
VU Research Portal

Origin and Evolution of Yakutian Diamonds

Wiggers de Vries, D.F.

2013

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
Wiggers de Vries, D. F. (2013). Origin and Evolution of Yakutian Diamonds: constraints on sources and timing
from a combined petrological and geochemical study of diamonds and their inclusions. [PhD-Thesis - Research
and graduation internal, Vrije Universiteit Amsterdam]. Vrije Universiteit Amsterdam.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 23. May. 2023

https://research.vu.nl/en/publications/9eeaba08-dec9-45ff-834c-3418ded55c2b




REFERENCES

REFERENCES
Anand M, Taylor LA, Misra KC, Carlson WD, 

Sobolev NV (2004) Nature of diamonds 
in Yakutian eclogites: views from eclogite 
tomography and mineral inclusions in 
diamonds. Lithos 77:333–348

Appleyard CM, Viljoen KS, Dobbe R (2004) A study 
of eclogitic diamonds and their inclusions 
from the Finsch kimberlite pipe, South Africa. 
Lithos 77:317-332

Ashchepkov IV, Vladykin NV, Ntaflos T, Downes H, 
Mitchell R, Smelov AP, Alymova NV, Kostrovitsky 
SI, Rotman AYa, Smarov GP, Makovchuk IV, 
Stegnitsky YuB, Nigmatulina EN, Khmelnikova 
OS (2013) Regularities and mechanism of 
formation of the mantle lithosphere structure 
beneath the Siberian Craton in comparison with 
other cratons. Gondwana Research 23:4–24. 
doi:10.1016/j.gr.2012.03.009

Aulbach S (2012) Craton nucleation and formation 
of thick lithospheric roots. Lithos 149:16-30

Aulbach S, Shirey SB, Stachel T, Creighton S, 
Muehlenbachs K, Harris JW (2009a) Diamond 
formation episodes at the southern margin of 
the Kaapvaal Craton: Re–Os systematics of 
sulfide inclusions from the Jagersfontein Mine. 
Contributions to Mineralogy and Petrology 
157:525–540. doi 10.1007/s00410-008-0350-9

Aulbach S, Stachel T, Creaser RA, Heaman LM, 
Shirey SB, Muehlenbachs K, Eichenberg 
D, Harris JW (2009b) Sulphide survival 
and diamond genesis during formation 
and evolution of Archaean subcontinental 
lithosphere: A comparison between the Slave 
and Kaapvaal cratons. Lithos 112S:747–757. 
doi:10.1016/j.lithos.2009.03.048

Bibby DM (1982) Impurities in natural diamond. In: 
Thrower PA (ed) Chemistry and physics of carbon 
(vol 18). Marcel Dekker, New York, pp 1-91 

Bovenkerk HP (1963) The incorporation of foreign 
atoms in diamond crystals. In: The physics 
and chemistry of high pressures-Symposium, 
London, 1962, 191-195. London, Society of 
Chemical Industry

Bowring SA, Housh TB, Isachsen CE (1990) The 
Acasta gneisses; remnant of Earth’s early crust. 
In: Newsom HE, Jones JH (eds) The Origin of 
the Earth. Oxford University Press, New York, 
pp 319–343

Boyd FR, Gurney JJ (1986) Diamonds and the 
African lithosphere. Science 232:472–477

Boyd SR, Pillinger CT, Milledge HJ, Mendelssohn 
MJ, Seal M (1992) C and N isotopic 
composition and the infrared absorption 
spectra of coated diamonds: evidence for the 
regional uniformity of CO2-H2O rich fluids 

in lithospheric mantle. Earth and Planetary 
Science Letters 109:633-644

Boyd SR, Kiflawi I, Woods GS (1994a) The 
relationship between infrared-absorption 
and the A defect concentration in diamond. 
Philosophical Magazine B69:1149-1153

Boyd SR, Pineau F, Javoy M (1994b) Modeling 
the growth of natural diamonds. Chemical 
Geology 116:29-42

Boyd SR, Kiflawi I, Woods GS (1995) Infrared 
absorption by the B nitrogen aggregation in 
diamond. Philosophical Magazine B72:351-361

Bulanova GP (1995) The formation of diamond. 
Journal of Geochemical Exploration 53:1-23

Bulanova GP, Pavlova LP (1987) Magnesite 
peridotite mineral association in a diamond 
from the Mir pipe. Doklady Akademii Nauk 
SSSR 295(6):1452–1456 (in Russian)

Bulanova GP, Barashkov YP, Talnikova SB, Smelova 
GB (1993) Natural diamond-Genetic aspects 
Nauka, Novosibirsk, pp 176 (in Russian)

Bulanova GP, Griffin WL, Ryan CG, Shestakova 
OY, Barnes S-J (1996) Trace elements in 
sulfide inclusions from Yakutian diamonds. 
Contributions to Mineralogy and Petrology 
124:111-125

Bulanova GP, Griffin WL, Ryan CG (1998) 
Nucleation environment of diamonds from 
Yakutian kimberlites. Mineralogical Magazine 
62:409-419

Bulanova GP, Pearson DG, Hauri EH, Griffin 
BJ (2002) Carbon and nitrogen isotope 
systematics within a sector-growth diamond 
from the Mir kimberlite, Yakutia. Chemical 
Geology 188:105-123

Bulanova GP, Pearson DG, Hauri EH, Milledge HG, 
Barashkov YP (2003) Dynamics of diamond 
growth: evidence from isotope and FTIR trends 
8th International Kimberlite Conference, Long 
Abstract, Victoria, Canada

Bulanova GP, Varshavsky AV, Kotegov VA (2005) A 
venture into the interior of natural diamond: 
genetic information and implications for the 
gem industry. Journal of Gemmology 29:377-
386

Bulanova GP, Wiggers de Vries DF, Beard A, Mikhail 
S, Pearson DG, Smelov AP, Davies GR (2012) 
Two-stage origin of eclogitic diamonds recorded 
by a single crystal from the Mir pipe (Yakutia). 
10th International Kimberlite Conference, 
Extended Abstract No. 10IKC-220

Burgess R, Turner G, Laurenzi M, Harris JW (1989) 
40Ar-39Ar laser probe dating of individual 
clinopyroxene inclusions in Premier eclogitic 

225



REFERENCES

diamonds. Earth and Planetary Science Letters 
94:22-28

Burgess R, Turner G, Harris JW (1992) 40Ar-
39Ar laser probe studies of clinopyroxene 
inclusions in eclogitic diamonds. Geochimica 
et Cosmochimica Acta 56:389-402

Cartigny P (2005) Stable isotopes and the origin of 
diamond. Elements 1:79-84

Cartigny P, Harris JW, Javoy M (2001) Diamond 
genesis, mantle fractionations and mantle 
nitrogen content: a study of d13C-N 
concentrations in diamonds. Earth and 
Planetary Science Letters 185:85-98

Cartigny P, Stachel T, Harris JW, Javoy M (2004) 
Constraining diamond metasomatic growth 
using C- and N-stable isotopes: examples from 
Namibia. Lithos 77:359–373

Condie KC, Rosen OM (1994) Laurentia-Siberia 
connection revisited. Geology 22:168-170

Dan Hausel W (2006) Diamonds. In: Kogel JE, 
Trivedi NC, Barker JM (eds) Industrial 
Minerals and Rocks: Commodities, Markets, 
and Users. Society for mining, metallurgy and 
exploration, inc (SME). Littleton, Colorado, 
USA, pp. 415-432

Davies G (1979) Cathodoluminescence. In: Field 
JE (ed) The properties of diamond. Academic 
Press, London, pp 165-181

Davies GF (1992) On the emergence of plate-
tectonics. Geology 20:963-966

Davies GF (1993) Cooling the core and mantle by 
plume and plate flows. Geophysical Journal 
International 115:132-146

Davis GL, Sobolev NV, Kharkiv AD (1980) New data 
on the age of Yakutian kimberlites obtained by 
the uranium-lead method on zircons. Doklady 
Akademii Nauk SSSR 254:175-180 (in Russian)

De Stefano A, Kopylova MG, Cartigny P, Afanasiev 
V (2009) Diamonds and eclogites of the Jericho 
kimberlite (Northern Canada). Contributions 
to Mineralogy and Petrology 158:295-315

De Winter DAM, Lebbink MN, Wiggers de Vries 
DF, Post JA, Drury MR (2011) FIB-SEM 
cathodoluminescence tomography: Practical 
and theoretical considerations. Journal of 
Microscopy 243(3):315-326

Deines P (1980) The carbon isotopic composition 
of diamonds: relationship to diamond shape, 
color, occurrence and vapor composition. 
Geochimica et Cosmochimica Acta 44:943-961

Deines P, Harris JW, Gurney JJ (1987) Carbon isotopic 
composition, nitrogen content and inclusion 
composition of diamonds from the Roberts 
Victor Kimberlite, South Africa: evidence for 
13C depletion in the mantle. Geochimica et 
Cosmochimica Acta 51:1227–1243

Edwards BR, Russell JK (1998) Time scales of 
magmatic processes: New insights from 
dynamic models for magmatic assimilation. 
Geology 26:1103-1106

Evans T (1992) Aggregation of nitrogen in diamond. 
In: Field JE (ed) The Properties of Natural and 
Synthetic Diamond. Academic Press, London, 
pp 259-290

Evans T, Harris JW (1989) Nitrogen aggregation, 
inclusion equilibration temperatures and the 
age of diamonds. In: Ross N (ed) Kimberlites 
and Related Rocks. Special Publication of the 
Geological Society of Australia No. 14, vol. 2, 
IGSA, Perth, pp. 1001–1006

Fesq HW, Bibby DM, Erasmus CS, Kable EJD, 
Sellschop JPF (1975) Determination of trace 
element impurities in natural diamonds by 
instrumental neutron activation analysis. In: 
Aherns LH, Dawson JB, Duncan AR, Erlank 
AJ (eds) Physics and Chemistry of the Earth 9. 
Pergamon Press, New York, pp 817–836

Fitzsimons ICW, Harte B, Chinn IL, Gurney JJ, 
Taylor WR (1999) Extreme chemical variation 
in complex diamonds from George Creek, 
Colorado: a SIMS study of carbon isotope 
composition and nitrogen abundance. 
Mineralogical Magazine 63:857-878

Fitzsimons ICW, Harte B, Clark RM (2000) SIMS 
stable isotope measurement: counting statistics 
and analytical precision. Mineralogical 
Magazine 64:59-83

Fliervoet TF, Drury MR, Chopra PN (1999) 
Crystallographic preferred orientations 
and misorientations in some olivine rocks 
deformed by diffusion or dislocation creep. 
Tectonophysics 303:1-27

Frank FC (1967) Defects in diamond. In: Burls J (ed) 
Proceedings of the International Industrial 
Diamond Conference, Oxford, 1966. Industrial 
Diamond Information Bureau, London, pp 
119-135 vol 1 Science

Futergendler SI, Frank-Kamenetsky VA (1961) 
Oriented inclusions of olivine, garnet 
and chrome-spinel in diamonds. Zapisky 
Vsesoyuznogo Mineralogicheskogo obshestva 
90:230-236 (in Russian)

Galimov EM (1984) The 13C/12C ratio of diamonds, 
vertical zonation of diamond formation in 
the lithosphere 27th International Geological 
Congress. Doklady II, Geochemistry and 
Cosmochemistry, Moscow, pp 110-123

Galimov EM (1991) Isotope fractionation related 
to kimberlite magmatism and diamond 
formation. Geochimica et Cosmochimica Acta 
55:1697-1708

Glazer AM, Lewis JG, Kaminsky W (1996) An 
automated optical imaging system for 

226



REFERENCES

birefringent media. Proceedings Royal Society 
London 452-1955:2751-2765

Goss JP, Coomer BJ, Jones R, Fall CJ (2003). Extended 
defects in diamond: The interstitial platelet. 
Physical Review B 67, 165208-1 - 165208-15

Gurney JJ (1984) A correlation between garnets and 
diamonds in kimberlites. In: Glover JE, Harris 
PG (eds) Kimberlite occurrence and origin: 
a basis for conceptual models in exploration. 
University of Western Australia, Geology 
Department and Extension Service, pp 143-166

Gurney JJ (1989) Diamonds. In: Ross N (ed) Kimberlites 
and Related Rocks, Geological Society of 
Australia, Special Publication No. 14. Blackwell 
Scientific Publications, Carlton, Australia, pp 
935-965 (Their Mantle/Crust Setting, Diamonds 
and Diamond Exploration vol II)

Gurney JJ, Harris JW, Rickard RS (1984) Silicate 
and oxide inclusions in diamond from the 
Orapa mine, Botswana. In: Kornprobst J (ed) 
Kimberlites II: The Mantle and Crust-Mantle 
Relationships. Elsevier, Amsterdam, pp 3-10

Gurney JJ, Helmstaedt HH, Le Roux AP, Nowicki 
TE, Richardson SH, Westerlund KJ (2005) 
Diamonds: crustal distribution and formation 
processes in time and space and an integrated 
deposit model. Economic Geology 100

Gurney JJ, Helmstaedt HH, Richardson SH, Shirey 
SB (2010) Diamonds through time. Economic 
Geology 105:689-712

Harris JW (1992) Diamond geology. In: Field JE 
(ed) The Properties of Natural and Synthetic 
Diamond. Academic Press, London, pp. 345–393

Harte B, Fitzsimons ICW, Harris JW, Otter ML 
(1999) Carbon isotope ratios and nitrogen 
abundances in relation to cathodoluminescence 
characteristics for some diamonds from the 
Kaapvaal Province, S. Africa. Mineralogical 
Magazine 63:829-856

Hauri EH, Pearson DG, Bulanova GP, Milledge 
HJ (1999) Microscale variations in C and N 
isotopes within mantle diamonds revealed by 
SIMS. In: Gurney JJ, Gurney JL, Pascoe MD, 
Richardson SH (eds) Proceedings of the 7th 
International Kimberlite Conference. Red 
Roof Design, Cape Town, pp 341-347

Hauri EH, Wang J, Pearson DG, Bulanova GP (2002) 
Microanalysis of d13C, d15N, and N abundances 
in diamonds by secondary ion mass 
spectrometry. Chemical Geology 185:149-163

Helmstaedt HH, Gurney JJ, Richardson SH (2010) 
Ages of cratonic diamond and lithosphere 
evolution: constraints on Precambrian 
tectonics and diamond exploration. The 
Canadian Mineralogist 48:1385-1408

Howell D, Jones A, Dobson D, Wood I, Nasdala 
L, Harris J (2008) Quantifying strain 

birefringence haloes around inclusions 
in diamond 9th International Kimberlite 
Conference, Frankfurt, Germany. Extended 
Abstract No. 9IKC-A-00282

Ionov DA, Doucet LS, Ashchepkov IV (2010) 
Composition of the lithospheric mantle in 
the Siberian craton: New constraints from 
fresh peridotites in the Udachnaya-East 
kimberlite. Journal of Petrology 51:2177-2210. 
doi:10.1093/petrology/egq053

Javoy M, Pineau F (1991) The volatiles record of a 
`popping’ rock from the Mid-Atlantic ridge 
at 14³N: chemical and isotopic composition 
of gas trapped in the vesicules. Earth and 
Planetary Science Letters 107:598-611

Javoy M, Pineau F, Demaiffe D (1984) Nitrogen and 
carbon isotopic composition in the diamonds 
of Mbuji-Mayi (Zaire). Earth and Planetary 
Science Letters 68:399-412

Javoy M, Pineau F, Delorme H (1986) Carbon and 
nitrogen isotopes in the mantle. Chemical 
Geology 57:41-62

Kinny PD, Griffin BJ, Heaman LM, Brakhfogel 
FF, Spetsius ZV (1997) SHRIMP U-Pb ages 
of perovskite from Yakutian kimberlites. 
Geologiya I Geofizika 38:91-99

Kirkley MB, Gurney JJ, Otter ML, Hill SJ, Daniels 
LR (1991) The application of C isotope 
measurements to the identification of the 
sources of C in diamonds - a review. Applied 
Geochemistry 6:477-494

Klein-BenDavid O, Izraeli ES, Hauri E, Navon O 
(2007) Fluid inclusions in diamonds from 
the Diavik mine, Canada and the evolution 
of diamond-forming fluids. Geochimica et 
Cosmochimica Acta 71:723-744

Klein-BenDavid O, Pearson DG (2009) Origins of 
subcalcic garnets and their relation to diamond 
forming fluids-Case studies from Ekati 
(NWT-Canada) and Murowa (Zimbabwe). 
Geochimica et Cosmochimica Acta 73(3):837-
855. doi: 10.1016/j.gca.2008.04.044

Koga KT, Van Orman JA, Walter MJ (2003) 
Diffusive relaxation of carbon and nitrogen 
isotope heterogeneity in diamond: a new 
thermochronometer. Physics of the Earth and 
Planetary Interiors 139:35-43

Kramers JD (1979) Lead, uranium, strontium, 
potassium and rubidium in inclusion-bearing 
diamonds and mantle-derived xenoliths from 
Southern Africa. Earth and Planetary Science 
Letters 42:58-70

Lang AR (1979) Internal structure. In: Field JE (ed) 
The properties of diamond. Academic Press, 
London, pp 425-469

Liu Y, Taylor LA, Sarbadhikari AB, Valley JW, 
Ushikubo T, Spicuzza MJ, Kita N, Ketchum 

227



REFERENCES

R, Carlson W, Shatsky V, Sobolev NV (2009) 
Metasomatic origin of diamonds in the 
world’s largest diamondiferous eclogite. Lithos 
112S:1014-1024

Mainwood A (1994) Nitrogen end nitrogen-vacancy 
complexes and their formation in diamond. 
Physical Review B49:7934-7940

Masaitis VL (1995) The origin and distribution of 
diamond-bearing impactites. Meteoritics 
30(5):541

Mattey DP (1987) Carbon isotopes in the mantle. 
Terra Cognita 7:31-37

McCammon C (2001) Geophysics - Deep diamond 
mysteries. Science 293(5531):813–814

Mendelssohn MJ, Milledge HJ (1995) Geologically 
significant information from routine analysis 
of the mid-infrared spectra of diamonds. 
International Geology Review 37:95-110

Menneken M, Nemchin AA, Geisler T, Pidgeon RT, 
Wilde SA (2007) Hadean diamonds in zircon 
from Jack Hills, Western Australia. Nature 
448:917-920. doi:10.1038/nature06083

Meunier JD, Sellier E, Pagel M (1990) Radiation-
damage rims in quartz from uranium-bearing 
sandstones. Journal of Sedimentary Petrology 
60:53-58

Meyer HOA (1987) Inclusions in diamond. In: 
Nixon PH (ed) Mantle Xenoliths. John Wiley 
& Sons Ltd, New York, pp 501-523

Meyer HOA, Boyd FR (1972) Composition and 
origins of crystalline inclusions in natural 
diamonds. Geochimica et Cosmochimica Acta 
36:1255-1273

Mitchell RS, Giardini AA (1953) Oriented olivine 
inclusions in diamond. American Mineralogist 
38:136-138

Mitchell RM (1995) Kimberlites, orangeites and 
related rocks. Plenum, New York. 410 pp

Nasdala L, Wenzel M, Andrut M, Wirth R, Blaum 
P (2001) The nature of radiohaloes in biotite: 
Experimantal studies and modeling. American 
Mineralogist 86:498-512

Nasdala L, Brenker FE, Glinneman J, Hofmeister W, 
Gasparik T, Harris JW, Stachel T, Reese I (2003) 
Spectroscopic 2D-tomography: Residual 
pressure and strain around mineral inclusions 
in diamonds. European Journal of mineralogy 
15:931-935

Nasdala L, Hofmeister W, Harris JW, Glinnemann 
J (2005) Growth zoning and strain patterns 
inside diamond crystals as revealed by Raman 
maps. American Mineralogist 90:745-748

Navon O (1999) Diamond formation in the Earth’s 
mantle. In: Gurney JJ, Gurney JL, Pascoe MD, 
Richardson SH (eds) Proceedings of the 7th 
International Kimberlite Conference, pp 584-604

Navon O, Hutcheon ID, Rossman GR, Wasserburg 
GJ (1988) Mantle-derived fluids in diamond 
micro-inclusions. Nature 335:784-789

Nemchin AA, Whitehouse MJ, Menneken M, 
Geisler T, Pidgeon RT, Wilde SA (2008) A light 
carbon reservoir recorded in zircon-hosted 
diamond from the Jack Hills. Nature 454:92-
95. doi:10.1038/nature07102

O’Hara MJ, Richardson SW, Wilson G (1971) 
Garnet-peridotite stability and occurrence in 
crust and mantle. Contributions to Mineralogy 
and Petrology 32:48-68

Ogasawara Y (2005) Microdiamonds in ultrahigh-
pressure metamorphic rocks. Elements 1:91-96

Orlov JL (1977) The mineralogy of diamond. John 
Wiley & Sons, Inc, New York. 235 pp.

Otter ML, Gerneke DA, Harte B, Gurney JJ, Harris 
JW, Wilding MC (1991) Diamond growth 
histories revealed by cathodoluminescence and 
carbon isotope studies. Extended Abstracts, 5th 
International Kimberlite Conference, Araxa, 
Brasil, pp. 318–319

Owen MR (1988) Radiation-damage halos in quartz. 
Geology 16:529-532

Pagel M, Barbin V, Blanc P, Ohnenstetter D (2000) 
Cathodoluminescence in Geosciences. Springer 
Verlag, Berlin, Heidelberg, New York. 514 pp.

Pearson DG, Shirey SB (1999) Isotopic dating 
of diamonds. In: Lambert D, Ruiz J (eds) 
Economic Geological Special Publications, 
SEG reviews, vol 12. pp 143-171 

Pearson DG, Wittig N (2008) Formation of Archaean 
continental lithosphere and its diamonds: the root 
of the problem. Journal of the Geological Society 
165:895-914. doi:10.1144/0016-76492008-003

Pearson DG, Kelley SP, Pokhilenko NP, Boyd FR 
(1997) Laser 40Ar/39Ar dating of phlogopites 
from southern African and Siberian 
kimberlites and their xenoliths: Constraints 
on eruption ages, melt degassing and mantle 
volatile compositions. Russian Geology and 
Geophysics 38:106-117

Pearson DG, Shirey SB, Harris JW, Carlson RW 
(1998) Sulphide inclusions in diamonds 
from the Koffiefontein kimberlite, S Africa: 
constraints on diamond ages and mantle Re-
Os systematics. Earth and Planetary Science 
Letters 160:311-326

Pearson DG, Shirey SB, Bulanova GP, Carlson RW, 
Milledge HJ (1999a) Dating and paragenetic 
distinction of diamonds using the Re-Os isotope 
system: application to some Siberian diamonds. 
In: Gurney JJ, Gurney JL, Pascoe MD, Richardson 
SH (eds) Proceedings of the 7th International 
Kimberlite Conference, pp 637-643

Pearson DG, Shirey SB, Bulanova GP, Carlson 
RW, Milledge HJ (1999b) Re-Os isotope 

228



REFERENCES

measurements of single sulfide inclusions in a 
Siberian diamond and its nitrogen aggregation 
systematics. Geochimica et Cosmochimica 
Acta 63:703-711

Pearson DG, Bulanova GP, Shirey SB, Carlson RW, 
Milledge HJ, Barashkov YP (2000) Re-Os 
isotope constraints on the ages of Siberian 
diamonds. Goldschmidt Journal of Conference 
Abstracts 5:776

Pearson DG, Canil D, Shirey SB (2003) Mantle 
samples included in volcanic rocks: xenoliths 
and diamonds. In: Holland HD, Turekian 
KK (eds) Treatise on geochemistry, 1st edn. 
Elsevier, Amsterdam, pp 171-275 (The mantle 
and core vol 2)

Phillips D, Onstott TC, Harris JW (1989) 40Ar/39Ar 
laser-probe dating of diamond inclusions from 
the Premier kimberlite. Nature 340:460- 462

Pidgeon RT (1992) Recrystallisation of oscillatory 
zoned zircon: some geochronological and 
petrological implications. Contributions to 
Mineralogy and Petrology 110:463-472

Prior DJ, Boyle AP, Brenker F, Cheadle MC, Day A, 
Lopez G, Peruzzo L, Potts GJ, Reddy S, Spiess R, 
Timms NE, Trimby P, Wheeler J, Zetterstrom L 
(1999) The application of electron backscatter 
diffraction and orientation contrast imaging 
in the SEM to textural problems in rocks. 
American Mineralogist 84:1741-1759

Promprated P, Taylor LA, Anand M, Floss C, Sobolev 
NV, Pokhilenko NP (2004) Multiple-mineral 
inclusions in diamonds from the Snap Lake/
King Lake kimberlite dike, Slave craton, Canada: 
a trace-element perspective. Lithos 77:69-81

Raal FA (1957) A spectrographic study of the 
minor element content of diamond. American 
Mineralogist 42:354-361

Reed SJB (2005) Electron Microprobe Analysis and 
Scanning Electron Microscopy in Geology, 2nd 
edn. Cambridge University Press, Cambridge. 
189 pp.

Reutsky VN, Zedgenizov DA (2007) Some specific 
features of genesis of microdiamonds of 
octahedral and cubic habit from kimberlites 
of the Udachnaya pipe (Yakutia) inferred from 
carbon isotopes and main impurity defects. 
Russian Geology and Geophysics 48:299–304

Richardson SH (1986) Latter-day origin of diamonds 
of eclogitic paragenesis. Nature 322:623-626

Richardson SH, Harris JW (1997) Antiquity of 
peridotitic diamonds from the Siberian craton. 
Earth and Planetary Science Letters 151:271-277

Richardson SH, Shirey SB (2008) Continental 
mantle signature of Bushveld magmas and 
coeval diamonds. Nature 453:910-913

Richardson SH, Gurney JJ, Erlank AJ, Harris 
JW (1984) Origin of diamonds in old 

enriched mantle. Nature 310:198–202. 
doi:10.1038/310198a0

Richardson SH, Harris JW, Gurney JJ (1993) Three 
generations of diamonds from old continental 
mantle. Nature 366:256–258

Richardson SH, Shirey SB, Harris JW, Carlson RW 
(2001) Archean subduction recorded by Re-
Os isotopes in eclogitic sulfide inclusions in 
Kimberley diamonds. Earth and Planetary 
Science Letters 191:257-266

Richardson SH, Pöml PF, Shirey SB, Harris JW 
(2009) Age and origin of peridotitic diamonds 
from Venetia, Limpopo Belt, Kaapvaal–
Zimbabwe craton. Lithos 112S:785–792

Rosen OM (2002) Siberian craton – a fragment of 
a Paleoproterozoic supercontinent. Russian 
Journal of Earth Sciences 4:103–119

Rosen OM (2003) The Siberian craton: tectonic 
zonation and stages of evolution. Geotectonics 
37:175-192

Rosen OM, Condie KC, Natapov LM, Nozhkin 
AD (1994) Archean and Early Proterozoic 
evolution of the Siberian craton: a preliminary 
assessment. In: Condie KC (ed) Archean Crustal 
Evolution. Elsevier, Amsterdam, pp 411-459 
(Developments in Precambrian Geology vol 11)

Rosen OM, Serenko VP, Spetsius ZV, Manakov 
AV, Zinchuk NN (2002) Yakutian kimberlite 
province: Position in the structure of the 
Siberian craton and composition of the upper 
and lower crust. Geologiya I Geofizika 43:3-26

Rudnick RL, Eldridge CS, Bulanova GP (1993) 
Diamond growth history from in situ 
measurement of Pb and S isotopic compostions 
of sulfide inclusions. Geology 21:13-16

Schrauder M, Navon O (1994) Hydrous and 
carbonatitic mantle fluids in fibrous diamonds 
from Jwaneng, Botswana. Geochimica et 
Cosmochimica Acta 58:761-771

Schulze DJ (1989) Constraints on the abundance 
of eclogite in the upper mantle. Journal of 
Geophysical Research 94:4205–4212

Schulze DJ, Harte B, Valley JW, Channer DMDeR 
(2004) Evidence of subduction and crust–mantle 
mixing from a single diamond. Lithos 77:349–358

Scott-Smith BH, Danchin RV, Harris JW, Stracke 
KJ (1984) Kimberlites near Orroroo, South 
Australia. In: Kornprobst J (ed) Kimberlites II: 
the Mantle and Crust-mantle Relationships. 
Proceeding of the 3rd International Kimberlite 
Conference. Elsevier, Amsterdam, pp. 121–142

Seal M (1965) Structure in diamonds as revealed by 
etching. American Mineralogist 50:105-123

Seal M (1966) Inclusions, birefringence and 
structure in natural diamonds. Nature 212-
5070:1528-1531

229



REFERENCES

Shah GJ, Lang AR (1963) An unusual distribution 
of precipitates in a diamond. Mineralogical 
Magazine 33-262:594-599

Shatsky V, Ragozin A, Zedgenizov D, Mityukhin S 
(2008) Evidence for multistage evolution in a 
xenolith of diamond-bearing eclogite from the 
Udachnaya kimberlite pipe. Lithos 105:289-
300

Shimizu N, Sobolev NV (1995) Young peridotitic 
diamonds from the Mir kimberlite pipe. 
Nature 375:394-397

Shimizu N, Sobolev NV, Yefimova ES (1997) 
Chemical heterogeneity of garnet inclusions 
and juvenility of peridotite diamonds from 
Siberia. Geologiya I Geofizika 38:337-352

Shirey SB, Richardson SH (2011) Start of the 
Wilson Cycle at 3 Ga shown by diamonds from 
subcontinental mantle. Science 333: 434-436

Shirey SB, Richardson SH, Harris JW (2004) 
Integrated models of diamond formation and 
craton evolution. Lithos 77:923-944

Smart KA, Chacko T, Stachel T, Muehlenbachs 
K, Stern RA, Heaman LM (2011) Diamond 
growth from oxidized  carbon sources 
beneath the Northern Slave Craton, Canada: 
A δ13C–N study of eclogite-hosted diamonds 
from the Jericho kimberlite. Geochimica et 
Cosmochimica Acta 75:6027–6047

Snyder GA, Taylor LA, Jerde EA, Clayton RN, 
Mayeda TK, Deines P, Rossman GR, Sobolev 
NV (1995) Archean mantle heterogeneity and 
the origin of diamondiferous eclogites, Siberia: 
Evidence from stable isotopes and hydroxyl in 
garnets. American Mineralogist 80:799-809

Sobolev NV (1977) Deep-seated inclusions in 
kimberlites and the problem of the composition 
of the upper mantle. American Geophysical 
Union, Washington, D.C. 279 pp.

Sobolev NV, Lavrent’yev YG, Pokhilenko NP, Usova 
LV (1973) Chrome-rich garnets from the 
kimberlites of Yakutia and their paragenesis. 
Contributions to Mineralogy and Petrology 
40(1):39–52

Sobolev NV, Galimov EM, Ivanovskaya IN, Yefimova 
ES (1979) Isotope composition of carbon in 
diamonds containing crystalline inclusions. 
Doklady Akademii Nauk SSSR 249:1217-1220

Sobolev VS, Sobolev NV (1980) New proof on very 
deep subsidence of eclogitized crustal rocks. 
Doklady Akademii Nauk SSSR 250:88-90

Spetsius ZV, Wiggers de Vries DF, Davies GR (2009) 
Combined C isotope and geochemical evidence 
for a recycled origin for diamondiferous 
eclogite xenoliths from kimberlites of 
Yakutia. Proceedings of the 9th International 
Kimberlite Conference. Lithos 112S:1032-
1042. doi:10.1016/j.lithos.2009.04.045

Stachel T, Harris JW (2008) The origin of cratonic 
diamonds – Constraints from mineral 
inclusions. Ore Geology Reviews 34:5-32

Stachel T, Harris JW (2009b) Formation of diamond 
in the Earth’s mantle. Journal of Physics: 
Condensed Matter 21(36):4206

Stachel T, Harris JW, Muehlenbachs K (2009) 
Sources of carbon in inclusion bearing 
diamonds. Lithos 112S:625–637. doi:10.1016/
j.lithos.2009.04.017

Stepanov AS, Shatsky VS, Zedgenizov DA, Sobolev 
NV (2007) Causes of variations in morphology 
and impurities of diamonds from the 
Udachnaya Pipe eclogite. Russian Geology and 
Geophysics 48:758–769

Sunagawa I (1984) Morphology of natural and 
synthetic diamond crystals. In: Sunagawa I 
(ed) Materials Science of the Earth’s Interior. 
Terra Scientific Publishing Company, pp. 303–
330

Suzuki S, Lang AR (1976) Internal structures of 
natural diamonds revealing mixed growth 
habit. Diamond Research, Industrial Diamond 
Information Bureau, London:39-47

Swart PK, Pillinger CT, Milledge HJ, Seal M (1983) 
Carbon isotopic variation within individual 
diamonds. Nature 303(5920):793–795

Taylor LA, Anand M (2004) Diamonds: time 
capsules from the Siberian mantle. Chemie 
Der Erde 64:1-74

Taylor LA, Anand M, Promprated P (2003) Diamond 
and their inclusions: are the criteria for 
syngenesis valid? 8th International Kimberlite 
Conference. Long Abstract, Victoria, Canada

Taylor WR, Jaques AL, Ridd M (1990) Nitrogen-
defect aggregation characteristics of some 
Australasian diamonds - Time-temperature 
constraints on the source regions of pipe and 
alluvial diamonds. American Mineralogist 
75:1290-1310

Taylor WR, Bulanova GP, Milledge HJ (1995) 
Quantitative nitrogen aggregation study of 
some Yakutian diamonds: constraints on the 
growth, thermal and deformation history of 
peridotitic and eclogitic diamonds. Extended 
Abstracts, 6th International Kimberlite 
Conference, Novosibirsk, Russia, pp 608-610

Thomassot E, Cartigny P, Harris JW, Viljoen 
KS (2007) Methane-related diamond 
crystallization in the Earth’s mantle: Stable 
isotope evidences from a single diamond-
bearing xenolith. Earth and Planetary Science 
Letters 257:362-371

Vance JA (1965) Zoning in igneous plagioclase: 
patchy zoning. Journal of Geology 73:636-651

Van den Kerkhof AM, Hein UF (2001) Fluid 
inclusion petrography. Lithos 55:27-47

230



REFERENCES

Van den Kerkhof AM, Kronz A, Simon K, Scherer 
T (2004) Fluid-controlled quartz recovery in 
granulite as revealed by cathodoluminescence 
and trace element analysis (Bamble sector, 
Norway). Contributions to Mineralogy and 
Petrology 146:637-652

Wilson JT (1968) Static or mobile Earth: The current 
scientific revolution. Proceedings of the 
American Philosophical Society 112:309-320 

Wiggers de Vries DF, Davies GR, Bulanova GP, 
Pearson DG (2007) No evidence of diffusive 
homogenisation of carbon isotopes in Yakutian 
diamonds. Geochimica et Cosmochimica Acta 
71:A1112

Yefimova ES, Sobolev NV, Pospelova LN (1983) 
Sulfide inclusions in diamond and specific 
features of their paragenesis (in Russian). 

Zapiski Vsesoyuznogo Mineralogicheskogo 
Obshchestva 112:300–310

Zedgenizov DA, Harte B (2004) Microscale 
variations of δ13C and N content within a 
natural diamond with mixed-habit growth. 
Chemical Geology 205:169-175

Zedgenizov DA, Harte B, EIMF, Shatsky V, Politov 
A, Rylov G, Sobolev N (2006) Directional 
chemical variations in diamonds showing 
octahedral following cuboid growth. 
Contribution to Mineralogy and Petrology. 
151(1):45–57

Zezin RB, Smirnova EP, Saparin GV, Obyden SK 
(1992) New growth features of natural diamonds, 
Revealed by Color Cathodoluminescence 
Scanning Electron-Microscope (CCL SEM) 
technique. Scanning 14:3-10

231



&



Appendices  



APPENDICES

&

APPENDICES  
A. Analytical techniques 
 A.1 Sample preparation
 A.2 Cathodoluminescence imaging (CL) 
 A.3 Fourier transform infrared analysis (FTIR)
 A.4 Secondary ion mass spectrometry (SIMS) 
 A.5.Isotope ratio mass spectrometry (SIRMS)
 A.6 Electron backscatter diffraction (EBSD)
 A.7 Focused ion beam micron-slicing (FIB)
 A.8 Electron microprobe analysis (EMP)
 A.9 Negative thermal ionisation mass spectrometry (N-TIMS)
 A.10 High resolution inductively coupled plasma mass spectrometry (HR-ICP-MS)
 A.11 Quadrupole inductively coupled plasma mass spectrometry (Q-ICP-MS)
B. Cathodoluminescence imaging background 
C. Reproducibility of standards for carbon- and nitrogen isotope SIMS analyses 
 C.1 Reproducibility of standards for carbon isotope SIMS analyses
 C.2 Reproducibility of standards for nitrogen isotope SIMS analyses
D.  Cathodoluminescence imaging and internal growth structures of other intensively 

studied diamonds 
E. Analytical data of other intensively studied diamonds 
 E.1  CL images of the diamonds with core-rim traverses with carbon isotope 

(SIMS), nitrogen abundance (SIMS and FTIR) and nitrogen aggregation 
(FTIR) spot analyses 

 E.2  Carbon isotope (SIMS), nitrogen abundance (SIMS and FTIR) and nitrogen 
aggregation (FTIR) analyses along the core-rim traverses 

 E.3  Carbon isotope (SIMS) analyses for detailed profiles in diamonds #E-1703 and 
#P-4167

 E.4  Graphs of co-variation of carbon isotope, nitrogen abundance and nitrogen 
aggregation state

 E.5 FTIR theoretical isotherm diagrams 
F. Nitrogen isotope SIMS analyses
G. Supplementary data associated with chapter 3 
 G.1 The complete set of SE images from figure 8
 G.2 The complete set of CL images from figure 8
 G.3 Rotating movies of the 3D models of SE images from figure 9
 G.4 Rotating movies of the 3D models of SE images from figure 9
H. Supplementary data associated with chapter 4
 H.1 Detailed descriptions of the internal growth structures of the diamonds
 H.2 Coloured CL images of the diamonds
 H.3  Detailed description of coupled co-variation between carbon isotope  

composition and nitrogen concentration for the diamonds
 H.4 Copy of figure 1

234



APPENDICES  

&

I. Supplementary data associated with chapter 5
 I.1  Detailed descriptions of the variation in nitrogen content and aggregation state 

in the diamonds
 I.2 Plots of Os isotope ratio versus reciprocal common Os concentration

235



APPENDICES

&

APPENDICES
A. ANALYTICAL TECHNIQUES

A.1 Sample preparation
Sample preparation has been different for each set of samples in this diamond collection 
depending on the aim of the study. The collection is subdivided into two groups according 
to the aim of the sample selection: (1) Thin polished plates for detailed in-situ study and 
(2) Rough crystals, thick plates or off-cuts for Re-Os isotope dating of sulphide inclusions.

Thin polished diamond plates
The first group of samples consists of eleven thin plates of ~1 mm thick that were sawn 
from the centre of rough octahedral diamonds and then polished on both sides. The plates 
fully expose the growth centres of the diamonds. The planes of the plates are parallel to 
{110} surfaces and this orientation provides the best section to study their internal growth 
structures (Bulanova et al. 2005). Additionally, the thin plates also expose mineral inclusions. 

Thin plates are ideal for in-situ studies such as the growth structure by CL imaging, 
crystallographic orientation analyses by EBSD, carbon isotope analyses by SIMS, nitrogen 
content analyses by SIMS and FTIR, slicing of mineral inclusions by FIB-SEM and major 
element composition analyses of mineral inclusions by EMP. 

Rough diamond crystals
The second group of twenty-one rough diamond crystals was selected for Re-Os isotope 
dating and contains large or multiple sulphide inclusions. In some cases, the crystals were 
polished along dodecahedral planes to form plates or off-cuts of >2 mm thickness without 
exposing the sulphide inclusions. The rough and unconventionally prepared crystals 
were cracked to extract whole sulphide inclusions for high quality Re-Os isotope analysis 
of sulphide inclusions, as the study of whole, non-exposed sulphide inclusions avoids 
analytical problems arising from heating induced volatile loss of Os caused by polishing or 
laser cutting. In addition, cracking avoids contamination and the study of entire sulphides 
ensures that the heterogeneous Re-Os content found within individual sulphides do not 
cause any geochemical fractionation that may influence Re-Os ages.

This type of unconventionally prepared samples restricts the study of the diamond’s 
internal structure with cathodoluminescence (CL) imaging, as internal structures are 
incompletely exposed on non-central sections (Bulanova et al. 2005). Consequently, these 
thick plates and off-cuts are not ideal for in-situ studies, but allow study of carbon isotopes 
by SIMS and major element composition of the exposed silicates by EMP.

After sulphide extraction the fragments of the diamonds were subjected to bulk nitrogen 
content analyses by FTIR and carbon isotope analyses by combustion techniques (SIRMS). The 
sulphides were not analysed before digestion to avoid contamination or damage due to handling 
and preparation. The sulphides were analysed for Os isotope compositions by N-TIMS, Re isotope 
compositions by HR-ICP-MS, and their major- and trace element compositions by Q-ICP-MS.
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A.2 Cathodoluminescence imaging (CL)
CL imaging of diamonds can be performed on different instruments ranging from optical 
CL microscopes to electron microprobes (EMP), scanning electron microscopes (SEM) 
and transmission electron microscopes (TEM). In theory there is no difference amongst the 
images produced by the different instruments apart from the effect of the amount of energy of 
the electron beam (depth of interaction) and the field of magnification (sensitivity). Optical 
microscopes reveal true visual colour features, while electron microscopes equipped with a CL 
detector only produce greyscale scans of the emitted light (although false colour recordings are 
also possible by applying an energy filter). Consequently there is often a mismatch between the 
images obtained with these two different methods, as colours and different shades of colour 
are not simply related to wavelength (see appendix B). The advantage of electron microscopes 
is that CL imaging can be performed at much higher magnifications.  

Optical microscope
Coloured CL imaging of diamond plates is performed at 10 kV on an optical microscope 
equipped with a cold cathode instrument (Citl Cold Cathode Luminescence 8200 mk3) at 
the VU University Amsterdam. The diamond surfaces were left uncoated during CL imaging.

Scanning electron microscope
For high quality CL scans of the diamond plates, black and white cathodoluminescence imaging 
was performed on a FEI XL30SFEG and Philips XL30CP Scanning Electron Microscopes 
(SEM) with attached CL detectors at Utrecht University and Edinburgh University, respectively, 
to characterise the internal growth structures of the diamonds. CL imaging was undertaken at 
10 kV for best contrast and the diamond surfaces remained uncoated.

A.3 Fourier transform infrared analysis (FTIR)
Infrared spectra of thin- and thick diamond plates were collected using a Nicolet Nexus Fourier 
Transform Infra Red (FTIR) Spectrometer equipped with a Continuum Microscope at The 
Diamond High Council, Gem Defense Initiative (HRD-GDI) Department in Lier, Belgium. 
Transmission spectra were recorded over the range 7000–400 cm-1 with a resolution of 4 cm-1 
and 200 scans were collected per spectrum. The aperture size was set to 19 μm. The 19 μm spot 
size used for the IR technique averages information of several growth layers, nonetheless, the 
thinner the diamond plate, the smaller the volume integrated by the measurement. 

Infrared absorption spectra of the diamond fragments that were associated with the sulphide 
inclusions were also collected using a Nicolet Nexus Fourier Transform Infra Red (FTIR) 
Spectrometer at The Diamond High Council, Gem Defence Initiative (HRD-GDI) Department 
in Lier, Belgium. In this case, bulk absorption spectra of diamond fragments were recorded over 
the range 7000–400 cm-1 with a resolution of 4 cm-1 and 200 scans were collected per spectrum. 

After baseline correction, the spectra were scaled to type IIa diamond without defect-
induced absorption in the single phonon region. This approach allows subtraction of 
diamond lattice absorption and normalisation of the spectra to a diamond thickness of 1 cm 
using the decomposition spreadsheet cabxd97 (provided by D. Fisher, DTC Research Centre, 
UK). Nitrogen abundances (atomic ppm) and IaB aggregation states (%) were estimated by 
further deconvolution of the infra-red spectra into A- and B-defect components using the 
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IaA and IaB nitrogen absorption coefficients of Boyd et al. (1994a; 1995). Based on repeat 
analyses, the analytical precision was 20% for the total nitrogen concentration and 5% for 
the degree of nitrogen aggregation. 

A.4 Secondary ion mass spectrometry (SIMS)
Carbon isotope compositions and nitrogen abundances within the diamond plates were 
determined on a CAMECA ims-1270 ion microprobe at the NERC Facility at the Department 
of Geology and Geophysics, University of Edinburgh following the procedures that were 
established on the CAMECA ims-4f by Harte et al. (1999) and Fitzsimons et al. (1999; 2000) 
but with modifications as outlined below. The SIMS 1270 provides improved sensitivity and a 
higher precision compared to the SIMS 4f. A ~3 nA focused primary Cs+ beam current with 
10 kV extraction voltage and ~2900 mass resolution was used for carbon isotope analyses 
(~20 μm spot diameter). The carbon isotope compositions were determined by analysing the 
secondary ions 12C- and 13C- ions simultaneously on dual Faraday cups in two blocks of 5 
cycles with a 4 s counting time each. The sample was pre-sputtered for 60 s to remove the 
gold coating and to automatically centre secondary ions and entrance slits. The measurement 
for nitrogen abundances (and nitrogen isotopes) requires a higher primary beam current (~8 
nA) and a higher mass resolution (~9200) to distinguish 12C14N- ions from the interfering 
13C13C-. The secondary 12C14N- and 12C15N- ions were sputtered with a defocussed Cs+ ion beam 
with 10 kV extraction voltage after a 120 s pre-sputter (~100 um spot diameter). Only the 
central portion of the sputtered ion beam was measured by reducing the field aperture. The 
secondary ions were analysed in three blocks of 10 cycles with a 2 s counting time for 12C14N-, 
1 s for 13C13C- and 5 s for 12C15N- and ions were counted on electron multipliers. The internal 
precision for δ13C analyses is 0.05-0.2‰ (Table 2 in chapter 4) and the 2SD reproducibility of 
standard δ13C measurements based upon repeat analyses within the samples and standards is 
± 0.2‰ (Appendix C.1), while the errors for nitrogen analyses are better than 5% (J. Craven, 
personal communication, 2007). Synthetic standards, which were mounted together with the 
samples in a single sample holder, were analysed at regular intervals during the analytical 
sessions to correct for fractionation due to instrumental drift over time (every 5 to 10 analyses; 
Fitzsimons et al. 2000). The standards synAL, synAT and Scrap, which are sections from the 
‘synthetic A’ standard described by Harte et al. (1999), were used to determine carbon isotope 
compositions and nitrogen concentrations (δ13CPDB = -23.924‰ and N = 230.4 ppm). Sections 
of the JWH standard, i.e., the ‘old standard’ (Harte et al. 1999) with 77.8 ppm nitrogen, were 
also used to determine nitrogen abundances. SIMS nitrogen abundances are reported in ppm 
by weight. This is in contrast to the FTIR nitrogen concentrations that are reported in atomic 
ppm. The conversion factor between the two different metric unit systems is 0.8572. 

A.5 Isotope ratio mass spectrometry (SIRMS)
Carbon isotope composition of diamond fragments was determined using a Carlo Erba 
NC 2500 elemental analyser coupled to a Thermo Finnigan Delta Plus isotope ratio mass 
spectrometer at VU University Amsterdam, The Netherlands. The fragments that were 
previously studied with FTIR were cracked to approximate weights of 150 μg for best precision. 
Similar-weight standard powders were analysed after every five analyses and at the beginning 
and the end of the analytical session to monitor drift. The reproducibility of standard carbon 
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isotope compositions is within ±0.2‰. Measured standards are NBS19 (+1.95±0.2‰), 
USGS24 (-16.05±0.2‰) and an in-house synthetic diamond powder WK (-7.16±0.2‰) that 
was cross-calibrated with a natural diamond powder (-8.22±0.2‰) provided by P. Cartigny 
from IPGP, France where measurements yielded between -8.241‰ and -8.192‰.

A.6 Electron backscatter diffraction (EBSD)
While previous studies of diamond inclusions mainly used X-ray diffraction techniques to 
determine the inclusions’ orientations (e.g. Mitchell and Giardini 1953; Futergendler and 
Frank-Kamenetsky 1961) the advantage of Electron backscatter diffraction (EBSD) is that 
it quantitatively identifies crystal directions at individual points (Fliervoet et al. 1999; Prior 
et al. 1999). 

EBSD in the current study was performed on the diamond plate surface and the exposed 
inclusions. EBSD patterns, formed by secondary diffraction of the elastically scattered 
electrons, were generated on a combined FIB-SEM instrument (FEI Nova Nanolab 600 at 
Utrecht University, The Netherlands) by interaction of the electron beam with the sample 
and recorded with a phosphor screen (Nordlys II detector, Oxford Instruments). For EBSD 
in the FIB-SEM a pre-tilted holder (62°) is used and an extra tilt results in a 70° angle that 
is ideal for EBSD. Patterns are recorded at 20 kV electron beam acceleration voltage and 9.5 
nA beam current. Under these conditions the spatial resolution is better than 0.5 μm. The 
crystallographic orientations were determined from the EBSD patterns using specialised 
software (CHANNEL 5, Oxford Instruments).

A.7 Focused ion beam micron-slicing (FIB)
A new technique that leads to 3D-CL was used to study the origin of diamond inclusions. This 
technique involves sequential milling of micron-scale slices with a Focused Ion Beam (FIB) 
followed by CL imaging on each newly created surface on a scanning electron microscope 
(SEM) instrument. These consecutive CL images allow a 3D reconstruction of the shape of 
the inclusion and the geometry of the diamond zonation around the inclusion because the 
diamond-inclusion interface and diamond zonation patterns are well preserved during slicing. 

Slices with a thickness of 2 µm were milled using a Ga+ ion beam at 30 kV and 7 nA on 
a FEI Nova Nanolab 600 at Utrecht University, The Netherlands. The ions have an incident 
angle of 38˚ in the FIB-SEM and to obtain a better CL signal, the diamond surface was tilted 
10˚ away from the ion beam during milling. Milling therefore results in surfaces with a 28˚ 
angle with respect to the diamond surface. Before sequential milling a trench was created 
with the ion beam in the horizontal surface of the diamond plate. Subsequent step-wise 
milling produces a widening of the trench while the angles of the new surfaces remain 28˚. 

Secondary electron- and CL imaging was performed perpendicular to the diamond 
surface and required a backward rotation of 10˚ towards zero stage tilt. The imaging was 
undertaken at 10 kV for best contrast. 

A.8 Electron microprobe analysis (EMP)
Analyses of the elemental impurity concentration in the diamond crystal structure were 
determined by a Jeol JXA-8800M electron microprobe (EMP) at the VU University 
Amsterdam. Analyses of Cr, Fe, Mg and Al were performed at 15 kV and 20 nA with a 
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2 μm spot size and 400 s peak count times. For mineral inclusion analyses conditions were 
similar except for shorter count times, 25 s. The EMP detection limits (3σ) are 31 ppm 
for Cr, 42 ppm for Fe, 16 ppm for Mg and 11 ppm for Al. The standards used are olivine, 
corundum, ilmenite, Cr2O3, quartz, diopside and NiO and data is corrected following 
standard procedures outlined in Reed (2005).

The major element composition of exposed silicate inclusions, and therefore the 
inclusion paragenesis of the diamonds (Meyer and Boyd 1972; Sobolev 1977; Meyer 1987; 
Stachel and Harris 2008), was also determined with a Jeol JXA-8800M microprobe at VU 
University Amsterdam, The Netherlands. Analyses were performed at 15 kV and 20 nA 
with a 2 μm spot size and 25 s peak count times. The standards used are olivine, corundum, 
ilmenite, Cr2O3, quartz, diopside, NiO and ilmenite and data is corrected following standard 
procedures outlined in Reed (2005).

A.9 Negative thermal ionisation mass spectrometry (N-TIMS)
Extracted sulphides were spiked and digested by micro-distillation at Durham University, 
UK, following the technique of Pearson et al. (1998). The Os fractions recovered after 
micro-distillation were analysed with a Thermo Finnigan Triton thermal ionisation 
mass spectrometer operated in negative ion mode (N-TIMS). The average total Os blank 
(including Pt filament blank) from seven determinations is 5.0 ± 1 fg and the 187Os/188Os 
blank isotopic composition is 0.2398 ± 0.0080. 

A.10 High resolution inductively coupled plasma mass spectrometry (HR-ICP-MS)
After micro-distillation of the extracted sulphide inclusions (see previous paragraph), the 
Re fractions were separated with micro-column anion-exchange chemistry that requires 
minimal volumes of reagents and results in very pure separation (Pearson et al. 1998). 
Re was analysed with a Thermo Finnigan Element2 high resolution mass spectrometer 
(HR-ICP-MS). A Re standard solution was analysed every five analyses to correct for 
fractionation due to instrumental drift. The total procedural Re blank is 57.2±5 fg (average 
of 3 determinations) for three samples and 133.2 ± 26 fg (average of 9 determinations) 
for the other samples because different reagents were used during micro-distillation (see 
details in chapter 5). No Re was detected in the column blanks, which were analysed at 
the beginning of each analytical session, and the HNO3 washing solution, indicating very 
high purity of the chemical reagents used during Re separation and analyses. Quoted 
uncertainties for Re and Os data include full propagation of blank uncertainties (2σ).

A.11 Quadrupole inductively coupled plasma mass spectrometry (Q-ICP-MS)
The sulphide matrix that was directly washed-off the micro-columns used for Re separation 
(see previous paragraph), was analysed for its major element (Fe, Ni and Cu) and trace element 
compositions (Co, Mo, Pb and Zn) with a Quadrupole Thermo X-Series II mass spectrometer 
(Q-ICP-MS) at VU University Amsterdam, The Netherlands, using a collision cell to reduce 
Ar-based interferences. A mixed standard solution was analysed after every ten analyses 
during the analytical session to monitor drift. Sulphur was not analysed and the sulphide 
composition was estimated by normalising the concentrations of the three main cations Fe, Ni 
and Cu to a total of 100 atom % following the method of Richardson et al. (2001).
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B. CATHODOLUMINESCENCE IMAGING BACKGROUND 

Process
Cathodoluminescence (CL) is a process whereby electrons produced by cathode rays hit 
the surface of a material such as diamond and cause the emission of light that is mainly in 
the visible region (Pagel et al. 2000). CL occurs as a result of the promotion of electrons 
from the valence band into the conduction band and this process leaves behind a void in a 
valence band, i.e., a hole. When an electron and a hole recombine, it is possible for a photon 
to be emitted and this causes luminescence.

Various combinations of defect related vacancies together with impurities, such as 
nitrogen, hydrogen and boron, form radiative emission centres in diamond. The type and 
amount of these emission centres defines the CL spectrum. The B-centre and N3-centre 
are examples of types of radiative centres in diamond. The B-centre is formed by four 
nitrogen atoms surrounding a vacancy, and the N3-centre consists of three nitrogen atoms 
surrounding a vacancy. The emitted photons have a different energy depending on the type 
of emission centre, and thus have a well-defined range of wavelengths in the CL spectrum. 
High energy photons in diamonds mainly result in blue luminescence and photons with 
lower energy in green to red CL colours. The size and width of the peaks depends on the 
temperature and excitation energy.  

Lifetime
Cathodoluminescence is an optical phenomenon with a very short lifetime (nanoseconds). 
It will immediately stop when electrons no longer hit and excite the surface. This behaviour 
is in contrast to phosphorescence whereby the luminescent process will continue for an 
extended period of time up to minutes after the termination of the activation source.

Instruments
CL imaging can be performed on different instruments ranging from optical CL microscopes 
to electron microprobes (EMP), scanning electron microscopes (SEM) and transmission 
electron microscopes (TEM). In theory there is no difference amongst them in the images 
produced apart from the effect of the amount of energy of the electron beam (depth of 
interaction) and the field of magnification (sensitivity). Optical microscopes reveal true 
visual colour features, while electron microscopes equipped with a CL detector only 
produce black and white scans of the emitted light (although false colour recordings are 
also possible by applying an energy filter). Consequently there is often a mismatch between 
the images obtained with these two different methods, as colours and different shades of 
colour are not simply related to wavelength. The advantage of electron microscopes is that 
CL imaging can be performed at much higher magnifications.  

Interaction volume
The theoretical interaction depth for CL in a diamond has a maximum of 1.4 μm at 10 kV 
(Davies 1979). The intensity of luminosity as well as the depth of the interaction volume is 
related to the density of radiative centres (i.e., the amount of lattice defects and impurities 
as these provide holes or acceptor centres). In a diamond with ~300 ppm N the interaction 
volume at 10 kV will be about 650 nm (Monte Carlo simulation by De Winter et al. 2011). 
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Semi-conductor
Most natural diamonds contain significant amounts of impurities. The presence of impurities 
causes the diamond to act as a semi-conductor despite the fact that diamonds are insulators. 
Hence, natural diamonds in general do not need a conductive coating during experiments 
as the diamond will conduct the electrons. Poor conduction causes local charging of the 
surface which deflects the electron beam.

Deflected light
Most of the emitted light cannot directly escape from the diamond (because of the high 
refractive index), and is deflected. As a result it can bounce on cracks, mineral inclusions or 
the edges of the diamond specimen. These regions might in turn appear brighter in the CL 
images although they do not luminesce themselves. Hence, deflected light might interfere 
with the CL images obtained. 

Colour and internal growth structures
Natural diamonds mainly display blue luminescence colours. These are generally broad 
emission bands that are related to A-centres in the diamond (A-centres are paired nitrogen 
atoms in the crystal lattice). CL imaging on polished, central sections of diamond reveals 
internal zonation that is caused by the non-uniform distribution of impurities between 
the individual growth layers. Different growth or resorption stages as well as plastic 
deformation, cracks or healed cracks and radiation damage are made visible by CL and can 
be investigated with this method. CL imaging is therefore a very important tool to study the 
growth history of diamonds.

Central diamond plates
The best results for studying the internal growth structures of diamonds can be obtained by 
CL imaging of central diamond sections and plates polished along one of the dodecahedral 
planes with growth centres that are exposed to the surface (Bulanova et al. 2005). CL images 
of non-central sections of diamonds with complicated internal structures can give misleading 
information and could be mistakenly interpreted as a peculiar mechanism of growth. Illusional 
growth structures such as filling up of space that was interpreted as inward growth, i.e. growth 
from the edge of diamond crystals towards the centre, are such an artefact (Zezin et al. 1992). 
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C.  REPRODUCIBILITY OF STANDARDS FOR CARBON- AND NITROGEN 
ISOTOPE SIMS ANALYSES

C.1 Reproducibility of standards for carbon isotope SIMS analyses

Fig. C.1.1. Reproducibility of standards for carbon isotope SIMS analyses during sessions in March 2005.

Fig. C.1.2. Reproducibility of standards for carbon isotope SIMS analyses during sessions in Feb 2006.
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Fig. C.1.3. Reproducibility of standards for carbon isotope SIMS analyses during sessions in Feb-March 2007.

Fig. C.1.4. Reproducibility of standards for carbon isotope SIMS analyses during sessions in May 2007.
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C.2 Reproducibility of standards for nitrogen isotope SIMS analyses
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D.  CATHODOLUMINESCENCE IMAGING AND INTERNAL GROWTH 
STRUCTURES OF OTHER INTENSIVELY STUDIED DIAMONDS

Diamond #?-670 (Mir)

The paragenesis of this diamond is unidentified because of the absence of mineral inclusions. 
The core area reveals perfect cubic growth (Fig. D.1). The inner part of the core (IC) has mainly 
yellow CL growth layers and the outer core (OC) has blue-green CL layers. The intermediate 
area of the crystal is characterised by blue-green CL and defined by a change in growth shape. 
The central part of the intermediate area (int-1) starts off with cubic growth layers that gradually 
change into layers that have a mixed cubic-rounded growth form. The proportion of octahedral 
zones increases further outward as more layers with a pronounced octahedral habit appear. 
The outer part of the diamond intermediate area (int-2) has blue luminescence and octahedral 
growth layers. The blue luminescent rim area of the diamond is also characterised by tangential 
octahedral growth. Three zones are distinguished within the rim area based mainly on CL colour; 
a broad inner zone with blue CL, a middle zone with a lighter shade of blue luminescence, and 
a peripheral zone that has a darker shade of blue luminescence.

Diamond #E-1011 (Mir) 

Cathodoluminescence imaging of the central plate reveals a complex growth history (Fig. D.2). 
The core area with octahedral growth layers has light-blue luminescence and reveals two different 
subzones. The inner core zone (IC) has an elongated shape with straight octahedral boundaries. 

Fig. C.2. Reproducibility of standards for nitrogen isotope SIMS analyses during sessions in Feb-March 2007. 
Note: Reason for variability in the δ15N standard analyses (and sample analyses appendix F) is unclear.
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Fig. D.1. CL image (a) and growth zones (b) of the central plate of diamond #?-670 (Mir). It has a yellow 
cubic core-, a blue-green mixed cubic-rounded intermediate- and a blue octahedral rim area. In the core 
zone multiple minute cracks occur. IC = inner core, OC = outer core, int = intermediate.

The outer core (OC) has an octahedral shape and mainly encloses the inner core zone on its 
long edges (i.e., on its north- and south side). Yellow luminescent growth layers are present at 
the north- and east side of the inner core at the contact with the outer core zone (Fig. D.2). The 
diamond’s intermediate area, which is separated by a dark luminescent layer from the outer 
core, is characterised by rounded-octahedral growth and reddish blue CL. Three subzones are 
distinguished within the intermediate area based on CL characteristics, i.e., intermediate-1, -2 
and -3 (Fig. D.2b). The CL colour of the growth layers in each subsequent zone is more abundant 
in the blue- and less in the red component. The contacts between the zones are defined by dark 
luminescent layers, which are probably nitrogen free type II diamond. The diamond’s ‘rim area’ 
is characterised by tangential octahedral growth and is subdivided into two zones based on CL 
colour, i.e. a rim and a periphery. The rim subzone has light-blue CL and the peripheral subzone 
is mainly characterised by darker blue CL. Resorption has affected the corners of the rim 
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Fig. D.2. CL image (a) and growth zones (b) of the central plate of diamond #E-1011 (Mir). A micro-
inclusion is exposed in the growth centre of this crystal. The octahedral core area has blue CL with some 
yellow CL growth layers. The mixed rounded-octahedral intermediate area has reddish-blue CL, and the 
octahedral rim zone and peripheral zone are characterised by blue CL. IC = inner core, OC = outer core, 
int = intermediate, per = periphery.

subzone, as shown by the roundness of the growth layers (Fig. D.2). The octahedral peripheral 
zone consists of two subzones, i.e., periphery-1 and periphery-2. Periphery-1 is a yellow CL 
growth layer and periphery-2 is composed of growth layers with blue CL. 

Diamond #E-1168 (Mir)

The diamond has a complex internal structure (Fig. D.3). The core area is characterised 
by mixed octahedral-rounded growth. Its octahedral inner part reveals octahedral growth 
layers with light-blue CL colours. This growth form changes into mixed octahedral-rounded 
growth that is recorded by alternating blue and light-blue growth layers in the middle 
part of the core area. Octahedral growth layers that luminescence in blue-greenish colour 
characterise the outer part of the core area. There are slip lines across the growth layers in 
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the core area, and some diamond growth layers contain large platelets. The intermediate 
area of the diamond starts off with rounded growth layers that gradually become octahedral 
towards the rim area. Features of resorption are present at the intermediate-inner rim 
interface since the corners of the peripheral part of the intermediate area are rounded 
(Fig. D.3). The rim area is subdivided into two zones: an inner- and outer rim zone. The two 
subzones demonstrate tangential octahedral growth with blue CL colours. The shade of CL 
colour is different between the two subzones. The inner rim has light-blue CL and the outer 
rim zone has growth layers that are characterised by darker blue CL.

Diamond #P-4167 (23rd Party Congress)

The core area is cubic. It consists of an inner core (IC) and an outer core (OC) zone (Fig. D.4). 
The IC zone has yellow luminescence. The OC area consists of two thin layers (~50 micron 

Fig. D.3. CL image (a) and growth zones (b) of the central plate of diamond #E-1168 (Mir). This crystal 
has blue CL. The diamond’s core zone has mixed octahedral-rounded growth, the intermediate zone 
rounded growth that becomes octahedral outward and the rim zone has octahedral growth. Features of 
resorption are present at the corners of the intermediate-inner rim interface.
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thick) that surround the IC zone and have green-blue and blue luminescence, respectively. 
The intermediate area is sector-zoned, i.e. cubic- and octahedral growth lobes exist side by 
side and form a so-called ‘central cross’ structure (e.g., Seal 1965; Frank 1967; Suzuki and Lang 
1976; Lang 1979; Bulanova et al. 2002; Zedgenizov and Harte 2004). The cubic lobes extend 
from the four cubic margins of the core area and are bounded by octahedral lobes at their 
sides. All cubic and octahedral lobes grew simultaneously as individual growth layers within 
the lobes continue across their boundaries. The lobes with cubic growth have alternating 
yellow and green-blue CL growth layers. The octahedral lobes have blue CL colours. The 
growth form of the cubic lobes changes to cubic-rounded growth near the rim area. The rim 
area of the diamond is characterised by blue CL and reveals tangential octahedral growth. 

Fig. D.4. CL image (a) and growth zones (b) of the central plate of diamond #P-4167 (23rd Party 
Congress). Light reflections result from cracks associated with inclusions in the intermediate area. The 
cubic core has yellow CL, the blue-green intermediate area is sector-zoned with cubic- and octahedral 
growth lobes and the octahedral rim area has blue CL. IC = inner core, OC = outer core.
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E. ANALYTICAL DATA OF OTHER INTENSIVELY STUDIED DIAMONDS

E.1  CL images of the diamonds with core-rim traverses with carbon isotope 
(SIMS), nitrogen abundance (SIMS and FTIR) and nitrogen aggregation 
(FTIR) spot analyses 

Fig. E.1.1. CL image of diamond #?-670 with core-rim traverses with carbon isotope (SIMS), nitrogen 
abundance (SIMS and FTIR) and nitrogen aggregation (FTIR) spot analyses (spot symbols as in Fig. 1e 
in chapter 4). Analytical data is presented in Appendices E.2 and E.3).

Fig. E.1.2. CL images of diamond #E-1011 with core-rim traverses with carbon isotope (SIMS), nitrogen 
abundance (SIMS and FTIR) and nitrogen aggregation (FTIR) spot analyses (spot symbols as in Fig. 1e 
in chapter 4). Analytical data is presented in Appendices E.2 and E.3).
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Fig. E.1.3. CL images of diamond #E-1168 with core-rim traverses with carbon isotope (SIMS), nitrogen 
abundance (SIMS and FTIR) and nitrogen aggregation (FTIR) spot analyses (spot symbols as in Fig. 1e 
in chapter 4). Analytical data is presented in Appendices E.2 and E.3).

Fig. E.1.4. CL images of diamond #E-1703 with core-rim traverses with carbon isotope (SIMS), nitrogen 
abundance (SIMS and FTIR) and nitrogen aggregation (FTIR) spot analyses (spot symbols as in Fig. 1e 
in chapter 4). Analytical data is presented in Appendices E.2 and E.3).
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Fig. E.1.5. (a) Blow-up from Fig. E.1.4 and (b) carbon isotope data along the traverse in (a).
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Fig. E.1.6. CL images of diamond #P-4167 with core-rim traverses with carbon isotope (SIMS), nitrogen 
abundance (SIMS and FTIR) and nitrogen aggregation (FTIR) spot analyses (spot symbols as in Fig. 1e 
in chapter 4). Analytical data is presented in Appendices E.2 and E.3). Blow-up is shown in Fig. E.1.7.

Fig. E.1.7. Blow-up from Fig. E.1.6.
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E.2  Carbon isotope (SIMS), nitrogen abundance (SIMS and FTIR) and nitrogen 
aggregation (FTIR) analyses along the core-rim traverses in the diamonds

Sample/position

SIMS FTIR 
δ13C
(‰)

Std. Err.
(‰)

N content
(wt. ppm)

Std. Err.
(wt. ppm)

N content
(at. ppm)

N content
(at. ppm)

Err.
(at. ppm)

IaB
(%)

Err.
(%)

Mir

#?-670
inner core -6,3 0,1 1164,4 15,9 998 n.d. n.d. n.d. n.d.
inner core -5,9 0,1 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
inner core -6,7 0,1 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
inner core -6,3 0,1 n.d. n.d. n.d. 739,2 147,8 15,4 0,8
inner core -6,0 0,1 n.d. n.d. n.d. 769,1 153,8 13,0 0,6
outer core -5,1 0,1 n.d. n.d. n.d. 755,0 151,0 13,1 0,7
outer core -5,3 0,1 n.d. n.d. n.d. 769,4 153,9 11,9 0,6
outer core -5,4 0,1 n.d. n.d. n.d. 747,4 149,5 13,0 0,6
intermediate-1 -6,0 0,1 n.d. n.d. n.d. 734,8 147,0 13,3 0,7
intermediate-1 -6,3 0,2 1077,9 10,1 924 727,9 145,6 10,0 0,5
intermediate-1 -6,7 0,1 n.d. n.d. n.d. 742,0 148,4 10,4 0,5
intermediate-1 -6,3 0,1 901,3 12,8 773 790,0 158,0 12,2 0,6
intermediate-2 -5,3 0,1 n.d. n.d. n.d. 788,9 157,8 11,1 0,6
intermediate-2 -5,4 0,1 n.d. n.d. n.d. 764,3 152,9 12,3 0,6
intermediate-2 -5,4 0,2 1148,6 8,9 985 746,3 149,3 10,0 0,5
intermediate-2 -5,1 0,3 n.d. n.d. n.d. 787,5 157,5 12,2 0,6
intermediate-2 -5,3 0,1 n.d. n.d. n.d. 807,5 161,5 12,0 0,6
intermediate-2 -5,7 0,1 n.d. n.d. n.d. 790,2 158,0 11,5 0,6
inner rim -5,4 0,1 868,9 7,8 745 655,5 131,1 9,0 0,4
inner rim -5,6 0,2 n.d. n.d. n.d. 602,0 120,4 8,5 0,4
inner rim -5,5 0,1 n.d. n.d. n.d. 551,0 110,2 4,4 0,2
inner rim -5,7 0,1 n.d. n.d. n.d. 559,3 111,9 4,3 0,2
inner rim -5,6 0,1 n.d. n.d. n.d. 541,8 108,4 3,7 0,2
inner rim -5,7 0,1 n.d. n.d. n.d. 561,5 112,3 6,3 0,3
inner rim -5,7 0,1 n.d. n.d. n.d. 565,5 113,1 5,1 0,3
outer rim -6,3 0,1 n.d. n.d. n.d. 534,9 107,0 7,8 0,4
outer rim -6,2 0,2 675,1 4,5 579 458,0 91,6 0,7 0,0
outer rim -6,7 0,1 n.d. n.d. n.d. 450,8 90,2 3,6 0,2

#E-1011
inner core -4,9 0,1 539,5 5,9 462 380,7 76,1 18,3 0,9
inner core -4,8 0,1 n.d. n.d. n.d. 351,2 70,2 17,6 0,9
outer core -4,4 0,1 n.d. n.d. n.d. 421,7 84,3 22,6 1,1
outer core -4,4 0,1 627,0 9,8 537 769,3 153,9 34,0 1,7
outer core -4,9 0,1 n.d. n.d. n.d. 954,4 190,9 38,6 1,9
boundary layer -2,5 0,2 n.d. n.d. n.d. 1170,2 234,0 40,5 2,0
intermediate-1 -5,6 0,1 n.d. n.d. n.d. 1002,2 200,4 37,3 1,9
intermediate-2 -5,0 0,2 n.d. n.d. n.d. 921,2 184,2 37,5 1,9
intermediate-3 -5,7 0,1 n.d. n.d. n.d. 1077,9 215,6 38,7 1,9
intermediate-3 -6,1 0,1 1648,8 16,5 1413 1006,4 201,3 38,0 1,9
rim -5,5 0,1 n.d. n.d. n.d. 679,1 135,8 32,6 1,6
rim -5,3 0,1 n.d. n.d. n.d. 605,5 121,1 32,9 1,6
rim -4,6 0,1 726,8 131,5 623 623,1 124,6 33,1 1,7
rim -4,1 0,1 n.d. n.d. n.d. 611,6 122,3 30,0 1,5
rim -3,7 0,1 730,9 8,9 627 519,4 103,9 25,7 1,3
rim -3,6 0,1 n.d. n.d. n.d. 439,9 88,0 19,6 1,0
boundary layer -2,8 0,1 n.d. n.d. n.d. 504,2 100,8 10,7 0,5
periphery-2 -4,2 0,1 1072,6 8,6 919 892,3 178,5 8,0 0,4
periphery-2 -4,2 0,1 n.d. n.d. n.d. 1015,5 203,1 21,1 1,1
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Sample/position

SIMS FTIR 
δ13C
(‰)

Std. Err.
(‰)

N content
(wt. ppm)

Std. Err.
(wt. ppm)

N content
(at. ppm)

N content
(at. ppm)

Err.
(at. ppm)

IaB
(%)

Err.
(%)

#E-1168
core -5,3 0,1 n.d. n.d. n.d. 437,4 87,5 97,9 4,9
core -6,7 0,1 n.d. n.d. n.d. 109,9 22,0 62,5 3,1
intermediate -5,4 0,0 n.d. n.d. n.d. 683,7 136,7 11,3 0,6
intermediate -5,7 0,1 n.d. n.d. n.d. 601,5 120,3 12,2 0,6
inner rim -5,3 0,1 n.d. n.d. n.d. 513,7 102,7 13,8 0,7
outer rim -4,7 0,1 n.d. n.d. n.d. n.d. n.d. n.d. n.d.

#E-1703
core -15,8 0,1 117,3 2,3 101 134,1 26,8 3,9 0,2
core -15,8 0,2 n.d. n.d. n.d. 39,7 7,9 0,0 0,0
core -16,0 0,1 42,0 0,7 36 39,2 7,8 9,9 0,5
intermediate -6,2 0,2 598,8 18,9 513 493,0 98,6 7,1 0,4
intermediate -6,8 0,1 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
intermediate -6,8 0,1 n.d. n.d. n.d. 397,3 79,5 3,3 0,2
rim -7,3 0,2 n.d. n.d. n.d. 348,8 69,8 1,7 0,1
rim -7,7 0,2 n.d. n.d. n.d. 305,1 61,0 4,0 0,2
rim -7,6 0,1 367,2 6,2 315 307,1 61,4 1,8 0,1

23rd Party Congress

#P-4167
core -4,1 0,1 n.d. n.d. n.d. 463,8 92,8 13,8 0,7
core -3,5 0,1 n.d. n.d. n.d. 531,3 106,3 7,2 0,4
core -3,9 0,1 n.d. n.d. n.d. 577,5 115,5 9,4 0,5
intermediate (cubic) -3,8 0,2 n.d. n.d. n.d. 594,8 119,0 10,4 0,5
intermediate (cubic) -4,0 0,1 n.d. n.d. n.d. 625,1 125,0 11,2 0,6
intermediate (cubic) -3,7 0,1 n.d. n.d. n.d. 633,7 126,7 6,7 0,3
intermediate (cubic) -3,2 0,1 n.d. n.d. n.d. 606,5 121,3 8,0 0,4
intermediate (cubic) -3,2 0,1 n.d. n.d. n.d. 520,4 104,1 6,8 0,3
intermediate (cubic) -3,4 0,1 n.d. n.d. n.d. 503,1 100,6 7,3 0,4
intermediate (octahedral) -3,8 0,1 n.d. n.d. n.d. 554,3 110,9 9,0 0,5
intermediate (octahedral) -3,4 0,2 n.d. n.d. n.d. 629,2 125,8 9,3 0,5
rim -5,1 0,1 n.d. n.d. n.d. 659,1 131,8 9,9 0,5
rim -5,3 0,1 n.d. n.d. n.d. 562,7 112,5 10,7 0,5

Note: Locations of SIMS and FTIR spot analyses are shown in Appendix E.1. n.d. = not determined
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E.3  Carbon isotope (SIMS) analyses for detailed profiles in diamonds #E-1703 
and #P-4167

Sample
Profile/position

(‰)
δ13C
(‰)

Std. Err.
(‰) Sample

Profile/position
(‰)

δ13C
(‰)

Std. Err.
(‰)

Mir 23rd Party Congress

#E-1703 AA’ -15,8 0,1 #P-4167 AA’ -4,1 0,1

-16,0 0,1 -3,6 0,2

-16,3 0,1 -3,4 0,2

-16,2 0,1 -3,4 0,1

-15,9 0,1 -2,8 0,2

-16,1 0,0 -2,9 0,2

-15,6 0,0 -3,1 0,3

-5,9 0,1 -2,8 0,2

-5,0 0,1 -3,0 0,1

-4,7 0,1 -2,7 0,1

-5,1 0,1 #P-4167 BB’ -3,1 0,1

-6,1 0,1 -3,1 0,2

#E-1703 BB’ -16,2 0,2 -2,8 0,1

-16,2 0,2 -2,8 0,1

-16,4 0,2 -2,6 0,1

-16,2 0,2 -2,7 0,1

-16,5 0,3 -3,1 0,1

-16,3 0,2 -2,9 0,2

-16,2 0,3 #P-4167 CC’ -3,1 0,1

-16,6 0,2 -2,9 0,1

-16,2 0,2 -3,0 0,1

-13,1 0,2 -2,7 0,1

-7,5 0,2 -3,0 0,1

-6,7 0,3 -2,9 0,1

-6,4 0,1 -2,8 0,1

-6,2 0,2 -3,1 0,1

-6,3 0,3 -2,9 0,2

-5,5 0,1

Note: Locations of detailed profiles are shown in Appendix E.1. 
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E.4  Graphs of co-variation of carbon isotope, nitrogen abundance and 
nitrogen aggregation state

Fig. E.4.1. Co-variation of δ13C, nitrogen 
abundance and nitrogen aggregation state 
across the core–rim profile in diamond #?-670

Fig. E.4.2. Co-variation of δ13C, nitrogen 
abundance and nitrogen aggregation state 
across the core–rim profile in diamond #E-1011
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& Fig. E.4.3. Co-variation of δ13C, nitrogen 
abundance and nitrogen aggregation state 
across the core–rim profile in diamond #E-1168

Fig. E.4.4. Co-variation of δ13C, nitrogen 
abundance and nitrogen aggregation state 
across the core–rim profile in diamond #E-1703
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abundance and nitrogen aggregation state 
across the core–rim profile in diamond #P-4167

E.5 FTIR theoretical isotherm diagrams 
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Fig. E.5.1. FTIR theoretical isotherm diagram across the core–rim profile in diamond #?-670
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Fig. E.5.2. FTIR theoretical isotherm diagram across the core–rim profile in diamond #E-1011
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Fig. E.5.3. FTIR theoretical isotherm diagram across the core–rim profile in diamond #E-1168
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Fig. E.5.4. FTIR theoretical isotherm diagram across the core–rim profile in diamond #E-1703
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Fig. E.5.5. FTIR theoretical isotherm diagram across the core–rim profile in diamond #P-4167
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F. NITROGEN ISOTOPE SIMS ANALYSES 

Sample/position
δ15N 
(‰)

Std. Err.  
(‰) Sample/position

δ15N 
(‰)

Std. Err.  
(‰)

Mir Udachnaya
#?-670 #E-3009

inner core -24,5 0,8 core -17,9 0,7
intermediate-1 -20,2 0,9 core -18,0 0,8
intermediate-1 -21,0 0,7 intermediate-1 -7,1 0,7
intermediate-2 -29,8 1,1 intermediate-2 -5,4 0,4
inner rim -23,4 0,7 intermediate-2 -6,6 0,6
outer rim -25,2 1,1 rim -1,9 1,6

#E-1011 #P-3615
inner core -11,0 0,7 core-1 -19,1 4,8
outer core -9,7 0,8 core-2 -0,2 2,2
intermediate-3 -24,7 0,5 intermediate -13,2 1,1
rim -10,6 0,5 rim -71,7 5,4
rim -16,8 0,6 #E-3708
periphery-2 -18,1 0,7 core 14,4 4,5

#P-1142 core -9,1 0,8
core 9,5 1,0 core -24,2 1,2
core 11,7 1,0 intermediate-1 8,1 3,9
intermediate 1,5 0,9 intermediate-1 -5,1 1,3
rim 4,6 0,9 intermediate-2 -5,3 1,6
rim 9,7 0,8 intermediate-2 -12,9 1,3

#E-1168 rim -2,5 7,9
n.d. n.d. n.d. rim 5,2 1,0

#P-1525
core n.d. n.d. 23rd Party Congress
core n.d. n.d. #P-4167
intermediate-1 10,0 3,5 n.d. n.d. n.d.
intermediate-1 0,1 1,9
intermediate-2 5,0 0,6
rim -8,6 0,4

#E-1703
core 20,6 2,3
core 8,2 3,7
intermediate 11,7 1,2
rim 0,1 1,0

#P-1706
core -9,6 0,8
core -6,7 0,5
intermediate 1,3 0,7
rim -6,2 0,6
rim 4,4 0,5

Note1: Location of spot analyses (i.e., same spot as for SIMS nitrogen concentration as indicated in Figure 1c in chapter 
4) from core-to-rim along the traverses are indicated in the diamond CL images in Figure 1 in chapter 4 (i.e., diamonds 
#P-1142, #P-1525, #P-1706, #P-3615, #E-3009 and #E-3708) and in Appendix E.1 (i.e., diamonds #?- 670, #E-1011 and 
#E-1703)
Note2: Reason for variability in the nitrogen isotope standard and sample analyses is unclear
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G. SUPPLEMENTARY DATA ASSOCIATED WITH CHAPTER 3

G.1 The complete set of SE images from figure 8* 
follow link: http://link.springer.com/article/10.1007/s00410-010-0550-y/fulltext.html 

G.2 The complete set of CL images from figure 8** 
follow link: http://link.springer.com/article/10.1007/s00410-010-0550-y/fulltext.html

G.3 Rotating movies of the 3D models of SE images from figure 9*** 
follow link: http://link.springer.com/article/10.1007/s00410-010-0550-y/fulltext.html

G.4 Rotating movies of the 3D models of SE images from figure 9**** 
follow link: http://link.springer.com/article/10.1007/s00410-010-0550-y/fulltext.html

H. SUPPLEMENTARY DATA ASSOCIATED WITH CHAPTER 4

H.1    Detailed descriptions of the internal growth structures of the diamonds*
Diamond #P-1142 (Mir)

The core and intermediate zone of the diamond dominantly have pale-blue CL (Fig. 1a). 
The central region of the core has yellow CL and the margin of the core has alternating 
yellow and blue CL layers. The contact between the core and intermediate zone is marked 
by a dark-blue CL growth layer (probably nitrogen free type II; i.e., the black growth layer 
in Fig. 1a). One group of growth layers in the middle of the intermediate zone has yellow-
green CL, i.e., the darkest-grey layer in the greyscale image. In contrast, the growth layers 
in the rim have a more uniform CL appearance. 

Diamond #P-1525 (Mir)

Each zone or subzone in this diamond is characterised by groups of growth layers with 
similar shades (Fig. 1c). The zones and subzones are bounded by resorption contacts 
and surrounded by dark CL growth layers of nitrogen-free type II diamond. Notably, the 
resorption contact between the intermediate-2 and the rim zone is jagged. The pale-blue 
CL core has a marked octahedral central region with paler blue CL colours. The dark-blue 
CL intermediate-1 has a yellow tone due to the presence of slip lines and platelets (Taylor 
et al. 1995). Intermediate-2 has pale-blue CL and the rim has blue CL. Dark-spotted linear 
tracks induced by proton microprobe analysis occur across the plate, especially in the 
intermediate-2 and rim zones.

Diamond #P-1706 (Mir)

The central area of the core zone has a homogeneous CL appearance, while the rest of the 
diamond records alternating growth layering. The pale-blue CL core and intermediate zone 
of the diamond are resorbed at the corners in contact with the rim area and are surrounded 

* i.e., electronic supplementary material 1 in chapter 3
** i.e., electronic supplementary material 2 in chapter 3
*** i.e., electronic supplementary material 3 in chapter 3
**** i.e., electronic supplementary material 4 in chapter 3
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at this juncture by a local, apparently non-continuous, type II diamond region (Fig. 1e). The 
blue CL growth layers of the rim have little CL contrast. The reflections of light in the CL 
image are caused by mineral inclusions and cracks. 

Diamond #P-3615 (Udachnaya)

This diamond is a rare example of a crystal with two nucleation centres (Fig. 1g). The two 
cores, which are cubo-octahedral and have yellow CL, give the diamond an elongated 
external octahedral morphology. Each core is surrounded by two ~10 µm thick growth 
layers that are pale-blue luminescent and nitrogen-free type II, respectively. The octahedral 
intermediate area that encloses both cores generally has a homogeneous pale-blue CL 
colour comparable to the inner growth layers that surround each core. The inner part of 
the intermediate zone appears homogenous, while the outer part reveals tangential growth 
(layer-by-layer). Blue and dark-blue CL layers alternate in the rim, especially near the crystal 
margin. Natural slip lines with yellow CL occur across the whole plate and are especially 
visible in the rim zone. Proton microprobe traces are visible north of the cores. 

Diamond #E-3009 (Udachnaya)

The core of diamond #E-3009, which is not located in the geometric centre of the diamond, has 
blue luminescent growth layers that alternate with non-luminescent type II layers (Fig. 1i). The 
growth layers in the core are slightly resorbed, especially at the corners, and a resorbed layer 
also marks the contact with the intermediate zone. The geometry of the growth layers in the 
core is not isometric and the octahedral zones are developed mainly in one direction resulting 
in an elongated core. The intermediate-1 has a complex shape with rough layered octahedral 
zonation (onset of numerous small octahedral faces). The inner part of the intermediate-2 is 
relatively homogeneous with uniform areas that have blue CL, while dark-blue luminescent 
growth layers alternate with blue CL layers near the contact with the rim. Octahedral sets of 
slip planes are present in the intermediate-2 and locally colour the dark-blue CL layers yellow. 
The rim zone appears to be a uniform layer that is non-luminescent. 

Diamond #E-3708 (Udachnaya)

The central area of the diamond core zone that hosts an unexposed sulphide inclusion is 
non-luminescent, while the diamond region adjacent the central zone has blue CL with 
little contrast (Fig. 1k). The intermediate zone has tangential growth layers with alternating 
blue, dark-blue and yellow CL colours. Resorption interfaces mark the two contacts 
between intermediate-1, intermediate-2 and the rim zone. The inner part of the rim appears 
homogeneous and is plastically deformed producing slip lines, while growth layers were 
identified at the crystal margins where slip planes are absent.
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H.2 Coloured CL images of the diamonds**

Fig. H.2. Coloured CL images of diamonds #P-1142, #P-1525, #P-1706, #P-3615, #E-3009 and #E-3708 
(i.e., EA-2 in chapter 4)

H.3  Detailed description of coupled co-variation between carbon isotope 
composition and nitrogen concentration for the diamonds***

Diamond #P-1142 (Mir)

Overall, there is no coherent coupled variation in δ13C value and nitrogen abundance 
throughout diamond #P-1142 (Fig. 1b). There is, however, coherent co-variation in the 
intermediate and rim zones. After increasing values over the first 0.2 mm of the intermediate 
zone (i.e., up to a δ13C value of -4.7‰ and nitrogen content of 1044 at. ppm), there is a 
decrease to generally homogeneous values in the rim zone (i.e., within error of -7.0‰ and 
600 at. ppm). The outermost rim has higher nitrogen. Overall these parts of the diamond 
record a positive correlation between δ13C values and nitrogen abundances. 

Diamond #P-1525 (Mir)

The core-to-rim profile of diamond #P-1525 demonstrates coupled δ13C value - nitrogen 
abundance variation in which sections of the profile are mirror images (Fig. 1d). The core 
has increasing δ13C values (starting at -5.6‰) and decreasing nitrogen contents (starting 
at 1338 at. ppm nitrogen). Intermediate-1 has low nitrogen contents (type IaA), but 
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intermediate-2 has decreasing δ13C values and increasing nitrogen contents. The rim zone 
has increasing δ13C values (starting at -6.1‰) and apparent decreasing nitrogen contents 
(starting at 770 at. ppm) although the errors in nitrogen abundances overlap in the rim 
zone. Overall these sections of the diamond record a negative correlation between δ13C 
values and nitrogen abundance.

Diamond #P-1706 (Mir)

There is a general positive co-variation in δ13C value and nitrogen abundance in the core 
and intermediate zones of diamond #P-1706 (Fig. 1f). There are relatively constant δ13C 
values and N contents in the core (i.e., within error of -5.0‰ and 960 at. ppm nitrogen) 
that decrease to relatively low δ13C values and nitrogen contents in the intermediate zone 
(i.e., -5.3‰ and 490 at. ppm nitrogen). The rim zones reveal marked shifts in δ13C values 
(starting at -5.8‰) and smoothly increasing nitrogen contents (starting at 448 at. ppm 
nitrogen). It is perhaps important to note again that the FTIR method averages nitrogen 
content determinations, potentially obscuring shifts in nitrogen content. 

Diamond #P-3615 (Udachnaya)

The core-to-rim profile of diamond #P-3615 reveals that there is negative co-variation 
between δ13C values and nitrogen concentrations, except for the rim zone that lacks a clear 
nitrogen concentration trend because it is type IaA (Fig. 1h). The core zone has increasing 
δ13C values and decreasing nitrogen concentrations (starting at -5.8‰ and 395 at. ppm 
nitrogen, respectively), while the intermediate has a homogeneous composition within 
error of -5.0‰ and 265 at. ppm nitrogen, respectively.

Diamond #E-3009 (Udachnaya)

Core-to-rim profiles reveal that there is negative co-variation between δ13C values and 
nitrogen concentrations in diamond #E-3009, excluding the rim zone for which only one 
nitrogen analysis is available (Fig. 1j). The δ13C values and nitrogen concentrations in 
the core and intermediate-1 are generally constant (within error of -5‰ and 610 at .ppm 
nitrogen, and -7‰ and 940 at. ppm nitrogen, respectively), however, the δ13C values shift to 
lower values in intermediate-1 while the nitrogen concentration increases. The δ13C values 
in intermediate-2 increase (starting at -7.1‰), while nitrogen concentrations decrease 
(starting at 934 at. ppm nitrogen).

Diamond #E-3708 (Udachnaya)

There appears to be no coupled δ13C value-nitrogen abundance trend in diamond #E-3708, 
which is characterised by low but variable nitrogen concentrations (Fig. 1l). The core-rim 
profile in the diamond records an outward decreasing carbon isotope composition from 
–4.0‰ to –5.0‰ at the plate margin, while, on average, the nitrogen concentrations appear 
to decrease from intermediate-1 towards the rim (i.e., 40 to 0 at. ppm nitrogen). This 
coupled decrease may suggest a tendency towards positive co-variation between δ13C values 
and nitrogen concentrations here. 
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H.4 Copy of figure 1****
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* i.e., EA-1 in chapter 4
** i.e., EA-2 in chapter 4
*** i.e., EA-3 in chapter 4
**** i.e.,  a bigger, higher resolution copy of figure 1 in chapter 4
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I. SUPPLEMENTARY DATA ASSOCIATED WITH CHAPTER 5

I.1  Detailed descriptions of the variation in nitrogen content and 
aggregation state in the diamonds

In general diamond cores are more aggregated than the rims (Fig. 6) and this implies that 
the rims likely grew at a later stage than the cores, from potentially different fluids. The 
within-sample variation in nitrogen aggregation state and nitrogen content, especially of 
the larger diamonds (#E-1603, #E-1610, #E-1612, #E-1701, #P-3805 and #E-4239), forms 
vertical arrays. This data is at least partly explained by FTIR analysis integrating entire 
diamond fragments that may contain mixtures of core and rim zones (Table 4).

Mir

Mir diamonds with light δ13C values record no significant internal variability in nitrogen 
content and aggregation state. These diamonds generally contain far less than 200 at. 
ppm nitrogen, which is effectively non-aggregated into the B-form (Fig. 6a, Table 4). The 
exception is diamond #E-1237 that records ~65% IaB aggregation in its core zone and has a 
non-aggregated (zero IaB) rim zone. 

The majority of Mir diamonds, i.e., those with mantle-like δ13C values, have significant 
differences in nitrogen aggregation between core and intermediate zones (~60% IaB) and rim 
zones (~30-50% IaB), translating into differences in integrated residence temperatures of >20 
ºC (assuming tMR is 0.7 Ga; Fig. 6a). These differences suggest that the rim zones may have 
formed potentially by up to 0.7 Ga later than the core and intermediate zones, something that is 
investigated in the Os isotope study. The intermediate zones of diamonds #E-1701 and #E-1603 
approximate to an isotherm of 1170 ºC (Fig. 6a), while the rims have nitrogen aggregation 
temperatures of 1150ºC. Mir diamonds #E-1610 and #E-1612 also demonstrate a two-stage 
growth history, but appear to also record data with intermediate IaB aggregation (~45%; Table 
4) that most likely results from large fragments containing sections of both core and rim zones. 

23rd Party Congress

In-situ analysis of thick plates from these E- and P-type diamonds establishes variations in 
δ13C values (0.1-1.6‰) and variations in integrated mantle residence temperatures (0-40 ºC; 
assuming tMR is 1.7 Ga; Fig. 6b). However, because the majority of the diamond samples are 
thick plates, some nitrogen absorption data integrates core and rim zones and consequently 
the data that groups around an isotherm of 1070 ºC may actually be a mix of data from two 
or more growth zones. The rims of diamonds #P-4195 and #E?-4123 are up to 15% more 
IaB aggregated than the core zones, most likely due to higher nitrogen concentration in 
the rims (Table 4; Taylor et al., 1990). The fragments of diamond #E-4239 show extreme 
zonation, with differences in nitrogen aggregation between zones up to 50% IaB. A two-
stage growth history is indicated by the intermediate and rim zones that have integrated 
nitrogen aggregation temperatures of 1120 ºC (i.e., ~10-20% IaB aggregation) and 1150 ºC 
(i.e., ~50-60% IaB aggregation), respectively. The two intermediary points with ~30-40% 
IaB aggregation are mixed fragments of diamond #E-4239. These different aggregation 
states suggest that the rims of the 23rd Party Congress diamonds formed by up to 1.6 Ga 
later than the cores and this possibility is further investigated in the Os isotope study. 

269



APPENDICES

&

Udachnaya

Variation in nitrogen aggregation systematics within the individual P-type diamonds from 
Udachnaya is clearly evident, with cores displaying moderate to high levels of aggregation 
(20-60% IaB) and rims with low or no (quantifiable) IaB aggregation due to the low nitrogen 
contents (Fig. 6c). The cores approximate to nitrogen aggregation temperatures of 1160 ºC 
(assuming tMR is 1.7 Ga), while the  poorly aggregated rims imply significantly shorter 
and possibly cooler residence in the mantle. The two data points with relatively elevated 
nitrogen aggregation levels (i.e., ~40% IaB aggregation that approximate to an integrated 
residence temperature of 1200 ºC) in diamond #P-3805 cannot be explained in this manner. 

I.2 Plots of Os isotope ratio versus reciprocal common Os concentration

Fig. I.1. Plots of Os isotope ratio versus reciprocal common Os concentration
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