core have been studied. Five fragments of a diamond polycrystalline 

aggregate from the harzburgitic xenolith RV175 have been studied as well as the five 

fragments of an aggregate of octahedral diamonds from the harzburgitic xenolith 

RV180. 

Inclusion-bearing diamonds came from four Yakutian kimberlite pipes 

(Appendix 6): Udachnaya, Mir, 23d Party Congress and Aikhal. Udachnaya (376±3 My, 

Kinny et al., 1995) and Aikhal kimberlite pipes belong to the Daldyn-Alakit kimberlite 

field. Mir (358±6 m.y. Ilupin et ai., 1990) and 23d Party Congress kimberlite pipes are 

located in the Malo-Botuobiya kimberlite region. All these kimberlites have late 

Devonian emplacement age (Davis,1977). Available samples were divided into E 

(eclogitic) and P (peridotitic) types on the basis of a detailed mineralogical study of 

inclusions. For isotope analysis I have used chips of the samples; in some cases it was 
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known that the fragments came either from core or from rims of the original crystals. 

All original crystals, except for one sample, were classified as octahedra. One sample 

from Aikhal was classified as a coated diamond, but only the external coat was 

available for analysis. Polycrystalline aggregates (boart) were also present in this 

sample set (Appendix 6). 

3.2.2. Diamonds with unusual813C and 81SN isotope signatures. 

Several diamond fragments from New South Wales (Australia) placers, where 

diamonds with heavy carbon have been reported before (Sobolev et al., 1989; 

Vladimirov et at., 1989), were selected for analysis. Diamonds usually occur in Tertiary 

alluvial stream gravels in the region of Inverell and northern New South Wales. The 

New South Wales samples were from two distinct but adjacent areas: Copeton and 

Bingara. Samples from this area were analysed previously for carbon isotopic 

composition only, inclusions in those samples were found to be of the calc-silicate 

(suggested to be specific ec10gitic subtype; Vladimirov et at.,1989) only one sample 

contained minerals of ec10gitic affinity commonly described in majority of kimberlites 

(Meyer et. aI., 1995). 

Several framesites from Orapa and Jwaneng kimberlite pipes have been selected 

for this research since framesites from these pipes, as indicated by previous studies, 

consist of a large proportion of samples having light carbon isotopic composition 

(Kirkley et al., 1991, Deines et at., 1993). Both Orapa and Jwaneng are located within 

the Kaapvaal craton. The kimberlite diatreme Orapa is located 250 km west of 

Francistown, north-eastern Botswana. The pipe is among the largest kimberlite 

diatremes of the world. The age of intrusion has been established by the U-Pb method in 

zircons (93.1 Ma; Davis,1977) and by fission track methods (92±6 Ma, 87±6 Ma; 

Raber,1978). The Jwaneng kimberlite belong to the south part of Botswana, being of 

late Permian age (235 Ma according to a zircon study, Kinny et al., 1986). 

A few fragments of single octahedral crystals from the North Queensland area 

(Australia) were analysed to confirm the presence of extremely light nitrogen measured 
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in the diamonds by van Heerden (1994). Unfortunately the exact locality is unknown for 

these samples. 

3.3. Experimental technique (see also chapter 2). 

Samples of 0.05 to 1 mg were prepared prior to analysis by preheating (1150·C -

2-4 hours) under vacuum to remove any possible atmospheric or organic nitrogen 

contamination. After the high temperature treatment samples were transferred under 

vacuum into a combustion reactor. Extraction of carbon and nitrogen was carried out by 

a bulk combustion technique at 1150°C in a quartz reactor connected with Cu/CuO 

reservoir 9horizontal combustion section, see 2.4.1). One-stage purification was applied 

to separate N and CO2, and CO2 from other gases using either CaO or a cryogenic 

technique (Boyd et ai., 1988). Measurements of blank were carried out before and in 

some cases after experiments. The blank was found to be quite constant for a series of 

experiments during a single day (variations being within 20% for quantities of nitrogen 

and within 3%0 for isotopic composition) but over longer periods absolute blanks could 

vary from 0.5 to 2.5 ng. Data presented in this paper are blank corrected, and in all 

cases the blank was less than 10% of the gas released from the samples. 

3.4. Results. 

Twenty eight fragments of peridotitic diamonds from all sources (diamonds 

from xenoliths and diamonds with inclusions) indicated, as expected, small variations in 

respect of BI3C from -3.4%0 to -7.6%0 (av. -5%0), being consistent with previously 

reported B13C data on peridotitic diamonds. Variations of BI5N in peridotitic diamonds 

ranged from -6%0 to +9.5%0. nitrogen concentrations in these diamonds were from 15 to 

1360 ppm (fig. 3.1., Appendix 7). Nineteen fragments of eclogitic diamonds, also from 

all sources, spread over a B13C range of 11%0 from -4.5%0 to -15.1%0 (av.-7.4%0). The 

difference in BI3C distributions of eclogitic and peridotitic diamonds is generally in 

agreement with conclusions arrived at by Sobolev et ai., (1979). The BI5N values for 

eclogitic diamonds range from -2.5%0 to +6.5%0 and nitrogen content varied from 38 to 
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2290 ppm. However, I should note that most of the ec10gitic diamonds I analysed are 

within the range of oDe from -4.5%0 to -10%0. The coat of the ec10gitic diamond studied 

here had olsN of -6.1 %0 and oDe of -5.8%0, which is outside the range of olsN obtained 

for octahedral ec10gitic diamonds (fig. 3.1., Appendix 7), but in agreement with 

previously reported data for fibrous diamonds and coats of coated diamonds (Boyd et 

al., 1987). 

Samples from New South Wales, as expected, gave oDe in the range between -

3.9%0 and +2.9%0. Nitrogen isotopic composition was found to be enriched in 15N 

(heavy)*, being variable from +6%0 to +23%0 (NSW fig.3.1., appendix 7). No previously 

analysed diamonds indicated nitrogen isotopic composition as heavy as +23%0. Nitrogen 

concentrations were also variable from 30ppm to 2300 ppm. 

Our framesites gave oDe within the narrow range of ca. -21±2.5%0. I did not 

encounter any of the framesites with higher oDe values measured by others (Kirkley et 

al., 1991, Deines et at., 1993). The nitrogen isotopic composition of the sample set 

showed a larger range of variation than that of carbon, being between -2.9%0 and 

+ 11.5%0 (Frm fig.3.1., Appendix 8». For most of the specimens the nitrogen content 

was ... 100±50ppm, only four out of twelve samples showed higher nitrogen 

concentration, one being as high as 1230 ppm. 

North Queensland diamonds showed a range in respect of oDe from -2.5%0 to -

6.9%0, while olsN was between -10%0 and -34%0. All nitrogen contents appear to be 

rather high, being in the range from 550 to 1700 ppm (NQL fig. 3.1., Appendix 7). 

• in heavy is used to define enrichment in 15N or Be and light enrichment in 14N and 12e isotopes relative 
to the well known international standards. 
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3.5. Discussion. 

As a preliminary to the discussion, I would like to emphasise that this paper is 

targeted on the understanding of general variations of ol3e and olsN in diamonds of 

mantle origin, and on their significance for modelling the carbon and nitrogen isotopic 

evolution of the Earth's mantle. Therefore, I am not concerned here with the 

interpretation of local isotopic variations in diamonds from each particular source, this 

will be discussed elsewhere. 

3.5.1. 815N and 813C in diamond of peridotitic and eclogitic paragenesis. 

Peridotitic diamonds in general showed a larger range of SlsN variations than 

eclogitic ones, although eclogitic and peridotitic diamond areas overlap on the ol3e -

SlsN isotopic plot (fig. 3.2.). In addition to diamonds with paragenesis determined 

directly, I use diamonds for which the parage netic type can be suggested both on the 

basis of their one values and on known frequencies of distribution of diamonds of 

peridotitic or eclogitic paragenesis from well known sources. If I suppose that no 

peridotitic diamonds have carbon with isotopic composition lighter than -10%0 (Sobolev 

et al., 1979), than I may assume our framesites, significantly enriched in 12e. to be of 

eclogitic type like the Argyle diamonds studied for nitrogen and carbon by Boyd and 

Pillinger(1994) (fig.3.2.). To strengthen the assumption concerning Argyle diamonds, I 

may note that the majority of diamonds from Argyle lamproites are of eclogitic type. 

Samples from New South Wales which are significantly enriched in the 13e isotope 

might also be related to diamonds of eclogitic type, since inclusions in the diamonds 

with this carbon isotopic signature were previously identified as a specific variety of the 

eclogitic affinity. Although, the total range of olsN for eclogitic diamonds can be taken 

as from -3%0 to + 13%0 (with the exception of one 
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sample from New South Wales which has SlsN=+23%0), the field of eclogitic diamonds 

in SI3C vs. olsN co-ordinates is shown on fig. 5 , where E(l) is eclogitic field for 

diamonds with light carbon and E(h) is the eclogitic field for diamonds with heavy 

carbon isotopic composition. Carbonado diamonds, which in many ways resemble some 

types of framesites or eclogitic diamonds, show the same range of olsN variations as I 

proposed for eclogitic diamonds (Shelkov et al., 1995), though they extend the EO) 

region on the OI5N_SI3C isotopic diagram towards lighter values of ODC (fig. 3.2). 

To characterise variations in nitrogen isotopic composition for peridotitic 

diamonds, in addition to our results for specimens whose paragenesis had been 

determined either from inclusions or from the type of xenolith in which samples were 

found, I consider the Finsch diamonds studied by Boyd and Pillinger, (1994). Most 

diamonds from the Finsch kimberlite are known to be peridotitic, hence the assumption 

that the Finsch diamonds discussed by Boyd and Pill inger, (1994) are peridotitic is not 

unreasonable. Plotted together with diamonds whose paragenesis has been determined 

directly, they form the peridotitic trend (P) (fig. 3.2) and show that peridotitic diamonds 

may have values of olsN as light as -11%0, which is not necessarily the lower limit for 

olsN, since diamonds from North Queensland extend the P trend towards a olsN value of 

-34%0 (fig. 3.2.). 

The yellow coat of the one eclogitic diamond studied from Aikhal was found to 

be unrelated to diamonds of the eclogitic suite in respect of carbon and nitrogen, but it is 

well within the field for fibrous diamonds and the coats of coated diamonds on the N vs. 

olsN (fig. 3.3) and Ol5N vs. o13C(fig. 3.2.) diagrams (data from Boyd et al., 1987), where 

fibrous diamonds could easily be distinguished from octahedral diamonds. Such data 

lead us to believe that fibrous diamonds have a certain exotic source of nitrogen and 

carbon, and/or that specific fibrous growth results in diamond with distinct OI5N, 

nitrogen content and ol3C characteristics. 

Finally I would like to summarise information now available concerning the 

carbon and nitrogen isotopic composition of diamonds of mantle origin: 
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a) The peak of the Ol5N data distribution for octahedral diamonds world wide is ca. -1 %0, 

although the total range is of ca.50%0 (from -34%0 to + 23%0)(fig. 3.4. A); Given that the 

ol3e distribution diagram for the samples discussed here (fig. 3.4. B) resembles the 

world wide distribution of ol3e for diamonds reported in the literature (Galimov,1991), 

Ol5N distribution is also likely to be broadly characteristic for diamonds world wide. 

b) The available olsN data for eclogitic diamonds with ol3e of ca. -5%0 varies from -2%0 

to +5%0 with a distribution peak of =-1 %0 (fig. 3.5. A); 

c) The Ol5N of isotopically light diamonds (ol3e lower than -10%0) in respect of carbon 

isotopic composition ranges from -2%0 to + 11 %0 (fig. 3.5. B); 

d) Diamonds of P-trend show variations of olsN from -34%0 to + 11 (fig. 3.5. e); 

e) Diamonds of P-trend and E diamonds with both ol3e of ca.-5%0 and light oBe 

signatures have peaks close to the -1%0 (fig. 3.5.); 

f) The olsN range for isotopically heavy diamonds in respect of carbon isotopic 

composition overlaps with the eclogitic diamond range, being from +6%0 to +23%0 but 

the number of analyses is still small for this type of diamonds; 

g) Fibrous diamonds exhibit a tightly restricted range for both ol3e and olsN with peaks 

at -6.5%0 e.s.d. 1.5%0 for carbon and -5%0 e.s.d. 2.5%0 for nitrogen, and also lie within a 

well defined field on the Sl5N vs. N content diagram (fig.3.3.). 
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3.5.2. Eclogitic diamonds in relation to the carbon and nitrogen in the 

subducted slab. 

Many isotopic studies have already indicated the presence of subducted material 

in the mantle eclogites (Garlick et aI., 1971; McCulloch et al.1981; MacGregor and 

Manton, 1986; Jacob and Jagoutz,1991; Jacob et al., 1994; Jagoutz et al.,1984; Manton 

and Tatsumoto, 1971,Pearson et al.1995; Jerde et al., 1993). According to the model by 

Kesson and Ringwood (1989), diamond formation in general is closely related to 

subduction processes. I agree with this view in respect of eclogitic diamonds since our 

own interpretation of nitrogen and carbon isotopic variations for eclogitic diamonds 

involves subduction, and I ignore fractionation which I believe, if present, does not have 

a significant effect on nitrogen and carbon isotopic variations (S13C from +2.9%0 to -

35%0 and Sl5N from -3%0 to +23%0). But first I must consider the behaviour of carbon 

and nitrogen during subduction into the mantle. 

Subduction of carbon and nitrogen into the mantle. 

First let us ask ourselves the question: in what form could nitrogen and carbon 

be subducted to affect mantle nitrogen and carbon isotope systematics in general and 

those of diamonds in particular? The major part of any subducted slab consists of 

basalts since it is built up from oceanic crust, and carbon and nitrogen of this material 

would carry mantle carbon and nitrogen significantly contaminated by atmospheric gas, 

and I suppose the resulting carbon and nitrogen isotopic signatures to be close to the Rl 

reservoir (fig. 3.6.). Metasediments would be also involved, carrying carbon and 

nitrogen in the form of organics, carbon in marine carbonates and nitrogen in the NH4 + 

form in clay minerals (micas). In a clay, the NH4+ ion may easily be substituted in the 

K+ position. The isotopic composition of nitrogen in subducted potassium clay minerals 

is close to atmospheric or slightly heavier (Wada et ai., 1975, Haendel et ai.,1986, 

Bebout and Fogel. 1992) being also close to the Rl reservoir. Depending on the stability 
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of these minerals and on metamorphic reactions in the descending slab, nitrogen may be 

released at different depths. Unfortunately the behaviour of NH4 + in the metamorphic 

reactions is not well understood due to lack of experimental data. Organic matter, 

having wide isotopic variations with respect to carbon and nitrogen would be 

transformed into graphite with an increasing grade of metamorphism, and may be stable 

(assuming low fugacity of oxygen) in this form until it reaches the depth corresponding 

to the diamond stability field, hence nitrogen and carbon in this graphite would not 

necessarily have isotopically equilibrated with nitrogen and carbon contained by other 

phases. 

Carbon could be also subducted in the mantle in the form of carbonates for 

which ol3C range is of -10%0 to +5%0 (Keith and Weber,1964). In general I would 

expect some carbonates to be decomposed in metamorphic reactions at relatively low 

grades of metamorphism, whereas the rest of the carbonates would just be experiencing 

the replacement of the Ca2
+ ions with the Mi+ ions with increasing pressure being 

stable even at great depths (e.g. Huang et aI., 1980). 

Eclogitic diamonds. 

When discussing eclogitic diamonds I have to bear in mind that a majority of 

them have ol3C close to the mantle value (=-5%0). The E-type diamonds with o13C=-5±3 

have a range of Ol5N of ca. -2.5%0 to +5%0 (fig. 3.5A and fig. 3.6., Rl), with a peak (= -

1 %0) close to the atmospheric value, and their nitrogen isotopic composition is less 

variable than that of diamonds with light or heavy carbon isotopic signatures (fig. 3.5 

and 3.2.). Therefore I may suggest that these diamonds indicate the presence of a 

relatively homogeneous gas reservoir Rl in the subducted plate. This reservoir may 

represent nitrogen and carbon of different phases (possibly basalts and micas formed 

after clay) isotopically homogenised during subduction (see above), or may reflect the 

isotopic composition of the predominant phase (or phases) which transported carbon 

and nitrogen into the regions of ec10gitic diamond formation. Diamonds with either 
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heavy (E(h) fig. 3.2. and fig. 3.4.B) or light (E(l) fig. 3.2. and 3.4.B) isotopic signatures 

(ol3e lower than -10%0) are relatively rare among the specimens so far examined (fig. 

3.4.B), and may have been formed from materiallocaUy unequilibrated with the main 

subduction reservoir (Rl fig. 3.6.), or from some minor phase which was originally 

isotopically distinct in respect of nitrogen and carbon from phases represented by Rl. 

Large variations of o,sN in the isotopically light diamonds support the presence of local 

heterogeneity in the slab, and could also be assigned to the minor mineral phases 

unequilibrated with major reservoir Rl in respect to carbon and nitrogen isotopes. As 

noted above, crustal organic matter. having light carbon and heavy nitrogen (both are 

variable with the total ranges from :::::-10%0 to :::::-50%0 for carbon and from :::::-2.5%0 to 

:::::+20%0 for nitrogen (Drechsler and Stiehl,1977; Stiehl and Lehmann,1980. Cline and 

Kaplan,1975; Saino and Hattori, 1980; Sweeney and Kaplan. 1978; Hoefs and 

Schidowski, 1967 and others), which had been subducted, would be transformed into 

graphite at high pressure and temperatures (if the oxygen fugacity was low); hence it 

would not necessarily be equilibrated completely with the slab environment in terms of 

carbon and nitrogen. Therefore. the E(l) field (fig. 3.6.) may be produced either because 

of heterogeneity of organic matter in the slab. or because of formation of diamonds at 

different stages of equilibration between the major gas reservoir Rl present in the slab 

and the carbon solid phase R2 representing the most usual variations for terrestrial 

organic material. which can be subducted (fig. 3.6.). The interpretation of the E(h) trend 

is more difficult due to the lack of adequate statistics; however. assuming that heavy 

carbon in these eclogitic diamonds is a signature of subducted carbonates containing 

heavy nitrogen (possibly also due to presence of minor amounts of organic matter) the 

E(h) trend could be interpreted in a similar way to the EO) by involving a different 

degree of equilibration of the main nitrogen and carbon reservoir (Rl) with diamond 

source material (in this case carbonates R3). 

I may note here. that even though I have not encountered any eclogitic diamonds 

with o,sN lighter than -3%0. these diamonds may well exist. since subducted reservoir 

R 1 could be contaminated in different proportions by pure mantle nitrogen which at the 
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early stages of the mantle evolution (discussed below) might had a alsN as light as == -

34%0. 

3.S.3. Peridotitic diamonds. 

Whereas the carbon isotopic composition of peridotitic diamonds in general is 

not very variable (o13e ... -5±4) and is consistent with the aBc value accepted as the 

mantle isotope signature for carbon, the nitrogen isotopic composition for these 

diamonds ranges from -34%0 to +9.5%0 (alsN). The first and the simplest interpretation 

of this fact is that isotopic fractionation occurred either in the reservoir or during 

diamond growth, does not involve carbon and affects only the nitrogen isotopic system. 

It is a fact that the behaviour of nitrogen in sectioned synthetic diamond is highly 

variable, whereas the carbon does not appear to be affected (Boyd et ai.,1988); 

however, lack of evidence proving unambiguously that significant fractionation effects 

may occur in connection with diamond growth in the mantle, makes extensive 

fractionation unrealistic at least at present. 

The second possible interpretation of the wide range of Ol5N variations within 

the P trend suggests that mixing of the nitrogen reservoirs with different nitrogen 

isotopic compositions subsequently affected the isotopic signatures of diamonds. If I 

agree with the suggestion made by Deines (1991) that total subducted carbon has ol3e 

almost indistinguishable from that of the mantle (oDe of -7%0), then mixing it with 

mantle carbon (oJ3e==-5%0) would leave the carbon isotopic system almost unchanged. 

Nitrogen which can be subducted is either close to atmospheric isotopic composition or 

heavier (metasediments indicated olsN from ==-2%0 to ... +15%0 (Wada et al.,1975; 

Haendel et at.,1986; Bebout and Fogel, 1992). If subducted nitrogen could be one 

component of the mixture, then a second component is required to have olsN of -34%0 or 

lower to account for the observed variations of olsN in diamonds. However, the nitrogen 

reservoir of suboceanic modern mantle having Ol5N of -4.5%0 (Marty et at., 1996), 

would not supply diamonds with light enough nitrogen. On the other hand diamonds in 

general represent old mantle (harzburgitic diamonds from Finsch were formed ==3Ga 
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ago according to Richardson, 1993), which would have had lighter nitrogen, possibly as 

light as -34%0 assuming that primitive mantle was formed from enstatite chondrite type 

of material ( J avoy et ai., 1986 and below in the text). Therefore light nitrogen 

incorporated in some of the diamonds would indicate the presence of a significant 

proportion of old mantle nitrogen component, and the lightest values are the closest to 

the primitive mantle nitrogen isotopic signature. Subducted nitrogen (either atmospheric 

or heavier) mixing with light mantle nitrogen in different proportions may provide the 

whole range of nitrogen isotopic variations obtained for peridotitic diamonds. This 

conclusion is consistent with the petrological model of subduction slab processes by 

Kesson and Ringwood (1989) showing that some of the mantle peridotites could be 

closely related to eclogites and hence affected by slab gases. The process of global 

nitrogen isotopic evolution (discussed further below) may also have affected the 

nitrogen isotopic signature of the mantle, and hence also of peridotitic diamonds. 

3.5.4. Fibrous diamonds. 

The areas on the SlsN-SI3C and N-SISN diagrams occupied by fibrous diamonds 

(F fig. 3.6. and fig. 3.3.) are distinct from the fields of octahedral diamonds (P and E on 

fig.3.6.), although they slightly overlap. Fibrous diamonds are considered to have grown 

at a later stage than the growth episodes involved for octahedral diamonds, on which 

fibrous diamonds frequently appear as a coat. This was suggested because fibrous 

diamonds are only found in the young pipes (350-71 My) and contain nitrogen in the 

low aggregation state (Boyd et ai., 1994). Hence, the growth of these diamonds may be 

unrelated to the formation of the other diamond types, which accords with their distinct 

isotopic signatures (fig. 3.3. and 3.2.). The difference between carbon and nitrogen 

isotopic signatures of fibrous diamonds and diamonds of octahedral shape, including the 

cores of the coated stones, could be due to the presence of a different sources of 

nitrogen and carbon. Fibrous diamonds could be crystallised from fluid in a kimberlite 

melt (Boyd et al., 1994) which possibly contained nitrogen from the same source as 

MOR basalts (SI5N of fibrous diamonds is consistent with that proposed for suboceanic 
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mantle by Marty, 1996). On the other hand, it is possible that nitrogen acquired by these 

diamonds was fractionated during outgassing from the melt, resulting in a slight 

enrichment of light isotopes in the fluid (1.5%0 for carbon and 4%0 for nitrogen, i.e. the 

difference between oDe and olsN peaks of distribution for fibrous and octahedral 

diamonds). 

3.5.5. Earth's origin as deduced from carbon and nitrogen isotope 

variations in diamonds. 

As source material for the accretion of the Earth, two types of meteorites were 

previously suggested: enstatite chondrites (Javoy et ai., 1986) and carbonaceous 

chondrites (Ringwood, 1975; Zindler and Hart, 1986). In 1986 Javoy et al., discussed 

the importance of the enstatite chondrite model based on the carbon and nitrogen data 

obtained from diamonds. Although, this group suggested that the primitive nitrogen of 

the Earth's mantle have a olsN of ca. -40%0 as in enstatite chondrites, they had not 

encountered diamonds or any other mantle phases with olsN lower than -11.2%0. 

In modelling carbon and nitrogen isotopic systematics of the Earth's source 

material, I am using carbon and nitrogen isotopic and content data by Grady et ai., 

(1986) for enstatite chondrites (EH and EL). These nitrogen and carbon data were 

obtained by step heating and combustion experiments, and for our purposes I rejected 

steps lower than 700°C, being aware of terrestrial contamination which may often be 

observed in lower temperature steps; bulk o13C, olsN, N and carbon contents calculated 

from high temperature steps were found to be less variable than bulk values calculated 

without rejection of low temperature steps. Data for carbon and nitrogen in 

carbonaceous chondrites (CI and CM) were summarised by Kerridge (1985). For our 

models I used average values for EL,EH, and CI,CM chondrites. 

On the basis of observations made on carbon and nitrogen isotopic compositions 

of diamonds, two possible routes for Earth's evolution will be discussed. The first 

scenario of carbon and nitrogen evolution of the Earth based on the homogeneous 

accretion model, is as follows. Since carbon and nitrogen isotopic data for the EL type 
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of meteorites lies on the continuation of peridotitic(P) trend (fig. 3.6.) and olsN and oDe 

for a few diamonds were found within the range for olsN and ol3C of this type of 

meteorite, I assume the bulk of the Earth has isotopic signatures of -32±15%0 (OI5N) and 

of -2.2±2.6%0 (oJ3C) with respect to nitrogen and carbon, which is the average for EL 

chondrites. Degassing of carbon and nitrogen into the primitive atmosphere most 

probably did not cause any fractionation, but significant losses of the gas phase from the 

primitive atmosphere would have changed the nitrogen isotopic signature towards 

enrichment by heavy isotopes, and so the atmospheric nitrogen would become heavier 

than that of the mantle. Soon after the main degassing events, subduction started the 

process of equilibrating the mantle and the crustal nitrogen, subsequently introducing 

significant amounts of atmospheric nitrogen and heavy fractionated nitrogen, resulting 

from biogenic processes, into the mantle via subduction slabs. Since subduction could 

transport crustal material into Earth's deep levels, the signature of primitive nitrogen 

(OI5N:::: -32 ±15%0) might be detected only in the oldest diamonds. However, the P trend 

(fig. 9) confirms the process of the evolution of the mantle nitrogen reservoir towards 

the atmospheric isotopic composition. Two facts: (i) the peak in the distribution for olsN 

in octahedral diamonds "",-1%0, indicating nitrogen isotopic composition for 

subcontinental mantle, and (ii) the olsN of MOR basalts suggested to be of:::: -4.5%0 

(Marty et al., 1996), corresponding to that of suboceanic mantle,- support the 

suggestion that mantle nitrogen isotopic composition had almost been equilibrated with 

nitrogen of the atmosphere. 

The second scenario is mainly based on the assumption of heterogeneous 

accretion discussed by J avoy et al.,(1984). These authors suggested that carbonaceous 

chondrite material was mainly concentrated in the uppermost layers of the Earth while 

enstatite chondrite type of material constituted the primitive mantle. Fig. 3.7. shows the 

mixing line between EL (olsN=-32±15%0; o13C=-2.2±2.6%0; N=77±17 ppm; 

C=3620±1400 ppm) and CI meteorites (OI5N=+42±9%0; o13C=-10±2.9%0; N=1480±260 

ppm; C=35300±6300 ppm); the diamond peak distribution value lies on this line and 

requires the relative proportion of EL and CI type material to be ===96:4 (the use of CM 
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type of material instead of CI would not change the situation significantly). The fields 

of fibrous diamonds and the composition of the homogeneous subdue ted component 

CR1) are crossed by this mixing line Cfig.3.7). The peridotitic trend (P) also follows the 

line. As an alternative to the two-layer model, carbon and nitrogen could be degassed 

from carbonaceous chondrites into the atmosphere while enstatite chondrite material 

was almost unchanged or the rates of degassing could have been different; as a result 

the Earth's atmosphere and hence the crust acquired nitrogen and carbon signatures 

close to those of carbonaceous chondrites. 

For the relative proportions of EL and CI type materials (96:4) used for the 

mixing model. the concentration of nitrogen and carbon in the mixture would be 130 

ppm and 4900 ppm respectively, which is still about 260 times the nitrogen 

concentration and 90 times the carbon concentration greater than concentrations 

calculated for the bulk Earth (Trull et a/., 1993; Zhang and Zindler,1993). Therefore, 

substantial losses of gas from the primitive atmosphere are required, which in its turn 

could lead to fractionation of nitrogen and carbon. Hence, this model is acceptable only 

if losses of carbon and nitrogen from enstatite and carbonaceous chondrites were in the 

same proportion as they had been originally, and no isotopic fractionation had occurred, 

which seems unlikely. 

3.6. Conclusions. 

The peak of 515N distribution for octahedral diamonds appears to be =-1%0 

suggesting that nitrogen reservoir of subcontinental mantle is almost equilibrated with 

the atmosphere by the time the majority of diamonds formed, although, 515N variations 

show that this reservoir is less homogeneous than that of carbon. and had experienced 

more complicated evolution. In contrast to octahedral diamonds, fibrous diamonds have 

distinct carbon and nitrogen isotopic signatures being within the narrow ranges of 515N 

and 513C; these isotopic signatures are also consistent with those for MOR basalts 

(Marty et al., 1996), suggesting that they both may have been influenced by a common 

reservoir, though, the difference between the diamond types could be produced by 
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fractionation, since it is assumed that fibrous diamonds were growing rapidly from a 

carbon saturated fluid phase (Boyd et al., 1994). 

Eclogitic diamonds have revealed the presence of nitrogen with isotopic 

signatures suggesting the involvement of subducted material in their formation. 

Diamonds of this type with oJ3e of ca. -5%0 have relatively small variations of OI5N, 

possibly indicating the presence of a homogeneous subducted nitrogen reservoir in the 

plate (main reservoir), while diamonds with either light (o J3e lower than =-10%0) or 

heavy (oJ3e higher than =-2%0) carbon isotopic signatures exhibit wide olsN variations, 

suggesting that some phases may have been isotopically unequilibrated with the 

predominant phase which carried nitrogen and carbon in subducted plate. 

Peridotitic diamonds having a wide spread of olsN values from -34%0 to +9.5%0 

show a possible trend of nitrogen isotopic evolution in the subcontinental mantle, also 

resulting from subduction. It confirms the suggestion of J avoy et al., (1984) that the 

primitive nitrogen signature of the mantle reflects a contribution from enstatite 

chondrites, since among our samples I encounted few diamonds consistent with olsN 

values of enstatite chondrites (EL) (no other Earth's reservoir known may provide such 

a light nitrogen isotopic signature). Although, the P trend was defined for peridotitic 

diamonds, I am aware of the possibility that some eclogitic diamonds could be present 

in it due to the influence of mantle nitrogen, which could have significant effects 

especially during the early stages of Earth's evolution while mantle nitrogen had a very 

distinct isotopic signature. 

Extremely light nitrogen isotopic composition measured in the diamond 

specimens from North Queensland (the lightest 81sN is -34%0) strongly supports the 

hypothesis proposing involvement of enstatite chondrite type of material in the 

formation of the Earth. Even though no geological information on the exact primary 

source of these diamonds is currently available, they make a strong case, since no 

terrestrial material has indicated existence of such values so far. The additional 

information, which is required for further understanding of evolution of nitrogen 

reservoir of the mantle, is the age of diamonds with light nitrogen isotopic signature. 
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Chapter 4. The radial distribution of implanted and 

trapped 4He • In single diamond crystals and 

implications for the origin of carbonado. 

12hlfl is datr Ifl m~ bill datrer is Imtll. 

Abstract. 

I have investigated variations of 4He content in the different zones of single 

natural diamond crystals using a step combustion technique. The results indicate that 

some diamonds may be strongly irradiated during their residence in the Earth's crust, 

since concentrations of 4He in the 30 pm outer layer were found to be as high as 0.014 

cm3/g. The observation leads to a conclusion that similarly high 4He concentrations in 

carbonado diamonds do not necessary demand an exotic origin. Previous theoretical 

estimates of the magnitude of He implantation in diamonds, which use nonnal U-Th 

concentrations of ca. 30 ppm in the surrounding rocks (Green et al., 1979), do not agree 

with experimentally obtained results. The He concentrations actually found in the 

"skins"( outer ::::::30 pm layer of the crystals) of the samples, I studied, require 

concentrations of U and Th in the host rockfrom 160 ppm to 1000 ppm. The interiors of 

the samples have also been analysed and exhibited 4He concentrations from 3x10-7 cm3/g 

to 2x10-5 cm3/g, indicating heterogeneity even within single diamond crystals and arguing 

for the changes in the growth environment. From 4He zoning within a diamond from the 

Finsch kimberlite, a maximum 4He diffusion coefficient was estimated to be :::::: 4xlO-2J 

cm2/sec, lower than previous estimates, indicating that diamond may retain indigenous 

4He in the structure during its residence under mantle P,T conditions. 
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4.1. Introduction. 

For well over fifteen years now, diamonds have attracted the attention of mantle 

geochemists interested in using them to probe the primitive 3HefHe isotopic signature of 

the Earth. The first recognition that diamonds trapped helium was made by Takaoka and 

Ozima in 1978. Since that time many studies have been undertaken, and a considerable 

scatter of 4He concentrations from 10-8 to 10-1 cm3/g have been observed with 3HefHe 

ratios varying by a factor of 1000 either side of the atmospheric ratio (1.38*10-6
) 

(Takaoka and Ozima 1978; Ozima M. and Zashu,1983; Ozima et aI., 1983; Ozima et a/., 

1985; McConville et aI., 1991; McConville and Reynolds, 1989; Kamenskiy and 

Tolstikhin, 1992; Kurz et ai., 1987; Wiens et ai., 1990; Lal et ai., 1989; Lal, 1989; Lal, 

1994; Verchovsky et ai., 1993; Shukolyukov et aI., 1993). A number of mechanisms 

and various sources (mantle, cosmogenic and crustal) may have been involved in the 

accumulation of He in the diamond structure. 

One of the processes, identified as having a profound effect on abundance and 

isotopic make-up of helium in diamonds, is the implantation of a-particles (4He) into the 

structure to modify the abundance of gas already trapped during growth within the mantle 

(Lal, 1989; Lal, 1994; Verchovsky et aI., 1993). Theoretical treatments have found that 

the amounts of helium, suggested to be of implantation origin, were consistent with U-Th 

concentrations in kimberlite rocks and diamond residence times (McConville and 

Reynolds, 1989; Lal, 1989; Lal, 1994). Verchovsky et al. (1993) have shown 

experimentally the presence of implanted He in microdiamonds from Kochetav Massif, in 

which 4He abundance is inversely proportional to crystal size, providing circumstantial 

evidence for surface concentrations of gas. The high helium concentrations observed for 

Kochetav diamonds, are rationalised on the basis of their being in the crust for a long time 

or even having originated within the crustal rocks, where average concentrations of 

radioactive elements are much greater than in the mantle. Verchovsky et ai., (1993) used a 

step combustion technique (raising the temperature slowly during the experiment) to show 

helium enrichment in the early stages. However, the change in helium concentration was 
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not uniform, probably because the samples had rough surfaces and contained a range of 

grain sizes. Here I apply step combustion for the first time to single diamonds having a 

well-defined surface and extracted from mantle sources, i.e. kimberlites and lamproites, 

to investigate the actual extent of a-particle implantation. 

4.2. Samples and experimental technique. 

Long before noble gas geochemists invoked implantation of a-particles to explain 

their data, investigators, examining diamonds by microscopic techniques, suggested that 

damage seen along sample edges and around various inclusions and cracks could be due 

to a-radiation (Vance and Milledge,1972; Vance et al., 1973). These features appeared to 

be the result of a-damage after kimberlite emplacement, since they could be annealed (a 

green colour changing to brown) by heat treatment at temperatures above 600°C(Vance 

and Milledge,1972). In 1972 Vance et al. confirmed the suspicion by experiments 

demonstrating that colourless diamonds artificially exposed to a-particles acquired a green 

colour similar to that encountered in the natural stones. Thus, relatively high 4He 

concentrations might be expected in samples with a green colour in their margins. Such 

diamonds are often found in kimberlitic rocks, particularly in the uppermost parts of pipes 

affected by ground water, as well as within alluvial deposits, where the radiation damage 

is usually much greater (Vance et ai., 1973; Harris et ai., 1977; Harris, 1987). 

Accordingly three single diamond crystals (two, FI and F4 from uppermost parts 

of the Finsch kimberlite and one, AI, from the Argyle lamproite) with opaque green 

coloured skins were selected. FI and Al had relatively intense green colour, but irregular 

shapes, though Al appeared to be more spherical than Fl. F4 had a weaker colour, but it 

was almost an ideal rhombic dodecahedron. To investigate whether I could obtain 4He 

concentrations as depth profiles, step combustion experiments (within the range 500°C-

850°C) were carried out, 4He analysis was achieved using a Quadrupole Static mass 

spectrometer. The resulting data are blank corrected (4He blank is 2xlO"9cm3) and the 

experimental error for the values reported is ca. 10%. For each step the yield of carbon 

was measured (precision of = 1%) by a high sensitivity capacitance manometer (see 
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chapter 2) and converted to an equivalent thickness of diamond skin R (in microns) using 

a simple spherical model. The experiments were made using routine procedure under 

computer control after desired temperature sequence was entered. 

4.3. Results. 

The data in fig. I demonstrate that stepped combustion makes it possible to obtain 

4He concentration profiles for diamond crystals as a function of their radius, 

progressively destroying the diamond on a layer by layer basis. After multiple combustion 

steps (11 for F4, 10 for AI, 10 for FI) each sample was removed from the combustion 

apparatus to examine the shape of the crystals. One specimen (F 1) was found to have 

broken at an unknown point during combustion, and hence its 4He profile (fig.4.2 FI) is 

anomalous because the resulting chips had combusted separately after breaking. 

Nevertheless the very first combustion steps release amounts of 4He similar to the other 

stones. Our model to explain the 4He profiles obtained for the other two samples is valid, 

since after combustion of outer layers (30 J1m for F4 and 80 J1m for AI) the specimens 

had retained their original shapes. After examination of the crystal shape the samples were 

re-Ioaded into the vacuum system again and stepped combustion was continued. The 

results of all the experiments are summarised in figA.l (see also Appendix 8). 
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Table 4.1. 4He concentrations in the diamonds studied and U-Th concentrations in the host rocks required to produce excess of 
4He (see Appendix 9). 

Sample and -4He,cc/g-in - 4He,cc/g in· a-ra-diation ----.:jHeln the - -4Hein the 4He,cc/g U~Th,ppm 
mass in mg the first step the 30 Ilm dose, a/cm2 intermediate core* total 

(0.3-0.4 Ilm) crust zone 

Al (10.5) 
Fl (1.9) 
F4 (3.3) 

0.76 
2.2*10-3 

1.7* 10-3 

1.4*10-2 

9*10-4 
2*10-4 

2.8*1016 

2.8*1015 

5.1*1014 

1.2*10-5 

run 
3*10-6 

<4*10-7 

run 
<5.5*10-7 

1.4* 10-3 1560 
1.7*10-4 (calc) 1150 
2.9* 10-5 248 

Comments: U-Th concentrations (last column) in the rocks surrounding diamond crystals correspond to the He concentrations in 
the diamonds "skins" assuming homogeneous distribution of a-particle emitters in the host rock, spherical geometry of the 
crystals and the residence time of diamond in the crust equal to the age of kimberlite (1.20a age of Argyle lamproite (Pidgeon et 
aI., 1989); 0.12 Ga. age of Finsch kimberlite (Nixon, 1987)).nm - non measured, calc - calculated without analysing whole 
sample completely, * - the values are the maximum estimation from the blank variations, since the released gas was in the limits of 
error of blank. 



4.4. Discussion. 

4.4.1. Bulk concentrations of implanted 4He and the 4He implantation 

profiles. 

The observed 4He concentration profiles, especially in the case of sample F4 (the 

closest to the spherical geometry), demonstrate that 4He excess in the crystal edge is in 

general agreement with an irradiation implantation scenario, since high 4He contents have 

been observed down to the depth of around 31 Jlm (fig. 4.1. and 4.2, 4.3) which is close 

to the maximum range of a.-particles produced by decay of U, Th and their daughter 

elements (30 Jlm for the diamond structure (Mendelssohn et ai., 1978». The absolute 

concentrations of 4He in the sample skins are remarkably high (0.014 cc/g, 0.0009 cc/g 

and 0.0002 cc/g (table 4.1»; to achieve such levels of concentrations of implanted 4He, 

U-Th concentrations in the diamond bearing rock would have to have been much greater 

than 20-30 ppm (the U-Th concentrations usually observed in the kimberlitic rocks 

(Green et at., 1979». The matrix U-Th concentrations, which are necessary to explain the 

observed excess of 4He in the sample edges (assuming ThIU=3, homogeneous 

distribution of U and Th, and exposure times equivalent to the age of the Argyle lamproite 

(1.2 Ga (Pidgeon et at., 1989) and Finsch kimberlite (0.12Ga (Nixon, 1987», are from 

248 ppm to 1560 ppm (table 1). Thus, the existence of a diamond host environment 

exceedingly enriched in U and Th at some stage of the geological history of our samples 

is implied by the new experimental work. The actual process responsible for this does not 

necessarily need to result in an overall increase of U and Th in the whole volume of 

kimberlite or lamproite, but could constitute a local micron size U and Th rich layer 

around diamond, and possibly also around other grains. The redistribution and 

concentration of U and Th around diamond grains can be, for example, attributed to the 

influence of ground waters on the diamond host rocks which resulted in thin layer 

mineralisation around some of the mineral grains. In support of this hypothesis I note that 

green coated diamonds were abundant at high levels of Finsch and Premier kimberlites 

affected by groundwater (Vance et at., 1973, Harris, 1987; Green et at., 1980). 
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Although the concentration profiles observed are generally similar to those 

expected from implantation (see Appendix 10), they do not exactly follow the theoretical 

curves (fig. 4.3.) derived for implantation from a matrix with homogeneously distributed 

a-emitters and equal yield of a-particles of different energies (Th/U=3) (Verchovsky et 

ai., 1993). In particular at the very surface i.e. the outermost of 2-3 Jlm the 4He 

concentrations drop much faster than predicted. The phenomenon requires further detailed 

investigation in order to be completely understood, but some of the suggestions which 

might explain the discrepancy are: (1) inhomogeneous distribution of U and Th in the 

matrix; for example concentrated in the small mineral grains which may lodge in surface 

imperfections, as is the case when discrete haloes are visible (Mendelssohn et al., 1978); 

(2) radioactive disequilibrium of U and Th series elements resulting in variations in the 

yield of a-particles with different energies; (3) preferential diffusion of He during the 

experiment along defects created by a-implantation. The latter was checked 

experimentally for one of the samples which was pyrolysed before combustion at the 

temperature higher than all the following combustion steps. No difference in the He 

profiles was found for the sample compared to the others. 

It is important to emphasise here that whatever the reasons for the difference 

between theoretical and experimental He concentration profiles it does not change the 

most important conclusion that an implantation mechanism has led to origin of the very 

high 4He concentrations in 30 Jlm edge of the samples. 

4.4.2. Implications of the results for the origin of carbonado. 

The high 4He concentrations in the skins of the diamonds studied here suggest a 

possible explanation for the controversy related to the origin of carbonado diamonds 

(polycrystalline type of diamonds usually recovered from the placer deposits in Brazil and 

Central African Republic (see Chapter 5». Among the unusual features related to this 

diamond type are the extremely high concentration of radiogenic noble gases particularly 

4He (up to 10-1 cm3/g). Such high values have even allowed consideration of a formation 

mechanism for involving carbonado transformation of coal into diamond under influence 
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of U-Th irradiation (Ozima et at., 1991; Kaminsky, 1987; Daulton and Ozima, 1996). 

However, if a porous diamond aggregate with a grain size of ca. 60 JIm or less were to 

experience the same dose of a-irradiation as the samples studied here, the high 4He 

concentrations observed in the outer 30 J.1m layers our diamonds (table 1) would 

correspond to the high total 4He concentrations encounted in the diamond aggregate. 

Thus, carbonado diamonds, well known as porous polycrystalline aggregates, which are 

built up of grains of size 5-20 JIm in general, containing 4He from 10-4 to 10-1 cm3/g (fig. 

4.4.), could acquire their 4He in alluvial deposits in a similar way to green coloured skin 

diamonds (Vance et ai., 1973, Harris, 1987; Green et at., 1980) studied here. The 

discovery of kimberlitic (or lamproitic) diamonds with local concentrations of radiogenic 

4He equivalent to those characteristic of carbonado means than a kimberlite origin can no 

longer be ruled out for the carbonado diamond type, which need not involve any unusual 

process of formation. 

4.4.3. Variations of 4He content in the interior of the diamonds and lie 

diffusion coefficient. 

The interior of the diamond crystals (deeper than 30 J.1m from the surface) were 

also found to be non-uniform with respect to 4He concentrations, indicating two zones 

(core and intermediate zone on fig.4.1, 4.4. and table. 4.1). It is assumed that these zones 

will have been unaffected by implantation, and therefore contain only He trapped during 

diamond growth. Diamond zoning in respect of different carbon and nitrogen isotopic 

compositions and nitrogen concentrations has been frequently observed in diamond 

crystals, including samples from Finsch kimberlite (Boyd and Pillinger, 1994; Boyd, 

1988). Therefore, although reported here for the first time, it is not surprising that He 

content has been found to be variable within the diamond crystals studied. The cores of 

A 1 and F4 (fig. 4.1) contain so little He that I were only able to establish an upper limit 

for 4He concentration; these values are within the main peak of 4He content distribution 

for mantle diamonds analysed using bulk extraction (fig. 4.4.). The intermediate zones 
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have relatively high 4He content in comparison to the 4He concentration range known 

from studies of kimberlite diamonds (fig. 4.4.), indicating that such high 4He contents 

can be trapped by diamonds during their growth in the mantle and is not necessarily the 

result of implantation, as was assumed by La! (1989,1994). Variations of 4He 

concentration may indicate changes in P,T, time and/or partial pressure of He and further 

experiments would be necessary to investigate these possibilities. However, using the 

present data from the core and the intermediate zone of the Finsch diamond (F4) limits of 

a 4He diffusion coefficient may be estimated, assuming from the 4He concentration profile 

the maximum diffusion distance of 140 ~m (fig. 1 ). If the shortest residence time of the 

intermediate zone is taken as 0.87 Ga (the time difference between the eruption of Finsch 

kimberlite (0.12 Ga, Nixon, 1987) and the youngest probable growth event of octahedral 

diamonds of Kaapvaal craton, which is the age of eclogitic diamonds from Orapa (0.99 

Ga, Richardson et ai., 1990)), then the diffusion coefficient is =::4*10-21 cm2/sec. 

However, if the longest residence time was 3.08 Ga (the time difference between eruption 

of Finsch kimberlite (0.12 Ga, Nixon, 1987) and the age of Finsch harzburgitic diamonds 

(3.3Ga, Richardson et ai., 1993)), then the diffusion coefficient is =::1.1 * 1O-2I cm2/sec. 

The value of upper limit for 4He diffusion coefficient (=::4 x 10-21 cm2/sec) at the 

temperatures of diamond residence in the mantle (1 OOO°C-1300°C) is less than the 

estimates by Ozima and Zashu (1988) of 10-18 
- 10-20 cm2/sec, and much lower than 

diffusion coefficients suggested by Zashu and Hiyagon (1995) and Wiens at al., (1994) 

of 10-16_10-17 cm2/sec. 

4.5. Conclusions. 

1. The very high 4He content at the surface of single diamond crystals can be considered 

as a main result of this work. It suggests that implanted radiogenic 4He may constitute a 

considerable part of the total 4He in diamonds of mantle origin; its contribution might be 

sometimes greater than 99%. Therefore, bulk analysis of diamond crystals may give 

misleading information about trapped 4He and hence about He isotopic composition. 

Thus, the only certain way to obtain reliable information on trapped He and its isotopic 
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ratio in diamonds is to remove a 30 J,lm skin from them before analysis. In this respect I 

suggest that a preliminary combustion step should be applied before extraction by any 

other technique. If helium released by combustion can be analysed as here it will allow the 

implanted He as well, as He originally trapped in the diamond interior, to be quantified. 

The use of multiple combustion steps would allow helium (and another noble gases) 

variations to be considered along with measurements of Nand C isotopic compositions 

and contents, which are important indicators of changes in the inventory of mantle 

volatiles. 

2. The concentrations of U and Th, required to explain the contents of implanted 4He 

reported here, are much greater than those which were actually encountered in the host 

rocks (assuming uniform distribution), imply that U and Th can be concentrated in the 

direct vicinity of diamonds during their residence in the crust. Localised high U and Th 

concentrations should be sought to verify such a conclusion. 

3. It follows from above that carbonado might have acquired high 4He contents in a 

similar way to diamonds from kimberlitic rocks, so that the high 4He (and high fission 

Xe) contents reported for carbonado (e.g. Ozima et al., 1991) cannot be considered as a 

sign of an exotic origin. 

4. The maximum 4He diffusion coefficient at the mantle PT conditions has been estimated 

at a new lower limit of 0:::4* 1O-2Icm2/sec on the basis of 4He zoning obtained for the 

interior of the diamond crystal from the Finsch kimberlite. However, in order to provide 

precise determination of the He diffusion coefficient in diamond more samples with better 

age estimations should be analysed. 
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Chapter 5. Carbonado origin: a comparison with other 

forms of microcrystalline diamond based on C, N, He 

data and inner morphology. 

Ole more dUt:mcrtives llle more d!fllcllU lite dlOicc. 

Abbe C<Y :Alhinvd 

Abstract. 

The origin of Carbonado remains a controversial topic in spite of many studies 

focused on this unusual type of polycrystalline diamond. A number of observations 

contradict to each other and do not coincide with facts concerning polycrystalline 

diamonds of known origin. However, none of the previous investigations involved a 

combination of various methods applied for the same samples, therefore in this work 

different approaches were combined to address the problem, including isotope analysis 

of Nand C, abundance of N and He, infrared spectroscopy and microscopic structural 

analysis. A comparison between carbonado and other types of diamond polycrystalline 

aggregates was carried out. 

The 4 He concentrations of 17 carbonado samples from Brazil and Ubangui 

(Central Africa) were in the range from 2.4x10'" to 1.6x10-1 cc/g, which appeared to be 

a wider range than reported previously by Ozima et al. (1991). In seven framesite 

samples from Orapa and Jwaneng the 4He content (7.8 x10-6 cc/g to 6.4 x10-5 cc/g) was 

higher than the one would usually expect from kimberlite diamonds basing on data 

reported previously. However, three single diamond grains from top parts of Finsch 

and Argyle pipes had concentrations of 4He in 30 mm "skin" (2 x10-4 cc/g to 1 x10-2 

cc/g)(see Chapter 4) within carbonado range of helium suggesting that carbonado 

could acquire their He in a similar environment. 

Nitrogen contents and isotopic compositions of the carbonado samples studied 

here are well within the ranges for diamonds of mantle origin. Two measurements of 
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infrared spectra for rather large diamond crystallites (150-200 J1m in size) located in 

two carbonado specimens from Brazil had indicated laA type of nitrogen aggregation 

state, which required a significantly long residence time of these samples at mantle 

temperatures. 

As revealed by study of microstructure, carbon isotopic composition and 

nitrogen content carbonado seems to be different to shock produced diamonds of 

Popigai crater, whereas nitrogen content distribution and microscopic structure of 

carbonado samples had indicated a certain similarity with those of framesites,· D13C of 

some framesites was also in the range of that identified for majority of carbonado. 

Carbon isotopic composition for most of the samples analysed is in agreement with 

previous data (D13C from -24%0 to -30%0), however one carbonado sample from 

Ubangui has indicated D13C and 85N values of -5.8%0 and -5%0 respectively, which 

would seem to point to a relationship with diamonds of mantle origin. 

The results of this study suggest that there is nothing which distinguishes 

carbonado from eclogitic diamonds and framesites in particular. None of the 

observations contradict to the mantle origin of carbonado provided crustal material is 

available as a carbon source. 
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5.1. Introduction. 

Carbonado has been known as a polycrystalline form of diamond at least since 

the 1840's (Trueb and de Wys, 1971). It was first discovered and mined as a placer 

mineral in Sincoro county in Brazil. Subsequently it has been found in the States of 

Bahia, Parana and Minas Gerais (Trueb and de Wys, 1969; Kaminsky, 1991) and is 

known from other areas particularly in Venezuela (Gran Sabana region) and from 

Ubangui region (Berberati, Carnot, Nola (West Ubangui) and Ouadda, N'Dele (East 

Ubangui» of the Central African Republic, where the name "carbon" (Trueb and de 

Wys, 1971) is more common. In the previous studies of carbonado a number of 

microscopic, physico-chemical and isotope methods were involved and the most 

significant observations are summarised below: (i) carbonado is porous polycrystalline 

aggregate of microdiamonds; crystallites are 5-20 Jlm in size (ii) all carbonados were 

found in placers only; (iii) the composition of mineral inclusions in carbonados is quite 

different from those found in kimberlite diamonds (Trueb and Butterman, 1969; Trueb 

and de Wys,1969); (iv) the range of C isotopic composition for carbonados from Brazil 

(Vinogradov et ai., 1966; Galimov et at., 1978, 1985) and for two samples from Central 

Africa (Ozima et ai., 1991, Kaminsky,1987) is a13c = -23 to -30%0 ; (v) concentrations 

of radiogenic isotopes of noble gases in carbonados are much higher than in any other 

terrestrial diamonds indicating an association with U and Th rich environments during 

their geological history (Ozima et al., 1991). This was confirmed by photoluminescence 

study stating the presence of considerable radiogenic damage in carbonado (Kagi et al., 

1994); (vi) results for REE abundance are contradictory showing in one study (Kagi et 

al., 1994) a pattern similar to that seen in kimberlite, while in the other (Kaminsky et 

ai., 1994) it is like that in the crust. While most of the facts can be reasonably 

understood from traditional point of view on diamond formation within the mantle: (i) 

crustal minerals could be secondary, since the majority of them are present as infill in 

pores and cracks between diamond crystallites (Trueb and de Wys, 1971); (ii) some 

eclogitic diamonds have isotopically light carbon similar to that of carbonado 
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(Galimov,1991); (iii) fine grained polycrystalline aggregates of diamond are known in 

kimberlites as bort, framesite, stuartite etc., but extremely high concentrations of 

radiogenic noble gases appears to be highly unusual for diamonds of mantle origin. To 

account for such concentrations by implantation from surrounding rocks concentrations 

of more than hundred ppm of U-Th are required a very considerable time (for 

carbonado with the highest He content reported by Ozima et al. (1991) 240 ppm of U -Th 

would be necessary for 4.5 Gy or 1800 ppm for 1 Gy). Whereas, kimberlitic rocks 

usually contain only about 20-30 ppm of U-Th and average crust concentration is about 

10 ppm. Therefore the radiogenic noble gas data seem to be a key argument for the 

origin of carbonado. 

On the basis of the observations outlined above several hypotheses for the 

fonnation of carbonado have been put forward including: (i) impact origin (Smith and 

Dawson, 1985); (ii) mantle formation followed by a long crustal history (Kagi et al., 

1994); (iii) formation in the crust by the transformation of carbon rich material under 

the influence of radiation (Kaminsky et al., 1987). The impact hypothesis has been 

proposed on the basis of the facts that mineral inclusions in carbonado and the carbon 

isotopic signature can be considered as crustal and could be easily reconciled with an 

impact origin. However Kaminsky (1991) showed a number of differences between 

shock produced diamonds and carbonado arguing against any relation between 

carbonado and impact diamonds (as stated above crustal minerals in carbonado can be 

secondary and some of kimberlite diamonds can have ol3C similar to that of carbonado). 

The hypothesis of mantle origin (Kagi et aI., 1994) does not seem very strong either, 

particularly as the facts involved are too contradictory: REE data obtained in different 

studies do not agree with each other, and IR spectra are too uncertain to recognise the 

presence of platelets as indicator of a rather long residence time within the mantle. As to 

the last hypothesis, it is known that organic rich sediments often have a high U-Th 

content and therefore may provide extremely high implantation levels (Ozima et al., 

1991). Recent discoveries of nanometre sized diamonds in acid-resistant residues of 

carburanium of Precambrian age (Daulton et aI., 1994) might have been conclusive 
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proof that irradiation processes were involved in carbonado formation but crystallites of 

micron size have not been found yet (Trueb and de Wys, 1971, Trueb and de Wys, 

1969). 

The current study was aimed at testing the various hypotheses of carbonado 

formation on the bases of comprehensive comparison of carbonado with polycrystalline 

diamonds of known origin and in particular to find out whether carbonado is a distinct 

type of diamond, or merely a variety of polycrystalline diamond related to others of less 

controversial provenance. It was hoped that olsN, oJ3C, Nand 4He abundances might 

become a means of separating the samples of interest into well defined groups of 

different origin. 

5.2. Samples. 

Nitrogen and helium abundance and carbon and nitrogen isotopic composition 

for a series of carbonado samples from Ubangui and Brazil has been studied together 

with framesites from the Jwaneng and Orapa kimberlite pipes (Botswana) and shock 

diamonds from the Popigai crater. Specimens from Ubangui and several framesites have 

been polished to study microscopic morphology of the aggregates (table 5.1). Grain 

size, shape of crystallites and interstitial spaces were determined using light and 

electron microscopy. Two samples from Brazil consisted of large crystallites (100-150 

J!m according to surface observations) with a high N concentrations allowed reliable IR 

spectra to be obtained (table 5.1). 

5.3. Experimental technique. 

Nitrogen and carbon from the samples of 0.03 to 0.8 mg were analysed in 

accordance to the analytical procedure described in the section 3.3 (see also chapter 2). 

4He abundance analysis were carried out in separate experiments to the ones in 

which C and N were analysed. 4He has been analysed using the Quadrupole Static mass 

spectrometer. To reduce 4He blank to the level of 2x 10-9 cm3 double wall quartz 

combustion and CuO reactors were used (see section 2.4.1). 
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Table 5.1. Methods involved in the research. 

Sample N (ms) C(ms) He(ms) Microscopic IR 
Carbonado Ubangui 
JJG4105.C X X X X 
JJG4105D X X X X 
JJG4105A X X X X 
JJG4105E X X X X 

JJG4105B X X X X 
JJG4105(?) X X X 

Carbonado Brazil 
Br-34 X X X 
Br32 X X 
Br-4 X X X 
BMCB X X X 
BRCBI X X X 
BRCB2 X X X 
BRCB5 X X X 
CB5 X X X 
CBlI X X X 

CB20 X X X X 

CB X 
BRCB4 X X 
BRCB6 X X 
BRCB7 X X X 
BRCB3 nm X 

Framesites 
ORF121.484 X X X X 

PHN125.484 X X X 

PHN/26.479 X X X 

JWF-6.479 X X X 

JWF-ll.479 X X X 

JWF-IO.479 X X X X 

JJG-4104.488 X X 
JJG-4103.484 X X X 
FRMI.487 X X 
GPF3 X X X 

GPF2 X X 
GPFI X X 

ms - mass-spectrometric study; N - nitrogen content and isotopic composition; C-
carbon isotopic composition; He - helium content). Diamond from Popigai crater have 
been studied for Nand C isotopic composition and N content (see Chapter 6). 
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5.4. Results 

5.4.1. N abundance and Nand C isotopic composition 

The results are tabulated in table A8-1 (Appendix 11 ). There is essentially no 

difference between our ol3e values for individual Brazilian carbonados and the results 

obtained by Vinogradov et at., 1966, Galimov et at., 1978, 1985, Kaminsky , 1991. 

Based on the data, carbon ados from Ubangui are indistinguishable from those collected 

in Brazil in respect of ol 3e and Ol 5N (figure 5.1 and 5.2). However, one sample 

(JJG4105A) from Ubangui turned out to be so different from all the others (ol3e = 

-5.8%0 (repeated measurements). Ol 5N = -5%0±5) that it may belong to a different 

category altogether. 
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Figure 5.1. N-C isotope plot for different types of polycrystalline diamonds ( filled 
circles - Brazilian carbonado; filled squares - Ubangui carbonado; filled triangles -
shock diamonds from Popigai crater and other localities (see Chapter 6); empty squares 
- framesites) . 

Whereas Brazilian and Ubangui carbonados are similar, they can easily be 

distinguished from most framesite s which are enriched in 13C (fig. 5.2). The N 

abundance and Ol 5N do not show significant differences (fi gures 5.1 . 5_3, 5.4) _ A smaJI 
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number of carbonados and framesites have the same C isotopic composition (fig. 5.1, 

5.2). Both the Jwaneng and Orapa pipes contain normal single crystal diamond with 

isotopic compositions similar to the framesites studied here (Deines et al., 1993; Kirkley 

etal., 1991). 
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Figure 5.2. Carbon isotopic composition of carbonado, framesites and shock produced 
diamonds (1- carbonado, including data reported by Kaminsky (1991), and Ozima et al., 
(1991); 2 - framesites, including data from previous studies(Deines et al.,1993; 
McCandless el . ai., 1989; Kirkley e/ al., 1991); 3 - shock produced diamonds this study. 

Diamonds from the Popigai crater are even more 13C enriched than analy ed 

framesites, they have 813C similar to many other specimens measured by Galimov et al., 

1978. Popigai samples were extremely low in nitrogen ; in two of them it could not be 

measured, giving an estimated maximum limit of 5 ppm. Diamonds of impact origin are 

discussed in more details in the Chapter 6. 

The N isotopic composition of carbonado, frame ites and diamonds of impact 

origin are in the same range, -2%0 to +15%0, and are in fact indistinguishable at this 

point. 
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Figure 5.3 and 5.4. Distribution of N content in carbonado top (1 - Brazilian carbonado, 
2 - Ubangui carbonado) and bottom in frame sites. 
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5.4.2. Morphology and inner structure of carbonado 

Although this research was based on a limited number of samples only it was 

possible to observe several structural varieties. A few samples contain aggregates which 

were full of rounded holes and consist of crystallites with size less than 5 microns. This 

is probably a major type, as it is consistent with observations made previously (Trueb 

and de Wys, 1971; Trueb and de Wys, 1969; Trueb and Butterman, 1969). Another 

specimen (JJG4105E) was different from all the others due to the abnormally big size of 

some crystallites (several of them being as large as 200 microns) observed within a 1-10 

!lm grain size matrix. The sample could be described as of "porphyritic" structure. One 

of the large crystallites has a squared cross section (similar to cross section of 

octahedral crystal) which appeared to be zoned. However, the observed holes in the 

sample were shaped similar to those in the carbonados which described as a major type. 

The sample JJG4105C is uniformly crystallised and crystallites varied from 40 to 70 

microns. The holes in this specimen appeared to be interstitial spaces left after the 

resorption of other minerals. 

Some, but not all, carbonados have a smooth surface which resembles the 

ablated surface of meteorites. Only one of the samples (JJG4105B) with the smooth 

coat shows a significant difference between the rim and interior when viewed 

orthogonally: the 200 /lm rim did not have any holes and the crystallites were probably 

smaller. The boundary between the rim and the rest of the sample was sharp and 

indicates either an extreme change in the conditions of growth, or a rapid transformation 

of the structure of the diamond aggregate close to the surface. 

It should be noted that no distinguishable difference in terms of Nand C 

isotopes were found between carbon ados with different internal structures. The sample 

JJG4105A, which differs by C and N isotopes from the others, consists of 5-10 /lm 

crystallites and interstitial space between them is unrecognisable. Several framesites 

were also polished and studied. Crystallite size was found to be variable, and cover the 
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total range observed for carbonado. I have not observed any of rounded holes similar to 

those common for most of the carbonado samples. The interstitial space in fine grain 

frame sites are rather similar to those observed in the sample JJG4105C. 

5.4.3. IR study of carbonado 

Infrared (IR) spectroscopy is used routinely to assess the quantity and hence 

aggregation state of nitrogen in diamond and hence to provide important information 

about mantle residence time for a given temperature (or vice versa). It is known that the 

nitrogen is present in single substitutional form (IR spectral type Ib) when the diamond 

is formed. Aggregation is a second-order process and to change the N aggregation state 

in diamond to produce IR spectral types laA or laB, high temperatures (higher than 

800°C) prevailing for a significant length of time (dependent on N content) are required. 
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Figure 5.5. IR spectra of carbonado (CB20) crystallite indicating laA aggregation state 

ofN. 
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In two carbonados from Brazil individual grains were large enough for IR 

spectroscopy and showed fully developed laA spectra. The N concentration of 
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fragments from one of the carbonados (CB20) was measured by mass spectrometry 

(1590 ppm) and in the other, not studied by mass spectrometry, may be even higher, as 

estimated from the IR spectrum (fig. 5.5). It is not yet clear whether the overall N 

content of N-rich carbonados is governed by the presence of a few type laA N-rich 

crystals or whether all the diamond crystals are N-rich. The temperature required for 

complete conversion of N from the Ib to the laA aggregation state in diamond is about 

lOOO°C for a mantle residence time of about 3 Gy. It is difficult to contemplate such a 

long residence time for carbonado at such temperatures for times as long as 3Gy in any 

place in the crust, and these two crystals must have experienced normal mantle 

residence conditions similar to those experienced by many natural diamond 

monocrystals. 

5.4.4. He abundances. 

Helium data for carbonado from both sources and framesites obtained during the 

current investigation are summarised on fig.5.6. (see Appendix 11). No significant 

difference was obtained for the two populations of carbonado although Brazilian 

samples show higher scattering which might be a result of poor statistical representation 

for the South African group. The results reported by Ozima et al (1991) for carbonado 

are within the same range, however the greater number of samples included in the 

present study indicate significantly larger scatter of the 4He content. Framesites from 

Orapa and Jwaneng have the highest 4He concentrations among the diamonds of mantle 

origin, which are however lower than those in carbonado (fig. 5.6.). 

Three carbonado specimens have a unique combination of the isotope 

signatures. The sample JJG4105A has mantle carbon isotopic composition (B13C = 
-5.8%0) and light nitrogen (OI5N=-5%0). Its He content (0.00086 cm3/g) is higher than in 

any of kimberlite diamonds and falls within the range for other samples of carbonado. 

The CB20 which exhibited an IR spectrum, indicating a rather long mantle history prior 

to the diamond emplacement into the crust has one of the lowest He concentration 

(0.OO059cc/g) observed in carbonado so far. However, carbon isotopic composition of 
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the sample (o 13C=-23.8%0) is well withjn in the carbonado range. The third specimen 

JJG4105C with the distinct microstructure (see above) also has relatively low 4He 

content (0.00071 cc/g) but 8J3C value (-25.2%0) is not different from other carbon ados 

with higher He concentrations. 
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Figure 5.6. Distribution of 4He concentrations in diamonds. (l -concentrations within the 
rims of AI , Fl, F4 (see Chapter 4); 2 - Ubangui carbonado; 3 - Brazil carbonado; 4 -
framesites; 5 - 4He concentrations in kimberlitic diamonds reported by others, 
summarised by Verchovsky and Begemann, 1993. Plot includes data for carbonado 
reported previously by Ozima et al. (1991)) 

5.5.Discussion. 

5.5.1. Carbonado and diamonds of impact origin. 

During the work leading to this thesis ideas concerning the formation of 

carbonado have evolved in re pect of the impact origin. Shelkov et al., (1994), Shelkov 

et ai., (1995) Milledge et al., (1995) have suggested that Brazilian and Ubangui 

carbon ados might have a common provenance, the link being a giant crater, proposed to 

explain the magnetic anomaly spread over 700,000 km2 of Central Africa (Girdler et ai., 
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1992). If this feature is of Precambrian age, plate tectonic processes may have 

subsequently separated the resulting carbonados when the Atlantic opened. At the 

moment the best evidence that carbonados could be related to an impact event may be 

morphological appearance of the specimen (1104105B) mentioned above and by 

Shelkov et at., 1995. The specimen has a surface layer explicable only in terms of 

highly unequilibrated processes. Impact is one of the few naturally known processes 

capable of producing the P and T conditions needed for the formation or transformation 

of diamond in a non-equilibrium way. The latter could cause the transformation of the 

surface of a diamond aggregate structure (plastic transformation of diamonds was 

experimentally modelled in the shock process by Novikov et aI., 1993). However, an 

impact hypothesis is argued against by several other observations: (i) samples with a 

"porphyritic" structure contain octahedral crystal of 200 micron size which are unlikely 

to be formed rapidly; (ii) the differences in N content between carbonado and impact­

related diamonds studied here(see also chapter 6); (iii) the IR spectra of two carbonado 

samples also argue against a process which is almost instantaneous on a geological time 

scale. Taking into account that explanations other than an impact event might account 

for Central African magnetic anomaly, and that the observed surface layer of the sample 

(1J04105B) could have resulted from rapid change in the diamond growth environment 

while diamond was in a mantle or crustal region, the evidence for impact hypothesis is 

far from conclusive. 

5.5.2. Relations to the diamonds derived by kimberlites 

Helium 

According to Ozima et al. (1991) the radiogenic noble gases, including 4He, 

cannot be produced in carbonado in situ as it would require time scale longer than the 

age of the Earth. Therefore, the only reasonable explanation for their occurrence is 

implantation from surrounding diamond matrix. This process has been discussed for 

other types of terrestrial diamonds before by Verchovsky et ai., 1992, Lal, 1989, etc. As 
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carbonado is found on Earth over a wide area, it would not be unreasonable to expect a 

large variations of U and Th content in the carbonado bearing placer deposits. Therefore 

carbonados with a wide range of 4He contents would be expected as well. Variations in 

the grain size of crystals would also lead to the variations of He content as a result of 

surface implantation effect. Such ideas could be tested by looking for correlations 

between 4He content and grain size or porosity. There is a qualitative correlation 

between grain size of diamond crystallites and concentration of 4He for some 

specimens. For example, two samples with the lowest He concentrations (CB20 and 

JJG4105C) have the largest grain size. 

However, an important question about He in carbonado is whether or not it 

needs a very special mechanism to be produced and implanted. In other words does the 

difference in the distribution of the He content in kimberlite diamonds and carbonado 

(fig.5.6) arises because of the difference in the grain size of kimberlite and carbonado 

diamonds. The results for framesites from kimberlites suggest that they are tending 

towards the He content of carbonados, although the framesites were extracted from 

primary kimberlites and therefore have not been exposed to irradiation in the placer 

deposits. This might suggest that crystallite size is a very important consideration. 

Given that I have found kimberlite diamonds with high skin helium concentrations 

approaching those for carbonado which are essentially a much higher proportion of 

surface it is possible that carbonados were irradiated in the same environment (see 

Chapter 4), which was thought to be within the surface region of the kimberlite pipe 

after emplacement. So, kimberlitic origin of carbonado does not seem now as unrealistic 

at least from their noble gas concentration point of view as was first thought. In other 

words the radiogenic noble gases can not be considered as a specific genetic feature for 

carbonado any more. 
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Carbon and nitrogen isotopic composition 

It is known that the variations of sl3e from -23%0 to -32%0 is unusual for 

terrestrial diamonds apart from some eclogitic diamonds (Galimov, 1991) or IR type II 

diamonds (Milledge et al., 1983) which themselves may be eclogitic. Although 

framesites from Orapa and Jwaneng kimberlites have carbon isotopic composition 

which approach the above range, the overlap with carbonado is only minor. According 

to recent data (Mathez et aI., 1995), moissanite from kimberlites has a similar sl3e 

range to carbonado which shows that in some cases kimberlites could contain other 

minerals with the same carbon isotopic signature as carbonado. 
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Figure 5.7. Nand e isotope variations in polycrystalline diamonds( filled circles -

Brazil carbonado; filled squares - Ubangui carbonado; filled triangles - shock diamonds 

from Popigai crater and other localities; empty squares - framesites). 

Investigation of the e isotopic composition of diamonds derived from 

kimberlites has shown differences in the distribution of ol3e values for diamond 

associated with eciogitic or with peridotitic minerals. Whereas peridotitic diamonds 
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show ODC of the range -2 to -10%0 (peak -5%0), eclogitic ones spread from +2.5 to -35%0 

although the peak value is not much altered (-6%0) (Sobolev, 1979). Nitrogen isotope 

systematics are not as well established as for carbon and current study began to consider 

Nand C isotopic composition of diamonds of known paragenesis. In Chapter 3 the 

approximate range of Ol5N for eclogitic diamonds was suggested to be -2 to +15%0 

(fig.5.S.) as seen for carbonados (and frame sites). 

Thus, the suggestion that carbonado relates to kimberlite derived diamonds with 

a supposed subducted crustal component does not contradict our observations. The IR 

spectra which shows laA type of N aggregation in two crystals are much more easily 

reconciled with such an origin. 

5.6. Is carbonado an exceptional type of terrestrial diamonds? 

Considering all the results obtained it is not possible to answer positively the 

above question. The high He content, which is one of the most distinguishing features 

of carbonado, requires unusual environment but not one which has not been seen by 

some heavily damaged kimberlite diamonds. It could be acquired by diamonds during 

their crustal residence in kimberlites (see Chapter 4). Carbonado diamonds also do not 

show any difference from other terrestrial diamonds in terms of their nitrogen 

abundance and isotopic composition. Infrared spectra obtained for some coarse grained 

crystals in carbonado suggest rather common mantle environment for their formation 

rather than an exotic origin within the Earth's crust. Thus at present it seems possible to 

classify carbonado as an exceptional variety of framesites, though some difference of 

their microstructure is observed. The other distinguishing difference between carbonado 

and other diamonds concerns their carbon isotopic composition: it is in general 

isotopically lighter than in any other types of diamonds, though it is fully within the 

range for eclogitic diamonds. Carbonados could be eclogitic diamonds which all come 

from closely related if not the same reservoir - the situation which is similar to that 

observed sometimes for carbon isotope variations for eclogitic diamonds from the same 

region: it could be different from general distribution. However, in one carbonado 
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sample from Ubangui I found o13C=-5.8%o, which is exhibiting perfectly mantle 

signature to be present in some of carbonado, arguing against ODC range being restricted 

to the low values only. 

5.7. Conclusions. 

1. Carbon and nitrogen isotope data show no significant difference between two 

populations of carbonado (Brazilian and Central African) so they could be 

formed as a single population or in very similar geological events. 

2. Variations of olsN and ol3C for carbonado are in the range for crustal organics 

and metasediments. However, it does not necessarily mean that carbonado 

formed in crust, as subducted crustal material, could be involved in diamond 

formation in the mantle. 

3. Diamonds from the Popigai crater are different from other types of 

polycrystalline diamonds studied according to ODC, N. 

4. One specimen of carbonado has a very distinct unequilibrated rim (although 

others also have a kind of coat) which could be explained by fast changing of 

growth conditions or partial transformations in the process which affected the 

edge of the sample only. The latter could be caused by shock although a 

undetermined mantle process could be responsible. 

5. Conversely two diamonds, crystals in N-rich carbonados, with an infrared 

spectrum suggestive of long slow equilibration at temperatures and pressures 

akin to mantle residence were found. 

6. It appears to be that high concentrations of implanted radiogenic noble gases 

detected in carbonado are not distinguishable from those which can be implanted 

into single diamond crystals in kimberlites. 

7. None of the parameters previously suggested as distinct carbonado feature were 

able to uniquely distinguish carbonados from frame sites or from eclogitic 

diamonds. 
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Chapter 6. C, N, Ar and He study of shock 

diamonds from Ebeliakh alluvial deposits and 

Popigai crater. 

Abstract. 

'Cllfft: crrt: mtlrt: tllIi1§s in htJtlVCJtS tmd 

MTtll ~rtdit!, 

TAltm crrt: dream! tJ/in ptllIr pllihstIfJltp. 

CW111id71l ~halwpcart: 

Nineteen diamond aggregate specimens (1-2 mm size) and two graphites from 

Popigai crater shock transformed rocks, two diamond aggregates from Pechug-Katun 

crater and six diamond samples (5-7 mm size) from Ebeliakh river placers were studied. 

X-ray investigation has confirmed that samples from Ebeliakh were involved in an impact 

event with exception of one specimen where no lonsdaleite was detected. 

The carbon isotopic composition of diamonds from Popigai varies within the 

previously reported limits (8/3e -10 to -22%0) whereas diamonds from the placer 

produced heavier values of s13e (-7 to -10%0). All the specimens studied contain very low 

amounts of nitrogen, mostly <20 ppm, but a few up to 60 ppm were detected. One 

exceptional sample from Ebeliakh in which no lonsdaleite has been identified contains 800 

ppm ofnitrogen and together with distinct 8 13C of -27.6%0. It suggests the sample to be 

unrelated to the main group of samples. For specimens, where the quantity of nitrogen 

allowed reliable analysis, 815N values were found to range from -3.9 to +11.9%0. On the 

basis of combined Ar and N study of shock diamonds from Ebeliakh placers it was 

concluded that these aggregates can be a mixture of at least two types of gas carriers. A 

possible explanation would be involvement of CVD type of process in addition to the 

direct graphite-diamond shock transformation. 
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6.1. Introduction. 

The term yakutite was introduced in 1991 by Kaminsky for diamonds of impact 

origin. Such samples were previously known as "hexagonal diamonds"(Bundy and 

Kaspar, 1967; Hanneman et aI, 1967), "carbonado-like diamonds" (Bartoshinsky et 

al.,1980), "lonsdaleite-bearing poly crystalline diamond"{Rumyantsev et al., 1980), 

"carbonado with lonsdaleite" COrlov and Kaminsky,1981). 

In 1966, in alluvial deposits of Northern Yakutia, diamonds of a unique nature 

were discovered. They were shapeless, frequently of dark-brown to steel-grey colour. 

Taking into account their unusual appearance, these diamonds were named yakutites after 

the where they were found - Yakutia. Similar polycrystalline diamond aggregates were 

later encounted in alluvial deposits in Ukraine (Polkanov et al., 1973, 1978). Eventually 

the hexagonal modification of carbon (lonsdaleite) was recognised in the polycrystalline 

aggregates of diamond (Krajnyuk and Bartoshinsky,1971; Kaminsky et al.,1978,1985; 

Klyuev et al.,1978, Valter et al., 1990) and since lonsdaleite is a high pressure 

modification of carbon, which was already found in meteorites (Hanneman et al., 1967), 

the formation of yakutites was suggested to be linked with meteorite impact events. In 

1972, Masaitis et al., reported first finds of diamonds with lonsdaleite in impactites of the 

Popigai crater which confirmed an impact origin for polycrystalline diamonds with 

lonsdaleite. Currently impact produced diamonds of smaller size range were reported to 

be found in deposits of KT-boundary (e.g. Gilmour I. et al. 1992), Ries crater( e.g. 

Hough et al., 1995) and many others (e.g. Masaitis 1990, Veshnevsky et al., 1995). 

6.1.1. Properties of diamonds formed in the impact craters. 

Impact diamonds are mainly 0.1 to 0.5 mm in size (rarely up to 1 to 5 mm), being 

an aggregates of crystallites of 0.1-1 Ilm (Kaminsky, 1991). The colour of these diamond 

aggregates is variable from colourless through yellow to grey and black (yellow and black 

are the most ordinary). The total range of carbon isotopic composition was reported to be 

from -9%0 to -25%0 (Kaminsky et al., 1977; Galimov et al., 1978; Kaminsky 1994, 
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Masaitis et at., 1990), although, specimens from different areas of sampling show bi­

modal distribution of Ol3C being either -9.9%0 to -20.1%0 or -22.3 to -24.6%0 

(Veshnevsky et at., 1995). Several other features of the diamonds have also indicated a 

dual nature: the density of impact diamonds was reported to be in the two ranges 3.44 to 

3.55g/cm3 and 2.5 to 3.1g/cm3
, colour of photoluminescence was either yellow-orange or 

yellow-green; the combustion temperature range was either 580-760°C or 520-650°C. 

Based on the above differences, two major source materials have been proposed to 

explain the differences in the properties of shock diamonds: graphite and organics (coal) 

(Veshnevsky et aI., 1995). 

6.1.2. Formation of shock diamonds. 

Diamondllonsdaleite in impact craters was assumed to be the result of the direct 

shock conversion of graphite (or coal) to diamondllonsdaleite (some of diamond 

aggregates resemble the morphological shape of graphite), however, the recent finding of 

diamond in close relations with silicon carbide suggests that extremely high pressure is 

not necessarily required for diamond formation in the Ries crater (Hough et at., 1995). 

By analogy with CVD (carbon vapour deposition) diamonds grown on Si substrates, 

where inter-growth of SiC and diamond occurs, diamonds in the Ries crater could have 

originated in the vapour or even in plasma within a fireball, which might have been 

produced by impact explosion (Hough et at., 1995). 

6.1.3. Noble gases in shock produced diamonds. 

No specific study has previously been made to determine noble gas isotopic 

composition and their distribution in natural impact diamonds. However, noble gas 

fractionation within shock and CVD diamonds produced under laboratory conditions has 

been studied in relation to the formation processes (direct shock transformation and CVD) 

discussed above. Two types of CVD diamonds and diamonds formed by shock 

transformation indicated three different noble gas abundances patterns (Matsuda et at., 

1991). Noble gas abundance patterns for both types of CVD diamonds appeared to be 

141 



distinguishable from those of shock produced diamonds, since insignificant noble gas 

fractionation occurred in direct shock transformation of graphite into diamond (Matsuda at 

aI., 1989, 1995). 

Only one natural diamond from the Popigai crater has been analysed to obtain 

noble gases data (Verchovsky et al., 1991). The elemental abundance pattern was found 

to be consistent with that obtained for artificial shock diamonds. However, the sample 

showed at the same time unusually high concentrations of radiogenic 40 Ar and 4He which 

appearance have not been unambiguously explained (Verchovsky et al., 1991). 

6.1.4. Aims of the study. 

Since neither noble gases nor nitrogen had been systematically studied in natural 

diamonds of shock origin, it was decided to analyse shock diamonds from two geological 

sites (Popigai crater and Ebeliakh river placers) for Ar, N, C isotopic composition and for 

Ar, N, He content. It should be noted, however, that as no connection with primary rocks 

is known for the diamonds from Ebeliakh it is not entirely clear whether their formation 

took place in the same or in a similar impact event to Popigai. Therefore, a secondary goal 

for this work was to compare the diamonds from the two sources. In addition distribution 

of Ar and N within the diamond aggregates was studied using step combustion technique. 

6.2. Samples. 

Within the study yakutites from Popigai crater (71 °30'N, 111°0'E, diameter of 

100 km, age of 35±5 My Grieve et al., 1995) and Ebeliakh river placers (Northern 

Yakutia) have been analysed. One suite of samples is a set of 19 diamonds (the largest 

aggregate was 1.5mm in diameter) extracted from the impactites of the Popigai crater, 

which is along with distinct morphological features indicating the relation to the shock. 

Another set of samples consisted of 7 polycrystalline diamonds (the sizes of these 

aggregates were between 3 and 5 mm in diameter) came from Ebeliakh river placer 

deposits (Northern Yakutia, about 200-300 km on the East from Popigai crater). Ebeliakh 

river placers are known to be diamond rich deposits and especially for the presence of 
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polycrystalline diamond aggregates quite dissimilar from kimberlite diamonds in 

morphology. Since lonsdaleite has previously been reported in these aggregates 

(Kaminsky et aI., 1985), there is no doubt that they relate to an impact event. 

The Popigai crater is on the slope of the Anabarskii shield, where the crystalline 

Archean rocks are overlapped by terrigeneous and carbonate formations of Proterozoic, 

Cambrian and Permian age and penetrated by dikes and sills of Triassic dolerites. The 

parameters of the Popigai crater are determined on the basis of morphological and 

structural observations, geophysical data also show presence of negative magnetic and 

gravity anomalies. The crater seems made of two funnels, placed one inside the other. 

Breccias are developed in the inner funnel and also locally distributed in the confines of 

the outer funnel and beyond the rims of the crater. The visible thickness of impactites of 

about 200 m. 

In all the diamond aggregates from the Ebeliakh river placer deposits, except 

sample Y7, X-ray diffraction data has been able to relate the samples to an impact event. 

These aggregates also fit the descriptions of yakutites from Siberian placers reported 

before (Kaminsky et al., 1985), with exception of Y7 again, which is rather like 

carbonado specimens in appearance. 

In addition to shock diamonds from Ebeliakh and Popigai, two diamond samples 

from the Puchezh-Katun (57°6'N, 43°35'E, age of 175±3 My Grieve et al., 1995) crater 

and two specimens of graphite from the Popigai crater were studied. Graphite and the 

diamonds from Puchezh-Katun crater were analysed for Ol3C only. 

6.3. Experimental technique. 

Samples of 0.05 to 1 mg were analysed for C and N isotopic composition in 

accordance with the analytical procedure described in the section 3.3 (see also chapter 2). 

Either a bulk or a step combustion technique was used for the gas extraction in the 

range of temperatures from 500°C to 850°C (l100°C for bulk experiments); a double wall 

quartz combustion reactor (the inter-space between the walls was under vacuum) was 

designed to lower He and Ar blank down to lxlO-9 cm3 and 3xlO- 1O cm3 respectively (see 
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chapter 2). Helium was analysed for 4He content using a Quadrupole Mass-spectrometer 

in the static mode. Then after purification procedures (section 2.5) either Ar and N isotope 

analyses were performed (N by static mass spectrometer, Ar by quadrupole static mass 

spectrometer) or the Ar isotopic composition and N content were analysed in static regime 

by Quadrupole Mass spectrometer in separate aliquots, depending on the aims of the 

experiment. 

The fragment of sample Y 18 and fragment of Y 14 have been step combusted with 

different resolutions in addition to the bulk experiments discussed above. Instead of the 

high temperature treatments two pyrolysis steps (1 OOO°C and l100°C) were applied to the 

samples before combustion. Since Ar release in these steps was insignificant, the high 

resolution experiment with Y18 (YI8(2) in further discussion) was carried out without 

high temperature pyrolysis at all, which resulted, however, in a large contribution of 

nitrogen contaminant in the first two steps (Appendix 12 table AI2-2). 

6.4. Results 

6.4.1. N, C, He and Ar in the bulk experiments. 

It has previously been suggested on the basis of infrared (IR) and electro­

paramagnetic resonance (EPR) studies that diamonds of shock origin have low nitrogen 

content (Kl'uev et al., 1978, Kaminsky et ai., 1985). The quantitative analysis performed 

herein has confirmed the suggestion for both sets of samples studied; in a few 

experiments reliable measurements could not be obtained as N levels were too low 

(Appendix 12). For those specimens where the amount of N was sufficient to apply 

reliable isotope measurements the variations of Ol5N were found to be between -3.8%0 

(±4%0) and + 11.9%0(±2%0) (Fig. 6.1.). Carbon isotopic composition was analysed for 

the all samples, and ranged from -7.2%0 to -20.4%0 (Fig. 6.1, 6.2), although, yakutites 

from Ebeliakh have exhibited the more limited range of -8.35± 1.15%0. Only three out of 

nineteen Popigai samples fell into the range obtained for diamonds from Ebeliakh (Fig. 

6.6.2). The diamonds from the Popigai crater indicate a bi-modal distribution of OBC 

which does not correlate with either N content or N isotopic composition. 
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Specimens of graphite show Ol3C within the range reported previously for 

graphite from the crater (Masaitis et aI., 1990) (fig.6.2), although the range for graphites 

reported previously together with our samples does not in fact overlap with either of the 

peaks for Ol 3C distribution of analysed diamonds from Popigai (Fig. 6.2). 

Diamond samples from Pechug - Katun crater contain carbon with an isotopic 

composition of ca. -12%0 (~J3C), wruch lies witrun one peak of ~ I3C distribution for 

samples from Popigai (Fig. 6.2.). 
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Fig. 6.2. Carbon isotopic composition of diamonds and graphites from impactites. 
(PKdm - diamonds from Puchezh-Katun crater; Gr - graphites from Popigai crater; 
Pdm - diamonds from Popigai crater; Y - diamonds from Ebeliakh River deposits; 
graphites - graprutes from Popigai crater (Masaitis et ai., 1990) 

The exceptional specimen from Ebeliakh (without lonsdaleite - Y7) differs 

significantly from all the others in terms of ~J3C and N content (Fig. 6.2., Appendix 12 

table. A12-I). The 813C of the sample (-27.6%0) is in the range of that for carbonado 

diamonds (O I3C= -20 to -30%0) and the N concentration of 800 ppm is far higher than that 

found in any of the other dian10nds studied here, also being in the range for carbonado 

(Shelkov et ai., L995). Since Y7 differs from the main Ebeliakh sample group in several 

ways other than purely by the absence of lonsdaleite, I must conclude that the sample 

cannot be genetically related to the others. 
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The argon content and isotopic composition have been studied in nine samples 

from the Popigai crater and in all of the samples from Ebeliakh. The Ar content was found 

to be variable from 1.7xlO-6 to 3xlO-4 cc/g and the 4OAr/36Ar ratio changes from 

atmospheric (=296) to extremely radiogenic (>1000) (Appendix 12). 

Helium concentrations have only been measured for specimens from Ebeliakh and 

were found to vary between 1 X 10-6 and 2 X 10-4 cc/g (Appendix 12) and do not correlate 

with either Ar, or total Ar, N contents. 

6.4.2. Nand Ar release patterns and correlations. 

The Nand Ar release patterns are clearly quite similar in the high resolution step 

combustion experiments (Fig. 6.3.), so that one positive correlation between release of N 

and 36 Ar is observed for the samples Y18 and Y14 from Ebeliakh (Fig. 6.5). It is 

important to note that all experimental points for the bulk Ebeliakh sample turned out to be 

on the same correlation line. This suggests that in general all Ebeliakh samples are the 

mixture of two types of grains (D 1 and D2) with different NP6 Ar ratios. It seems that the 

proportion of these grain types is variable not only in different samples but even within 

different fragments of the same sample as it is indicated by repeated analysis of different 

fragments ofY18 and Y14 (Appendix 12). 

Similar correlation between Nand 36Ar is also observed for the samples from 

Popigai crater. The corresponding correlation line is, however, different from that for 

Ebeliakh samples indicating that in this case the both components have lower N/36Ar 

ratios. 

6.4.3. Ar components. 

The total variations of 4OArP6Ar ratio in the sample Y18 were found to be from 

376 to 2148 and those in the sample Y14 were from 336 to 681 (including bulk analyses). 

Argon appears to be released from diamond grains (fig 6.3.) because any other potential 

Ar carriers (e.g. silicates) should release their Ar during pre-combustion pyrolysis steps at 

ll00°C performed for the most of the samples. 
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All combustion steps in the experiment Y18(2) show linear correlation in co­

ordinates (4OArP6Ar) - (1I36Ar) (fig 6.4., Appendix 13 table A13-3). The correlation may 

indicate a mixture of two types of carriers with different 4°Ar/36Ar ratios and 

concentrations of 36 Ar if these carriers have different but overlapping combustion 

temperatures. Correlation between concentrations of Arrad and Aratm indicates that just 

this mixing model is valid in this case. Correlations between 36 Ar and N, 40 Ar(rad) and N 

(Appendix 13 table A13-I and A13-I) also confirm the interpretation. 

The results of experiments Y18(2) and Y14 plotted on the same 4OArP6Ar vs. 

1/36 Ar plot indicate the presence of two mixing lines with almost the same intercepts but 

with different slopes (Fig. 6.5, Appendix 13 table AI3-3), suggesting the component D2 

to be the same in both samples with an almost atmospheric 40 ArP6 Ar ratio, while the other 

component D 1 has distinguishable 40 Ar/36 Ar ratios in these two samples. Since there is 

only one correlation line for N vs. 36 Ar measurements (Ebeliakh samples), indicating only 

two types of different carriers, I may assume one of these carriers (D 1) to have variable 

4°ArP6Ar ratio. The fact, that bulk Y18 measurement does not belong to the correlation 

line 4°ArP6Ar vs. 1I36Ar (fig. 6.4) identified for the step combustion experiment of 

Y18(2), although it does lie on the line N vs. 36 Ar (fig. 6.5), shows that even in the 

different fragments of the same sample the 40 Ar/36 Ar ratio in the carrier D2 could be very 

variable i.e. the sample is extremely heterogeneous in terms of 40 Ar content. 

6.5. Discussion. 

6.5.1. Two component mixture. 

Assuming the presence of two diamond components representing different gas 

carriers, the interpretation of the gas release patterns for the samples studied by step 

combustion is as follows: the first (D1) component represents diamond grains with more 

restricted range of combustion temperatures (:::::650-800) than the second component (D2) 

having range of combustion temperatures :::::550-850°C. Compared to D 1 grains, D2 

grains have (i) lower, but a slightly higher than atmospheric 40 ArP6 Ar ratio; (ii) lower 
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NP6 Ar ratio being closer to atmospheric one for Popigai diamonds, (iii) higher Ar and N 

concentrations. Because of the difference in the combustion temperatures the first 

component (D 1) is almost undetectable at the beginning and at the end of the experiments. 

These grains have much higher than atmospheric NP6Ar and 4°Ar/36Ar ratios and 

40 ArP6 Ar ratio can be variable for different samples and even within the same sample. 

All diamonds from Ebeliakh are in the narrow range of oDe (-8.35 ±1.15%o) 

suggesting that, despite the fact that all of them have been extracted from placer deposits, 

they are rather a result of a single (impact) formation event. The above conclusion is 

supported by the grouping of all the samples on the same N - 36Ar correlation line (fig. 

6.5). The diamonds from Ebeliakh seem also to be distinguishable from the diamonds 

from Popigai with respect to their oDe distributions (fig. 6.2) and to N vs. 36 Ar 

correlations (fig. 6.5). 

The nitrogen isotopic composition does not suggest any distinction between 

diamonds of shock origin on the one hand and carbonado, framesites or diamonds of 

eclogitic suite (Fig. 6.1.) on the other hand. All these diamonds are known to contain a 

fraction (sometimes significant) of crustal N, which is expected to be a principal 

component for diamonds formed by impact. Given that impact transformation of graphite 

(or another solid state carbon phase) into diamond is extremely fast and unequilibrated 

process, I may suggest that Nand Ar can be partially inherited from the source material 

and the N/36Ar ratios in diamonds, which are higher than that of atmosphere, could be 

rationalised on the basis of the fact that N can be a structural impurity in diamonds or 

other pre-existing carbon phases, can create chemical bonds with e and therefore can be 

trapped with higher efficiency than Ar. 

Helium in the samples from Ebeliakh is variable and does not correlate with any of 

the other gases studied. Therefore the nature of He in these diamonds is probably a post 

impact phenomenon resulting from implantation from U and Th decay in the diamond 

host rocks, and the variations in the He content~ can be simply a result of corresponding 

variations in the U and Th concentrations. Assuming that the samples were affected by 

implantation from average crustal concentrations of U and Th, the age of implantation, 

152 



calculated for the average He content for all Ebeliakh samples, turns out to be about 40 

My, which is close to the age of Popigai crater. Of course there are many uncertainties in 

such age estimation, although a much greater age is not very probable since it would 

require U-Th concentrations to be much lower than average crustal values. 

Finally attention should be drawn to the fact that the oDe distribution for Popigai 

diamonds does not exactly correspond to that for graphites (Fig. 6.2). This observation 

might mean that, during or before the shock event, graphite was mixed with other carbon 

phases with isotopic composition which can be lighter as well as heavier than that for 

graphite. It is also possible that diamond has not been a result of direct solid state carbon 

phase transformation only, but has been accomplished by growing from a gas phase 

(CVD like process, Hough et al.,1995) as well. However, the sampling statistic for 

graphites and diamonds is poor and the inconsistency in distributions of ol3e of graphites 

and diamonds can vanish when more representative sets of samples would be studied. 

6.5.2. The model. 

From the above considerations I can suggest two models based on the N and Ar 

data. Both models assume the mixture of two diamond populations having different 

oxidation temperatures: Dl with high and variable 4OArP6Ar ratio, low Nand 36Ar 

concentrations, but high NP6 Ar ratio and D2 with low close to the atmospheric 40 ArP6 Ar 

ratio and high concentrations of N and 36 Ar and low NP6 Ar ratio. The differences in 

oxidation temperature might be due to differences in the grain size distributions of the two 

diamond populations (Wright and Pillinger, 1989), to zonation of single grains, to the 

presence of two phases with different temperature ranges of combustion, or to a 

combination of all three. 

The first version of the model assumes the presence of the two diamond types to 

be the result of two processes operating during impact. Graphite orland other solid state 

carbon phases are the source material for component D 1: hence it contains inherited 

radiogenic Ar with a high 40 ArP6 Ar ratio and N enriched relatively to 36 Ar in comparison 

to the atmosphere. It has been reported before that carbon phases from ancient 
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metamorphic complexes can have high concentrations of radiogenic Ar (Roskamp and 

Schultz, 1985), so that diamond resulting from direct shock transformation of such 

phases may inherit Ar with high 40 Ar/36 Ar ratios and reflect all the variations in 40 Ar/36 Ar 

ratios present in the primary material. The diamond component (D2) then crystallised 

from gas phase (CVD like process) trapping Nand Ar from the gas mixture locally 

presented. The argon isotopic composition of the mixture is supposed to be close to that 

in the atmosphere. The diamonds were precipitated in the form of relatively large crystal 

grains and formed at the same time a thin layers on the already existing relatively small 

diamond grains D 1. Therefore, performing a step combustion experiment with such a 

mixture of D 1 and D2 diamonds, the D2 component is observed to be dominant at the 

beginning and at the end of the experiment with a mixture of Dl and D2 in variable 

proportions in the middle. 

Another version of the same model suggests lonsdaleite and diamond to be the 

two principal components. In this case it is unnecessarily to appeal for two different 

processes during the impact, i.e. the graphite-diamond phase transformation and CVD­

type diamond synthesis, to produce two components with different geochemical 

signatures. Different amounts of gases could be inherited from the source material and 

different trapping efficiency of the surrounding atmosphere might result from distinction 

in the crystal structures of diamond and lonsdaleite. Therefore, supposing the same grain 

size relationship and crystal intergrowing as it is suggested for the above model the 

observed release patterns of N and Ar can be explained. 

6.5.3. Sample Y7 

The sample did not show any signs of a relating to an impact on the basis of X-ray 

diffraction study and other features (N=800ppm, oJ3C=-27%o). In fact everything 

measured indicated a distinction from all the other samples. The appearance of the 

diamond aggregate along with the C isotopic composition suggest that it is very similar to 

carbonado, although that does not rule out the possibility the sample being an ec10gitic 

diamond (the same might be also proposed for carbonado in general as the diamond type 
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(see Chapter 5). However, the concentration of Ar with isotopic composition close to the 

atmospheric distinguishes the specimen from kimberlitic diamonds previously analysed 

by the others (Fig. 6.6), but no comparative results for carbonado are available. 

Considering that high nitrogen concentrations are unlikely to be present in the diamonds 

formed by shock, and high atmospheric Ar contents have not been found in kimberlitic 

diamonds, I might consider the possibility of the effect of impact on the pre-existing 

diamond. The atmospheric Ar in which case have been implanted into the diamond 

structure during the impact. However, due to the similarity of the sample with carbonado 

it might be an example of carbonado from Siberia. 
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Fig.6.6. Comparison of Ar in shock diamonds from Popigai and Ebeliakh with 
kimberlitic diamonds (Ozima et al., 1985; Kamenskiy and Tolstikhin, 1992; McConvill 
and Reynolds, 1989). 

6.6. Conclusions. 

1. Polycrystalline diamonds from the Ebeliakh placer, excluding Y7, seem to be formed 

in the same impact event. 

2. According to Ar and N study shock diamonds from Ebeliakh and Popigai consist of a 

mixture of at least two different types of diamond grains; one of which contains a highly 

radiogenic Ar acquired during pre-impact history of the source material. 

155 



3. Diamonds from Ebeliakh are distinguishable from Popigai samples by the oDe and 

different N_36Ar correlations, therefore they could be considered as the result of the 

separate impact event. 

4. Difference in oDe distribution between Popigai diamonds and graphites makes it 

doubtful that graphite is the only source material for diamonds of the Popigai crater. 

5. Diamonds formed by shock exhibit enrichment in atmospheric Ar and depletion in N 

by comparison with diamonds derived from kimberlites. 
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Chapter 7. Conclusions and further research. 

Various problems concerning carbonado provide a link in the research carried out 

for this thesis. Resolution of the controversy, concerning the origin of carbonado required 

a wide spectrum of investigations including: 1) detailed study of e and N systematics of 

mantle diamonds, including polycrystalline diamond varieties; 2) investigation of 

geochemical signatures of diamonds produced in meteorite impact events; 3) and 

characterisation of possible modifications of the He isotopic system in diamonds after 

their emplacement, due to U-Th decay in the diamond surrounding environment. 

7.1. Conclusions. 

7.1.1. C and N systematics of terrestrial diamonds and their 

implications. 

Different types of terrestrial diamonds were characterised for e and N isotopic 

composition; only one genetic variety has not been studied (diamonds from metamorphic 

rocks of Kokchetav Massif). Different fields were identified for various diamond types in 

a oDe vs. Ol5N diagram on the basis of data presented in this work and data reported 

previously by the others (Boyd, 1988; Javoy, et aI., 1984). The distinction between 

octahedral and fibrous diamonds was confirmed on the basis of Ol5N vs. N abundance 

plot supporting the suggestion that these diamond types are genetically different (Boyd et 

aI., 1994). The field occupied by octahedral diamonds in its tum was subdivided into P 

and E (peridotitic and eclogitic) fields. Variations of N isotopic composition in eclogitic 

diamonds appeared to be the same as those in carbonado, yakutites, and in crustal rocks 

and organic matter, suggesting that crustal material was involved in the formation of these 

diamond types. In the case of yakutites, the carbon phase was transformed into diamond 

at the surface due to an impact, and hence trapped N with a crustal isotopic signature. For 

eclogitic diamonds and carbonado crustal e and N may have been involved in diamond 
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formation due to subduction processes. Such a hypothesis has already been suggested to 

explain genesis of eclogitic xenoliths and carbon isotopic signatures of some diamonds 

(Gregory and Taylor,1981; McCulloch et a1.l981; Jacob and Jagoutz,1991; Jagoutz et 

aI.,1984; Manton and Tatsumoto, 1971,Pearson et a1.l995; Kirkley et aI., 1991; Boyd 

and Pillinger, 1994). Whereas the N isotopic variations from -2.5%0 to +11%0 

(isotopically heavy diamonds (013C from -2%0 to +2.5%0) can have 015N as heavy as 

+23%0) of eclogitic diamonds are consistent with the variations observed in the crust, 

some of peridotitic diamonds have ()15N values lower than -2.5%0 (the total () 15N range is 

from -34%0 to +9.5%0) which is highly unusual for any terrestrial materials. The N 

isotopic composition for modern mantle, as revealed by MORB studies, is ca.-4%0 (Marty 

et aI., 1996), therefore it is difficult to explain any N isotopic compositions lighter than 

-4%0 present in diamonds. Possibly diamonds are as old as 3.3 Gy or more and their 

nitrogen isotopic signature could reflect the ancient mantle whose composition in respect 

of N may have been different from that obtained for the modern basalts. This conclusion 

supports the suggestion of Javoy et aI., (1986), that nitrogen in the primitive mantle had a 

signature similar to enstatite chondrite type material, because several diamonds with C and 

N isotopic values consistent with those of enstatite chondrites (EL) were encounted in this 

work. Thus, the P trend on the Ol5N vs. ODC diagram may be interpreted as a sign of the 

N isotopic evolution of the Earth's mantle from -34%0 to -4%0 for sub-oceanic mantle, and 

to -1 %0 for sub-continental mantle. 

A reasonable mechanism of the evolution is as follows: a) nitrogen in the primitive 

Earth's atmosphere was enriched by heavy isotope due to massive losses of gas; b) 

subduction initiated the process of evolution of the mantle nitrogen due to exchange 

between the mantle and subducted crustal rocks, which contained the heavy nitrogen 

trapped from atmosphere and even heavier nitrogen resulting from biogenic processes. 

Subsequently nitrogen in the mantle evolved forwards the ()15N value of the modern 

atmosphere. 
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7.1.2. The origin of carbonado. 

A comparison of the geochemical signatures and inner morphology of carbonado 

with those of frame sites and yakutites suggests that carbonado is closely related to 

framesites and eclogitic diamonds in general, suggesting a common origin. The main 

carbonado field in the ol3e vs. 0 15N plot could be continuation of the eclogitic field, and 

may suggest that carbonado is an extreme variety of eclogitic diamond. The inner 

morphology of some carbonado and IR spectra of a few crystallites in the specimens of 

carbonado studied here have make it very unlikely that these diamonds could have been 

formed in metastable conditions or in any kind of unequilibrated processes such as shock 

(Smith and Dawson 1985; Shelkov et al., 1994, 1995) or the transformation of coal under 

influence of U-Th irradiation as suggested by Kaminsky, 1987. However, the presence 

of the outer unequilibrated rim in one of the samples can be is easier reconciled as a result 

of an impact than as a result of the rapid changes of diamond growth conditions in the 

mantle environment. 

As already stated the main carbonado field in the oDe vs. Ol5N overlaps with that 

of framesites but one carbonado specimen had oDe (-6.5%0) and Ol5N (-5%0) values 

which do not require any involvement of crustal material, revealing that carbonado 

samples are not necessarily restricted to the previously suggested range of oDe: -22%0 to 

-31 %0 (Kaminsky, 1991). Range of nitrogen concentrations in carbonado was found to be 

consistent with variations found in framesites, while all yakutites showed very low N 

content. A very important observation concerns concentrations of noble gas isotopes 

resulting from U-Th fission: any diamonds can acquire high concentrations of the 

radiogenic 4He (and hence fission Xe) during residence in the crust after formation and 

therefore high abundance of 4He is not diagnostic of the provenance of carbonado. The 

single diamond crystals from Finsch kimberlite and Argyle lamproite studied here showed 

He concentrations corresponding to the same a-particle implantation rate as that required 

for carbonado to explain isotopic composition of noble gases. Thus, all data for 

carbonado can be understood without invoking any unusual process of diamond 
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formation by assuming that carbonado diamonds were formed within the mantIe from 

subducted carbon and nitrogen and were then emplaced into the crust by kimberlitic melt 

(single diamond crystals are also found in the alluvial deposits containing carbonado). 

7.1.3. 4He content in the single diamond crystals. 

Inner zonation of 4He in single diamond crystals was investigated, using, for the 

first time, a step combustion technique; several distinct zones were shown to be present 

covering almost the whole range of 4He content variations previously reported for 

terrestrial diamonds, including carbonado. The outer zone resembles a theoretically 

calculated 4He implantation profile, for the first time experimentally confirming the 

presence of 4He implanted in the outer layers of diamond crystals extracted from 

kimberlites and lamproites. The outer layers had concentrations of 4He as high as those in 

carbonado, suggesting that U-Th can be redistributed in the exposed areas of diamond 

bearing rocks due to alterations by ground water apparently concentrating around 

diamond crystals. Hence the attempts to estimate the contribution of 4He implanted, due to 

U-Th decay, on the basis of the average U-Th concentrations in the rock (Lal 1989; 

McConville et aI., 1991) are needed to be treated with caution. Internal regions of both 

diamond crystals, which could not be affected by U-Th due to the low penetration range 

of a-particles ( <30llm), were found to consist of two zones in respect of He 

concentration, suggesting that diffusion coefficients of He in diamond at mantle 

temperature is ::4 x 10-21 cm2/sec and is lower than it was estimated by some other workers 

(Zashu and Hiagon, 1995; Wiens at aI., 1994) confirming the suggestion by Ozima and 

Zashu, 1988, that diamond would be able to preserve its original He isotopic signature. 

7.1.4. C, N, Ar and He in diamonds of shock origin. 

C, Ar, and N study in diamonds of shock origin from two geological sites 

(Popigai impact crater and Ebeliakh river placer deposits) suggests that they resulted from 

separate impact events or source materials; the He study, though, suggests that diamond 

formation episodes did not occur at significantly different time. 
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In diamond aggregates from Ebeliakh two different diamond components were 

identified as defined by Nand Ar study, suggesting that either two types of formation 

process (shock transformation and CVD) or two types of source material have been 

involved. One of the two components, present in the diamond aggregates, contains Ar 

with 40/36 isotopic ratios much higher than that of air, possibly reflecting the signature of 

pre-impact ancient graphites. 

7.1.5. Experimental technique. 

In the course of the study the original instrument designed for nitrogen isotopic 

analysis has been considerably modified to enable analysis of argon, nitrogen and carbon 

isotopic compositions and He content in the same experiments. Many significant changes 

were implemented to establish a system which can perform an entire analysis in automatic 

mode. 

A number of changes were specifically required to achieve analysis of noble gas 

by the instrument. First, a quadrupole mass spectrometer has been introduced into the 

system. Second, double wall combustion vessels for combined nitrogen and noble gas 

analysis have been designed. Third, the purification procedure has also been modified to 

satisfy needs of noble gas analysis and new section including a getter and activated 

charcoal has been attached to the inlet. Fourth, the gas flow capillary reference gas 

system, similar to the one used for nitrogen, has been introduced (air is used as a 

reference gas) to provide reference material for routine measurements of noble gases. 

A bulk combustion section was designed to achieve high sample throughput. An 

internal laboratory diamond standard has been introduced to control precision and 

sensitivity of entire analytical procedure used for analysis of C and N isotopic 

composition and N content in diamond samples. Although not yet done, a standard for 

noble gases could be chosen. 
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7.2. Suggestions for further research. 

7.2.1. C and N isotope study of diamonds. 

Even though the fields of C and N isotopic variations in diamonds of edogitic and 

peridotitic varieties were described here, further research on the subject is necessary, 

since the conclusions were based on a limited number of specimens. In respect of 

diamonds with heavy C isotopic signature (Copeton diamonds) very few were available, 

although these diamonds may be considered as an important object of further research due 

to their unique C and N isotopic composition. 

As mentioned above, diamonds from metamorphic complexes have not been 

characterised in this study, while new discoveries of such diamonds in geological 

localities other than Kokchetav Massif have been reported suggesting other processes of 

diamond formation may be geologically important. He studies of diamonds from the 

Kokchetav massive indicated an unusual isotopic composition in comparison to other 

diamonds types. Thus, the isotopic study of this diamond type can also lead to the 

important conclusions regarding the particular diamond formation processes occurred in 

the metamorphic complexes. 

7.2.2. Diamonds formed by an impact. 

The further geochemical characterisation of yakutites from different localities may 

also be of great importance. As revealed from Ar and N study of yakutites, the formation 

of these aggregates is not a simple process, and further investigation of Ar and N isotopic 

system of yakutites may shed more light on the diamond formation during meteorite 

impacts. A number of researchers have already suggested a possible involvement of CVD 

type of process in diamond formation during meteorite impact, but this is still a 

controversial subject. Possibly the study of noble gas abundance patterns in shock 

produced diamonds can be effective way of identifying diamonds formed in CVD process 

if they are present (the noble gas abundance pattern of diamonds formed directly by shock 
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were shown to be distinguishably different to that of diamonds formed in various CVD 

experiments (Masuda et aI., 1991, 1995)). 

The Popigai diamonds studied here show signs of differences in the distribution 

of ol3e in diamonds and graphites which were proposed previously as a source material 

for the diamonds. Therefore, better characterisation of d l3C distribution in diamonds and 

graphites extracted from different rocks of the impact crater can be sufficient in order to 

test previously proposed mechanism for diamonds formation 

7.2.3. Applications of step combustion technique for the study 

of mantle diamonds. 

As a result of a number of investigations it has been suggested that 4He and 3He 

isotopes could be acquired by diamonds during their post-emplacement history. Some of 

these effects may have only influence on the diamond surface and resulting He could in 

principle be separated from indigenous component, but since only bulk analysis (high 

temperature pyrolysis commonly used for noble gas studies in diamonds) were previously 

applied, the possibility to separate different He components experimentally has not been 

explored. There were several attempts, though. to correct the data using theoretical 

estimations, but the actual experimental results showed the unreliability of that approach. 

The new data obtained on He zoning in diamond using step combustion technique, which 

allowed us to separate secondary implanted and originally trapped components, has 

shown the potential of the technique to provide reliable information about indigenous He 

isotopic composition and about the involvement of He into early mantle evolution. 

Therefore, further research in this direction would undoubtedly lead to the better 

understanding of He isotope systematics of diamonds. 

Previous measurements of 40 ArP6 Ar in diamond are also difficult to interpret 

unambiguously because of the difficulty of distinguishing the various competing sources 

when gases extracted by bulk pyrolysis. On the contrary the step combustion method has 

the capability to discriminate between Ar released from inclusions (it will be more 

radiogenic than that of the diamond matrix), surface-bound atmospheric Ar (removed in 
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initial combustion steps) and indigenous trapped Ar. Furthermore, the step combustion 

with high resolution can possibly be used as a variation of the 40 Ar_39 Ar method instead 

laser technique. It might prove a valuable way of recognising diamonds of different 

generations. 

There are some other important advantages of step combustion technique gas 

extraction from diamond as compared with a technique utilising graphitisation of 

diamond. One of them is that it enables to extract nitrogen, carbon and noble gases 

simultaneously for further analysis. Therefore, diamond zoning can be characterised 

using abundances and isotopic composition of these elements and possibly identify an 

important links between them. It is obvious, hence, that such complex information can 

resolve a number of problems of diamond geochemistry and geochemistry of mantle 

volatiles in general. 
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APPENDIX 1: ACCURACY OF NITROGEN AND NOBLE 

GAS REFERENCE ALIQUOTTING SYSTEM. 

Fig. AI-I and AI-2 show a plot of 1(28) (i.e. a nitrogen abundance in the 

reference gas aliquot) versus bleed time and a plot ~He intensity vs. bleed time of noble 

gas reference. The both graphs display a good linear relationship and pass close to the 

origin. 40 Ar and 36 Ar intensities plotted vs. noble gas reference gas bleed time are also in 

a good agreement with linear correlation dependence, however the intercepts for the 

lines are noticeably higher than zero suggesting that Ar blank of the noble gas clean up 

section has to be considered. The greater scatter of 36 Ar data around the correlation line 

than that of 40 Ar is believed to be due to lower abundance. 

The results discussed above suggest that highly accurate amounts of reference 

gas can be metered out and analysed using this pipette/capillary system. 

Table A I-I. The intensities of the signal for Nand 4He abundance analysis in reference 
gases. 

N Time, sec 1(28), volts N Time, sec I~He, counts 

0 5 0.971 0 30U 4641.09 
I 10 1.570 1 600 9460.558 
2 15 2.469 2 900 14184.95 
3 20 3.088 3 1200 18641.41 
4 25 3.806 4 1500 23030.23 
5 30 4.649 5 1800 27589.15 
6 35 5.280 6 2100 32059.91 
7 40 6.026 7 2400 36739.09 
8 45 6.784 8 2700 42000.00 
9 50 7.440 9 3000 45523.12 

10 55 8.318 
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Figure AI-2. 4He measurements in reference gas vs. bleed time (table A2-1). 
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APPENDIX 2: PRECISION OF THE NITROGEN ISOTOPIC 

ANALYSIS. 

Table A2-1. Variations of standard deviation for isotopic analysis of nitrogen reference 

gas aliquots of different size. 

Run 28129 Size, nmol Mean (±St.dev) St.dev(%o) 

1 131.43 
2 131.80 
3 131.24 
4 131.37 
5 131.75 0.02 131.52 (±0.32) 2.43 
6 131.07 
7 131.85 
8 131.18 
9 131.46 

10 132.03 

1 133.16 
2 133.28 
3 133.63 
4 133.27 
5 133.79 0.03 133.49 (±0.21) 1.60 
6 133.46 
7 133.49 
8 133.77 
9 133.42 

10 133.62 
1 134.60 
2 134.44 
3 134.45 
4 134.72 
5 134.35 0.04 134.59 (±O.l4) 1.02 
6 134.65 
7 134.67 
8 134.54 
9 134.67 

10 134.77 

1 135.13 
2 135.22 
3 135.15 
4 135.18 
5 135.11 0.05 135.20 (±0.09) 0.64 
6 135.25 

7 135.29 
8 135.10 
9 135.38 

10 135.21 
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1 135.50 
2 135.57 
3 135.78 
4 135.61 
5 135.57 0.06 135.64 (±0.08) 0.63 
6 135.67 

7 135.72 
8 135.60 
9 135.72 

10 135.65 
1 135.92 
2 135.77 
3 135.90 
4 135.89 
5 135.82 0.07 135.84 (±0.08) 0.58 
6 135.76 
7 135.96 
8 135.79 
9 135.72 

10 135.84 

1 136.13 
2 136.12 
3 135.99 
4 136.02 
5 136.13 0.08 136.13 (±0.09) 0.64 
6 136.15 

7 136.09 
8 136.l3 
9 136.24 

10 136.28 

1 136.23 
2 136.42 
3 l36.33 
4 136.25 
5 136.25 0.09 136.29 (±0.07) 0.51 
6 136.24 

7 136.36 
8 136.36 
9 136.28 

10 136.21 

1 136.77 
2 136.70 
3 136.75 
4 136.79 
5 136.72 0.12 136.74 (±0.05) 0.38 
6 136.80 

7 136.74 
8 136.72 
9 136.78 

10 136.63 
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Table A2-2. Repeated measurements of 0.1 nmol aliquots of nitrogen reference gas (fig. 

A2-l). 

run 28/29 10' 8~N run 28/29 10' 615N 

1 138.05 0.06 0.33 25 138.12 0.08 -0.22 ,., 138.13 0.10 -0.24 26 138.12 0.05 -0.17 .. 
..., 

138.14 0.07 -0.35 27 138.08 0.06 0.08 J 

4 138.11 0.05 -0.1 I 28 138.09 0.06 0.01 
5 138.15 0.04 -0.37 29 138.09 0.04 0.06 
6 138.13 0.04 -0.27 30 138.10 0.05 -0.01 
7 13S.1C O.OS -O.O~ 31 138.08 0.06 0.10 
8 138.11 0.08 -0.15 32 138.07 0.09 0.14 
9 13S.1C 0.11 -0.03 33 138.01 0.03 0.61 

10 138.12 0.06 -0.2C 34 138.04 0.06 0.37 
11 138.14 0.12 -0.3C 35 138.05 0.06 0.34 
12 138.09 0.05 0.01 36 138.08 0.06 0.10 
13 138.10 0.05 -0.07 37 138.06 0.08 0.27 
14 138.07 0.08 0.2e 38 138.07 0.03 0.15 
15 138.11 0.05 -0.15 39 138.07 0.06 0.19 
16 138.10 0.08 -0.05 40 138.06 0.07 0.27 
17 138.10 0.03 -0.04 41 138.06 0.07 0.22 
18 138.09 0.05 0.03 42 138.09 0.05 0.05 
19 138.12 0.06 -0.17 43 138.06 0.08 0.21 
20 138.14 0.06 -0.32 44 138.07 0.05 0.19 

21 138.13 0.05 -0.25 45 138.10 0.05 -0.07 
22 138.10 0.04 -0.04 46 138.08 0.05 0.08 
23 138.11 0.07 -0.12 47 138.08 0.09 0.07 
24 138.12 0.08 -0.21 48 138.11 0.05 -0.12 

Average for 28/29 ratio is 138.09 
St.dev. for 28/29 ration is 0.03 
St.dev. in %0 is 0.21 
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Figure A2-1. Zero enrichment on consecutive aliquots of 0.1 nmol of nitrogen reference 
gas (table A2-2). 
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APPENDIX 3: PRECISION OF THE AR ISOTOPIC 

ANALYSIS BASED ON THE MEASURElVlENTS OF 

DIFFERENT ALIQUOTS OF REFERENCE GAS. 

Table A3-1. Ar measurements of different aliquots of the reference gas (fig. A3-1 and 
A3-2). 

N Time, obAr I-wAr r<uAr, cc .'D Ar, cc .l°Ar/WAr +/- !-+(JArr"'Ar 

5 1 18.69 5175 1.47E-09 5.29E-12 0.16 0.02 288.37 
6 2 21.43 5815 2.93E-09 1.08E-II 0.18 0.02 276.18 
7 3 24.22 6633 4.40E-09 1.60E-ll 0.23 0.02 293.74 
8 4 25.90 7353 5.86E-09 2.06E-l1 0.19 0.02 321.75 
9 5 27.70 7988 7.33E-09 2.54E-ll 0.2e 0.01 282.57 

lC 6 30.63 8546 8.79E-09 3.15E-ll 0.15 0.01 280.31 
11 7 30.99 8970 1.03E-08 3.54E-l1 0.2C 0.02 297.01 
12 8 35.60 9705 1.17E-OS 4.30E-ll 0.15 0.01 270.S0 
13 9 37.35 10400 1.32E-OS 4.73E-11 0.2C 0.02 284.31 
14 10 37.05 11083 1.47E-08 4.90E-l1 0.19 0.02 301.73 
15 11 41.45 11835 1.61E-08 5.64E-ll 0.16 0.01 288.88 
16 12 41.78 12233 1.76E-OS 6.00E-l1 0.19 0.01 289.50 
17 13 46.80 13180 1.90E-08 6.76E-11 0.15 0.01 282.11 
18 14 49.56 13672 2.05E-08 7.44E-11 0.20 0.01 277.27 
19 15 48.94 14313 2.20E-08 7.51E-11 0.21 0.01 307.34 
20 16 55.99 14922 2.34E-08 S.80E-11 0.17 0.01 26S.84 
21 17 53.55 15605 2.49E-OS 8.55E-l1 0.18 0.01 28S.22 
22 18 60.64 1626C 2.64E-OS 9.S3E-ll 0.18 0.01 270.77 
23 19 62.36 17009 2.78E-08 1.02E-IC 0.16 0.01 270.38 
24 20 66.26 1782(: 2.93E-08 l.09E-lC 0.16 0.01 266.71 
25 21 66.13 18454 3.08E-08 l.lOE-IC 0.2e 0.01 286.31 
26 22 72.34 1926(: 3.22E-08 1.21E-1C 0.18 0.01 263.75 
27 23 71.61 1981C 3.37E-08 1.22E-IC 0.18 0.01 277.68 
28 24 76.78 20448 3.52E-08 1.32E-lC 0.19 0.01 269.30 
29 25 74.64 21189 3.66E-08 1.29E-IC 0.18 0.01 279.61 
3C 26 77.91 21884 3.8lE-08 l.36E-lC 0.18 0.01 279.67 
31 27 81.44 2238C 3.96E-08 l.44E-lC 0.17 0.01 278.7S 
32 28 81.14 2331.::1 4.10E-08 l.43E-lC 0.2C 0.01 289.36 
33 29 87.34 24149 4.25E-08 1.54E-10 0.21 0.01 280.37 
34 30 89.74 24742 4.40E-08 1.59E-10 0.17 0.01 280.76 
35 31 88.7C 25569 4.54E-OS 1.58E-10 0.19 0.01 290.34 
36 32 100.5 26181 4.69E-08 1.80E-I0 0.16 0.01 260.43 
37 33 91.53 2677C 4.83E-OS 1.65E-IC 0.2C 0.01 297.39 
3S 34 94.15 27425 4.98E-OS 1.71E-lC 0.18 0.01 294.05 
39 35 103.1 280SC 5. 13E-OS l.8SE-lC 0.17 0.01 272.29 
40 36 98.12 28767 S.27E-08 l.SOE-lC 0.18 0.01 292.80 
41 37 108.36 29869 S.42E-08 1.97E-1C 0.16 0.01 274.18 
42 38 107.58 30461 5.S7E-08 1.97E-lC 0.18 0.01 280.39 
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43 39 112.01 31358 5.71E-08 2.04E-IC 0.17 0.01 277.69 
44 40 115.47 32244 5.86E-08 2.10E-IC 0.19 0.01 277.05 
45 41 118.15 32722 6.0lE-08 2.l7E-lC 0.18 0.01 279.29 
46 42 112.67 3321C 6.15E-08 2.09E-IC 0.19 0.01 291.49 
47 43 121.83 3395E 6.30E-08 2.26E-IC 0.18 0.01 280.25 
48 44 124.64 34571 6.45E-08 2.32E-1C 0.17 0.01 273.01 
49 45 119.16 35589 6.59E-08 2.21E-10 0.18 0.01 291.53 
5C 46 129.19 36360 6.74E-08 2.39E-10 0.18 0.01 280.79 
51 47 125.05 37029 6.89E-08 2.33E-IO 0.19 0.01 292.87 
52 48 133.52 37837 7.03E-08 2.48E-IO 0.17 0.01 284.43 
53 49 141.62 38313 7.18E-08 2.65E-IO 0.19 0.01 273.11 

Average 0.18 282.77 
St.dev 0.02 11.47 

Table A3-2. Data table of Ar isotopic ratios measured in one aliquot of the reference gas 

(1.8* 10.7 cc) (fig. A3-3 and A3-4) . 

Run Ar, cps '~Arj-'bAr +/- !"'uArj-'<'Ar f+/-
1 77474.56 0.27 0.01 268.93 5.45 
2 67738.82 0.24 0.01 251.60 5.51 
3 66934.38 0.26 0.01 259.98 4.89 
4 65993.23 0.29 0.01 274.87 4.75 
5 64748.88 0.27 0.02 261.18 5.11 
6 64414.64 0.28 0.01 268.77 5.48 
7 63298.57 0.24 0.01 252.71 5.45 
8 63560.24 0.26 0.01 254.38 5.16 
9 63710.17 0.28 0.01 272.91 5.38 

10 63564.30 0.26 0.02 260.07 4.93 
11 63294.53 0.29 0.02 270.69 5.62 
12 57391.34 0.33 0.02 262.68 5.48 
13 63487.59 0.28 0.01 268.62 5.42 
14 62357.17 0.26 0.01 262.31 5.94 
15 62323.70 0.27 0.02 265.23 5.62 
16 62147.76 0.27 0.01 265.62 5.55 
17 62292.24 0.28 0.01 252.71 5.44 
18 60908.68 0.27 0.02 260.92 5.87 
19 63173.32 0.28 0.01 264.19 5.67 
20 64686.04 0.30 0.02 265.60 5.37 
21 64386.19 0.31 0.02 278.05 6.08 
22 64580.46 0.24 0.01 260.08 5.20 
23 65362.18 0.27 0.01 273.89 5.44 
24 65247.25 0.26 0.01 256.05 5.52 
25 64548.91 0.29 0.01 247.73 4.94 
26 68830.20 0.27 0.01 272.77 5.13 
27 69592.96 0.27 0.01 261.76 4.29 
28 70707.98 0.27 0.01 265.85 4.48 
29 69594.41 0.27 0.01 251.04 4.39 
30 69832.76 0.28 0.01 265.81 5.39 
31 69436.40 0.29 0.01 257.33 5.14 

Mean 65046.58 0.27 263.14 

St.dev. 3684.72 0.02 7.89 
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Figure A3-4. Repeated measurements of 38 Ar/36 Ar in the Ar reference gas aliquot 

(1.8*10-7 cc) (table A3-2). 
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APPENDIX 4: CALIBRATION OF THE NITROGEN MASS 

SPECTROMETER. 

The mass spectrometer used for nitrogen analysis can be calibrated using AIR 

standard. The nitrogen abundance in the aliquot of the AIR can be measured by high 

sensitivity baratron, and in accordance with following measurements of nitrogen 

abundance by the MS the conversion factor between intensity of the rnlz 28 and an 

actual nitrogen abundance can be calculated using the formula: 

1.98 x 3.402 X P"a, X % 
K = ---1-(2-8)---' 

where Pbar is the pressure of nitrogen measured by baratron measured in volts; 1(28) is 

intensity of the rnlz 28 corresponded to the nitrogen abundance measured by MS in 

volts; 1.98*3.402 is the conversion factor between baratron pressure and nitrogen 

abundance; % is the percent of nitrogen which was let into the MS camera. 

Table A4-1. Calibration of sensitivity of the MS. 

P,bar % 1(28) K 

9.88 0.016 3.362 0.342 
6.06 0.055 7.272 0.310 
1.75 0.13 4.946 0.329 
1.06 0.239 5.509 0.309 

11.45 0.016 3.772 0.333 
6.66 0.055 8.395 0.296 
1.97 0.13 5.675 0.304 
1.16 0.13 3.275 0.329 
0.77 0.339 6.239 0.299 

Mean 0.317 

St.dev 0.017 
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APPENDIX 5: EXPERIMENTAL REPRODUCIBILITY FOR 

NAND C. 

Table A4-1 Reproducibility of experiments in terms OI5N, N content and Ol3C based on 

the study of the internal diamond standard and AIR standard. 

N Bl.JNdm,%o B1,Cdm,%o Ndm, ppm B 'NA1R ,%( 

1 0.34 -10.2 1169 -0.903 
2 -0.89 -9.5 1092 0.003 
3 -0.06 -10.0 1105 0.76 
4 -0.06 -10.2 1196 0.28 
5 -0.03 -9.6 1159 0.182 
6 -0.51 -9.8 1101 0.67 
7 -0.34 -9.2 1135 0.845 
8 -0.66 -10.4 933 -1.36 
9 -1.04 -9.2 1163 

10 0.92 -9.3 1108 

11 0.95 -9.2 969 
12 1.57 -9.8 
13 0.69 -9.3 
14 0.73 -10.5 
15 -0.49 -10.1 
16 -1.94 -9.1 
17 1.3 -9.5 
18 -0.003 
19 -1.84 
20 -2.49 
21 -1.26 
22 -0.87 
23 -0.24 
24 0.19 
25 0.02 
26 0.11 

Mean -0.23 -9.7 1103 0.06 
St.dev. 0.99 0.5 79 0.80 
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APPENDIX 6:TABLES OF SAMPLE DESCRIPTIONS FOR 

CHAPTER 3. 

Table) A6-1. Short description of samples according to Dr G.P.Bulanova. 

Sample Type Shape of crystal Inclusions Kimberlite pipe 

3661 E Oeta Omph Udachnya 
3662 E Oeta Omph, Gar Udachnya 
3105r E Octa,rim Cpx,Gar Udachnya 
3105c E Octa,core Cpx,Gar Udachnya 
3694 P Oeta Mss Udachnya 
3295c P Octa,core 01 Udachnya 
3582 P Oeta 01 Udachnya 
3588 P Oeta 01, Mss Udachnya 
3798c P Oeta Chr, 01 Udachnya 
4173r E Octa(rounded ),rim Cpx,Gar,Cs,Po 23d Party Congress 
4173c E Octa( rounded ) ,core Cpx,Gar,Cs,Po 23d Party Congress 
4240 E Oeta Po 23d Party Congress 
4160y P Octa,core 01 23d Party Congress 
4160 P Octa,rim 01 23d Party Congress 
4143r P Oeta Po+Cpx 23d Party Congress 
4147r E Oeta Po 23d Party Congress 
2214 E Octa, coated (coat) Po Aikhal 
1169c E Cube-octa->octa Mir 
1169r E Cube-octa->octa Gar Mir 
1153c(b) E cube->round->octa Po Mir 
1153r E cube->round->octa Po Mir 
1591c E Oeta Po Mir 
1591r E Oeta Po Mir 
3143 P Oeta Ol,Mss Mir 
1558 P Oeta Ol,Mss Mir 

* - shape of original crystals of diamonds from which the fragments studied were 
extracted, if several fragments were analysed the location within the crystal is specified (c­
core, r-rim). 

I Abbreviations used in the above tables: Cs - coesite; Gar- garnet; Chr -chlorite; Cpx 
- clinopyrox~n; Mss - melt; Omph - omphasite; 01- olivine; Phlg - phlogopite; 
Po - pyrrhotite; Octa - octahedra. 
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Table A6-2. Short description ofboart specimens according to Dr G.P. Bulanova. 

Sample Type Type of aggregate Grain shape Inclusions 

B149 E Coarse grain Oeta Gar 
B107 P Coarse grain Oeta OI+Phlg 
B159 P Coarse grain Oeta Chr 

B5 E Fine-coarse grain Uncertain Gar 
B54 E Coarse grain Oeta Ru 

BI95 P Coarse grain Oeta Chr 
B174 E Fine-coarse grain Uncertain Gar 

B196 E Coarse grain Oeta Gar 

Table A6-3. Available information on diamonds from Archangels area (Dr 
O.V.Zaharchenko). 

Sample Type Pipe 

A8 P Lomonsov 
A2 P Karpinsky 
All P Archangelskaya 
A3 u* Karpinsky 
AlO u* Pomorskaya 
A12 E Karpinsky 
A20 u* Pomorskaya 

A14d u* Lomonsov 
... * - unspeclhed 
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APPENDIX 7: DATA TABLES FOR CHAPTER 3. 

Table A7-1. C,N isotopic compositions and nitrogen contents in eclogitic diamonds from 
Yakutian and Archangelsk kimberlites. 

Sample oDN Err N/C,ppm Err OLC 

3661 1.5 2.7 674 68 -4.5 
3662 0.3 0.5 444 22 -4.8 
3105r -1.5 1.7 976 90 -7.9 
3105c 2.5 1.4 474 45 -6.8 
B149 5.9 1.1 734 71 -10.1 
4173r -2.0 1.2 1062 101 -7.0 
4173c -0.2 1.7 1392 135 -4.7 
4240 3.5 1.5 232 23 -15.7 
4147r -0.3 1.3 530 30 -6.7 

B5 -1.3 1.3 728 70 -8.4 
B54 -0.6 1.7 1021 98 -6.8 

B174 -1.0 2.1 38 4 -5.2 
B196 3.0 1.1 778 75 -5.4 
A12 -0.6 1.6 421 38 -8.6 

1169c 1.3 1.3 290 30 -4.3 
1169r 0.4 1.4 430 40 -6.0 

1153 (b)c 3.5 1.5 338 50 -6.6 
1153r -4.0 1.5 289 50 -5.5 
1591c -1.3 1.5 360 50 -5.8 
1591r 2.7 1.5 300 50 -5.7 

Table A7-2. C, N isotopic compositions and nitrogen contents in peridotitic diamonds 
f Yk' dArh lkibl't rom a utlan an c ange s m er 1 es. 

Sample bUN Err N/C,ppm Err o 'C 

3694 -0.4 2.8 15 3 -4.1 
3295y? -1.2 4.0 15 4 -4.7 
3582 4.6 1.5 555 56 -5.7 
3588 -3.3 2.8 42 4 -4.7 
B107 4.6 1.8 85 8 -3.6 
B159 -5.9 1.7 475 46 -4.0 
4160y 9.5 0.7 399 41 -7.6 
4160 -0.1 1.0 740 75 -4.4 
4143r 3.2 1.7 1361 130 -6.1 
3143 1.7 1.7 33 3 -5.5 
1558 1.0 1.0 568 54 -5.4 
B195 1.0 1.0 432 42 -5.1 

A8 3.0 0.4 2621 226 -5.9 
A2 2.4 0.2 1942 168 -4.4 
All 0.3 1.2 15 2 -3.4 

3798c 1.4 1.5 590 20 -4.2 
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Table A7-3. Peridotitic diamonds from Robert Victor peridotitic xenoliths. 

Sample ol~N Err N/Cppm Err oUC 

RV167 0.8 1 1270 100 -5.0 
RV167.549 5.7 1 2190 200 -5.7 
RV161 -1.8 1 252 25 -6.2 
RV175A -3.8 1 382 380 -4.4 
RV175B -1.1 1 218 22 -5.9 
RV175C 0.5 1 446 440 -5.0 
RV175E -1.8 1 183 20 -4.1 
RV175F -0.1 1 195 20 -5.0 
RV180A 4.0 1 75 10 -4.5 
RV180B 4.1 1 102 10 -5.0 
RV180C 6.5 1 556 50 -4.3 
RV180D 5.0 1 149 15 -5.0 

Table A7-4. Diamonds from Robert Victor eclogitic xenolith RV124. 

Sample bJJN Err N/Cppm Err O'C 

RV124.(24) -0.9 1 1048 100 -5.8 
RV124.1.3 3.3 1 2130 200 -5.8 
RV124.1.5 2.7 1 2288 200 -6.8 
RV124.3.1 0.7 1 1231 200 -5.5 
RV124A 4.1 1 1823 280 -5.4 
RV124B -0.7 1 704 70 -4.6 

Table A 7-5. North Queensland exploration samples. 

Sample oJJN,%o Err N/C,ppm(wt) Err o 'C,%o 

NQ12 -19.3 1.6 987 31 -4.9 
NQ32d -11.0 1.7 552 18 -6.9 
NQ33 -34.1 0.3 835 34 -4.2 
NQ25 -24.9 1.6 1700 300 -2.5 

Table A 7 -6. Diamonds from New South Wales. 

Sample o 'N,%o Err N/C,ppm(wt) Err 01. C, %0 

CO 10/6 6.6 1.0 29 3 l.9 
C06/6 23.2 1.0 119 12 2.5 
CO 1812 12.5 1.0 29 3 1.9 
C02 116 10.8 1.0 1670 167 2.9 
C05/6 12.2 1.0 147 15 -l.9 
CH3d.555 9.7 1.0 817 82 -l.2 
MRBI3.509 6.1 1.0 2363 236 -3.9 
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APPENDIX 8: DATA TABLES FOR CHAPTER 4. 

Table A8-I. Sample F4: results of step combustion experiment. 

Step C,)lg I-lHe,cc r, Jlm -IHe,cc/g 

1 1.20 2.06E-09 0.04 1.7IE-03 
2 6.50 4.69E-09 0.26 7.22E-04 
3 16.56 7.85E-09 0.94 4.74E-04 
4 54.52 2.20E-08 3.03 4.04E-04 
5 39.88 1.58E-08 5.83 3.97E-04 
6 21.91 7.42E-09 7.68 3.39E-04 
7 55.27 1.42E-08 10.01 2.57E-04 
8 52.11 1.01E-08 13.27 1.94E-04 
9 69.35 7.57E-09 17.01 1.09E-04 

10 77.12 3.76E-09 21.57 4.88E-05 
11 78.09 6.38E-1O 26.48 8. 17E-06 
1L 65.31 3.11E-IC 31.09 4.76E-06 
13 64.36 1.84E-1U 35.33 2.86E-06 
14 250.0C 8.00E-I0 45.97 3.20E-06 
15 822.0C 2.52E-09 86.93 3.06E-06 
16 1216.00 3.69E-09 193.40 3.04E-06 
17 500.20 2.98E-1O 334.26 S.95E-07 
18 161.20 7.41E-ll 508.17 4.60E-07 

Total 3551.59 1.04E-07 2.93E-05 

Table A8-2. Sample FI: results of step combustion experiment. 

Step C, )lg I "'He,cc r, )lm I-IHe,cc/g 

1 0.50 7.72E-IO 0.02 2.21E-03 
2 76.03 9. 14E-OS 3.43 1.72E-03 

3 55.S" S.27E-OS 9.35 1.35E-03 

4 70.6S S.92E-OS IS.IS 1.20E-03 

5 26.37 1.1lE-OS 19.73 6.04E-04 

6 62.41 3.26E-OS 24.00 7.47E-04 

7 SO.40 3.06E-OS 31.0" 5.45E-04 
S 83.82 1.46E-OS 39.34 2.50E-04 
9 91.36 5.36E-09 48.55 8.39E-05 

lC 98.35 2.11E-09 5S.97 3.07E-05 
11 93.39 1.1SE-09 70.0C l.SIE-05 

Total 739.13 3.02E-07 0.0004081 
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Table A8-3. Sample AI: results of step combustion experiment. 

Step C, Jlg ~He,cc r, Jlm I "'He,cc/g 

1 O.IS 1.33E-07 0.00259 7.57E-0! 
2 0.34 5.97E-OS 0.01022 1.74E-01 
3 1.26 6.46E-08 0.03379 5. 13E-OL 
4 1.86 7.77E-08 0.07967 4. 18E-02 
5 5.43 1.57E-07 0.1869 2.89E-02 
6 39.32 7.76E-07 0.84605 1.97E-02 
7 147.22 2. 19E-06 3.60784 1.49E-02 
8 433.89 3.00E-06 12.353 6.91E-03 
9 2140.00 7A4E-06 23.9578 3.48E-03 

lC 100.25 4. 17E-09 61.5498 4. 16E-05 
11 320.3( 3.57E-09 100.096 l.12E-05 
1~ 2925.94 2.31E-08 2320455 7.89E-Ot 
13 780.34 8.3IE-09 262.116 l.06E-05 
14 1004.0C 6.49E-09 322.086 6.47E-Ot 
15 1061.56 2.39E-I0 414.31 2.25E-07 
16 722.34 1.33E-1O 540.176 1. 84E-07 
17 285.24 6.60E-ll 745.014 2.3lE-07 

Total 9969046 1.39E-05 1 AOE-03 
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APPENDIX 9: CALCULATION OF U-TII CONTENT IN 

DIAMOND HOST ROCK. 

4He content in the diamond matrix formed due to U and Th a-decay can be 

calculated as (Verchovsky and Sukolukov, 1991): 

He=22.4·10 U· _. e -1 + . e -1 +_. e -1 4 3 { [8 (A 8 • t J 7 (A s . t Jl 6 Th ( A 2 • t J} 
238 235·138 232 

where 4He is concentration (cc/g); U and Th are concentrations in gIg (ppml106
); As' As' 

and 1..2 are decay constants of 23SU, 235U and 232Th respectively (1.6E-1O; 9.8E-1O and 

4.9E-ll). Hence, knowing 4He concentration in the matrix and assuming UlTh ratio as 

:::3, U and Th concentrations can be calculated from the above equation. The 

concentration of He in the matrix can be worked out from the following equation 

(Verchovsky et aI., 1993): 

Cm = Cd' 4 . Pd .!:!.. [1 __ 1 . ( R) 2] 
3 pm R 12 ro , 

where C
m 

is 4He concentration(cc!g) in diamond bearing matrix; Cd is 4He 

concentration(cc!g) implanted in diamond crystal (known from experimental data); Pd and 

Pm are densities of diamond and matrix respectively; R is the range of a-particles in 

diamond (assumed as 15.8 J.lm which is the an average a-particle range if UlTh:::3 

(Verchovsky et al., 1993»; ro is radios of diamond crystal (630 J-Lm for F4, 510 J-Lm for 

FI and 895 J-Lm for AI; the crystal radiuses are calculated from diamond weights in 

accordance with spherical model). 
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APPENDIX 10: CALCULATIONS USED TO PROVIDE 

THEORETICAL IMPLANTATION PROFILES FOR SAMPLE 

F4. 

The implantation profiles (fig. 5.3) were derived for sample F4 from the model 

assuming that diamond is a sphere of radius ro (630 J.1m for sample F4) embedded in a 

matrix with uniform distribution of a-emitters. For mono-energetic a-particles the matrix 

normalised 4He concentration at the distance x from the centre of diamond sphere can be 

calculated using the following equation: 

2 2 
(Ri+X) -ro 

Cd 
-(X)=-----
Cm 4· Ri·X 

where Cd and Cm are 4He concentrations in the diamond and matrix respectively; Ri is the 

range of a-particle of certain energy; ro is the radius of the diamond grain; x is the distance 

from the centre of the grain. In accordance with the model used by Verchovsky et al., 

1993 Uffh ratio is assumed to be 3, which makes all a-decay energies equally abundant 

allowing us to calculate C./Cm(x) ratio as an arifmetic mean of the ratios corresponded to 

the a-particals of all enargies. Thus, the 4He(x) concentrations can be calculated by 

simply multiplying C./Cm(x) by 4He concentrations in the matrix. The calculations are 

illustrated by the tables AlO-l, A 10-2 and AlO-3, where the values under the heading ~ 

(the first row below contains the range for each a-particle produced by U-Th decay (the 

235U is neglected for calculations» are the C./Cm(x) ratios for mono-energetic a-particles; 

x is the co-ordinate relatively to the centre of the sphere (J.1m); C/Cm is the mean ratio 

calculated for a.-particles of all energies; 4He is the concentration in the diamond 

corresponding to the co-ordinate x or depth r (Ilm). 
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Table AlO-l. Calculation of 4He imolantation deoth orotile for d' d al F4 (U-Th=540 Uffh=3) 
L . 
R; 

x 8.9 9.5 11.1 11.1 11.6 13.7 14 lS 16.1 17.6 18.3 19.8 23.9 30.2 CjCm '''He, cc/g r ! 

630 0.5035 0.5038 0.5044 0.5044 0.5046 0.5054 0.5056 0.506 0.5064 0.507 0.5073 0.5079 0.5095 0.512 0.5063 1.72E-03 0 
629 0.4473 0.4511 0.4593 0.4593 0.4615 0.4689 0.4698 0.4726 0.4753 0.4786 0.4799 0.4826 0.4886 0.4954 0.4707 1.60E-03 1 
628 0.391 0.3984 0.4142 0.4142 0.4183 0.4323 0.434 0.4392 0.4442 0.4501 0.4526 0.4573 0.4676 0.4789 0.4352 1.47E-03 2 
627 0.3346 0.3455 0.369 0.369 0.375 0.3957 0.3982 0.4057 0.413 0.4216 0.4251 0.432 0.4466 0.4623 0.3995 1.35E-03 3 
626 0.2781 0.2926 0.3237 0.3237 0.3317 0.359 0.3623 0.3722 0.3818 0.393 0.3977 0.4066 0.4256 0.4456 0.3638 1.23E-03 4 
625 p.2215 0.2396 0.2783 0.2783 0.2883 0.3223 0.3263 0.3387 0.3505 0.3644 0.3702 0.3812 0.4045 0.429 0.3281 1. 11E-03 5 
624 p.1649 0.1865 0.2329 0.2329 0.2448 0.2855 0.2903 0.305 0.3192 0.3358 0.3426 0.3557 0.3834 0.4123 0.2923 9.90E-04 6 
623 p.1081 0.1333 0.1874 0.1874 0.2012 0.2486 0.2542 0.2714 0.2878 0.3071 0.315 0.3302 0.3623 0.3956 0.2564 8.69E-04 7 
622 p.0512 0.0801 0.1418 0.1418 0.1576 0.2117 0.2181 0.2376 0.2564 0.2783 0.2874 0.3046 0.3412 0.3788 0.2205 7.47E-04 8 
621 00.0267 0.0961 0.0961 0.1139 0.1747 0.1819 0.2039 0.225 0.2496 0.2597 0.2791 0.32 0.3621 0.1849 6.27E-04 9 
620 0 00.0504 0.0504 0.0702 0.1376 0.1456 0.17 0.1934 0.2207 0.232 0.2534 0.2987 0.3453 0.1548 5.25E-04 10 
619 0 00.0046 0.0046 0.0263 0.1005 0.1093 0.1361 0.1619 0.1918 0.2042 0.2278 0.2775 0.3285 0.1266 4. 29E-04 11 
618 0 0 0 0 00.0633 0.0729 0.1022 0.1302 0.1629 0.1764 0.202 0.2562 0.3116 0.1056 3.58E-04 12 
617 0 0 0 0 00.0261 0.0365 0.0682 0.0985 0.1339 0.1485 0.1763 0.2349 0.2947 0.0870 2.95E-04 13 
616 0 0 0 0 0 0 00.0341 0.0668 0.1049 0.1206 0.1505 0.2135 0.2778 0.0692 2.34E-04 14 
615 0 0 0 0 0 0 0 o 0.035 0.0758 0.0926 0.1246 0.1921 0.2609 0.0558 1. 89E-04 15 
614 0 0 0 0 0 0 0 00.0032 0.0467 0.0646 0.0988 0.1706 0.2439 0.0448 1.52E-04 16 
613 0 0 0 0 0 0 0 0 00.0175 0.0365 0.0728 0.1492 0.227 0.0359 1.22E-04 17 
612 0 0 0 0 0 0 0 0 0 00.0084 0.0469 0.1277 0.2099 0.0281 9.51E-05 18 
611 0 0 0 0 0 0 0 0 0 0 00.0208 0.1061 0.1929 0.0228 7.74E-05 19 
610 0 0 0 0 0 0 0 0 0 0 0 00.0845 0.1758 0.0186 6.30E-05 20 
609 0 0 0 0 0 0 0 0 0 0 0 00.0629 0.1587 0.0158 5.36E-05 21 
608 0 0 0 0 0 0 0 0 0 0 0 00.0412 0.1416 0.0131 4.43E-05 22 
607 0 0 0 0 0 0 0 0 0 0 0 00.0196 0.1244 0.0103 3.48E-05 23 
606 0 0 0 0 0 0 0 0 0 0 0 0 00.1072 0.0077 2.60E-05 24 
605 0 0 0 0 0 0 0 0 0 0 0 0 0 0.09 0.0064 2.l8E-05 25 
604 0 0 0 0 0 0 0 0 0 0 0 0 00.0728 0.0052 1.76E-05 26 
603 0 0 0 0 0 0 0 0 0 0 0 0 00.0555 0.0040 1.34E-05 27 
602 0 0 0 0 0 0 0 0 0 0 0 0 00.0382 0.0027 9.24E-06 28 
601 0 0 0 0 0 0 0 0 0 0 0 0 00.0208 0.0015 5.05E-06 29 
600 0 0 0 0 0 0 0 0 0 0 0 0 00.0035 0.0002 8.42E-07 30 
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Table AlO-2. Calculation of 4H . deoth orofile for d' d al F4 (U-Th=248 Uffh=3) 
L -

~ 
x 8.9 9.5 11.1 11.1 11.6 13.7 14 15 16.1 17.6 18.3 19.8 23.9 30.2 C/Cm I"He, cc/g r 
630 p.5035 0.5038 0.5044 0.5044 0.5046 0.5054 0.5056 0.506 0.5064 0.507 0.5073 0.5079 0.5095 0.512 0.5063 7.90E-04 0 
629 0.4473 0.4511 0.4593 0.4593 0.4615 0.4689 0.4698 0.4726 0.4753 0.4786 0.4799 0.4826 0.4886 0.4954 0.4707 7.34E-04 1 
628 0.391 0.3984 0.4142 0.4142 0.4183 0.4323 0.434 0.4392 0.4442 0.4501 0.4526 0.4573 0.4676 0.4789 0.4352 6.79E-04 2 
627 0.3346 0.3455 0.369 0.369 0.375 0.3957 0.3982 0.4057 0.413 0.4216 0.4251 0.432 0.4466 0.4623 0.3995 6.23E-04 3 
626 0.2781 0.2926 0.3237 0.3237 0.3317 0.359 0.3623 0.3722 0.3818 0.393 0.3977 0.4066 0.4256 0.4456 0.3638 5.68E-04 4 
625 0.2215 0.2396 0.2783 0.2783 0.2883 0.3223 0.3263 0.3387 0.3505 0.3644 0.3702 0.3812 0.4045 0.429 0.3281 5. 12E-04 5 
624 0.1649 0.1865 0.2329 0.2329 0.2448 0.2855 0.2903 0.305 0.3192 0.3358 0.3426 0.3557 0.3834 0.4123 0.2923 4.56E-04 6 
623 0.1081 0.1333 0.1874 0.1874 0.2012 0.2486 0.2542 0.2714 0.2878 0.3071 0.315 0.3302 0.3623 0.3956 0.2564 4.00E-04 7 
622 ~.0512 0.0801 0.1418 0.1418 0.1576 0.2117 0.2181 0.2376 0.2564 0.2783 0.2874 0.3046 0.3412 0.3788 0.2205 3.44E-04 8 
621 00.0267 0.0961 0.0961 0.1139 0.1747 0.1819 0.2039 0.225 0.2496 0.2597 0.2791 0.32 0.3621 0.1849 2.88E-04 9 
620 0 00.0504 0.0504 0.0702 0.1376 0.1456 0.17 0.1934 0.2207 0.232 0.2534 0.2987 0.3453 0.1548 2.42E-04 10 
619 0 00.0046 0.0046 0.0263 0.1005 0.1093 0.1361 0.1619 0.1918 0.2042 0.2278 0.2775 0.3285 0.1266 1.98E-04 11 
618 0 0 0 0 00.0633 0.0729 0.1022 0.1302 0.1629 0.1764 0.202 0.2562 0.3116 0.1056 1.65E-04 12 
617 0 0 0 0 00.0261 0.0365 0.0682 0.0985 0.1339 0.1485 0.1763 0.2349 0.2947 0.0870 1.36E-04 13 
616 0 0 0 0 0 0 00.0341 0.0668 0.1049 0.1206 0.1505 0.2135 0.2778 0.0692 1.08E-04 14 
615 0 0 0 0 0 0 0 o 0.035 0.0758 0.0926 0.1246 0.1921 0.2609 0.0558 8.70E-05 15 
614 0 0 0 0 0 0 0 00.0032 0.0467 0.0646 0.0988 0.1706 0.2439 0.0448 7.00E-05 16 
613 0 0 0 0 0 0 0 0 00.0175 0.0365 0.0728 0.1492 0.227 0.0359 5.61E-05 17 
612 0 0 0 0 0 0 0 0 0 00.0084 0.0469 0.1277 0.2099 0.0281 4.38E-05 18 
611 0 0 0 0 0 0 0 0 0 0 00.0208 0.1061 0.1929 0.0228 3.56E-05 19 
610 0 0 0 0 0 0 0 0 0 0 0 00.0845 0.1758 0.0186 2.90E-05 20 
609 0 0 0 0 0 0 0 0 0 0 0 00.0629 0.1587 0.0158 2.47E-05 21 
608 0 0 0 0 0 0 0 0 0 0 0 00.0412 0.1416 0.0131 2.04E-05 22 
607 0 0 0 0 0 0 0 0 0 0 0 00.0196 0.1244 0.0103 1.60E-05 23 
606 0 0 0 0 0 0 0 0 0 0 0 0 00.1072 0.0077 1.20E-05 24 
605 0 0 0 0 0 0 0 0 0 0 0 0 0 0.09 0.0064 l.OOE-05 25 
604 0 0 0 0 0 0 0 0 0 0 0 0 00.0728 0.0052 8.11E-06 26 
603 0 0 0 0 0 0 0 0 0 0 0 0 00.0555 0.0040 6. 18E-06 27 
602 0 0 0 0 0 0 0 0 0 0 0 0 00.0382 0.0027 4.26E-06 28 
601 0 0 0 0 0 0 0 0 0 0 0 0 00.0208 0.0015 2.32E-06 29 
600 0 0 0 0 0 0 0 0 0 0 0 0 00.0035 0.0002 3.88E-07 30 
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Table A 10-3 Calculation of 4H . deDth Drofile for d' d -r - - -- - - - - - - - - - -- -- - al F4 (U-Th=160 Uffh=3) 

~ 
x 8.9 9.5 11.1 11.1 11.6 13.7 14 15 16.1 17.6 18.3 19.8 23.9 30.2 CjCm He, cc/g r 
630 0.5035 0.5038 0.5044 0.5044 0.5046 0.5054 0.5056 0.506 0.5064 0.507 0.5073 0.5079 0.5095 0.512 0.5063 5.06E-04 0 
629 KJ.4473 0.4511 0.4593 0.4593 0.4615 0.4689 0.4698 0.4726 0.4753 0.4786 0.4799 0.4826 0.4886 0.4954 0.4707 4.71E-04 1 
628 0.391 0.3984 0.4142 0.4142 0.4183 0.4323 0.434 0.4392 0.4442 0.4501 0.4526 0.4573 0.4676 0.4789 0.4352 4.35E-04 2 
627 Kl.3346 0.3455 0.369 0.369 0.375 0.3957 0.3982 0.4057 0.413 0.4216 0.4251 0.432 0.4466 0.4623 0.3995 4.00E-04 3 
626 ~.2781 0.2926 0.3237 0.3237 0.3317 0.359 0.3623 0.3722 0.3818 0.393 0.3977 0.4066 0.4256 0.4456 0.3638 3. 64E-04 4 
625 Kl.2215 0.2396 0.2783 0.2783 0.2883 0.3223 0.3263 0.3387 0.3505 0.3644 0.3702 0.3812 0.4045 0.429 0.3281 3.28E-04 5 
624 ~1649 0.1865 0.2329 0.2329 0.2448 0.2855 0.2903 0.305 0.3192 0.3358 0.3426 0.3557 0.3834 0.4123 0.2923 2.92E-04 6 
623 KJ.1081 0.1333 0.1874 0.1874 0.2012 0.2486 0.2542 0.2714 0.2878 0.3071 0.315 0.3302 0.3623 0.3956 0.2564 2.56E-04 7 
622 0.0512 0.0801 0.1418 0.1418 0.1576 0.2117 0.2181 0.2376 0.2564 0.2783 0.2874 0.3046 0.3412 0.3788 0.2205 2.20E-04 8! 
621 00.0267 0.0961 0.0961 0.1139 0.1747 0.1819 0.2039 0.225 0.2496 0.2597 0.2791 0.32 0.3621 0.1849 1. 85E-04 9 
620 0 00.0504 0.0504 0.0702 0.1376 0.1456 0.17 0.1934 0.2207 0.232 0.2534 0.2987 0.3453 0.1548 1.55E-04 10 
619 0 00.0046 0.0046 0.0263 0.1005 0.1093 0.1361 0.1619 0.1918 0.2042 0.2278 0.2775 0.3285 0.1266 1.27E-04 11 
618 0 0 0 0 00.0633 0.0729 0.1022 0.1302 0.1629 0.1764 0.202 0.2562 0.3116 0.1056 1.06E-04 12 
617 0 0 0 0 00.0261 0.0365 0.0682 0.0985 0.1339 0.1485 0.1763 0.2349 0.2947 0.0870 8.70E-05 }3! 

616 0 0 0 0 0 0 00.0341 0.0668 0.1049 0.1206 0.1505 0.2135 0.2778 0.0692 6.92E-OS 14 
615 0 0 0 0 0 0 0 o 0.035 0.0758 0.0926 0.1246 0.1921 0.2609 0.0558 5.S8E-05 IS 
614 0 0 0 0 0 0 0 00.0032 0.0467 0.0646 0.0988 0.1706 0.2439 0.0448 4.48E-05 16 
613 0 0 0 0 0 0 0 0 00.0175 0.0365 0.0728 0.1492 0.227 0.0359 3.S9E-05 17 
612 0 0 0 0 0 0 0 0 0 00.0084 0.0469 0.1277 0.2099 0.0281 2.81E-05 18 
611 0 0 0 0 0 0 0 0 0 0 00.0208 0.1061 0.1929 0.0228 2.28E-05 19 
610 0 0 0 0 0 0 0 0 0 0 0 00.0845 0.1758 0.0186 1.86E-05 20 
609 0 0 0 0 0 0 0 0 0 0 0 00.0629 0.1587 0.0158 1.58E-05 21 
608 0 0 0 0 0 0 0 0 0 0 0 00.0412 0.1416 0.0131 1.31E-OS 22 
607 0 0 0 0 0 0 0 0 0 0 0 00.0196 0.1244 0.0103 1.03E-05 23 
606 0 0 0 0 0 0 0 0 0 0 0 0 00.1072 0.0077 7.66E-06 24 
605 0 0 0 0 0 0 0 0 0 0 0 0 0 0.09 0.0064 6.43E-06 25 
604 0 0 0 0 0 0 0 0 0 0 0 0 00.0728 0.0052 5.20E-06 26 
603 0 0 0 0 0 0 0 0 0 0 0 0 00.0555 0.0040 3.96E-06 27 
602 0 0 0 0 0 0 0 0 0 0 0 0 00.0382 0.0027 2.73E-06 28 
601 0 0 0 0 0 0 0 0 0 0 0 0 00.0208 0.0015 1.49E-06 29 
600 0 0 0 0 0 0 0 0 0 0 0 0 00.0035 0.0002 2A8E-07 30 



APPENDIX 11: DATA TABLE FOR CHAPTER 5. 

Table A8-!. OI5N, o13C, N and He concentration in carbonado and 
framesites. 

Sample o!~N, %0 o Ue, %0 N, (ppm) ~He, cc/g* 1O-~ 

Carbonado Ubangui 

JJG41OS.C 2.9 -2S.2 18 7.1 
JJG410SD 8.0S -28.1 65 2S0 
JJG410SA -5.0 -5.8 4.2 8.6 
JJG4105E 2.6 -26.1 392 55 
JJG4105B 2 -26.4 58 15 
JJG4105(?) 1.5 -25.8 80 120 

Carbonado Brasil 

Br-34 2.S -27.3 140 500 
Br32 1.5 -30 33 nm 
Br-4 11 -28 74 1640 
BMCB 1.S -26 258 85 
BRCBl 5.9 -26.8 1040 2.4 
BRCB2 -0.9 -28.8 63 760 
BRCB5 2.8 -23.5 419 180 
CBS 1.7 -26.1 50 48 
CB11 12.8 -27.8 88 700 
CB20 9.3 -23.8 1590 5.9 
BRCB4 -2.9 -23.6 71 nm 
BRCB6 0.3 -23.9 161 nm 
BRCB7 -3.6 -24 103 17 
BRCB3 nm -26.8 66 nm 

Framesites 

ORF121.484 7.7 -22.S 102 0.46 
PHN/25.484 11.5 -19.1 96 0.64 
PHN/26.479 9.26 -18 142 0.64 
JWF-6.479 7.S -23.6 112 0.49 
JWF-l1.479 10.8 -20.1 91 0.69 
JWF-10.479 0.75 -23.6 190 0.36 
JJG-4104.488 1.41 -18.2 251 nm 
JJG-4103.484 3.44 -23.8 1294 nm 
FRM1.487 3.66 -21.8 330 nm 
GPF3 2.62 -18.3 100 0.078 
GPF2 -2.9 -21 56 nm 
GPFI 10.8 -19.8 77 nm 

Standart deviation for 015N is 1%0, for ol3C is 0.5%0. for N content 5% and for 
He content 10%. 
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APPENDIX 12: DATA TABLES FOR CHAPTER 6. 

Table AI2-1. Results of bulk analysis of poly crystalline diamonds from Ebeliakh. 

Sample o"'N, %0 Err N,ppm Ol-'C,%O l",uAr,cc/g ",uArl"'tJAr ,-'tJAr,cc/g "He,cc/g 

Y7 nm nm SOO -27.6 LIE-OS 307 3.6E-08 I.OE-OS 
Y17 nm nm 29 -8.8 1.2E-OS 301 3.5E-08 1.7E-05 
Y14 -3.9 I.S 9 -7.2 1.7E-06 681 2.0E-09 2.0E-04 
Y2 1.8 1.2 20 -9.S 1.8E-OS 300 5.2E-08 4.0E-OS 
Y4 -3.96 4.7 4.9 -8.4 5.6E-06 299 1.6E-08 3.4E-OS 
YI8(1) 4.3 0.9 19 -9.7 1.7E-04 2148 8.0E-08 nm 

Table AI2-2. Results of bulk analysis of poly crystalline diamonds from Popigai crater. 

Sample ol:>N Err N,ppm Ol-'C -+uAr,cc/g oIuArl"'tJAr '>uAr,cc/g 

P3 run nm <5 -20.0 nm nm run 
P7 run run <5 -19.3 nm nm run 
Pd336 5 0.5 36 -12.0 nm nm run 
Pd508/1 1.9 2.1 12 -10.6 9.9E-05 424 2.3E-07 
Pd50S/2 9.2 1.1 30 -10.5 8.6E-05 298 2.9E-07 
Pd508/3 5.2 1.7 34 -12.1 2.8E-04 S17 7.7E-07 
PdSl1 11.9 2 25 -10.5 1.2E-04 364 3.4E-07 
Pd506/1 run nm nm -11.2 1.1E-04 12263 run 
Pd505/2 nm nm nm -7.9 1.3E-05 342 nm 
Pd532 10.9 2 2.4 -10.5 nm nm nm 
PY-1 nm nm 5 -16.1 run nm nm 
PB-5 nm nm 8 -10.6 3.3E-05 781 4.2E-08 
PY-2 6.2 1.1 50 -20.4 2.8E-04 326 8.5E-07 
Pd53S 4.6 1.8 17 -19.3 9.7E-05 585 1.7E-07 
IG -1.1 1.7 44 -S.7 nm nm run 
PgrlO* nm nm nm -17.6 nm nm run 
Pgr9* run run nm -14.1 nm nm nm 
PS nm nm nm -16.S nm nm run 
P4 nm run run -8.1 nm nm run 
P2 nm nm run -18.1 nm nm run 
PI run nm run -18.4 nm nm run 
PKS+ run nm run -12.6 nm nm nm 

PK6+ nm nm nm -ILl nm nm nm 

*- samples of graphite; +-diamonds from Pechug-Katun crater 
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Table A12-3. Step combustion experiment Y18(2). 

T,OC N,ppm "uAr,cc/g "uArroAr .l°Ar,cc/g QHe,cc/g C,Jlg 

625 663* 4.6E-04 456 9.9E-07 blank 3.9 
650 255* 204E-04 479 4.9E-07 1.9E-06 9.3 
675 125 lo4E-04 582 2.4E-07 1.0E-06 16.6 
700 74 9.6E-05 594 l.6E-07 9.3E-07 2804 
725 59 7.9E-05 666 l.2E-07 1.0E-06 40.9 
750 49 6.9E-05 691 9.8E-08 8.3E-07 51.9 
775 54 6.6E-05 775 S.2E-08 9.3E-07 53.6 
800 58 7.2E-05 648 1.1E-07 1.1E-06 44.5 
825 63 7.9E-05 466 1.7E-07 1.3E-06 25.2 
850 102 2.0E-04 376 5.3E-07 4.1E-06 6 

Total 68 1.IE-04 540 2.0E-07 l.IE-06 282 
.. 

Total N concentratIOn was calculated from steps unaffected by N contanunatlOn 
*-value affected by N contamination (see text for details) 

Table AI2-4. Step combustion experiment Y14. 

T,OC N,ppm 4°Ar,cc/g 4°Ar/36Ar 36Ar,cc/g 4I1e,cc/g C,llg 
550 204 1.5E-04 269 5.6E-07 3.3E-05 3.2 
600 29 1.6E-05 336 4.0E-08 304E-06 25 
650 14 4.SE-06 516 7.3E-09 9.4E-06 79.3 
700 28 1.7E-05 382 3.7E-08 1.9E-OS 32.6 

Total 24 Y.2E-06 377 2.0E-OS l.IE-OS 140.5 
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APPENDIX 13: STATISTICAL PARAMETERS OF LINEAR 

CORRELA TIONS USED IN CHAPTER 6. 

Table A 13-1. Statistical parameters for linear correlation in co-ordinates N _36 Ar. 

Line Slope Root Intercept Root 
MSWD MSWD 

Y 347303 103498 0.0060 0.0045 
YI8(2)-14 311783 57850 0.0097 0.0032 

Y14 310769 66162 0.0095 0.0019 
P 38126.8 15211 0.0048 0.0034 

Y - Imear correlatIOn by yakutltes from Ebehakh placers 
(results of bulk and step combustion experiments) 
P - linear correlation by diamonds from Popigai crater 

MSWU 

3.4 
0.9 
0.3 
1.7 

Table AI3-2. Statistical parameters for linear correlation in co-ordinates N-40Ar (rad) for 
step combustion experiments with samples Y 18 and Y 14. 

Line Slope Root Intercept Root MSWU 
MSWD MS\VD 

Y 18(2) 520 1108 0.0254 0.0451 2.1 
Y14(l-2) 4012 1618 0.0027 0.0034 l.9 

40 Ar(rad) _ 40 Ar excess relative to the isotopic composition of the air. 

Table A 13-3. Statistical parameters for linear correlation in co-ordinates 40 Ar/36 Ar -
1/36 Ar, for samples studied by step combustion technique. 

Line Slope Root Intercept Root MSWU 
MSWD MSWD 

Y18(2) 3.6E-05 1.OE-05 355 53 1.2 
Y14(l-2) 1.2E-06 5.6E-07 309 43 4.6 

Table A13-4. Statistic~l parame~ers for linear correlation in co-ordinates Ar(radrAr(air) for 
step combustion expenments wIth samples Y18 and Y14. 

Line Slope Root Intercept Root MSWU 
MSWD MSWD 

Y 18(2) 0.50 0.13 2.7E-05 5.6E-06 2.0 
Y14 0.37 0.21 9.6E-07 5.7E-07 2.8 
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