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ABSTRACT 

A r evi ew of t he petrography of kirnberlite i s given and a 

new definition of kin1berlite based upo n petrographical criteria i s 

propo se d. T he trace e l em.ent and stab l e isotope geochemi s t ry of 

ki!n'Jerlite i s reviewed. The r elation of kimberlite t o n1eimec hite , 

m ·e lilitite, carbonatite, bas a lt and p o tassic l avas i s di scus sed in 

detail a nd it is conc luded that kinJ.'J er li te is not closely relate d to 

any of these rocks. A di scussion of t he genesis of diam::>11d i s pre -

sented and i t is concluded tha t di arnond nJ.ay be f onned by metastable 

pr ocesses over a w ide rang e o f ternperature and pressure, a nd rnay 

the r efore n ot be u seful in t he d e lineation of the depths of forrnation 

of kimh e rlite m .'lgnJ.as . R ecent experinv~nta l work on synthe tic systerns 

is di scusse d in rela tion t o the petrology of kimb e rlite . 

Strontium i so t opic studies of kirnberlites h ave revealed 

. .£. t d'££ . l h 1 , 87s /86s . f £. no s1gn1 1c an · 1 · erences 1n t-1 e w o e roc K , r r r abos o 1ssure 

and pipe kimberlite s . Kimberlite s f rom the Swar truggens fi ssure 

(c a l careous 1nicaceous kimberlite) have 
8 7 

Sr ;
86

sr r atios of fr01n 0. 709 

to 0. 716 , whi lst kimb e rlite fro m the \Vesse lto11 pipe h as 
87srl 6

sr 

ratio s of fro m 0. 708 to 0. 715. O h k . 'L. 1' i 87 ~ /86 t er lm.Jer 1tes range n Sr Sr 
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ratio from 0. 706 to 0. 715. The ratios are uncorrected for geological 

age but all the samples are considered to be late Cretaceous to early 

Tertiary and thus the ratios are approxirnat!=!lY ini.Hal ratios. The 

87 86 
Sr / Sr ratio of the MIT SrC 0

3 
standard averaged 0. 7083 ± 0. 0003 

during the period of the investigation. All the kim':>erlite samples 

analysed were fresh and free as far as could be ascertained fron-:1 xcno-

liths· of country rock. Any alteration present was solely of a deuteric 

nature. The 
87 

Sr 186
sr ratios bear no relation to the Rb or Sr content 

of individual kimberlite bodies. The Rb/Sr ratios of olivine rich 

kin1berlite (basaltic) range fron-:1 0. 005 to 0. 11, those of n-:1icaceous 

kirnberlites from 0. 06 to 0. 24. The high initial ratios are not con--

sidered to be due to b-ulk assin-:1:i.lation of granitic material in either a 

kimberlitic or carbonatitic n1agma. Rb-Sr data derived frorn garnet 

peridotites and eclogite xenoliths in ki1n~")erlite are not compatible 

with production of kim':>erlite by eclogite fractionation from a n-:l•?lt 

derived from garnet lherzolite. The Sr isotopic composition of kimher-

lite can be interpreted in terrns of the partial lTI•elting of garnet rnica 

peridotite which is either isotopically heterogeneous or homogeneous. 

The isotopic con-:1position of liquids forn-:1ed by the partial melting of 

this rock can be modified by two processes (i) gross contamination with 

material of low
87

sr!
86

sr ratio and (ii) by the selective diffusion of 

material of high 
8 7 

Sr !
86

sr ratio into kimherlitic fluids. 
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The isotopic composition of Sr and the abundances of Rb 

and Sr have been determoined in the alkaline rocks of the Fen cmnplex. 

87 86 
The SrI Sr ratios range fron'l as low as 0. 703 in carbonatite (s<ivite) 

to as high as 0. 710 in rauhaugite. The whole rock analyses do not 

plot on a Nicolaysen diagra1n as an isochron. Calculation of the initial 

isotopic com?osition of strontium in the rocks at the time of intrusion 

of the complex, approximately 550 m. y. ago shows that the rocks are 

not silnply related as the differentiation products of a single magma as 

they do not possess simHar initial ratios. The lowest initial ratio is 

seen in the s<bvites and it is concluded that this rock m;~st have been 

the parent magma from which the other rocks of the con'lplex were de-

rived. Analysis of the data in terms of the production of hybrid rocks 

by the bulk as sim~lation of granite g;nei s s in carbonatite shows that 

this process i~> inadequate to account for the RbiSr ratios observed. 

It is envisage~ that selective concentration of granitic Sr of high 

87
srl

86
sr ratio together with loss or gain of variable amounts of Rb 

has takeD. place. The process is closely connected with the fenitisation 

observed at the 1nargins of the complex and is of a m·etasomatic nature. 

Thus, the genesis of rocks of the rn•elteigite-ijolite-urtite series and the 

pyroxene-s<ivite series in this con'lplex must be considered as a rheo-

morphic process. 
87 86 

The S1· I Sr ratios observed in r<idber g and 

rauhaugite can be explained in terms of the md:asomatic alteration of 

damtjernite. 
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CHAPTER ONE 

THE PETROGRAPHIC NATURE OF KIMBERLITE 

The term kin.J.berlite was introduced into petrological 

literature by Henry Carvill Lewis ( 188 7, 1888) as a name for the por-

phyritic peridotite which is the source rock of dianJ.onds found at 

Kim~erley, South Africa. Lewis noted the presence of olivine, 

serpentine, biotite, bronzite, chrorne diopside, pyrope and ilrr1enite 

in the rock. 

Prior to the introduction of Lewis 1 s term a similar rock 

had been discovered at Ison Creek, Elliot Co., East Kentucky, by 

A. R. Crandall. This rock was described by Diller (1885, 1886, 1888) 

as a peridotite. The mineral assem')lage of this rock closely resernbled 

that of Lewis'. s k.hnoerlite although diamonds were not found. Later 

investig<::.tions (Crandall 1910, Koenig 1956) have verified that the Ison 

Creek rock is a kimberlite. 

In 1892 Diller described a rock from West Kentucky which 

he tern1ed mica peridotite. The rock consisted of biotite, serpentini-

sed olivine, perovskite and lesser amounts of apatite, talc, magnetite, 

chlorite and calcite. 
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Since the publication of these descriptions the term.s 

khnberlite and mica peridotite have becorne virtually synonymous -

particularly in North Am.erica. Because of this usage of the terms, 

definitions of khnberlite existing in petrological literature are frequently 

inaccurate and often misleading, as the following examples illustrate: 

1. American Geological Institute Glossary of Geology, 1960 

''A variety of mica peridotite consisting essentially of olivine, 

phlogopite and subordinate melilite, with rninor pyroxene, 

apatite, perovskite and opaque oxides. Some examples contain 

dian1.onds. 11 

2. Williams, Turner and Gilbert (1954, p. 79-80) regard mica perido

tite and kin1.berlite as being synonymous and quote Shand ( 19 34) in 

saying 

"most of the blue ground in the diamond pipes of South Africa is 

a breccia crowded with xenoliths in a ground rnass of serpentine, 

carbonates, olivine, pyroxene, garnet, ilm•~nite, perovskite 

and chron1.ite ...... the primary constituents of kim'Jerlite 

appear to be olivine, serpentine, biotite, ilmenite and perovskite 

and the abundant carbonates seen1. to have been formed by the 

replacen1.ent of vanished melilite." 



3. Moo r house (1 959, p. 321): 

''the principa l mineral i s olivine (usually altered to serpentine), 

bronz ite, chrome diopside, phlogopitE;, pe rovskite, pyrope, il

menite, chrornite , apatite , magnetite and many other minerals 

are found. These minerals occur in a ground mass of serpentine 

and cal cite. M.elllite has been reported from some AnHHican 

kimb erli te s and has been sus pected in others ." 

4. D awson (l9 67a , p. 242): 

3 

"kimberlite rnay be d e fined as a serpentinised and carbonated mica 

p eridotite of porphyritic t exture , containing nodules of ultrabasic 

rock typ e s characterised by such high pressure minerals as 

pyrope and j adeitic diopside; it may or 1nay not conta in diamond. 

It occurs in diatrem.es, dykes , veins and sills of very lirnite d 

size. " 

The diversity of the definitions is in part due to the v ari 

ability o.f kimberlite itself both i n mineralo gical and geological aspects; 

in fact, many definitions and classifications of kim.berlite are bas ed upon 

t extural characteristics . Thus Lewis (1 88 7, 18 88 ) r ecognise d kimber

lite , kiml::>erlite breccia and kimberlite tuff. The present author con

siders that many of these textural features are of little use in a petrolo

gical definition o.f kin'l~:>erlite as they are fe a tures which are hnposed upon 



the rock during the l ater stages of emplacement and thu s are merely 

morphological features of no petrogenetic significance. The super-

fici a lit:y of the t extural and structural f eatures , can b e r ecognised whe n 

~.t i.s reali sed that the t extural type of kim'Je rlite seen in any given 

occurrence depends u pon the extent of erosion . In Tanzania where 

erosion h as been slight, one can ob serve a cornple t e gradation down a 

4 

kimberlite pipe from lacust rine kimberlite tuff s to aeolian kimber lite 

tuffs , kimb er lite breccias and massive (ha rde b anke ) kimberlite (Edwards 

andHowkins 19 66 ). Other regions suc h as Sou th Afric a h ave suffered 

suffi cient erosion for the upper tu ffaceou s beds t o b e rem:)y-ed. The 

only textural fe a tures which are of som·e di agnos tic value are the 

char ac t eristic round e d phe nocryst s (Fi g . 1) s een i n many kimberlites. 

These t extures are produced during the tr a nspo r t of kimb e rlite to the 

surface of the earth by a fluid 1n e dia. The process i s termed flu idis a -

tion (Reynolds 19 54) and the rounding of t he phenocrysts is attributed to 

attrition during tr ans p or t. Whil s t such fluidis a tion t extu res are co1nn1on 

in kimberlites, it should be note d tha t such f eatures are not u nique to 

kimberlites but are found in a number of diatremes and volc anic necks 

which contain rocks of widely differing con1position (Shoem.aker et a l. , 

196 2 , Coe 1966). The develop1ne nt of fluidisation ~extures is thus 

typic a l of v e ry gas-rich magmas irregardless of the ir composition. 



For petrological purpo s es the 1nassive kimberlite found in 

t he lower parts of pipes and in fissures provide s the best 1na terial for 

study as it conta ins re l a tively few country rock xenoliths and is often 

quite fresh and unbrecciated . Even so , 1nineralogical variation within 

s uch massive kin1berlite is extensive and "basaltic'' and ''micaceous' ' 

5 

varieties have been de scribed (Wagne r 1914) depending upon the am.ount 

of phlogopite present. U se of terrn 1)asaltic is misleading and incorrect 

as feldspar is not present in the rocks. The tern1 should be discarded 

and ''b asaltic kim'Jerlites ' 1 should be referred to as kim'Jerlites . 

D etailed petrographic studies of kirnberlite have been under-

t aken by Wagner (1914), Verhoogen (1 938 ), Williams (1 932 ) , Holmes 

(1936), Dawson (1 962), Smirnov (1 959) and Mannard (1 962). From these 

works a nd fr01n the writers own observations, the following salie nt fea-

tures of kimberlite p e trography h a ve been gleaned. The nature of 

kimberlite is such that the phenocrysts are much more amenable for 

study than the groundmass and c onsequently , all studies are biased 

i n this direction. Kimberlites contain a wide variety of minerals of 

both primary and secondary origi n , however only those minerals which 

are essential or are of p etrogenetic importance are discussed below. 
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Olivine 

Olivine is by far the most important mineral found in 

kimberlite s. It occurs in t wo generations, as lar ge (up to 2 em.) 

phenocrysts and as Sinaller crystals in the groundmas s. The pheno-

crysts are often well rounded (:F1.g. 2 ) or elongate , corroded and em-· 

bayed and exhibit undulatory extinction. The rounding of the pheno -

c rysts (Figs. 1 and 2 ) is characteri stic of b~ ansport in a fluidi sed system 

(see above). Many of the phenoc rysts are surprisingly resistant to 

alteration (i n 1narked contrast to the groundmass olivine ). serpentini-

sation being limited to repl acem.ent a long cracks or to the developrnent 

of serpentine and magnetite rims (Figs. 2 and 3 ) . The interior ser-

pentinis a tion i s gene rally not associated w ith 1nuch magnetite and the 

magnetite-rich rims indic ate corrosion of the phenocrysts by the n1ore 

iron- rich fluid which eventually formed the groundmas s. L ee and 

Lawrence (1968 ) h ave f ound that the groundmass olivine is richer in 

i ron than the phenocrysta l olivine. 

The small groundmass olivines are often fairly euhedral 

(Fi g . 2 ) and are generally completely replaced by serpentine, bow lin-

gite, magnetite and calcite . The composition of olivine found in ki1n-

b erlites is com.pared with tha t of olivine in other b as i c and ultrabasic 

rocks in Table 1. The d ata i ndicate tha t the kimberlite olivines are no t 

out standingly different in composition f rom those found in some early 



Fig. 1. 

Fig. 2. 

Fi g . 3. 

Fig. 4. 

Fig. 5. 

D oor n k loo£ kimberlite. The rounding o£ the xenoliths and 

phenocrysts is generally attributed to £lu idi sation . (X3 ) 

W e s selton kirn~erlite. Rounde d fr esh first generation 

7 

olivines are set in a groundmass o£ euhedral to subhedral 

s e cond generation olivine toge ther with serpentine, magne.:. 

tite , calcite , p erovskite anc1 apatite. The l arge olivine 

crystals are surrounded by r eaction rirns o£ magnetite. (X6) 

We s se lton k i mberlite . Rel ative ly £re sh olivine s with re-

action rirn s o£ serpentine and m _agnetite . (X20) 

Swar truggens kimb e rlite . Distorte d phlo gopite laths and lar ge 

rounde d phe no c ry s ts o£ a n'lineral which h as b een cornpl ete ly 

replaced by calcite , dolomite and serpentine (? olivine ) s e t 

in a groundmass o£ second generation phlo gopite together 

with calcite, chlorite, magne tite , perovskite and apatite. The 

d a rk stre aks seen within the phlogopite phenocrysts are a 

bright green Cr-rich chlorite (kammerite). (X5) 

Premier kimberlite . A highly altered (blue ground) kimber-

lite. Note the distorte d rnicas now alte red to v e rm.iculite 

and the rounded garnet phenocrysts surrounde d by dark 

kelyp hitic rims . The groundrn ass is compose d o£ comple tely 

serpe ntini se d olivine. (X5) 



Fig . 6. Swartruggens kilnherlite. Basal section o£ phenocrystal 

phlogopite showing apparent crystallographically controlled 

replacem·ent by c alcite (and dolomite ? ) . T he c arbonate is 

i ron stained. Such replacement textures are very common 

i n this 1dmherlite . Thin sections cut normal to the basal 

8 

section of phlogopite do not show the orientated intergrowth. 

G roundmass phl ogopi tes are often co1npl ete l y replaced by 

c a l cite . (X l 00) 
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Fig 

Fig 2 
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Fig 3 

Fig 4 



II 

Fig 5 

Fig 6 
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cumul ate ro cks , ultr amafic nodules or alpine peridotites. 

Table 1 

Rock Type Olivine Refe rence 
%Fo 

Kim~ e rlite , Canada, Phenocr y s ts 93 -94 L ee and L awrence (1968 ) 

Kimb e rlite , Canada. Groundrn as s 8 2-83 · L ee and L awrence (1968 ) 

Kim.oerlite, Canada. 85 W a t s on (1967 ) 

Kimb e rlite , Tanzania. 9 0 M an nard (19 6 2) 

Khr1'::ler lite , T anzani a . 91 Fo zzard (1956 ) 

•· 

Kimb erlite , U.S. A. 91-93 Balk and Sun (1954 ) 

Ult ramafic curnula t e , Sti llwate r. 90-80 J ackson (1960 ), J ess (1960) 

Ultra1nafic cum•~lat e , Gre at Dyke. 94-86 Hess (19 5 0), Worst (195 8 ,1960 ) 

Ultr arnafic c:u1nulate , Bushve ld. 8 9 --8 6 J ackson ( 19 6 7) 

Differentiated basic sills. 85-71 Dr ever and John s t on (196 7a ) 

Picritic sills . 90-8 8 Dr ever and J ohnston (1 96 7b) 

Ultr abasic pillow l avas , Cyprus. 93--92 Ga ss (19 58 ) 

Zoned ultr ar:nafi c complexes . 85-78 Irvine (19 6 7) 

Ultr amafic nodules. 90.5 Ross, Fo s ter & Mye rs (195 4 ) 

Alkaline compl ex dunite s. 90 Upton (19 6 7) 

High t emperature p e ridotite . 90 Green (196 4 ) 

Alpine type p e ridotites . 94-88 Ch a lli s and Laude r (1966 ) 
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Other orthosilicates which h ave b een r eported i n kirnberlite 

are montic e llite {Wagner 1914 , D awson 1962, J anse 1963, 1964 , Nikishov 

1966), c a lcic olivine {V erho ogen 1938), ti ano- clinohurnite (Balk and Sun 

1954) and titan- oliv i ne {Voshrensenskaya et a l. , 1965) . 

Phlogopite , like olivine , occurs in t wo generations. The 

content may v ar y fron1 as little a s l% up to as much as 8 0% in sorne 

extr en1e micaceous types. The phlo gopite phe nocrysts are corrode d , 

rounded and bleach ed and a r e often highly di s torte d (Figs. 4 and 5). 

In many ca ses the y h ave b een altere d to a bri ght green chlorite (Fig. 4) 

which is in the Swartrugge n s fi ssure kimberlite, a chromiurn -rich kan1 -

n1erite. Alteration to vermiculite {vaalite ) i s also cornmon . The rnar-

gins of the crys t a l s ar e often rimcn::! d by small magnetite crystals. 

Compos itional zoning is quite comnlonplace . The phlo gopi t e is weakly 

pleochroic, som•e kim'::>erlites being characte rised by phlo gopite w ith a 

norn1al pleo chroic scheme (Z > X=Y ) whil s t othe rs a re typifi e d by r eve r se d 

pleochroic schemes (X;>Y=Z). R eversed and norrna. l pleo chr oisn1 can b e 

found within the s ame zoned crysta l in son1e cases (Watson 1967 ) . The 

occu r renc e of mica with reversed pleochroism is typical of alkaline rocks 

{Ho garth 1964 , Von Ecke rm a nn 1948 , Singewa1d and Milton 1930, Bo ettche r 

1967) . Th e groundmass phlogopite occurs as sma ll laths and do es not 

have re a ction rims of magnetite . Both generations of mica in son1e 
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c a lc are ous k i m .b e rlites a re r e pla c ed by c a l cit e . Fi g" 6 shows a n un -

usual crys t a llog r a p h i cally controlled repla c e 1ne nt of phlo go p ite by cal-

cite in the Swartruggens k imbe rlite . 

D aws on (196 2 ) h as des c ribed olivines rimme d by phlogopite 

and· it h as b een po s t u l a t e d tha t a r eac t i o n h as t a k en place b e t we en tb e 

olivine and the m agn1a . Simila r r eactions b e t ween olivine a n d pb.l ogo-

pite h av e b een ob serve d in som •e p o t ass ic volc a nic rocks (H o h nes 193 6 , 

Wade a nd Pride r 19 4 0, Williams 1936) a n d in l amprop hyre s (Mulcher j ee 

1961 ) . The re ac tion r e l a 'Lion s hip h as a l s o b een p os t u l a t e d o n the b a sis 

of e x p e riment a l wo rk by Luth (1967 ) . 

Ilme nite 

L a rge ilrnenite grains up to 5 em . in diamet e r are one 

of the n'lost characte ri s tic phe n ocrys ts of m any kimb e rlites . The g r a in s 

are rounde d and pitte d a n d ge ner a lly cov er e d with a co a t of l e ucoxen e . 

S ome grains h a ve r eacte d w ith the car bona te-rich fluid w hich form e d 

t he groundm.:::ts s t o produce rirns of p e rovskite " Broken ilme nite g r ains 

exhibit a v ery distinctive b l a ck glo s sy lustre which see1n s t o be typical 

only of i lmenite s whi c h co nt a in a hi gh p e rcenta ge of magne sium . The 

magne sium content of i lme nite h a s been investigate d by Smirnov (1959 ) , 

M a nna r d (1962 ) , B es son (1967) and Lovering and Wid dowson (1968 ) . T he 

results of these i nve stigations show tha t ilme nite from kimb e r li t e con -

tains over 30o/o of the ge iki e lite (M g T i 0
3

) mo l e cul e and up to 1 Oo/o of 
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h e rnati t e nwl e c u l e . Although exs olve d inclu s i ons of titano -n1agne tite h av e 

b ee n r e p o rte d i n one occurrenc e (Gr a ntha m . and Alle n 19 6 0), mo s t kirn-

berlite ihnenites a ppear t o b e h om ogene ous .. Table 2 shows the r a n ge 

in M g O conte nt o f ilrnenites from va rious env ironment s (Love ring and 

Widdows on 19 6 7). 

Table 2 

M gO% 

B as ic i gn e ous rocks 0. 46-3 . 27 

Inclu s ions i n b asic pipes 3. 51-4 . 60 

Hi gh g rade rne t a rnorphic rocks 1. 0 

Kimbe rlites 7.0- 1 2.0 

Kimb e rlite ilme nite i s a lso reporte d t o b e enriched in niobium (0. l. -0. 3% 

Nb
2
o

5
) con1pa r e d to othe r ilm.e nite s (Manna rd 1962, De a n s 1964 ). 

Garne t 

Garnet is an irnportant phe nocry s t a l n1ine r a l in kim.b er lite 

and i s sufficiently distinctive tha t it is employe d as an indicator mineral 

in khnb e rlite prosp ecting pro g r a ms. Garnets range in si z e frorn c r y-

stals of rnicroscopic dimensions to crystals several centimeters india-

1ne ter . Many ar e rounde d and e x hibit a wide range of colour including 

orange , pink, purple a nd various shades of red. The y are com po s i-

tiona lly distinctiv e in b e ing rich in the pyrope m .olecule and in chromium 
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(0. 3-4 . O% Cr
2
o

3
, Smirnov 1959 ). In son~e c ases the chromiun~ content 

is so high that the garnets n~us t be described in terrns of the hanleite 

molecule (Mg
3
cr

2
Si

3
o

12
) as in suffic i ent c a~ciurn is present to accom

!nodate all the chromium as the uvarovite molecule (Nix on e t al. , 19 63 ) . 

Nixon et al. (1963) con s ide r tha t three groups of ga rnet are 

present in the Lesotho kimberlites, these being pyrope, chrome -pyrope 

and .pyrope-alm a ndine. Simila r groupings can b e seen in Siberian kim

berlite s (Smirnov 1959, Milashev 19 58 ). M an nard (19 62) h as grouped 

g arnets in Tanzani an kimberlites into kimberlitic garnets which corr es

pond to chrome-pyrope and pyrope , and into eclogitic garnets which 

corre s pond to pyrope -ahnandine garnets. 

Pyrope garnets w ith a Cr
2
o

3 
conte nt greater tha n 0 . 5o/owt. 

occur in only thre e e n v ironments; as phenoc rysts in kiln berlite , in 

garnet peridotite nodule s in kin~berlite s and in garnet peridotite l enses 

i n oro genic region s (O ' Hara and Mercy 1966 ). It i s possib l e that the 

c hrome -pyrope phenocrysts are i n f act derived f rom .fragme nted garnet 

p eridotite nodules . Whether thes e nodules are cognate xenoliths or are 

u nconnected with kimb e rlite genes i s is not yet known, cons e quently, many 

geologists regard the garnets as xenocrystal. I.f h owever kilnberlite 

f orms at very great depth in t he n~an tle ,garnet may be a true pheno-

c r y st i£ it i s a stable phase on the liquidus at those depths ( see , f or 

example , Gre en and Ringwood 1967 , O 'Ha ra and Yoder 1967) . 



The pyrope-ahnandine garnets corre spond clo se ly with the 

garne ts found in eclogite xenoliths . A xenocrystal or phenocr y stal 

ori gin i s agai n p e>ss ible. The garnets asso ci ated with e clo gite fo und in 

kimb e rlite are in general b.ighly 1nagnesian when compared to eclogite 

garne t found in other (mainly meta1norphic ) environments (Colemann 

et al. , 19 65 ). Recent s tudies by R ickwood et a l. (1968 ) h ave indic a t ed 
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that the spread i n garne t compo s ition of eclogite garnet found in kimber

lites is greater than that p ropo sed by Colemann et a l. (1965 ), and that 

gros sul ar -rlch garnets are quite com.mon, although the dom inant garnet 

type remains pyrope -alma ndine. The pyrope-almandine garne ts are 

low in Cr and other trac e elements r e l ative to the pyrop es and chrome 

pyr opes (Mercy and O'Hara 19 67 ) i ndicating form ation under v e ry dif

f erent conditions, Garnets in kimber lite are f requ ently sur rounded by 

a rim of kelyphite (Fi g. 5) which con s ists of a n~tixture of spine l, en-

statite , hornblende , mica and cblor ite (Nixon et a l., 1963 ). The kely-

phite is a re a ction product form·~d b e t wee n garne t and the transporting 

fluid. 

Pyroxene i s n ot a very char a cteristic rnineral of kim.ber lite 

and in many c ases m a y represent fr aginented ultr aoasic xenoliths . En

statite is fairly com.m.on as nodular ag g regates i n South African kiln-



berlites (Williams 1932) but is rare in Siberian kimberlites (Smirnov 

1959). The clinopyroxenes include bottle-green diopside, bright green 

chrom.e diopside, augite and omphacite. The ornphacite i s possibly 

derived from fragme nted eclogite xenoliths. The proportions of en

statite to diop s ide have b een found to vary in different kim~) er lite 

provinces. In Tanzania and the Congo , diop side predominates over 

enstatite (Verhoogan 1938, Mann ard 1962), whilst in Siberia the r everse 

is true (Smirnov 1959). 

The groundmass of kimberlit~s is very fine grained and is 

thus not very amenab l e for study. H owever , investigations have shown 

it to consist of a con1plex mixture of calcite, serpentine and magnetite 

together with a host of accessory minerals. Many of the groundm_ass 

minerals are secondary in nature and represent the deuteric altera-

tion products of prirrta ry phases such as olivine. It should be noted 

though that unaltered primar y minerals crystallise in the groundrnass. 

Some of the more important cons t ituents of the ground1nass are: 

Serpentine which occurs as pseudomorphs after olivine. It can be 

foun d rarely as sma ll l aths of (?)primary origin (W atson 1967). Ser-

pentine i s one of the n'lost abundant 1ninerals in kimberlite and i s 

generally a p a l e gr een antigorite. Sn'lirnov (195 9 ) h as shown the ser

pentine to be highly magnesian and to contain appreciable amounts of 

nickel (e . g. 0. 2o/o). 

18 
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Calcite i s a com1non mineral in kimberlite and in son:1e c ases can 

form over 50% of the rock. Such kilnberlites should be t ern:led calcare-· 

ous kimberlite s. The c a lcite occurs as anh e dr a l grains which often 

contain euhedral crystals of augi te , olivine , phlo gopite , perovskite, 

m agnetite and apatite, Such t extural evidence i s interprete d to mean 

tha t c a lcite is a l a te crys t allis ing primary mineral (W ats on 1967) and is 

not a deuter ic alteration product , although calcite can b e fo und replacing 

ear lier ferromagne sian minerals. R epl acement of thes e rnlnerals n1.ay 

have be en of a deuteric n ature or more likely simply by re a ction with 

the l ate primar y calcite -bearing gr oundn1.as s fluids. Because of the 

highly magnesian nature of kimberlite it is probable tha t many of the 

"calcites '' de scribed from kimberlite s a re d o lom ite . This h as b ee n 

found to b e true for the Swartruggens kimb erlite where the presence of 

dolom ite h as b een v erified by X-ray diffraction studies. In common with 

carbona tite calcite, kimb e rlite calcite h as been found to b e enriched in 

strontiun:l (e . ,g . 0, 4o/oSrO in c a lcite from the Mir pipe, Smirnov 1959). 

Magne tite occurs as a product of serpentinisation and also as a 

primary phase crystallising as small euhedral crystals scatter e d through

out the groundmas s . 



Of the host of accessory mineral s f ound i n kimberlite 

(William.s 19 32 ) the n'1ost i m .por t ant are perovskite , apatite, zircon , 

rutile, graphite ancl dia.mond. 
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Although many definitions of kimber lite include t he pres ence 

of melilite, it m .ust be noted that 1nelilites are exceedingly r are in 

kimberlites. C arvill L e \:vi s (1887) first nJ.entioned the po ssibility tha t 

melilite might b e found in the groundnJ.ass of ki.m.ber l ite and since tha t 

time m e lilite h as achieved a s t atus in ki1nberlite p e trogr aphy out of a ll 

proportion t o the availab l e evidence concerning it s pr esence i n k imber-

lites. M e lilite h as, in f act , only r are l y been found i n khnber lite , a l

though supposed evi dence for its for mer presence h as b een p resented 

by several autho rs. Wagner (1 914 , p . 46 ) in describing t.he Franspoort 

kimberlite dyke presented t he fo llowing observations : 

11 Calcite is pr e sent in the grouncln1as s i n minut e ho1nogeneous l a ths 

the appearance of which suggests tha t t hey are ps eudomorphs after a 

lath shaped n1.ineral originally p resent." 

The original l a th shaped minera).. is presume d to h a ve b een melilite. 

W agner (1914 ) also points out that in other specimens of the rock the 

h abit of the cal c ite w as tota lly different. Williams (1932) likewi se find s 

calc i te p seudomorphs a fter a l ath shape d n1ineral presu med to have been 

melilite ; h oweve r, Williams (193 2 ) note s that fre s h melilite h as not been 

foun d in South African kin1berlites and that its fanner pr esence h as only 



b een suspected i n a few occurrences, i. e . Kadi , Schuller and J agers 

f ontein. 

In 193 4 the '' melilite hypothesis" was given fu r ther i mpetus by 

Sb.and w h o considered that t he high CaO and calcite content of kirnber

lites could only have be en d e rived by the br eakdown of an original 
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lime -rich mineral, i. e. melilite. It should b e noted , however , tha t 

during the 1930's p e trologi s t s were acrim.oniously d ebating the evidence 

for and against a m .agmatic origin for c arbonatite s and tha t Shand was 

one of the chief opponents of the n1..agrnatic t heor y . H ence , Shand was 

unable to admit the possibility that carbonates foun d in ki m berlite might 

be of a prim ar y magm.atic ori gin, and thu s in accordance with hi s b e

lief s , all the carbonate m u s t b e of a deuteric n ature . 

Rece ntly, Franke l {1956 ) and Watson (1967 ) h ave de s cr ib e d 

l ath shap e d minerals in kimberlite replace d by c a lcite . Both authors 

suggest the origina l pr esence of melilite but Watson {1967) considers 

most of the calcite t o be prima.ry. The occurrence of fresh melilite 

has been reporte d only from one occurrenc e , in Siberia {Nikishov 19 66 ) . 

No details are availab l e. Willi an1.s , Turne r and Gilbert {19 54 ) h a ve 

reporte d m e lilite in the Elliot Co . kim~ er lite but Koenig (1956 ) con

s i ders that the mineral described is not melilite. Optical and X-ray 

studies of the kimberlites ernpl oyed in the p resent study f a iled to 

reveal the pr es ence of a ny m e li lite. 
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The above evidence shows that melilite, contrary to many 

standard definitions of kimberlite , i s extreme ly llnCOnHnon and thus 

should not be re garded as a typic a l mineral of kimberlites. Evidence 

f or t he presence of decomp:)sed melilite i s likewise scant and unconvlnc-

ing . In some of the more calcareous kilnberlites examined, e . g. 

Swartruggens and Doornkloof, tabular phlogopites show a partial con-

version t o calcite , Similar ps eudomor phs h ave been described f rom the 

M:)nas try kimherlite by Dunham (Sampson 195 3 ). Thus, d e scr i ption of 

the calcite l aths seen in s01ne kimberlites as ps eudomorphs after 

melilite may be erroneous. In addition, th:! t ypical decompos ition 

p roducts of melilite, apart fro m calcite, such as hydrogros sular, 

xonotlite and cebollite (Christie 1961, D ee r et al., 196 6) are not f ound 

in kimberlite s . 

It i s possible that 1ne lilite 1na y have been an important con-

stituent of SOJ;ne kirni::>erli t e s , p arti c u l arly the calcareous varieties , 

b ecause of the general bulk cornposition of the rocks. Melilite wi ll, 

however, be confined to the later stages of c rystallisation of khnber-

lite, as it wi ll only crystalli se within a l ow press ur e (crustal) environ-· 

ment (Yode r 1968). Melilite may a ls o form by r eaction of primary 

m.:i.n e rals with the c a l cium- rich .transporting fluid, e. g. 
CO H 0 

1
. . C a . 

11
. C aAl .

1
. 2 2. 

1 
. . 

o 1v1ne ->monhce 1te --:::>n1eh 1te ----;> ca c1te + serpentine 

Fo rmation of melil ite as such a r eaction product has been postulated 



in a l ntHtes (Bowen 19 22) and turjaites (I<ranck 19 28 ). 

Fron1. the above con1.rnents certa in features which appear to 

b e cha racteristic of kim berlite s can b e ascertc:dned , thus: 

1. Kim.herlites are p :Hphyritic rocks wlth rounded and co rroded 

phenoc rysts. 

2. Olivine was origina lly the m _ost abundant mine ral in khnbe rlite s. 

3. Phlo gopite i s a m a jor phenocrysta l m i n eral and its pleochroi sn1. 

is tha t typical of a l kaline rocks. 

4. Phenocrys t a l ilmen-ite is typically magnesium :rich. 

5 . G arne t i s typically pyrope and chronJ.e pyrope . 

6. Primary calcite i s a ubiquitou s c omponent of the groundrna ss. 

Although kimberlite i s the p r ima ry terrestrial sourc e of di anJ.onds , it s 

presence or absence i s of little u se in a p etrographic definition of 

kimher lite as the majo r ity of kinJ.berlites do n o t conta in diamonds. 

Likewise , the highly distinctive assemblage of ultr ab asic xeno liths 

found in kimberlite, p a rticularly garne t-peridotites and gro s spydite s , 

is not found in all kim.herlites. Howeve r, if either di amonds or ultr a 

basic xenoliths are found in a supposed kimberlite , they can be con

sidered as providing strong circumstantia l evidence in favour of con 

sidering the rock to be a true kimbe rlite. 
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The assenJ.b l age of magnesian ilmenite and pyrope is con

sldered by the writer t o b e one of the 1Y1ost distinct and characteristic 

f eatures of kimberli t e . The association can be ob served i n all the 

major kimberlite provinces of the wor ld and is suffici ently distinctive 

that it i s generally e1nployed as an indicator of p:::>ssible diamondiferous 

r egions by m .ining con1panie s . Several p etro lo gi sts (J ames 19 65, 

Artsybasheva 19 64 ) h ave emphasized the uni que association of the 

a s sern"!.J l age w ith kilnh e rlite. 

A definition of kimberlite prop:::>sed by the pr esent writer 

i s : 

''Kimb erlite is a p ::>rphyriti c a lka li c peridotite containing rounded 

and corroded phenocrysts of oliv ine (serpentini. sed , c a rbonatised or 
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fr esh), phlogopite (fr esh or chloritised), nngne sian ilmenite , pyrope 

and chrome -rich pyrope set in a fin e grained groundmass conJ.posed of 

second gener?-tion olivine and phlogopite to geth er with calcite, do l omite, 

serpentine , nJ.agnetite, chlorite , perovski te and apatite . Diamond and 

garne t-peridotite xenoliths may or may not occur . 11 

Three vari e ties of kimberlite can b e recognised na1ne ly 

kimberlite (equivalent to b asaltic kimberlite ) , n1icaceous kinJ.be rlite 

and c a lc areous khn b er lite according to the anJ.ounts of nlica or carbona t e 

pr e sent. 



25 

Relationship of kimberlites to rnica p er idotites and "c entral cornul ex 
-~------------- ---~----------------------------·~----~---
kimberlite s ". 

M any mica p eridotites and the ultrab as ic rocks associated 

with c arbona tite com plexes h ave b een termed kin1berlite (D awson 1966) . 

A typ e loc ality of each of such rock s i s examined b e lo w and compar e d 

\Vith the above d efinition of kimb erlite . It should b e r ealised also tha t 

t he p e rc e ntage of 1nic a in 1nany kimberlites is n egli gible and that such 

kimb erlites b ear l ittle re l ation to mica p e ridotites which con1monly 

c onta in over 201J/o mica (Koenig 1956) . 

Approx i.ma t.e ly fifty dyke s occur in this area, i nc l u ding the 

.Flaner y dyke which i s Diller ' s (1892) type m i ca p e ridotite . The dykes 

conta in abundant phlo gopite , very little pyroxe ne and no fe l dspar or 

qua rtz . S e rpentine and c a lcite h ave replaced n ea rly all the olivine 

and form. a l arge part of the groundma.s s to ge the r with m agne tite, 

ilmenite , p erovskite and chlorite . All the dykes are holocrystalline 

and p:::>rphyritic (Koenig 1956 ). Featu res which contrast with kim:"Jer-

lites are : 

1 . Phenocrysts are com.:·nonly euhe d ral, alteratio n of phenocrystal 

o l ivine to serpe ntine and magne ti t e i s ubiquitous , 

2. Magnesian ilmenite i s not found . 
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Von Eckerm_ann (1 9 6 7) in defining kirnherlite relies up::m 

Shand's (1934 ) definition which irnplies that n"lelilite was an essential 

con1p8nent of all k imberlite s, a conc lusion at var i ance with observations 

as noted above, and sten1.1-ning l argely from Shand ' s i nability to accept 

a rriagmatic ori gin for the c a lcite found in kimber lite, Pyrope garnet 

was regarded by Shand (1934 ) to be a xenocryst. Von Ecker mann ' s 

(19 67) p aper summarises the r esults of his numerous investigation's of 

the Alnt) " kimberlite dykes '' . From thi s work it is clear that the gene s is 

o£ the dykes i s an intim_ate part of the genesis of the a lkaline rocks in 

general occurring a t Alnt) and that the y are a l ate stage r e l ative ly 

sha llow l eve l phenon"le na. Features which can be ascr ibed to fluidi sa-

tion are not found and fe a tur es \Vhich are cle a rly at variance with them 

being c alled kimberlite are : 

1. The y are not a l ways porphyritic and the phenocrysts when pres ent 

are euhedral. 

2. A second· generation of olivine crystal s is not typical. 

3. The mica i s biotite, not phlogopite , in many c ases . 

4. :tviagne sian ilm_e nite is not pre sent. 

5. Pyrope i s n ot pr e sent. 

6. Large quantities of aegerine-augite and augite are pr esent . 
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3. Pyrope garnet is n ot f ound . Garnet is very rare in these rocks and 

is of a yellow green typ e (? grossul ar ) n ever seen in ldrn"Serlites. 

In one case garnet appears to be a reaction product forrn e d b e t wee n 

olivine and the magma (C l egg 19 55 ). The garne ts are a l ways f ound 

as groundmass mineral s (English and Grogan 1948, Cleg g 1955) . 

4. No garne t p e ridotite xenoliths or dian10nd have been found. 

The geolo gical aspects of the dykes (Ko enig 1956) and their mine ralo g y 

appear to point to a shallo w d epth of origin with quiet intrusive 

con:litions. 

The writer concludes tha t m.ica p e ridotite s such as are found 

in West Kentucky and Southe rn Illinois cannot b e terme d ld.m .berlites. 

Other groups of dyke rocks f ound in the U.S. A. com.m.only called either 

mica p e ridotite or kimberlite appear in sorn.e cases to be true ki.m."S e r-

lite s, that is, magne s iu·m ilmenite an:l pyrope are pr e sent. Examples 

include Faye t.te Co. (Hicko ck and Mayer 1924 ), Dixonville (I-Ioeness and 

Graber 1926) and some dykes n ear Itha ca (M a rtens 1924 ). 

c~~~~~~~~~2le~~in~~~~~!~~~~ln~~~~-~~~ 

Some ge o logists, nota bly Von Eckermann (1967), have calle d 

ultr abasic rocks which occur within carbonatite co1nplexes , kimber

lites. Not all geologists would agree with such a description and Jmnes 

(1965) h as t e rme d the rocks phlo gopite -s e rp entinites. M annard (1962) 

has a lso obj e cted to c a lling the rocks kimber lite . 
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7 . Me lili te and its a lte r a tion pr oduct s are c onnnon. F resh M e lilite 

is not abu nda n t but t he euh e d ral l a th sha pe o f c a lcite p se u domorph s 

a n d t he typic a l decomposition p roducts of 1ne lilite , i . e . c a lcite and 

gar ne t (me l. anite ) i ndicate tha t m e lili t e was ori gi nally pr esent in 

considerab l e quantiti es. 

8 . No ga r ne t p e r idotite xenoliths h ave b ee n found . 

Von E ckermann (19 6 7) h as p os t u l a t ed the pr esence of di amond i n a n 

Alno dyke r ock, but t he o c cur r ence i s a s y et u nve rifi e d . 

From t he ab ove e vi dence the w rite r conc ludes t hat the A l no 

dykes are n o t kim .be rli te s and a r e b e tt e r p e tr ogr aphi cally d e sc ribe d as 

alntHt e s (i .e . a n olivine - m e lilit e -clinopyr oxene -phlo gopite - n e phe line 

ro c k). Sim ilar ultrab a si c r o c ks o c cur a t N g u a lla , T a n zani a (J am.es 

1958 ), R angwa , K enya (Mc C a ll 19 63 ) a n d in seve r a l Russ i an c a rbona -

t ite c ompl exe s (H e inr ich 19 66 , Tomki e ff 1961). M annar d (19 6 2 ) 

c on s ide r s tha t the N gu a l l a occurr e nc e i s not a k i mberlite o n the b a sis 

of the f a ct tha t m ·3l a nite w a s found i n the rock . 

The d amtj e rnite occurr e n ce f orn>i n g the core of the F e n 

alkaline con1.plex , Nor way , h a s b een cons ide r e d to b e a r es idua l p rodu c t 

of a kimb e rlite m agma (Sae the r 1957 ). This rock i s p e tro g raphically 

quite unlik e any known v a riant o f kimb e r lite and moreover conta ins 

little olivine (c .l 2%) . It c ons i s ts of phe nocrysts of olivine , b i otite , 

a1nphib o l e and tita n a u gite set i n a g r oundrnas s of biotite , amphib ol e , 



c alcite , magnetite , pyroxene, :2.~Eb;e li_::~ and fel9-~P-~2:.~ · The rocks 

do not contain pyrope or ma gnesian ilm e nite. Thus da1ntj er nite i s 

quite obviously unre l a ted to kimberlite , even as a differentiate , and is 
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i n f a ct a larnprophyre. U ltrabasic xenoliths occur i n the rock and appear 

t o. be cognate xenoliths, no garnet p e ridotite xenoliths are found . Xeno

li th s and phenocrysts show the effects of fluidisation indicating that 

physical conditions prevailing during the intrusion of the damtjernite 

were similar to tho se of kimberlite . 



CHAP TER TWO 

A REVIEW OF THE TRACE ELEMENT AND STABLE IS O TOPE GEO-

CHEMISTRY OF KIMBERLITE 

The major e l ement geochemistry of kimberlite i s fairly we ll 

known and h as been adequately discu sse d by Dawson (1967b) who co n -

eluded tha t kimberlites, whilst being very ultr abas ic, contain u nusually 

compared to no rrnal p er idotites . Kimber lites have low Fe/M g ratio s 

but hi gh K / Na and Fe
2
o

3
/ Fe0 r atios . Whil st kimberlites are d ominant-

ly p otass ic (K )Na ) it should b e note d t hat sadie kimb e rlites (K<Na) are 

known fro r:n the Singida provinc e (M annard 19 62). The hi gh F e 
2 
o

3
/Fe0 

ratio h as been ascribed to the conditions of intrusion of kin1'Jer lite and 

to the serpentinisation of the primary minerals. The development of the 

Fe
2
o

3
/Fe 0 ratio as a function of the fugacity of C0

2 
and 0

2 
h as be e n 

discusse d by Kennedy and Nordlie (1968 ). 

An important aspe ct of the major element geochemistry is 

the e x tr eme variation exhibited by such elem.ents as CaO, K
2
0, H

2
0 

Thi s is a conseque nce of the complete chemical gradation 
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whic h exis t s b e tween In icaceous kim b e rlite , c a l c a re ous kim"!::>e rli te and 

kimbe rlite . Sim ila r v a ri a tio n s ar e a l so seen in the trace e l en1ent conte nt. 

The degree of unde rs a turation o.f silic a in kin1.be rlites i s e x 

p ressed i n the CIPW n o r m by v e ry hi gh oliv ine , hype r s thene , c a lcite , 

a n d n1.agn e tit e . Son1.e norrns al s o show n e phe lin e, leuc ite , k a lio -

phyllite , k a l s ilit e a nd c a lcium or tho s ilic a t e (Dawson 19 6 2). 

The chemi cal compositio n of som ·e typical kimbe rlites is 

shown in T able 3. 

Tr ac~_Ele~~~~-g~~~~~E0i~~I 

The tr a c e e l e m e nt geo che rn.i. s try of kimb e rlite i s v e ry poorly 

k nown . Mo s t of the d c t e nni nations h ave b een rn a d e by ern.i s s i on s p ectra

gr a phic t e chn iques w h i ch whi lst ade qua t e f o r tr a c e ele m ent s pres e nt in 

r e l a t ive ly hi g h concentrations, e . g . Ni, C r, Nb, ar e subj e ct to m a trix 

effe ct s of unknow n 1nagnitude and to err a ti c beha viour in the a rc (Gurney 

et al. 1966). M a ny of the elen1.ent s d e ternl.ine d occur at concentrations 

close to the limits of sensitivity of the technique and thu s should be re

garde d only a s indications of the true conc entration . In addition, large 

di s cr e p a ncie s e x i s t b e tyve en individual groups of determJ.nations u s ing 

the s a1ne analytical t e chniques, e. g . Litinsky (1961) and D awson (1962), 

and b e t w e e n determ in a tions of the same ele ment using diffe rent a naly

tic a l t e chnique s, e. g. Burkov and Podporina (1966)and H as kin et al. 



Table 3. The m~~E element g_eoc:_hem:i.str_y of some kimberlite s 

1 2 3 4 5 6 . 7 8 9 

Si0
2 

36.32 31. 71 33.25 32.7 23. 25 29.57 3 0. 19 27.66 27.56 

TO 1 2 1. 25 2.31 2. 09 2. 1 5. 10 1. 31 1. 46 1. 67 1. 43 

Al
2
o

3 
4. 66 4.72 1. 75 3.2 3. 15 3.48 2. 50 3. 23 3.52 

Fe
2
o

3 
6. 04 6.68 7.99 3.9 6.98 5 . 04 6.55 1. 49 6. 00 

FeO 3. 74 4.51 2.95 5.8 7.07 2. 63 1. 65 l. 98 l. 52 

MnO 0. 07 0.26 0. 16 0. 2 0. 16 0. 11 0. 10 o. 08 0. 13 

MgO 26. 21 27.45 31.40 31. 5 20.81 26. 26 31. 32 22. 05 25. 83 

CaO 6.63 7. 61 5.22 8. 1 14. 78 11. 9 2 8. 25 16.4 7 13.35 

Na
2

0 1. 02 0.20 0. 10 0.5 0.28 0. 25 0. 28 0.23 0. 31 

K 0 
2 

1. 31 0. 75 0.88 2. 0 1. 16 0.54 0.49 0. 23 0. 26 

-H
2

0 2 . 45 l. 36 0. 63 ) 
1 6. 1 o\ ) - 1. 1 Q 

. 19. 25l + 
7. 14 9. 17 9.66 3.4 4.87 

18. 65 ~ 20. 76~ 
H

2
0 

C0
2 

2. 50 3. 19 2. 82 5. 1 1 o. 37 

p 0 . 
2 5 

0. 72 0. 79 0.53 0. 4 0. 76 0.45 0. 76 0.60 0. 25 

----- ------ ---- ---- ---- ---- ----- ----
1 00. 06 1 00. 71 99.43 98;9 99.84 1 00. 21 99.65 96.45 99.41 
--- --- --- ------- ----- ·---- ·----- ---

1. Average of 39 South African kimberlites (Williams 1932) 
2. Average of 4 Lesotho kimberlites (Dawson 19 6 2) 
3. Sierre Leone kimberlite {Grantham and Allen 1960) 
4. Micaceous kimberlite, Ontario, Canada (Lee and Lawrence 19 68) w 

N 

5. Calcareous kimberlite, Bachelor Lake , Quebec (Watson 1955). Average of 3 analyses. 
6. Average of 210 Siberian kimberlites (Leb e dev 1964 ) 
7. Average of 63 Muna region (Sib er i a) kimberlites (Lebedev 1964) 
8. Average of 13 Alaki t re gion (Sibe r i a) kim'")er lites (Le b e dev 19 64 ) 
9. Average of 6 3 D aal dyn re gion (Sibe ria) k imberlites {Lebedev 19 64) 



(1966). Whethe r these differences repr esent actual differencie s in the 

ge o chem.ical character of Siberian and African kirnberlites or merely 

reflec t errors in the analytical techniques is as yet unkno\vn . A major 

difficulty in the interpretation of the Ru ss ian data is that analytical 

det i:dls are seldom given and informa tion concerning the nature of the 

kimberlite analysed is extremely rare. As a consequence of these dif

ficulties, it is only possible to outline the ge.ochemJstry of kimberlite, 

the major points of which are discussed below. 

Table 4 lists the principal trace elem·';nt determ.inations 

ava il ab le to the writer . Als.o include d are the average concentrations 
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of trace elen1ents i n ultram.afic rocks and carbonatite s , which may be 

co n sidere<.l as the t wo extren'1 .. ';S betwee n which the 1najor element chemis-

tr y varies. (N. B. No genetic connection with either of these rocks i s 

im.plied, they serve only to illustrate trace e l ement abundance l evels.) 

The over all characteristic of the geochemistry, as previous

ly noted by Dawson (1967b) is that two major groups of trac e ele1nents are 

pr e sent: 

l. Trace elem ·ents considered to be typical of ultramafic rock s , e. g . 

Cr, Co, Ni, Re, Os. 

2. Trace elements considered to be typical of alkaline rocks, carbona

tites and potassic lavas, e. g. Nb, Zr, Sr, rare earths. 
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Ultr abasic Geochemi strv 
~-----·----r-----~---.::.__;,_ 

Concentrations of Cr, Ni and Co are lower in kilnber lites 

tha n are found in p eridotites. Thi s c an be ascribed to the pr es ence of 

m .inerals s uch as calcite which dilute the w h o l e rock data by wi de ly 

varying . amounts. Litinsky ' s (19 61) d a ta f o r Ni is extr e rne ly lo w and i s 

at m a rke d variance with a ll the other determinations, and thus must be 

re garded with some suspicion. The principal Cr, Ni, and Co bearing 

phases are olivines, gar n e t s and micas. The olivines contain Co and 

Ni i n concentrations siinil a r to tho se ob se rved in n ormal p e ridotites 

(Nixon et al. 19 63 ). Tur eki an (19 63) h as noted the constant covariance 

of Cr and Ni in a v ar i e ty of i gneous rocks and that this relation i s a lso 

true for kimberlites. This is r emarkable in view of the f act tha t the 

principal location of chromium. in basic i gneous rock s is in chromite 

and magnetite, whilst in kin1.berlite the rrtajor chromiun1. bearing n;ine r a ls 

are olivine , ~erpentine, ilmenite and garnet (Litinsky 19 61, Nixon et al. 

1963). G arne ts in pa r ticular conta in very high concentrations of Cr 

(Meyer 1968, Nix on et al. 1963) . Chromite i s found in kim~erlite but 

it is a very minor m .ine ral and is insignificant when compared to the 

amount s found in alpine peridotites or layered ultr abasic rocks. 
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T ab l e 4 . Trac e e l ement geoc h em i. strv of kin1.'J e rlites 
--~--------------------------L-----------

Eleme nts listed i n Table 4 are arranged in order of increasing 

aton1~.c numher (Z). All concentr a tion s are ~n parts per million (ppm ) 

u nless othe rwis e stated . D a ta for average ultr arnafic rock s (UMR ) are 

t aken from Gales (1967) , Vinog radov (1962 ) and Ehman and Lovering (1967 ). 

D ata for average ca.rb onatites (C ARB ) ar e from Gold (1966) . 

M e thods 

ES Emi ss ion spe ctrogr a phy 

ESV S emiqu a ntit ative ES 

CHEM Chen1.ic a l D e i e rrnination 

COLOR Colorimetric an a ly s is 

FP Flan1e photon1e try 

Sources of Data -----------
l. Burkov and Podpor ina (1965 ) 

2. Dawso n (1962 ) 

3. L ee and L awr ence (1968 ) 

4. Jans e (1964 ) 

5. Cherepanov (19 66 ) 

6. A gyei (19 68) 

7. Steuber and Gales (19 6 7) 

8. Ganga dha ram and 
Aswathanarayana (19 69 ) 

9 . Litinsky (1961) 

10. Bobriyevich et al. (19 59 ) 

11. Young et al. (195 4 ) 

12. Turekian and Carr (1961) 

AA Atomic absorption 

XRF X-ray fluorescence 

Neutron activation 

Isotope dilution 

NAA 

ID 

HGVD H g vapour d e tection 

13. Willi a ms (19 3 2) 

14. T his work 

15. Gurn e y et al. (19 66 ) 

16. M anton and Tatsurnoto (1969) 

1 7. H askin et a l. (1966) 

18. Kudryavtsev (196 4 )) 

19. Fozzar d (1956) 

20. Burkov and Podporina (19 66) 

21. M organ and Lover in g (19 6 7) 

22. Ehmann and Lovering (1967) 

23. Ahrens et al. (19 6 7) 

24. Boris enok (1959) 



z 

Li 

Be 

B 

Sc 

T ab l e 4. Trace Elernent ~Yeoche mistry_ of kimberlites 
-------------------~~ -- - ---~- - -~ --- - -·----- - ---

R a n ge M ean Numbe r Method Sourc e U MR 

<:: 4-5 0 

3.5-3.3 

20-200 

20-30 

11. 4- 17.8 

12.5-27.6 

34 

16 

3. 4 

20 

1 

149 

19 0 

4 

10 

25 

15 

14 

<20 

19 

32 

14 

2 

4 

38 

48 

2 

226 

1 

48 

14 

4 

3 

2 

5 

FP 

ES 

CHEM 

ES 

ES 

ES 

ESV 

N AA 

COLOR 

ES 

ES 

ES 

NAA 

ES 

NAA 

1 

2 

3 

4 

1 

1 

3 

5 

6 

1 

2 

4 

7 

3 

8 

0.5 

0 . 2 

20 

15 

36 

CARB 

15 

5 

0 

1 0 

--------------------·------------------ .. ----~----------------

v 120 21 CHEM 1 40 105 

170 459 ES 9 

65-180 120 14 ES 2 

160 4 ES 4 

130 2 ES 3 
-------~-------------·-----------·---~-----------
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---------------------------------------~-----~----------· 

z Range Mean Number Method Source UMR CARB 
-------------------------------------------------

Cr 950-2000 1439 14 ES 2 2400 102 

100-10000 1500 459 ES 9 

1500-1600 1550 2 ES 3 

1000 4 ES 4 

1250 10 

690-1720 1200 3 NAA 7 

875 1 NAA. 12 
--------------- --- __________ ___. ____ 
Co 65-110 77 14 ES 2 110 19 

40 459 ES 9 

30-80 59 10 COLOR 11 

50 4 ES 4 

78 2 ES 3 

72-91 80 3 NAA 7 

71 1 NAA 12 
---------------------------~--------------------

Ni 500-1700 1140 14 ES 2 1500 32 

50-2000 450 459 ES 9 

900-1500 1130 10 11 

1048 3 CHEM 13 

1200 4 ES 4 

1100 2 ES 3 

1360 10 
-----------------------------------------------
Cu 10-300 100 14 ESV 2 30 88 

60 459 ES 9 

56 2 ES 3 

15-110 46 15 AA 14 
----------- -----------



z 

Zn 

Ga 

Range 

1 0-1 00 

30-115 

3-30 

1-10 

Mean Number Method Source 

81 

9 

1 

2 

15 

14 

2 

10 

ES 

AA 

ES 

ES 

ES 

3 

14 

2 

3 

24 

38 

UMR CARB 

30 160 

5 2.4 

------~-------------------------------------------

Ge 0.5 48 CHEM 1 1 3.3 

0. 1-1 2 ES 3 
----~---------------~---------~---------

Rb 1 0-1 00 14 ESV 2 ,...,1 52 

11 19 FP 1 

250 4 ES 4 

73-135 116 6 ES 15 

113 1 ID 16 

103-432 235 5 NAA 8 

4-265 104 25 ID 14 
-----------------

Sr 1140 39 FP 1 20 1000-
3000 

120-1100 426 13 ES 2 

600 4 ES 4 

200 459 ES 9 

710-760 735 2 ES 3 

405 1 ES 12 

2040 1 ID 16 

274-1883 935 25 ID '14 
--------------------------------------------
y 30-75 46 14 ES 2 5 114 

40 4 ES 4 

4.9-12.9 3 NAA 17 
-------- ------------~-----· ---------
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z Range .Mean Number Method Source UMR CARB 
-------------~---- ----~-------· -----
Zr 300-700 445 14 ES 2 30 461 

200 459 ES 9 

97 53 CI-IEM 1 

250 2 ES 3 

19 0 4 ES 4 

Nb n.d. -500 70 459 ES 9 1 t£!?-+Ta -.,--..._./ 

560 
130-400 240 14 ES 2 

160 57 CI-IEM 1 

200 4 ES 4 

210-220 215 2 ES 3 

55-160 18 

15-590 180 17 CHEM 19 
--------~~-- -----------~-----------------------------------

Mo 3-12 14 

n.d. -0.5 2 

1-2 15 

-----------------
Ag o. 1-1 2 

Sn 1-1 0 2 

-----------

Cs 4. 2-8.0 6 5 

1. 0-34. 8 13 5 
-------------· 
Ba 130-2600 740 14 

1900-2000 1950 2 

100 4 

ES 

ES 

AA 

ES 

ES 

ES 

NAA 

ES 

ES 

ES 

2 

3 

14 

3 

3 

15 

8 

2 

3 

4 

0.2 64 

0. 05 3.9 

0. 5 2. 5 

0. 1 0 

--------
1 4500 

-~------------------------------------------------

La 100-650 

15-129 

357 

150 

46 

14 

2 

24 

ES 

ESV 

XRF 

2 

3 

20 
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------~--------~-------·-----·--------------------

z Range Mean Number Method Source 

Ce 

Pr 

46-273 

72, 51 0 

3.4-26.7 

6.6-36 

112 

291 

12 

17 

24 

2 

24 

3 

XRF 

NAA 

XRF 

NAA 
-·------~--------·-----------·---

Nd 10.5-88.5 42 24 

24-134 60 3 
~--------~-----------------

Srn 

Eu 

Gel 

Tb 

1.9-13.8 

5-6-11.6 

0.09-1.66 

0.28-2.0 

1. 04-8. 88 

5.5-8.9 

0.13-1.1 

6 

8 

0.6 

1.2 

3.6 

6.5 

0.5 

0.58 

24 

3 

23 

3 

24 

3 

11 

1 
-----------------------
Dy 0. 61-2.74 1.5 
-----------------
Ho 

Er 

Tm. 

0.24-0.78 

0.63-0,67 

0.17-1.47 

0.87-1.38 

0.4 

0. 65 

0. 65 

1. 12 

0.22 
-----------·---------
Yb 

Lu 

Ta 

0.39-3.37 

0.96-1.20 

0.16-0.19 

1. 07 

1.11 

0. 17 

8.6 

23 

5 

2 

10 

2 

2 

16 

3 

2 

16 

XRF 

NAA 

XRF 

NAA 

XRF 

NAA 

XRF 

NAA 

XRF 

NAA 

XRF 

XRF 

NAA 

XRF 

NAA 

NAA 

XRF 

NAA 

NAA 

CHEM 

20 

17 

20 

17 

20 

17 

20 

17 

20 

17 

20 

17 

20 

17 

20 

20 

17 

20 

17 

17 

20 

17 

17 

1 

UMR CARB 

-------------

-------



z 

Re 

Os 

Hg 

Pb 

Th 

u 

Range 

10-70 
ppb 

<3-20 

5-50 

60-120 

8.1-39.8 

12.3-26.3 

0.9-5. 0 

0.48-0.77 

Mean Number Method Source 

0. 069 
ppb 

l. 34 
ppb 

200 
ppb 

45 
ppb 

30 

77 

37 

19. 7 

30 

0. 61 

2.5 

1 

1 

1 

14 

14 

4 

2 

14 

1 

5 

1 

5 

1 

NAA 

NAA 

NAA 

HSVD 

ESV 

ES 

ES 

AA 

NAA 

? 

NAA 

? 

21 

21 

22 

14 

2 

4 

3 

14 

16 

23 

8 

16 

23 

8 

16 
---------------·--~--

41 

UMR CARB 

4 ppb 

0. 05 27 

0. 06 649 

0. 02 57 
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Morgan and Lovering (19 6 7) have shown that kimberlite, in 

com.mon with peridotite and dunite, pos sc sse s low Re and high Os concen-

h·ations relative to other igneous rocks. 

The concentrations of Cr, Ni, Co, Re, Os in khnberlite 

whilst being akin to those of alpine peridotites and accumulate perido-

tite s, are very different to the concentrations of these elernents found 

in peridotites associated with carbonatite com?lexe s, which are depleted 

in these elerr1ents (Ducellier 1963, Gerasimovskii and Belyayev 1963) and 

which have evidently been formed by very different processes. 

Alkaline Geochemistry ----------·--
Table 4 shows that kinl.~)erlitcs are enriched in Rb, Li, Cs, 

Zr, Nb, Ba, Sr, Y, rare earths, Th and U relative to normal perido-

tite s. Som.-e of these elernents reflect the variations seen in the major 

element geochernistry, e. g. Rb and Ba with K (mka) and Sr with Ca 

(calcite). The trace elem.ent assemblage is sirnilar to that seen in 

carbonatite s, potassic lavas and a wide variety of alkaline rocks. The 

similarity of the trace element assemblage between kimberlite and 

carbonatite has been used as an argun1ent for genetically relating the 

two rocks, however such arguments are spurious when based upon 

similarities alone, as any of the other 11 sin1ilar rocks" could equally 
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well be used. Two points nl.ust also be borne in mind when considering 

the simUar geochemj stry of the rocks. 

Firstly, the trace element asser.nblage is of the miascitic 

type, i.e. high Nb content, lack of zirconium .silicates, rare earth, Be 

and Li minerals. The development of either a miascitic or agpaiitic 

assemblage appears to depend upon the dominant volatile species present; 

miascitic assemblages being found in co
2
-rich environments and ag-

paiitic in Cl, F and H 0-rich environments (Heinrich 1966). 
I 2 

Trans-

port of certain elenl.ents as carbonate complexes, e. g. Nb (Aleksandrov 

1967), rare earths (Kosterin 1959}, U (Naumov 1962, Hostetler and 

Garrels (1962) probably plays a dominant role in the developm_ent of the 

miascitic asseTnblage. ·Hence, the developrnent of any given trace 

element assemblage would appear, apart from availability of elements, 

to be very dependent upon the volatile species present. Thus any two 

magmas not necessarily genetically related might develop similar trace 

element assemblages if they contain the same dominant volatile. The 

abundance of C0
2 

in carbonatites and kimberlites is thus probably the 

cause of the developm·ent of the similar trace element assemblages. 

Secondly, it should be noted that some of the characteristic 

trace elements in kimberlite, e. g. Sr, Nb, Zr are present in concentra-

tions similar to those found in kimberlites, in certain alkali basalt 

occurrences quite unconnected with carbonatites, C0
2 
-rich systems 
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or continental n1.ag1natisn1, e. g. Tristan da Cunha, Marquesas, Hawaii 

(Baker et al. 1964, Chao and Fleischer 1960, Nockolds and Allen, 1954). 

These two points thus illustrate .the difficulties inherent in 

considering "similar" trace element assernblages, as the assemblages 

may be the result of two or more processes acting independently or 

acting together to varying degrees. 

Ba and Sr 

B a and Sr abundances are not as high as those found in 

carbonatite s (Gold 19 66) or potassic volcan~c s (Higazy 19 54, Carmichael 

1967). Ba is primarily located in phlogopite, as micaceous kim':>erlites 

are enriched in Ba relative to khn.berlites (Dawson 1962). Sr is primarily 

concentrated in the carbonates and in perovskite. In all kimberlites so 

far examined it has been found that Ba/Sr ratios are greater than 1. 

This is in contrast to carbonatites (Gold 1966) and basalts (Nockolds 

and Allen 1954, 1956) where Ba/Sr ratios are less than 1. Verwoerd 

(1966) however considers that although Sr is more abundant than Ba in 

carbonatite s, there is no regularity in the Sr /B a ratio for any single 

occurrence or type of carbonatite in general. In granitic rocks, as a 

consequence of the presence of potassium feldspar, Ba/Sr ratios are 

greater than 1. This is of importance if kimberlite s are derived by mixing 

carbonatite and granitic material as proposed by Dawson (19 66 ). 
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Nb /Ta ratios 

Although data are scant, Nb /Ta whole rock ratios appear to be 

low, approximately 20 (Burkov and Podp<:>rina 1965), and quite unlike those 

of carbonatite s (1 0-1 0000, Heinrich 19 66). The major Nb -bearing minerals 

in kimberlite are ilmenite (Deans 19 64, Mannard 19 62) and perovskite 

(Grantham and Allen 1960). Unfortunately no mineral Nb/Ta data are 

available although differences in t /Ta ratio can be expected as ilmenite 

is a phenocrystal mineral and perovskite is a groundn1.ass mineral. 

Th/U ratios 

Th/U ratios are in general greater than one. The ratios are 

higher than usually found in igneous rocks, e. g. 8·-9 (Ahrens et al. 

1967), 25-34 (Gangadharam and Aswathanarayana 1969), 12 (Manton and 

Tatsumoto 1969). The average Th/U ratio in basic igneous rocks is 

3, 0 and in acidic rocks 4. 3 (Clark et al. 1.966). High Th/U ratios are 

found only in allanite (7-200) and monazite (50-60) (Clark et al. 1966). 

The high Th/U ratios of kiml::lerlite place considerable restrictions up::m 

mixing processes involving carbonatite and granite as proposed by 

Dawson (1966) and upon the degree of assimilation of granitic material 

by a kimberlitic magn1.a. Addition of crustal material to either carbona-

tite (Th/U ratio c. 11) or kimberlite would merely 1ower the Th/U of 

the hybrid rock. If it is considered that assimilation of crustal n1.aterial 



46 

has played a significant role in the development of kin-1herlite, then the 

original 11 kimherlitic magma 11 must have posses sed an even higher Th/U 

than seen in kimberlites, 

Further studies must be carried out to determine the exact 

locations of Th and U in the n-linerals of kimberlite and as to whether or 

not small amounts of rare earth minerals are present or not. The Th/U 

ratio of zircon which is a common accessory m:i.neral in kimberlite can-

not account for the Th/U ratio of the whole rock as it possesses a low 

(0. 23-0, 70) Th/U ratio (Ahrens et al. 1967) and is similar to the Th/U 

ratio of zircons found in granitic rocks and pegmatite s. 

K/Rb ratios 

Six K/Rb ratios determined by Gurney et al. (1966) showed 

little variation and all lay within the 11 main trend 11 of K/Rb ratios as 

defined by Shaw (1968). The average of the determinations was 246. 

In contrast, five K/Rb ratios determined by Gangadharam and Aswatha-

narayana (1969) varied from 140-602 but averaged 256. The K/Rb 

ratios to judge from the limited data available are not those typical 

of late differentiates, i.e. K/Rb<lOO (Shaw 1968) as proposed by Dawson 

(1966) on the basis of visual estimates of Rb concentrations. 
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K/Cs ratios 

Six K/Cs ratios determined by Gurney et al. (1966) are 

similar to the crustal average ranging from 4, 400-7, 1 00 (average 

5, 400). Gurney et al. (1966) state that their Cs determinations are 

semi-quantitative only, clue to the erratic behaviour of kimberlite in 

the arc. This could explain the lack of agreement with Gangadhararn 

and Aswathanarayana' s (19 69) neutron activation data which shows the 

K/C s ratio of five kimberlites to range from 81. 0-6198 and to average 

1630, This average is extrcrn~ely low and is similar to that found in 

eclogite nodules in kimberlite (Gurney et al. 1966). 

Ga/Al ratios --------
Dawson (1962) has stated that the Ga/Al ratio~ of kimber-

lite are typically those of late differentiates. Values of the Ga/Al ratio 

-4 -4 
ratio given by Dawson (1962) range from l. 85xl 0 to 4. 16xl 0 and 

-4 
average 3. 6xl0 . The gallium concentrations are low (7 pp1n) and very 

near the sensitivity limH of the technique (3 ppm), and thus can be 

regarded as approximations only of the true gallium content. Similar 

considerations must also be taken into account when drawing conclusions 

from Borisenok' s (1959) data, which indicates a Ga I Al ratio of l. OxlO -
4 

for Yakutian kimberlites, a value which is ·very similar to that seen in 

other ultrabasic rocks (c.l.lxl0-
4

, Borisenok 1959). In conclusion, it 
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can be said that Ga/Al ratios of ldmbcrlites are too in1precisely known to 

state categorically that they are typical of late differentiates. 

Rare Earth Ele1nents 

Figs. 7~1 0 illustrate the rare earth element (REE) distri-

bution patterns found in sonJ.e African and Russian kimberlite s and 

indicate that kimberlites are enriched in total REE relative to crustal 

rocks and that they are preferentially enriched in the light REE, The 

major REE-bearing phase in kimberlite is undoubtedly calcite (and 

dol01nite), substantial arnounts of REE also probably occur in perovskite 

and apatite. The REE distribution patterns are shnilar to those ob-

served in many types of rocks but are complen1entary to those found 

in high te1nperature peridotites which are the only peridotites studied 

in any detail (Haskin et aL 1966). Studies of the distribution patterns 

of REE in the phenocrystal minerals of kimberlite such as olivine and 

garnet would be of interest in this connection. 

Some of patterns seen in Figs. 7-1 0 show prominent negative 

europiurn (Eu) anomalies. Such anomalies in basaltic rocks are general-

ly due to the removal at some stage in the rocks evolution of plagioclse 

or potassium feldspar, minerals which preferentially concentrate Eu. 

Such a mechanism cannot be invoked to explain the kimberlite Eu 

anomalies as feldspar plays no role in kimberlite petrology and is not 

a stable phase at the depths of generation of kimberlite magmas. The 



Figs. 7-10. Distribution patterns of rare earth elements in 

kimberlite s relative to chondrites and shales. 

All concentrations are normalifled to Yb= 1. Plots are 

derived by dividing concentrations of individual elements in the 

kimberlite by the concentration of corresponding elements in 

chondritic meteorites {Haskin et al. 1966). The resulting ratios 

are ·plotted on a logarithn~ic scale against ionic radius. Kimberlite 

rare earth distributions are shown as dashed lines which indicate 

the degree of fractionation relative to the 1neteoritic standard (solid 

horizontal line). The curved solid line illustrates rare earth distri

butions in a composite shale (Haskin et al. 1966) which is an estimate 

of rare earth distributions in the crust relative to chondrites. 

Fig. 7. 

Fig. 8. 

Fig. 9. 

Fig. 1 0. 

R;in·e earth distributions in some African kimberlites. 

Data from Haskin et al. (1966). 

Rare earth distributions in the East and West Udachnaya 

pipe, a composite intrusion in Siberia. 

Burkov and Podporina (1966). 

Rare earth distributions in the Zarnitsa pipe. 

Burkov and Podporina (1966). 

Rare earth distributions in the· Mir pipe. 

Burkov and Podparina (1966). 
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Eu anomaly must be caused by the subtraction of some other Eu-rich 

mineral or be due to variations in the oxidation state of Eu. The latter 

possibility would seenl. the more likely as c~mditions at the site of 

kimberlite genesis as deduced by Kennedy and Nordlie (1968) are 

highly reducing and thus favourable for Eu+
2 

formation,and because no 

other common rock forming mineral or mineral in kilnberlite is yet 

known to concentrate Eu in a manner analogous to the feldspars, 

54 

It should be borne in mind also that the data of Burkov and 

Podprina (1966) was obtained by X-ray spectrographic techniques work

ing at the limits of sensitivity for the heavy REE, and even though the 

presence of Eu anomalies is supported by neutron activation data 

(Haskin et al. 1.966) that much further work is required to definitely 

establish the presence of the Eu anornalie s. 

The B content of kimberlite has been determined by Cherepanov 

(1967) who concluded that these rocks are anomalously enriched in B 

(190 ppm) compared to other ultrabasic rocks (20 ppm). The high B 

content is attributed to degas sing of the earth's mantle at the site of 

kimberlite fonnation. Similar high B concentrations have been record-

ed by Burkov and Podporina (1965) but Agyei (1968) found a very low B 
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content (4 pp1n) in the Swartruggens kim.berlite, a value which is not 

significantly different fr01n the B content of basalt (2 ppm) as deter-

mined by Agyei (1968). 

Cu, Zn, Pb and Mo abundances 

Table 5 presents new data for Cu, Zn, Pb and Mo in kimber-

lite. The data for Cu are in agreement with the earlier data of Litinsky 

(1959) and Lee and Lawrence (1968) and indicate that kimberlites are 

slightly enriched in Cu relative to other ultramafic rocks but contain 

less than the average carbonatite. Gerasinwvskii and Belyayev (1963) 

have pointed out that high copper contents are characteristic of 

alkaline ultramafic rocks as so dated with carbonatite complexes. 

Only Lee and Lawrence (1968) have given semi--quantitative 

data for Zn in kimberlite, The average of the Zn determinations given 

in Table 5 is 81 ppm and falls within Lee and Lawrence's (1968) 

estimated range of Zn concentrations (10--100 ppm.). The Zn content 

of kimberlite is greater than the average Zn content of ultramafic rocks. 

Previous data for Pb are very varied and not in agreement 

with the average of 77 ppm found in the present work. All the data, 

however, indicate greater Pb concentrations in kimberlite than in the 

average ultramafic rock or carbonatite s. 



No. 

1 

3 

6 

7 

8 

9 

10 

11 

20 

21 

22 

23 

24 

25 

26 

Sam.ple 

Swartruggens 

Swartruggens 

Svvartruggens 

Swartruggens 

Swartruggens 

Swartruggens 

Wesselton 

Wesselton 

Premier 

Premier 

Pre1nier 

Monas try 

Dutoitspan 

Bultfontein 

Doornkloof 

Cu Zn Pb Mo Hg 

50 115 100 rvl 40 

50 95 120 rvl 40 

40 100 80 tv1 40 

30 9 0 9 Q N 1 60 

30 90 70 rv1 60 

35 9 0 8 0 rJ 2 6 0 

45 75 70 tv1 30 

50 75 70 JVl 10 

60 55 70 N 1 50 

40 65 70 n. d. 50 

15 30 70 n. d. 40 

110 105 70 n.d. 30 

60 

40 

40 

85 

80 

70 

70 n.d. 1670 

60 n. d. 

7 0 "'"'1 

70 

60 

Cu, Zn, Pb and Mo (ppm) determined by atom:i.c absorption, Hg (ppb) 
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by mercury vap::mr detection. (Analysts - Rocky 1;fountain Geochemical 

Co.) 
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The Mo data provide only indications of the true J'v:lo concen

tr ation as they lie at the lirnits o f detection of the technique {1 ppm). 

They do however serve to illustrate that kimberlites are not rich in 

Mo, an element which concentrates in the l ast stages of differentiation. 

Mo contents of carbonatites are much hi gher t han those of kimberlite . 

M~·cu~ {Hg ) 

Ehman and Lovering (1967 ) have found tha t the Hg content 

9£ a South African kim'Jerlite (2 00 ppb ) is about ten times tha t of basaltic 

roclcs and i s also hi gher than granitic rocks (40 ppb ). Ultramafic 

i nclusions within the kimberlite were f ound to contain even hi gh er Hg 

c ontents (7 8 0-123 0 ppb). Hg determinations in the pre sent work 

(Table 5 ) confirrned the r elative ly high concentrations of Hg, however , 

with the exception of the Dutoitspan sample , concentrations of Hg were 

much lowe r than thos e found by Ehm_an and Lovering (1957 ) ranging frorn 

10-70 ppb and averaging 45 ppb. The abnormally high Dutoitspan value 

c ould be due to c ontami nation with l aborator y Hg which i s always a 

si gnificant problem_ i n Hg analys i s , but the sample was processed at the 

s arne time as the other san1ples and in exactly t he same n1anner . 
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Very little is known of the geochemistry of Hg in rocks and 

no extensive d.etcrn1inations of Hg in ultramafic rocks have been report-

ed. Data for two carbonatite s from the Fen c01nplex obtained by the 

same rnethod as used for the kimberlites indicated negligible Hg. Russian 

data for the alkaline rocks of the Lovozero rrnssif indicate Hg contents 

of 18 0-400 ppb (Aidi yan 19 6 7) and in lamprophyres 3 000-7000 ppb. 

(Dvo.rnikov 19 65). The accuracy of the Russian data is unknown but 

Aidiyan (1965) reports Hg concentrations in basaltic rocks which are 

about twice as great as those detennined by Ehrr1an and Lovering (1967). 

Allowing for this, it would appear that alkaline rocks are enriched in Hg 

relative to basalis, carbonatites and kimberlites. 

Stable Isotope Geochemistrv __________________ :_j__ 

Carbon 

Stable isotope studies of kimberlite have largely been confined 

to the study of carbon. Kimberlites contain a number of carbon-bearing 

minerals, e. g. calcite, dolomite, graphite, diamond, moissanite and 

bituminous material. A summary of the results of several investiga-

tions is shown in Table 6. The data prompt the following conclusions: 

The relatively heavy isotopic con-lposition of carbon in dia-

mond and the carbonated phases shows that these phases are not genetical-

ly related either to the carbonates of the enclosing rocks (lim·estones) or 
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to the bitumens occurring in the kimberlite. The bitumens are general

ly regarded as being derived from the seclirnentary country rock during 

the intrusion of the kimberlite. 

The isotopic analyses of diamonds from different parts 

of _the world show that they all have essentially the same isotopic compo

sition. This, according to Vinogradov et al. (1965, 1967), indicates 

identical conditions of forrnation frorn an identical source of carbon. 

The isotopic composition of carbon in the carbonate phases 

is very similar to that of carbonatites and their associated alkaline 

rocks (Deines 1967, Taylor et al. 1967, Vinogradov et al. 1967). 

If diamonds form from the sarne source of carbon as do the 

carbonates, then it can be expected that if isotopic equilibrium prevails, 

diamonds and carbonates will have similar isotopic compoditions. 

This would seem to be the case to judge from. the data in Table 6, but 

data for co-existing diamond and calcite are required before any definite 

conclusions can be drawn. It is suggested in Chapter 4 that diamonds 

form by reduction processes involving carbon dioxide, this gas is also 

as sun"led to be the source of carbon in the carbonates and hence should 

possess a similar isotopic composition to diamond and carbonate. 

Unfortunately no analyses are available of the isotopic composition of 

carbon in fluid inclusions in diamond but studies by Taylor et al. (1967) 

of the composition of carbon dioxide from springs in the Laacher See 
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area indicate that the carbon dioxide was in approxilnate isotopic 

equilibriun1 with carbonatite at high temperatures, 

There is also the possibility that isotopic fractionation 

occurs during the fonnation of diamond. Laboratory studies are in-

conclusive as Vinogradov et aL {1965) consider that isotopic fractiona-

tion does not occur during the formation of synthetic diamond from 

graphite, whilst Boening (1961) finds a degree of fractionation within 

his experimental error and Cannon {1962) .finds definite evidence of 

\ 

fractionation. As the formation of diamond may not be sir-n.ple phase 

transforn1.ation and involve various gaseous components, it may be that 

some isotopic fractionation occurs. In accordance with the general 

principles of stable isotope fractionation it can be expected that 

the amount of fractionation occurring at high temperatures is slight. 

If any fractionation between diamond and co-existing phases is to be 

detected it should be searched for in diamonds which might have 

formed by metastable processes at low temperatures. Bottinga (1969) 

has investigated the fractionation of carbon isotopes between graphite, 

diamond and carbon dioxide at various temperatures, It was found 

that the maximum fractionation between carbon dioxide and either of 

the solid phases occurred at very low temperatures (100-240°C), 



Table 6. Isotopic comnosition of carbon in dian1onds, kimber1ites, -----·----·---.::..! ________________________ .. 

Sc13%o 
-----

Diamonds - 5. 6 to - 8.8 

Diamonds - 1. 9 to - 9. 7 

Carbonates in kin"lberlite - 5. 6 to - 7.9 

Calcite vein in kimberlite - 5.3 

Mois sanite in kimberlite -25.3 

Carbonado -28. 0 

Graphite, ultr a1nafic inclusion - 7. 8 

Graphite, pyrope peridotite - 5.9 

Limestones and bitumens, Yakutia - 3. 0 to -25. 3 

Marine limestones - 4. 0 to+ 4. 0 

Dixonville dyke 

Carbonatites 

+ 12. 0 to + 24. 8 

- 3. 0 to - 7. 0 

Alkaline rocks - 1. 0 to - 7. 0 

Basalts - 9. 0 to -27.0 

Types I and II carbonaceous chondrites - 3. 7 to 11.4 

\ C 13 = ~[ 1 ~~j 12c] san1ple _ 1) 
0 [13 12 ]. 

C I C standard 

Source 
----

1 

2 

1 

3 

1 

1 

1 

1 

1 

3,7 

5 

1' 5' 6 

5 

1' 3 

1' 4 

All data are relative to the Chicago Pee Dee bele1nnite standard. 

1. Vinogradov et al. (1965, 1967) 
2. Wickmann (1956) 
3. B aertschi (19 57) 
4. Boato (1954) 
5. Deines (1967, 1968) 
6. Taylor et al. (1967) 
7. C r ai g (19 5 3 ) 
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The graphite found in the ultramafic nodules is probably in 

isotopic equilibrium with the diamond and carbonates in the host kim-

berlite. 

Vinogradov et al. (1965, 1967) have noted the similarity in 

isotopic con"lposition of diamond and Types I and II carbonaceous chon-

drite s ,and have assumed that the diamond carbon was de rived from 

carbon-rich mantle rocks fonned from the rneteoritic material. The 

assumption that the 1nantle is composed of material equivalent in compo-

sition to carbonaceous chondritcs,is open to question. Moreover, the 

isotopic co1nposition of carbon in the carbonaceous chondrites is not 

(' 1 3 
unifonn, e. g. graphite oC in Orgeuil is -11%0 and carbonate is 

+60% 0 (Clayton 1963, Deines 1968). 

The light nature of the carbon in mois sanite (SiC) and 

carbonado shows that they were not derived from the same sources 

of carbon as diamond. They rnay represent carbon derived from the 

country rocks. which was introduced into the kilnberlite during intrusion 

and which was pyrometamorphosed into its present condition, 

Deines (1967, 1968) has determined the isotopic composition 

of carbon in carbonates frorn the Dixonville kimberlite dyke, Pennsyl-

vania. Calcite inclusions in the dyke contain the heaviest terrestrial 

(' 13 
carbon known and range in aC from +12 to +24. 8o/o0 • The carbon 
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is heaviest at the centre of the dyke and the variation is considered to be 

due to isotopic exchange with light carbon introduced into the dyke from 

the country rock during intrusion. Deines (1968) considers that the heavy 

carbon is derived frorn the n'lantle. The ca'rbon is interm·ediate in 

isotopic composition between the extrerne meteorite values and the 

values which are generally taken to be representative of primary mantle 

carbon, i.e. ca.rbonatite and diamond carbon. The discovery of thi.s 

heavy carbon prom?ts the question as to whether or not n'lost of the 

~arbon seen in carbonatites and kiJnberlites has been altered by exchange 

reactions with crustal rock carbon. 

Deines (1967, 1968) found that the isotopic comp~sition of 

oxygen in the Dixonville dyke ranged from S 0 18 + 17 to + 23o/o 0 (relative 

to SMOW) and that a strong correlation with the carbon isotopic compo-

sition existed. As with the carbon, oxygen was found to be heaviest 

at the centre of the dyke. 

Sheppard and Epstein (1968) found that phlogopite xenocrysts 

in kimberlite exhibited ~ o 18 
values ranging from+ 6. 0 to + 7. 4o/o 0 and 

that calcites coexisting with phlogopite from Bachelor Lake ranged in 

(' 18 o 0 from +8. 5 to+ 10. 4o/o 0 • 



Extensive equilibration of kimberlite with rneteoritic water 

would not seem to have played a role in the deuteric alteration as 

18 
this \Vould be expected to have produced lower concentrations of 0 

than are observed" 

D /H ratios for phlogopite s reported by Sheppard and 

Epstein (1968) range from ~D -50 to -73% 0 (relative to SMOW) and are 

qimilar to the ~D values reported for most other ultrabasic rocks. 

The Bachelor Lake phlogopite has a SD of -92o/o 0 • Sheppard and 

Epstein (19(l8) consider that this kimberlite has been affected by al-

teration processes but that there is no evidence for general large 

scale exchange with 1neteoritic waters" 

Boron 

Table 7 shows the isotopic composition of boron in k:imber-

lites and basalts. 
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The phlogopite data of Sheppard and Epstein (1968) lies 

C' 18 
within the range of <) 0 values reported for mast other ultrabasic 

rocks, whilst the Bachelor Lake calcite is slightly enriched in 0
18 

relative to these rocks and to most other comnJ.on igneous rocks 

18 
(bO ;+5. 5 to +7. Oo/o 0 , Taylor 1968). Deines' (1967, 1968) data are 

(' 18 
significantly different £rorn all other 6 0 values for terrestrial rocks 

d . h d. o 18 
an are very enr1c e 1n Taylor (1968) has discussed the question 

18 
of 0 enrichment in magrnas and has concluded that enrichment can be 

b:Jrought about by equilibrium magmatic differentiation, by as sirn.i.lation 

18 
of rnaterial rich in heavy 0 , e. g. sedinJ.ents, by exchange with deu-

teric aqueous fluids or by exchange with adjacent m·~tamorphic waters. 

Of these processes only two are likely to play any role in the develop

ment of kim'\.Jerlite $' o 18 
values. 

As sim7..1ation of sialic crust is a pas sible mechanism for 

increasing So18 
values but the amounts required are such that the 

khn'::>erlite would have been destroyed. Deuteric alteration of 

minerals in kimberlite is typically observed and this process could have 

been instrumental in bringing about the observed~ o 18 
values. o 18 

enrichment could also have occurred at the second boiling p:Jint of 

kimberlite magma when carbon dioxide and water were rapidly 

renJ.oved frorn the magma. 
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Table 7 -----

11 I 1 o 11 
B B SB __ _J~g_ -----

Yakutian kimberlite 4, 115 +28. 7 C her epanov(19 67) 

Picritic basalt 4. 060 +15. 0 II 

3. 972 - 7. 0 II Porphyritic basalt 

Swartruggens kimberlite 4. 041 + 10, 3 Agyei (1968) 

Ha'vvaiian basalt 4. 031 + 7.8 II 

SB11 
B 11 /B 10 

= -----~ - 1 
4 

3 
x 10 per mH (%

0
). 

Chere panov (19 67) considers t bat kirnberlite s are enriched 

in heavy boron relative to basalts and that the enrichment is due to 

distillation of gases during the process of mantle degassing. 

Cherepanov (1967) also assumes that a SB 11 
gradient exists in the 

crust and mantle, and that the boron in kimberlite and basalt was 

derived from the sa1ne source. Concentration of B 
11 

in kirnherlite 

relative to basalt is untenable in terms of the Rayleigh fractionation 

model,which predicts that the lighter isotopes will be enriched in 

gaseous phases during fractional distillation. Som·e other process 

for the enrichment of heavy boron in kimberlite should be searched 

for; it may be that if Cherepanov 1 s (1967) data is valid, the boron in 

kimberlite is a residual phase left behind after degassing has occurred. 
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\ 11 . . 
The o B values of Agye1 (1968) are 1n sharp contrast to 

Cherepanov's (196'1) data. Agyei (1.968) considers that boron does not 

she>w any significant variation in its isotopic compe>sition in terrestrial 

rocks and rneteorites, only sea water has been shown to pC>ssess 

0 11 
anomalous o B values ( +52 to + 6 07/o 0 ). 

Once again a discrepancy between Russian and Western 

data is evident. The anornaly n1.ay be due to the different processes 

used to prepare the samples, the Russian work utilising methyl borate 

distillation (Shergina and Kaminskaya 1963) and Agyei (1968) using 

cyclic pyrohyclrolysis. Both groups claim 'that isotopic fractionation 

does not occur during the boron extractions. 

Conclusion 

It is concluded from t.he above survey that the geochemistry 

of kimberlite is inadequately characterised. Much further data is 

required to define such parameters as K/Rb, Ga/A1, Th/U ratios, rare 

earth distribution patterns and the presence or absence of anomalous 

boron and mercury concentrations. More determinations by techniques 

which are relatively insensitive to matrix effects, such as neutron activa-

tion and isotope dilution,are required, 



The discrepancies which exist between Russian and 

Western work can only be resolved by the use of an interlaboratory 

kimberlite standard. 

In the field of isotope geochemistry lYlil.Ch further work 

is required on the isotopic campo sition of carbon and oxygen in co·

existing mineral phases. Isotopic studies of boron, nitrogen, water 

and carbon dioxide included in diaxnond would be of great value in 

characterising the isotopic composition of the fluid from which dia

mond grew. 
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CHAPTER THREE 

POSSIBLE RELATIVES OF KINIBERLITE IN TIME AND SPACE 

Kim.berlite Lavas 

The m.::~.jority of kirnberlites occur as pipes and dykes, 

the surface manifestation of su.ch intrusives being pyroclastic 

deposits of the type described by Edwards and H.owkins (1966). Pos-

sible extrusive equivalents (la_y_a~ of kim'Jerlite have been described 

from. two localities, Igwisi and Meimecha-Kotui, but it should be em-

phasized that no khnbcrlite lava of a definite extrusive origin is 

known. 

Three volcanic cones cornprise the Igwisi Hills in 

Tanzania. The lavas are vesicular and are comp::>sed of phenocrysts 

of fresh olivine (Zlo/o, Fo. 93) set in a groundmass of glass and its 

alteration products, calcite, magnetite and perovskite. Inclusions 

of iron oxldes, phlogopite and monticellite (?) occur in the olivines. 

Calcite pseudomorphs after an unknown tab,.llar mineral, considered 

to be phlogopite by Dunham {Sampson 1953) or portlandite (Bassett 1954) 

occur in some varieties. Dunham considered the rocks to be kin1.ber-

lites but Sampson (1953) and Bassett (1954) were of the opinion that they 
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were not kimberlites but were derived by the 11.1ixing of peridotite and 

fus ed lirne stones . Fozzar d (1956) stated that the rocks \Ve r e probably 

t he surface n1anife station of a kimb er lite typ e fi ssure at depth. 

The M eimecha-Kotui. di s trict of Siberia i s com.posed of an 

extensive series of intru s ive a lkalin e and ult rabasic rock s together 

with a fe w carbonatites and k.i.rnb er lites (Makhlayev and Surina 1963, 

D avidson 19 6 4 , 19 6 7 a ) . Accompanyi ng the intrus ive rocks are a 

thic k series of l avas and tuff s of an a lkalin e ultrabasic rock terme d 

m ·e i m .echite . Thi s rock consis ts of ma.gnesian olivine , s er p e ntine 
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an:l phlogopite set in a blac k g l ass y gr oundm.ass togeth e r with p erovskite 

and amygdale s fill ed with calcite and serpentine (M oore and She inman 

1946)' Krutoyarski (1958 ) consider s tha t the meimec hite resembles 

the Siber i a n micaceous kin"lherlite s. 

Table 8 shows tha t the I gwisis l avas b ear little chemic a l 

relation to kimb e rlite b e ing very low in silica a~d high in alumina. Even 

the mo st silica deficient calc a reous kimberlites contain f a r less 

alumina tha n the Igwisi l avas. The Igwis i l avas are, in addition, sadie 

and p ·:)Q r in alkalies. Table 8 also shows that the meimechite, apart 

from being sodic , is very sin"lilar in composition to kim'Jerlite. 

Cherepanov (1967) h as found that boron i s highly enriched in kimber

lite and meimechi.te (9 0 ppm) relative to other ultrabasic rocks and 



71 

T ab l e 8 . Comuosition of khnberlite, nl.eirnecb.itc and J~i s i L av as ___________ __..._ ___ ~----- -- --------------------- ----------

1 2 3 4 5 6 

Si0
2 

27 ,8 1 88 . 98 19 . 6 4 18 . 0 13. 3 36. 76 

TO 1 2 1. 63 1. 36 l. 7 2 3. 65 2. 0 3 l. 24 

Al
2
o

3 
3 ,4 0 4 . 34 1. 27 11. 7 8.9 8 2.27 

Cr 
2
o

3 
0 . 1 3 0. 31 

Fe
2
o

3 
5. 40 5. 7 3 9. 0 7.4 2.9 4 7. 35 

FeO 2 , 82 4 .61 2. 70 2. 2 2. 15 5,37 

M n O o. 1 2 0. 07 0. 4 7 0.2 2 0. 18 0. 15 

NiO 0,1 4 0. 16 

M g O 25.53 34 . 83 22 . 17 23.2 13.78 33.24 

C a O 12. 21 7. 5 7 20. 1 6 1 6 . 7 29 . 63 4 . 10 

N a 0 
2 

0. 33 0. 38 tr 0. 1 6 0. 69 

K
2
o 0 . 66 1. 17 tr 0. 03 0 . 4 0 

p 2°s 0 . 50 0. 97 1. 14 0. 19 

H o+ 
2 

4 , 6 4 9. 0 7.20 

c 02 1 5 .84 8.6 17. 1 0. 71 

1. Y akutian kimber lites . 339 analyses from 107 intrusions. 
Bobrie vlch e t a l. {1964 ). 

2. Average kimber lite (N ocko lds 19 54 ). 

3. "C a rbonatitic" kimb e rlite (Willi am.3 19 3 2). 

4. I gwis i L ava DNS 335 (Sampson 1953 ). 

5. Igwi s i Lava DNS 341 (Sampson 19 53 ). 

6. M ei me chite . 10 analyse s (Davi dso n 1967). 



b asalts (e . g . 1-·5 ppm , Vinogradov 1962 ). A gyei (19 68 ) , h owever, 

indicates only a s li ght enriclrnent of bo ron i n the Swar trug ge n s 

khnber lite (4 ppm ) relative to ba salt (2 ppm). 

The comp·:)Sition of the I gwi s i rocks i ndicates th at the y 

are 1n a ll probability not extrusive ldrr1~erlites. Pyrop·e , chrome cHop

side , 1nagne sian ilrnenite and ultr ab::ts ic xeno l iths h ave not b ee11 fo und 

either in th e I g,vi s i s l avas o r mein:1·echi te. D avidson (1967a ) cons iders 

tha t m e i rn.e chite l avas and tuff s l acking such hi gh pres s ure mineral s 

are primary lln aclulteratecl kimberlite material ,which reached the 

s urface as a magma of direct rnantle ori gi n or was fanned by the 

r e fu sion i n d epth of p re-existing kim~)c rlite . Such conclu s i ons are 

b ased up::Hl the b e l ief that garnet s , ultr abasic xe11o liths and e v en dia

mond s are eithe r crus t a l xeno liths or are m ineral s which crystal-

lis ed i n a l ow ·pressure environment. Such b e li e fs are c ontrar y with 

e xperhn·ental s tudi es of m.ineral stability fi e l ds and w ith direct ob-

7 2 

servatio n of magma s su c h as the H awaiian l avas ,which are known to 

h ave com::-nenced crystalli sation a t high l eve l s in the m .antle and in the 

l ower crust. If a .me inl.•~ chite not cont a inin g the high pressure min e ral s 

were intr ud e d into a crustal envir onme nt and underwent a p e riod of 

c rysta lli sation, the n crystallisation of minerals such as olivine , 

pyroxen·e an::l even f e l d s p ar (which c an be exp e cte d to b e a li qui.du s 

phase at sha llow depth s ) would modify the m•2! imechite compos ition by 



fr actional crystallisation and gravitative differentiation to bulk corn_p::i

sitions far rer:n.oved from_ tha t of kim_berlite, At no tirne would pyrope 

garnet, garnet peridotite or eclogite nodule.s forn~. Hence, crysta l

lis ation of a kimberlite fron~ a _meirnechi.te at shallow depths cannot 

account for the n~ineralogy of kimberlite. Refusion at depth of pre

existing kimberlite to give a liquid of kimberlitic comp:::>sition (i.e. 

n~·eim e chite) i s very unlikely as i1~--~~to 1nelting would be required. 

M:e lting experinY~nts, at one abnosphere pre s s ure, have demonstrated 

that m ·e imechi.te melts over a wider range of temperature (975 -1425°S) 

than does ki1n"'::>erlite (ll75.-l475°C) (B az ilev skii and Ukhanov 1967), 

thus meim.echite is unlikely to be a m•elting product of kimberlite. 

The pre sent writer f ee ls that the above eviden:::e and the 

lack of high p ressure phases in meirnechite, even though the rock is 

compo sitionally similar to kimberlite, is decisive evidence against 

th e roclc being a kimherlite lava. Much fur the r work is required to 

elucidate the relation, if any, between m•eim_echite and kimberlite, 

The scarcity of 1nein~echite in other kin~berlite provinces indicates 

that its development is p:::>ssibly p <nely local and that it represents 

merely an extre1ne facies of the Mahnecha-Kotui activity, 
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R~lc_ttio.::_!._o __ ~~!jli ti~c s_j_I~!-'.O!J.!~i!e b a___s a lt s ) 

It i s ofte n asce rte d in p e t rologi cal lite r atu r e tha t kim.h er lites 

are clo se ly rela ted to and p oss ibly derived fro m :':l.l.elilitites. This 

as er tio n i s fo :.1rlded up on r enl.arkably little geolo gic a l evidence. The 

ba s is of the ' ' m e lilitite hypo thes i s " lies in the suppe> s ed form e r pr esence 

of melilite in some kimh e rlites and upon the occurr e n ce in S-Juth 

Africa of pipes of melilitite and n ephdine -melilitite, M e lilite h as b een 

shown in Chapte :c On e to b e of little in1.por tance in kin1.b e rlite p e tro graphy , 

which should not b e the case i£ there were a clo se r e l a tion t o rne lili -

tit e s . The influence of Sha nd (1934 ) and hi s theo ry of n on-m.:1gme tic 

c arbonate h ave also b een nl.ention·e d . 

In S -J uth Africa the r e exists an are a of 1nelilitite activity 

stretching from H e ide lb erg (Cape Provinc e ) pa s t Suther l a nd to the 

western e d ge of the Bus hn1.anland Plateau (Truter 1949) . A f ew kimbe r

lite s can b e found within this re gion but the main body of kimberlite 

activlty lies far to the n o rth-ea s t, as illustrated by the map s of 

Ver wo e rd (1966 ) , B a rdet (1964) and Wagner (1914 ), where m e lilitite 

is unkno wn. Th e vo h une of kimberlite i n the South Afr i can province 

u ndoubtedly exceeds tha t of n1.e li li tite . O ther kimh e rli te provinces 

either l ack mt">.Jilitites altogether , e . g . Tanzania , or conta in only 

sp:::>radi c occurrences , e . g . Siberia . 
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The r e lation of kin1.b e rlite 'to m e lilitite was l arge l y advance d 

by Talj aar d (1936), a student of S. J Shand, who pre sented the follo w ing 

evide nc e in a n atte rnpt to support his the ory: 

1. R e uning (1932) nJ.•:!ntions the pres e nc e of kimberlite, thoug h in a 

tr ansport e d state in an area of Bushmanland where m a ny occur

rences of n e phe line -m.e lilitite are found. 

2. At K opieskraal, West Bushmanland, there are found on the pla ins 

boulders of n1. e lilitite , tufface ous sur f ace lime ston e , milky che rt 

and "boulde rs of a rock l ocally called kirnberlite'' (T a lj aard 

1936, p. 300). 

3. .At Suthe rland the sam.e ''kim~erlitic'' rr1ate rial as tha t found with 

the [(opieskraal melilitite is pr esent (T aljaard 1936, p. 312). 

4. In thin sections of the Kopieskraal and Suthe rla nd ''kim.herlite '' 

Taljaard (1936, p. 314) saw only 11 a m .·e lilite b asalt in an advanced 

stage of alteration". 

5. C alculations a re presented to derive a ro ck of kimb e rlite compo

sition fr'o m a nJ. ·eli litite by hydrothermal alte ration. 

In no case doeE T a lj aar d (1936) describe an intrusion contain

ing both m ·elilitite and kim'Jerlite. Taljaard' s (1936) evidence for the 

as sociation of kimbe rlite and In e lilitite is built solely upon the presence 

of lo ose boulde rs of ro ck , a rock which h e him.:;el£ terms altered 
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melilite basalt. The field evidence is thu s i nsufficient t o a llow one to 

state that kim'")erlites are hyd ro therrnally altered melilitite. 

Mineralogically and t exturally kim.h er lite and melilitite 

ar e very different, rn:::>reover the m e lili tites do not contain hi gh pressure 

mineral s or ultrab as ic xenoliths a nd fr equently contain n ephe line, a 

mineral never found in kimberlites . M :::> rpholo gic a l sim.i l a rities of 

i ntn,1sions, e . g. occurrenc e as pipes, do es not imp l y a genetic r e l ation 

n or d oes the f ac t that me l i litites and kim'Jer lites be l ong to the same 

c yc l e of magmatic ac tivity (Staritsky 19 63 ) , as me lilitite s can d eve lop 

i n areas devoid of kimherlite ac tivity, e.g: Eiffe l, Swab i a, Hawa ii. 

O f great importance in connection with the 11 melilitite hy-

p othesis 11 i s the occurr ence of hvo intrusions wher .e a clo se geo lo gical 

r e l a ti on b e t ween melilitite and kimber1ite appears t o exist. 

At Mukrob, in South West Africa, there o ccurs a dyke con-

t aining phe nocrysts of olivine and a lat h shape d mJne ral (? me lilite 

no w r eplaced by c a l cite set in a c alcitic 1natrix . T exturally the r ock is 

sirnilar t o olivine me lilitites described f ron1. Swabia and South Afri ca 

(Frankel 19 56 ). The r ock contains magnesian ilmenite a nd a numb er of 

ultr abas ic xenoliths , e. g. eclogite garne t-ilmenit e ro ck and enstatite 

peridotite. Frankel (1956 ) considers 11 that thi s rock r epr esents a 

portion of the magma of ult rabas ic characte r which gives ri se to kimb e r-

lite 11
• 
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From Siberia , Ukhanov (1963) h as descr ibed a kimberlite 

br eccia pip e , Bargydamal akh, which contains a cor e of olivine -m-::>nti-

cellite-me lilitite. U khanov (1 963 ) considers tha t the chemistry and 

p etrology of the t wo rocks i ndicates a direct genetic connection and 

that the kimberlites of the Anabar region were originally nlelilite-

b earing rocks. U k.hanov (19 63 ) does not extend this conclusion to a ll 

v arieties o f Yakutian k i mber lite. 

These occurrences l end some credence to the " me lilitite 

h ypothesis" but do not prov i de proof, as the y a re not typic a l of eithe r 

ki rnber li te or m·~ lilitite provinces. 

Von Eckermann's (1961) proposal that the Alnt) "kim':Jer lites " 

ar e de rived fr om rne lilitites i s inv a lid as a general expl anation for 

true k i mber lites, as it was shown in Chapter I tha t the "kimberlites" 

found at Alnt) are in r eality l amprophyres (a l n t)ite s). 

In conclusion, the p rese nt wr iter c onsiders that there i s 

as y e t ins ufficient geo lo gic a l evidence to support a ny theor y p os tul a t-

ing a close ge n etic r e lationship between m·~ lilitites and kinJ.berlites. 

KinJ.b erlites and c arbon a tites 

It h as been proposed tha t kimberlite s ar e genetically related 

to c arbonatites in t wo pos s ible ways, either carbona tit e is an extreme 

differentiat e of kimberlite (Saethe r 1957, Garson 1962, 1965, King and 
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Suther land 1960) or kimberlite i s the hybrid reac ti on p r oduct of the 

assinJ.i.lation of crustal material in a c arb onatite magrna. (Von Ec ke rrna nn 

19 61, D awson 1966, 1967). In eithe r cas e , the proponent s of the hypo

thes i s rely heavily upon the presenc e of supposed kimb e rlites within 

alka line rock-c a r bonatit e compl exes . 

It can also b e said that kim'::> er lite and c a. rbona tite m a y re ·

pres ent different fr ac tions of a magma o£ l ess extreine composition, 

which differentiates w ithi n the mantle. Thi s type of genetic relation

ship i s n ot considered in the di scuss ion b e l ow as the adherents of the 

kimb er lite-carbonatite hypothesis do not d efine genetic r e lations in 

thi s wider and p oss ibly 1n:::Jre correct sense, but in the sense tha t 

either kinJ.1;erlite or carbonatite are v e ry clo se ly rela ted either one 

being the inrne di a t e p a r ent of the othe r with differ entiation t aking 

place in a crusta l environnJ.ent. 

The close genetic links b e tween kimb er lite and carbona tite 

h ave been propo se d l a rge ly on the bas is of the following evidence: 

l. Kimb e rlites are closely as·sociated in thne and space with 

carbon atites or with rock types found in carbonatite complex es 

(David son 1964 , Dawson 1966). 

2. A complete chemical gradation is said to exist between kimber-

lite and c arbonatite (Dawson 1966). 



3. Kirn"l:>erlites and carbonatites are sim.:i. l a r geochemically b e ing 

enriched in Nb , Ba , Sr, Zr, REE, etc. 

4. K i mber lites are found w ithin some c arbonatite c 01nplexes, e. g. 

Alnt) (Von Eckern1ann 1961, 1967 ), Fen (Saether 19 57 ), Ngu.alla 

(James 1958 ), Tu.ndulu (Garson 1965 ). 

5. K i mber lite s are rich in calcite and do l omite and expe rim ·~ ntal 

studies h ave shown these 1niner a l s n eed not be alteration pro

ducts (F ranz 1965 , Wyllie 196 6). Thus, the c a lcite i n k in1berlite 

is thought to b e a magmatic calcite and to b e similar t o the 

c arbonatite calcite . 

6. D e Sousa Machado (1958 ) has shown that the c a rbona tite activity 

along the Luc apa graben i n Angol a i s r epl aced t o the north-e ast 

by ki1nb e rlite activity of the same age of Bakwanga (Congo ). 

7. L a t e s t age c arbonat e dykes cut the Premier kim~ e rlite (Da ly 

19 25). 

8. D avvso n (1964 ) h as r e porte d carbonatite tuff cones in northe rn 

Tanzani a which conta i n xeno lith s of lhe r z olite , har zburgite and 

garne t-mic a- p e ridotite. The garnet-mica-peridotite xenoliths 

contain chrome diopside and pyrope. The xenolith suite is 

identic a l to tha t found within kim b er lite s . 
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9. Allen and Deans (1 965 ) have d es cribed a l ni:Hte and ankaratrite 

fr om the Solon>an I slands containing ultrabasic i nclusions , 

pyrope , chrom e diopside and n:1.agne s i an ilrnenite. 
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10 . Moissanite (SiC ) h as been found to occur rarely i n b oth kimber lite 

and carb -::n1.atite (Davidson 19 64 ). 

E xamining the evidence in great er detail, it can be seen that 

the assoc i ation of kimb e rlite a nd carbonatite is in actuality not as i nti -

m a t e as supp:::>sed , and tha t the t wo types of ac tivity are tectonically 

and geog r aphically (3 0 - 60 km . ) separated (B ardct 1964 , J ames 19 65, 

Ver woerd 1966 ). Gene rally kim':Jerlites are confined t o the uplift e d 

centres of continental platforn1.s and are often re l ate d t o l arge scale 

structural features, e. g. d ee p fr a c ture zones , disjunctive zones , 

linearnents , etc., (Ar senyev 19 61, Gonshakova et a l. 196 4 , L ebedev 

1964, Crocket and Ma son 1968 ). In contrast, carbonatites a nd the 

as sociated a lka line rocks occur in the p e riphe ral parts of the shi e ld 

areas or are close ly r e l a t ed to lar ge scale rift structures (J ames 1965 , 

Ginzbur g 19 62 , H einric h 19 66 ). The occurrence of kim~erlite at the 

north-e as t e rn end of the Luc a pa g r abe n is anomalous and according to 

Dawson (1964 ) r epresents a case of a kim':J e rlite intrude d into a graben 

which h a s re sulted fro m . the exces s iv e dil a tion of an upwarped area. 

No d ecis ive evidence can b e found which indicates a genetic r e lation 



t o t he An go l a n c arbona tite s , a simil a r age doe s n ot i m .p ly a g e n e t ic 

r e l a tion and it seenl.s t h a t t h e t wo t yp e s o f ac tivity h av e m·:! re l y ex 

ploite d t h e s a n:1 .. :! zone s of crus t a l weak ness. 

W hi l s t kimbe r li t e and c arbona t i t e are b o th nl.a nifesta tions 

8 1 

of conti nent a l n1 a gma tic activity and a re ofte n a p a r t of t h e sam e m agm a -

tic cycle (Sta r i tsky 1963, B ar de t 1964 ), it should b e reali s e d t h a t m a ny 

o the r t ype s of magm .a t ic a r e c ontempor aneou s , t h e most h n po r tant 

and abunda nt of these b e ing b a saltic . 

A variation d i ag ram has b e e n p r e s e nted by D a w s on (1966, 

Fi g . l , p. 2 ) as evide n ce for t he c ompl e te c h e m i c a l grada tion b e t we en 

kinl.b e r lite and c arbona tite . Tr ends d educ e d by plotti n g r o c ks on such 

di a g rams are artifi cia l, b ec a use m'Js t r ock types c an b e c ha r a cte ri sed 

by t h e t en ox ides e1npl oyed by Da \v son (19 66) as c o--or d ina t e s a nd as 

a c onseque nce o f this a c ompl e t e c h emj cal g r ada tion c an be s h o w n t o 

e x i st b e t w een, a n y gi ven roc k type s i f enough se l e ctiv ity i s empl oyed 

in the choice of analyses . A di a gr a m of thi s typ e d emon s t rat es true 

chemical gr a d a ti ons o n ly f o r a c onsan guin i ous s e ri es of r o c ks . The 

a nal yses o f S outh Af r i can kilnher lite s a nd S we di s h c a r b onatite s a nd 

aln!:Htes plo t te d by D a ws o n (19 66) d o not r e p re s e nt s u c h a co ns a ngui n i -

ous se r ies and h ence do n ot d e m ons tr a t e a comple t e chenl.i cal g r ada t ion 

b e t ween ki m l:> er lite s a n d c arb o n a tit e s , which h a s b ee n pro duc ed by eli£-

f e r enti a tion p rocesses . 



The p e culi ar geo chemistr y of carb onatite s and k i mber li te s 

is s h are d by m.:my othe r r ock types , e. g . k a tungites , wo l gi d ites , 

jum_;_llites , and n eph e line syenites a ll of vvhich d o not show a ny obvi ou s 

geolo g ic a l r e l a ti on to oc cur r enc es of kim h e rlite . The si rnila r ge o

chemi s t r y d oes n o t imp l y a ge n e tic conne ctio n u n l e ss a ll the ro c k s of 

such ge o c h em is t r y a r e ge n e tic a lly r e late d . The ques tion of c o mp a rin g 

rock s of sim ilar ge ocherni s try h as b een discusse d in Chapt er 2 and it 

h as b ee n co n clude d tha t i n a ll like li hoo d the geo c he m is t r y i s m e r e ly a 

refle cti o n of s p e cific phys ico - chemic a l processes cornrr10 n to a ll these 

m agmas by v irtue of the i r v o l a til e content s. 
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The occurr e n ce o£ ''kim b er lite s'' 1n c er t a in a l ka lin e c o1nplexes 

has b ee n di s cu sse d in Cha pte r 1 and the s e ro c k s h ave b een show n i n r eal 

ity t o b e l amp r o phyr e s . The y ar e a l w ays minor , late stage intru s ion s 

and are o£ insufficie nt v o lun1e to b e the p a rent of the l a r ge ma s s e s o£ 

ijolite , nephe lin e syenite a nd carbonatite .found within the same complex . 

Ver woe rd (1966) consider s that these minor l a mprophyr e s can be 

ascribe d to re a ction b e twe e n alkaline re s t liquid and alr eady crystal

lis e d mafic m i nerals or basalt and to the re a ction o£ liquid basalt with 

solid a lka line m a t e rial. Verwoerd (1966) also discounts the p ~ s s ibility 

that c a rbonatit e s are the ultimate diffe renti a tion products of kimb e rlite 

ma gm a s. 
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The experimental data of Fr anz (19 65 ) ancl Wyllie (1966) 

is of t he utrnost irnportance i n unde rstanding the evolution of kim')er

lites but it doe s not necessar ily demonstrate a connec tion \Vith c arbona -

The i rn.po r t a nce lies in the f act tha t 'it dem on-

str a t e s that the c a lcite fou nd in kimberlite c a n be oJ p r imar y ori g i n , 

an·d tha t a c a rbonate-- rich fluid phase mi g ht d eve l op f rom a c arbonated 

ultr abasi c ma gnJ.a by fractional crys t a llisati on (a t high pre ssure or under 

the i nfluence of a l kalies ) or by li qui d i mmi sc ibility . R oedder (19 65 ) 

h as d enJ.onstr ate d t hat flui d i n clu s i ons i n ultram afic and mafic rock s 

con t ain abundant carbon di oxide of po ss ible jc.we nile or i gin. H e i nr i ch 

(19 66 , p . 31 6) h as i nterp rete d Roeclder 1 s (19 65 ) d a t a to imply that "c ar-

bon a titic a lkaline com?lexes a r e not u n ique rne re ly b ecause of t he 

pres ence in t hem of juvenile c ar~)On diox ide and carbonate 1nineral s , 

but are merely llni que bec ause t he y represent the end produc t of a 

spe cial set of enviromnent a l circurn s t ance s tha t h ave co1n'Jined success 

fully to pro duce loc a l extraordina ry concentr a tio ns o£ c arbon diox ide 

and its mineral deriv a tive s ". It is pJssible tha t such conc entration 

proce sses are not confine d to alkaline c arbonatitic cornplexes alone but 

tha t the y occasionally occur in ki1nberlites, the calc a r eo us kirnber lites 

being the result of such processes and the ultima te stage being the s epara 

tion of c arbona te dykes and l enses as s een at the Premier pipe . These 
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dykes a r e n o t t rue carbonatite s of t he type fo und i n t he a lka li ne c ornpl exe s 

b ut r e p resent the c om.p l e t c r e p l acenl.ent of p re - exi s ti ng k imbe rlit e a s 

l en s s h ape d bo di es by a c a rb o n a t e- rich flui d (W agn er 1914 , Daly 19 25 , 

V e r woer d 19 6 6) . 

The T a n zani an t uff cones a nd t h e So l orn an I s l a n ds r ocks 

mi ght a l so b e rnanifes t a tion s of such diffe r enti a tio n p r ocesses . T he 

o ccur re nc e of l a t e s t age c a rbo n ate dykes an d cal c ite -ri c h t u ff s does 

n ot , howev e r, s e e m to b e typical of k imbe rlit e s , i n co ntra s t t o a l ka

lin e c o1nplexes , and it m us t b e conclude d that e x t e n s i ve d i ffe r ent iati on 

i s no t typ i cal of kim b er lite s p resu rnably b ecause of the v ery different 

c o nditi ons of i n tru s i o n . If di ffe r e n t i a tion of kim'J e rlites to c a r b on a t e -· 

ri ch pha se s ·c an b e d e finit e l y pr oved , t h en ther e w i ll e x i s t a c ase f or 

reco gni s i ng a t l eas t t wo typ e s of c ar bo natite , those d er i ved b y frac 

ti onation o f k i mbe rlite a nd those d e rive d by th e f ractionation of son1 e 

othe r m agm a and f o u n d a ss oci a t e d with a lk a l ine com .plexe s . That di 

v ers e carb o n a t e d nl. a gmas c a n diffe rentiate t o carbona t e - r i ch phases 

i s supp:l r t e d b y the e x p e r imenta l studies of Ko s ter V a n Gro s s and 

Piw i n s kii (19 68 ) w h o h ave found t hat a m i s cib ility gap e x i s t s b e tween 

silic ate m·~ lt s , of bas a ltic , ij o litic and p ante lle ritic compositi o n , and 

c arbona t e- rich m ·~ lts . 
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Basalt s an d kirnberlites 

A cha r a cter i s tic f eature of kimberlite prov i nces i s the ir 

constant assoc i a tion with rocks of b asaltic conlpos itio n , e. g . the 

Karroo doler ites and the Storm'Je rg b asalts of southern Africa (Du Toit 

19 54 , D aws on 196 2 ) and the pl a te au basalts (tr a p rocks) of Siber ia 

(Leb edev 19 64 , O dintsov 1959) . The cons tancy of the associ a tion on a 

world-wide scal e h a s b een noted by Wil son (1948 ) a nd h as b een furth e r 

substanti a ted by exampl es frorn .An gola (De Sou sa M achado 1958 ), 

Suda n (Ma.rvier 19 56), Babvanga (Meyer de Stade lhofen 1961), Tan z ani a 

(Mannar d 19 62 ) and L es otho (D awson 1962 ). In all cases the b asalt s 

were extruded prior to the intru s ion of the kirnberlite s. In sufficient 

radiom e tric ages are availab l e t o ascertai n the tirTl e l a p se b e tween the 

h .:,r o p er iods of a ctivity or to d e ternJ.ine whether or not any of the p er i ods 

ove rlappe d (thi s is po ss ibl e in Sib e ria whe re several episodes of ba salt 

e x trusion have occurred) . The constant spati a l association and tenJ.p:n a l 

sequence i s cons idered by some geolo g i sts to be evidence of a genetic 

rela tion betwee n bas a ltic m."'lgma. and kin1.berlites , e . g. L eontiev and 

Kaden s ky (195 7), N a livkin (19 60 ) , Marvier (1958) , M e yer d e Stade l hofen 

(1 961 ) , Ve rwoerd (1966) and Verschm·e (1966 ). Other geo l ogists are, 

however , not convinced of the gene tic association, e. g. Pavlov and 

Chup rynina (1960) a nd Lebedev (1964 ). 
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Whilst argum.ents for and against the association are somt;what 

t enuous, being based alrnosl entire l y on the spatial and tem.poral associa-

tion, it should be noted th a t a stronger case. might exist for the as socia -

ti on of kimberlite and b asalt , than for kirn.berlite and carbonatite, 

principa lly because basalt is extrem.ely abundant and h as the s t atus of 

a prim ary rn agrna. Basaltic rnagma has it s source i n the mantle and 

it is .possib l e tha t kimberlite a l so originates i n the mantle . In such a 

c ase some genetic connection rna. y be advanced in the sense tha t if 

kinJ.l>erlite and basalt arc abs tr ac t ed fror1.1. the sarn•e source rocks, they 

may represent different fractions o£ that r ock , i.e . kimberlite might be 

the r esult of a slight degree of partialJn•:" ltin g whi l st basalt may represent 

a greater degree. 

Potass i c rock s 

The recent di scove ry of a dian1.ond-bearing l eucite larn:~n~oite 

(fitzroyite) near Segue l a, Ivo r y Co as t (Bardet 1966 , Daw son 19 66 ) i s o£ 

great importance and prompts the ques ti on as t o whether or not kimber-

lites are the only primar y sourc e of t er r estrial diamond . In t h i s 

c onnection the conclusion s of Wade and Prider (19 40) concer ning the 

ori gin of the p:::Jtassic rocks of West Kin•berley , Australia , are of 

some significance. Wade and Prider (1940 ) c ons id e r that wo l gidite 



87 

(a l eumafit e l a va of similar chemic a l com?os ition to k imber lite ) i s 

d er ived by t he subtr a ctio n of olivine fror:n a kin11:Jerlitic m.:tgma . Furthe r 

fractiona tion of wo 1giditc produce s the rnore si lic eous differ entiates 

fit zr oyite and cedricite . If this hypo thes i s i s correct, the n any di amond 

co n t a ine d in the orig i na.1 ki rnherlite m ight b e carried through t he dif

fer e nti a tion proce ss and into the 1a.te stage differentiates an cl woul d not 

in1pl y the need fo r a second prin1a ry source of diarr1 -::mds. Such a dif

ferentiation sequence i s not as yet: proven and may be too simpl e as the 

production of pota ss ic l avas may i nvolve the incongruent m e lting of 

pblo gop ite to p r od LlCe 1e ucit e -bear ing li qui ds . H owever , it i s si gnific ant 

tha t potass i c micaceous ldrnber lites appear t o be clo se ly associat e d with 

the S egue l a , a fitzroyite (Ba r det 1966 ). T he preservation and occur-

r enee of di an1ond i s di s cus se d in Cha pter 4. 

The exact relations hip of kim'-J e rlites in tb e U.S. A. d es·-

crib e d by Watson (1967 ), H e arn (1968 ) and Miser and Ro ss (1922) to the 

e x t ensive series of l eucit e-b e aring rocks of Montana, Arizona and 

Wyorning , and to such l eucite -bearing lava s as m a.dupite (Carmichael 

1967) and jum:i. llite (Barley 1967), c anno t as yet be elucidated. In 

general the l e ucite-b earing lavas, whil s t p ossess i ng sorne rr1ineralogical 

and cheinical s imilaritie s to kirnb er lite, t end to be rnore siliceous and 

in some cases cont ain sanidine. A differentiation relation to kimbe r-
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lite as propos ed by Wade and Prider (1940) and Carmichael (1967 ) may 

be possible but as yet any conclusions are rnerely conjectoral . 

Verwo e rd (19 66) has considere cl. that t he Premier kimberlite 

pipe i s a part of t he a l kaline activity (syenite , foyaite, tr achyte and 

tr achyandesite ) found at the Roodeplaat vo lcano just t o the north-east. 

The vo l cano i s the sam.e age (Precambrian) as the kirnberlite pipe . 

Further s tudy i s required to establish t he validity or otherwis e of thi s 

hypothes i s , it may we ll be t hat the association i s merely geographical 

and devo i d of genetic significance. 



CHAPTER FOUR 

THE GENESIS OF DIAM OND DEPOSITS-PETROLOGICA L AND 

EX PERIM·E:;NTAL STUDIES O F KIMBERLITE 

Before di scussing som·e of the theories of petrogenes i s of 

kimb er lite it i s nec essary t o acquire so1r1e kno w ledge of the phys ic o-

chemical conditions pr e v a iling at the site of kimb e rlite gene s is and 

in the kim!Jer l ite magrn.a, E x perimental wor k on synth e tic rnine r a ls 

prov ides an insight i n to such problems and pr ese nts sorne i dea of the 

po ss ible p aths of crystallisation of ldrnbe rlite m;=t.gmas . The follo -..,v -

i ng di scu s sion concentrat es t o a l arge e x tent on diam ond for tw o 

r easons . Fir stly , di amond pla ys a k e y ro l e i n d e lineating supposed 

t emperature and pr ess ure r e l a tion s at the s i te of ki rnher lite genesis 

i n many pe tro gene tic t heories . S e condly , b ecause of it s v a lue as a 

gem and industria l rn :i.neral, a l arge amount of d ata concerning it s 

forrnation ,structure and proper tie s ha s accurn_u l a t ecl w hich i s of u se 

i n geolo gic a l proble1ns. Di am.::md is, h oweve r, a minor mineral i n 

kimberlite , in f a ct f ew pipes conta in di amond and t he richest contain 

only one part di a mond in t wenty million p ar t s silicate (To l ansk y 1962 ). 

89 
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Tr ace c l erx1ent s in di an'lond 

Not rnany e l erne nts are capable of sub s tituting f or carbon 

at l attice sites within di amond , h owever the l attice i s a r e l a tively open 

one and provide s an'lple space for the i nterstiti a l inc orporation of 

tr ace ele1ne nts. Investigations by emi ss ion spectrography and neutron 

activation analys is h ave revealed that di amonds can contain the follow-

ing e l em.ents - B, Na, Mg, A l, Si, P, Ca, Sc , Ti, Cr, Mn, F e , Co, 

Ni, Cu, Zn , Ga, As, Sr, Ag, In, S n , Sb, Ba, L a, Sm, Hf, Y..r, Ir, Au, 

Pb, and that a ll di a lTI·:)nds c ontain Mg, Al, Si, C a and Ti (Ches l e y 

1942, Raal 195 7, Freedman 1952, Straumanis and Aka 195 1, Bunting and 

V anVal kenburg 1958 , Li ghtowl ers 1967). Some of the t race ele1nents 

ar e undoub t ed ly due t o the presence of inc lusions of silicates but others 

h ave b een found to be zonally di s tributed (La, Cu, Mn, N a ; Kodochi gov 

et a l. 1967) or to b e r esponsib l e f o r the colour of di amond (Mn ). The 

trace e l e 1nent asse1nblage i s v e ry h e t erogeneous , no one geoc h emically 

or phys ic a lly sin1:.l a r group i s d e finite ly concentrate d or excluded - a 

f eatur e t ypic a l of i nte rstiti a l trace ele1nent as semblages . The app a rent 

discrin1ination against the rare earths apart from La and Sm is unu s u a l 

in view of the group 's ove rall geochemical similarity. The pr ese n ce 

of boron i s interesting with regard to the high concentration of boron 

reputed to occur in some khn'l:>erlites (Chere p anov 1967) and b ecause of 

the ease with which boron h as experi1nentally b een found to diffu se into 

di amond (D rake -Bell and L e ivo 195 8 ). 
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Gases in diamond 

Diarnond coat is a concentrically l ayere d structure which 

occasionally surrounds the clear central core of diarnond. Chr enko et 

al. (1967) using infra-red spectr om_etry h ave established the presence 

of v arying amounts of }-I
2 

0 and C 0 
2 

in the coat. The change frorn clear 

core to coat indicates abrupt changes in the conditions of growth and 

Chr enko et a l. (1967) consider tl-1.at C 0
2 

and H
2 

0 are not initi a lly in-

corpor ated into the core b ecause of the PTX conditions pr evai ling and 

tha t the concentric rings are clue to either changing pressure and t em-

per ature, or to changing degrees of supersaturation in the n1agma . 

Granthan1 and Allen (1960) h ave described co ated diarnond overgrown 

by a n ew l aye r of cle ar diarnond associated with diamonds whic h are not 

coate d. The regrowth of clear diamond is not considered to support 

any theory that the co ate d stones m _ay h ave start eel liJe at depths as 

clear stones and then grown their coats during ascent in the pipe where 

crystallisation conditions were different. Rozhkov a11d Abrashev (19 65) 

have found carbonate crusts surrounding son1e Yakutia n dia1n-onds. 

Chrenko et al. (1967) consider that dian1ond coats grew from a pb.ase 

rich in carbon rathe r than from a dilute solution in the magma. 

The pres e nce of nitrogen in diamDnd as discrete "platelets" 

is a now well established feature of di amonds and even forms the basis 

for a classification of dian1ond (Kaiser and Bond 1959, Evans and Phaal 
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1962). Concent r ic she lls in dian1.oncl h a v e b e en found to h ave v a rying 

nitro gen content s indicating that du ring gro wth a brupt changes in the 

compo s itio n of the m·~ lt froin whic h the y grew occurred (Frank 1967). 

The nitro gen is assmne d to h a ve ente r e d the di a 1n ond l attice in solid 

solution a nd the n at lowe r t e mperatur es to h av e a ggr e gate d into the 

platele t s by solid sta t e diffu s ion. 

Crys t a lline inclu s ions - -· ----------------~ 

Diamond conta in abunda nt cry s t a lline inclusions which 

provide a n i nsight into the mine r a lo g y of t he r egions of di a mond growth. 

M:)st of the i n clus ions a re monom ine ralic (Me y e r and Boyd 1969) 

and ar e subhe dr a l to euhedJ·al indic a ting grov.rth in a fluid phas e. 

The inclusions are unde r hi gh pressure within the diarncmd as evi-

denc e d by the str a in bir e fri n g e nce patte rn s around the m a nd by the 

t endency of diamonds to f racture around the inclusions (Lonsdale and 

M :tlledge 1965). M e y e r & Boyd (1969 ) have shown that the cell size of 

garnet enclosed \"'ithin diamond is di££erent to that found for the same 

mineral when freed from diamond. The preservation o.f inclusions 

u nd e r high pressure i. s considered to indicate tha t diamond originally 

grew under high pres sure and did not subsequently undergo very much 

expan s ion during re-equilibration at l ower pressures. The s ilic ate 

inclu sions w e re pr evented from expansion by the dian1.ond which acts 



as a pressure cha n1.'.J e r. The relative abundan c e of the inc lu s ions is 

sin:lilar to tha t s e en in garne t p e ridotite nodule s and the mine ral s b ear 

a close resembla n ce in con1positi on to those of garne t p e rid o tite and 

to the primar y m.ine r a ls of kimb er lite. A m a jor diffe r e nc e i s that 

Cr contents of the inclu s ions ar e very hi. gh, in fact the Cr conte nt of 

garnet and chrom i te ar e the highe st ever found for those minerals 

(Me yer & Boyd 1969, 19 68 , M ey e r 1968). The principa l inclusions 

found in eli a m <Jnd are olivine , pyrope -alm_andine , ensta tite, diop s ide 

and chr omite . Othe r mine r a ls rarely found as inclu s ions are co e site 

biotite, (?)mus cov ite (M e y e r 1967), rutile (Daw s on 1968), p e ntland

ite (Sha rp 1966), magne s i a n ilmenite (Grantham _ and Allen 1960) and 

diamond (Williains 1932). Pyrrhotite has been found to b e a c01nn1on 

inclusion in South African diamond (Sharp 1966) which implies that 

there e x iste d a h igh p a rti a l pr e ssure of so2 or sz within the fluid from 

which dia rnonds form. 

The occurrence of coesite enables an upper limi.t to be 

placed on the growth conditions of some diam.onds. Fig. 12 shows 

the quartz-coe site univariant curve to inter sect the estimated Pre

cambrian shie l d geotherm in the vicinity of 30 kbs., pressure at 

1 000°C. The occurrence of this pure Si0
2 

phase in such an ultra~ 

basic rock is hnportant and difficult to explain in view of the well 
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known incompa tability of n1agnesian olivine and silica at low pressur es 

and the supposed derivation of kimberlite frorn an undersaturated 

picritic magma (0 11-Iara and Yoder 1967). 

The chromites d e scribed by Meyer & Boyd (1968) show 

extremes of composition and indicate diamond forrnation over a very 

wide range of conditions. In addition, spinel is not considered to be a 

mantle mineral phase above about 25 kb. pres sure (Fig. 12). 

Di ~.?2·~-~:md_E!~~iJi.!Y~E9_!2l_:_~_p_!~o}~~'l 

Fig. 11 shov:,rs the phase diagranl. for carbon and indicates 

the r egions in which diamond sy11.thesis has been achieved. · The uni

vari ant curve representing the graphite-dian1ond pi1.ase transition has 

been accurate ly determined by theoretical and experimental studies 

(Bundy et a l. 1961) and h as been used to place lin1Hs upon the formation 

of natural diarnond and the depths of generation of kinl.berlite nv:tgrna. 

Fig. 12 shows that the intersection of the phase transformation curve 

with the estimated Precambrian shield geotherm t akes place at about 

1200:::>C and 45 kbs. pressure, implying that diamonds are formed at 

depths in the mantle of below 1 5 0 lnn. 
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Giardini and Tydings (19 62) have emphasized that caution 

must be used in the application of the graphite-diarnond curve to natural 

systenl.s for the follovving reasons: 



1. Diamond is a tr ace component i n kimberlite in contr ast to the 

experim·~ntal studies , in which graphite i s the only nl. a j or 

phase . 

2. P ossib l e cata l ysts in nature are not p resent in the fonns u sed 

in the synthetic proc esses . 

3. The hi gh shock pressures needed in s01ne syntheses c_re un

like ly to be r ealised in nature . 

4. The time f actor i s i gnored , diamond synthes i s in t he l abo ratory 

b eing a virtually i nstantaneous process. 

An additiona l, and to the writer ' s mind, m .ore p ertinent 

f actor is tha t it i s not cer t ain that g r a phite plays any role in t he fonna

tion of di amond in kim.berlit es . Gr a phite i s p resent i n son1e garne t 

perid otites , eclogites and kimb e rlites (William s 1932) but di amond 

h as never b een f ound t o contain inc lu sions of graphite as it might 

b e expecte d to do if for me d from graphite .. Graphite when f ound in 
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as so ciatio n w ith di amond is sole ly as a co a t upon the s urfac e of dia1nond 

and has b een p roduced by the breakdown of di amond. Diamond only 

occurs in kimb er lite and rar e ly in eclogite and h as n eve r yet b ee n found 

in garne t p e ridotite (Davidson 196 7b ). Facts which i ndicate tha t c ondi-

tions fo r di amond growth are only found in flui d phases are the pre

sence of H
2 

0 and C 0
2 

in diamond and the occurrence of C 0
2 

as an 



abundant constituent of fluid inclusions i n kim.herlitic olivines . For--

phyroblas1ic growth of diamond in a solid (garnet p eridotite ) can b e 

discounte d on the evidence of the euhedral inclusions f ound in diam.ond . 

These i nc lusions are rnonomineralic and present som·e anal ogies with 

phenocrysts in magm.'l.s l ater enclosed poikiloblastic a lly b y othe r 

miner a l s . If porphyroblastic growth h ad occurred, inclusions of 

aggregates of anhedral crysta ls would be c ommon . 

The fluid in which diamonds grow is undoubtedly a silic ate 

melt saturated with " gases '' ( at high pressures a true vapour phas e 
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w ill probably not b e pres ent). The c onJ.:;:>osi t ion of t he fluid phase i' n 

in association with the silicate melt i s very irnportant. Fr enc h (1966 ) 

h as investiga t e d the system C -H-0 at various t ernperatures up to pres

sures of 1 0 kb . and h a s found that t he campo sition of the fluid p h ase 

in equilibriu m with graphite or v a riou s silicate -oxide buffers varies 

to a great extent with t e rnperature and pressure. The dominant fluid 

phases are CO, C0
2

, H
2

0 and H
2

. At low pr essures methane (CH
4

) 

also b ecorne s an irnpor t ant phase . The re sult s unfo rtunate ly cannot be 

extended to h igher pressures as the buffe r assemblages are unlike 

kirn'J erlite and not stable at high pr essur es in the m antle , and bec ause 

the incr easing non-ideality of gases within the postulated re gions of 

diamond stability prevents accurate d e lineation of fu gacities. The 
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Fig. 12. P etrogenetic grid for kim.b e rlite forrnation . 

Garne t p e ridotite solidus and subsolidus phase r e l a tion s 

inc luding Al
2

0
3 

i sopleths (-- - ) fro m _ Gr een and Ringwood (l967b ) and 

M acg r e gar (1 9 6 7). Pr ecambr i an shield geothenn fro m _ Cla r k and 

Ringwood (19 64 ) . 

Diamond - graphite equilibrium curve (Bundy et al. 1961). 

Quartz -coe site equilbriurn curve (Stishov 19 63). 

Phlo gopite+for ste rite+ gas -1 for sterite+ liqu.id+ gas 

(Yode r and Kushiro 1968 ). 

(A) -fie ld of equilibr a tion of garnet .-per i do ti te nodule s in kim~erlite. 

(B) - fi e ld of di amond genesis po s tula ted on the b as is of the equilibrimn 

graphite -di amond tr ans formation. 

Abb revi a tions:· Fo, for sterite; En , en s tatite so lid solution; 
ss 

Di , diop s i de solid solut:ion; An, anorthite ; Sp, spinel; Py, pyrope 
ss 

garne t; Ph, phlo gopite ; L, li quid; G, gas . 
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system doe s , ho'"'ever , serve to illustrate the con"Jplex nature of the 

fluid pha s e associated with ldmb e rlite and how l arge ch anges in its 

c omposition c a n occur with changing t ernpe rature and pr ess ure. 

A s a con se quenc e of the composition of the fluid phase it is 

p ossible tha t r e duction processes within the silicate -fluid system c an 

bring about the reduction of certa in gases t o e l em·ental carbon. Such 

r eductions may not t ake place u ntil hi gh concentrations of "carbon" 

h ave b een built up i n the fluid phase by r e l ease of gas es from mantle 

materi a l by partial m elting . Gas reduction 1nechanism.s for p roducing 

eleme ntal carbon and diarnond h ave pr evious ly b een suggested by 

Sobolev (L ebeclev 196 1 ) and 0 1Hara and Mercy (1963 ) . The r eductions 

n1.a y be of the follo w ing type : 

C 0
2 

t 2H2~ 2H2 0 + Cd. d 1an1.on or graphite 

C 0 + H2~====- H 0 + C 
2 di amond or g r aphite 

co 0 + c . . 
2 =--- 2 d1 amoncl or graph1te 

Such r eactions are undoubtedly a g ro ss oversimplification but indicate 

t he n ature of the r e duction. Methane ,in addition, is easily reduced to 

carbon and may play an i mp ortant ro l e in di a1nond formation u n:le r 

some conditio n s (see b e l ow). The important featur e of such ga s reduc -

tion m ·e chani sms i s tha t the y cannot b e r ep r esented in t erms of the 

Mr.MASTF.:R UNIVERSITY LIRRARY 
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graphite -dia1nond e quilibrimn phas e tr ansformation (if the product is 

di amond) as the process i s a solid - fluid reaction and not an equilibriurn 

solid--so lid t ransf ormatio n . In addition, kinetic f a ctors mi ght b e of 

extrerr1e importance and so cause n1.etasta ble di amond growth in the 

re gions of graphite stability predicte d by the equilibrium. t rans forma-

tion curve . In reduction proce sses , c arbon n1.u s t b e r e duced to zero 

v a l ence b u t the phase for n1.e d 1nay not b e graphite as t wo r eaction p a ths 

are p ossible : 

.?diamond . ~ I carb on b ear i ng fluid~ 

:-...graphite 

Which reduction path i s t aken i s probably detennine d by kinetic 

factor s . For suc h r educ tio ns to occur it is n ecessar y tha t the p0
2 

of the fluid b e very l ow. The very con1.plex n a ture of the fluid syste m 

m a y p re clude accurate c a l cul c:. tion of p0
2 

in kiml::l e rlites but som·e 

evide nce i s avai l able which i ndicates tha t it i s low . It ha s b ee n noted 

above that pyrrhotite is a very c on1.mon inclusion in dian1.ond and that 

magnetite does not occur as inclu sions, in f act n1.agnetite appears to 

be a sta ble phase only during the l a t e r stage s of kin1.berlite crystal-

lis ation (i.e. groundn1.ass ). The presence of pyrrhotite indicates tha t 

a significant pSO or pS e x iste d in the fluid phase . Verhoogen (196 2 ) 
2 2 



h as note d ihat s
2 

pr esence i s a very i mpor t ant m .eans of lov;rering p0
2 

0 -5 
in magrna s, e. g. at 1400 K the p0

2 
of pure water is 3. 7x l 0 atmo-

spheres, but that of a mixture of H
2

0 and s
2 

in the molecular ratio 

. -10 
100/1 is only 1. 9xl 0 atmospheres. Krausk.opf (1957) has also 

-21 
concluded that p0

2 
i n magrnatic rocks is like ly to lie betwee n 10 

-15 0 -21 
and 10 at 600 C. If it were lower than 10 then no iron oxides 

would co-exist in equilibrium and pyrrhotite would be the dominant 

iron sulphide and m •c thane would be the dom.inant carbon gas. 
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The above discu ss ion i s l arge ly concerned wi th equilibrium 

processes of diarnond formation but it i s by no means certain tha t suc h 

processes are imp ::>rtant i n n a tural systems. The very fact that diamond 

exists t oday a t the surface of the earth proves metastability, graphite 

is also known to forrn m .etastably within th e f ie ld of di amond stability 

(W entorf 19 65). Such phenomena indicate that m .e t astable growth and 

persistence may be very impo rtant in all aspects of diamond gene sis. 

Wentorf and f?ovenkerk (1961) h ave pointed out tha t n a tural diamonds 

occur as m::mocrysta ls or as srnall aggr egat e d polycrystals and have 

suggested that the forn1.e r g r ew n ear equilibrium and the l atter , well 

above equilibrium. C ryptocrysta lline masses of impure diamond 

such as carbonado, boart and framnesite all may represent metastable 

growth. Kennedy and Nordlie (1968) h ave discounted dis-equilibrium and 

meta s t able processes of di amond growth on the evidence of ''the cry s tal 
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p erfe ction and e x t e rna l morphol ogy of di a m ::md" whic h to t h e m . i ndi cates 

e quilibrium grow th . H oweve r, as will b e shown b e l ow , diarnonds a r e 

r ar e l y eve r p e rfe ct a nd provid e substa nti a l evide nc e t h a t equilibrium 

conditions d i d not prevail dur i ng th e ir growth . 

C ons i derable e ffor t h as b een devoted to growing diarnonds 

by rn.etastable processes and though sonJ.e succ e ss h a s be e n achie ved , 

the .m eta s t able nucle ation of di amond s h a s yet t o b e d e mon s trate d . 

Three exampl e s o f m etasta b l e growth h av e b e en desc rib e d: 

l. E versol e {W e n torf 1965, Giar d ini and T ydings 1962) h as de mon-

strate d t h a t a var i ety of sirnpl e s a t.u rat e d a lipha tic compounds 

o r c a r b o n nJ.onox i d e are d e compo s e d i n t h e p resence of di anJ. ond 

s eeds at l 0 00° G at l ow pr es sur es ( 2 kb . ). 1Je t a s t a ble di a nJ.ond 

i s a dde d t o t he seeds by epitaxi a l grow th processes . 

2. T akas u (Wento rf 1965 ) h a s r epo rte d t hat diarn::m d is forrne d by 

d e c on1.pos ition of me thyl-chlo ro s ila n e ove r silicon c r y s t a l s 

0 at 800 - l 00 0 C a t 2- 4 atmo s p h e r es pr essure . 

3 . B ez rukov e t a l. (D avi ds on 196 7b ) h ave r epo rte d that dianJ.ond 

c an b e synthesis e d a t 523- l 323°C at c. 15 kb. No expe rime nta l 

d e t a il s a r e av a ila ble . 

Such p ro c esses a ltho L1gh b e i ng unlike n a t u r a l s y s t e m s d e -

m on s tr a t e t hat fluid - solid r eactions w hich produce dia1nond a r e p o s -



sible and tha t shnilar processe s invo lv ing the corn.p l ex fluid phase 

may t ake place in k.imber l ite . 
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The m e t ast a ble growth of diamond in the l aboratory and its 

po ssible occurrence in natur a l systems i s not in agreement with 

Kennedy and Nordli e 1 s (1968) the o r y tha t di amond only grows by equi-

librium proc es ses and produc es p e rfect diarnond crystals. Diamonds , 

h oweve r, eve n l arge one s, a re ofte n far frorn perfect and only one fifth 

of the total amount rnine d i s suitabl e for gems (Tolansky 1962). A s 

note d above , dia1nonds contain zonally distribute d tr ace e l e1nents 

(generally a sign of non - equilibri1.11n conditions) and included fluids 

which i ndicate abrupt changes in the comp::>sition of the fluid fro m which 

the y grew. Such cha nges an~ not c onducive to retaining equilibrium. in 

the system. Most diamonds have a l so · suffered periods of dissolution 

(Fr ank 1967) follo we d by p er i o ds of regrovvth (Gr antham and Allen 1960) . 

The wide range in com.position of the inclus ions i n diamond a l so points 

to grow th under a number of different conditions . 

Such f ac t s demonstrate that any given diamond has h ad a 

very l ong and varied growth history character ised by abrupt changes 

in t he composition of the growth medium (Frank 19 67 ). It is thus very 

u nlike l y that equilibrium between diam::md and the fluid was maintaine d 

throughout this period . 



The di s tribution of di amonds w ithin pipes and fi ssures h as 

b een cited by sorne geol ogists as evi dence of n1.etastab l e growth or as 

grow th withi n the crus t (Davidson 1964 , T rofirnGV 1965). The hypo--

1 05 

t h eses are ba sed upcm. the f act tha t each di amond pipe contains a charac

t e ri stic assen:tblage of di amond s and tha t t he t e n or d e e1· eases with d epth. 

An e xan:tpl e of t he characteri stic diarnond assemblage is s een at the 

Swar t ruggens fi ssure , h e re in the Mallin rnine 1nost of the dian1onds are 

of the i ndustrial type , b u t in the H e l am_ rnir..e the j e'vve l type i s pr edo1ni nant 

(Fouri e 19 58 ) . The dia1nond assemb l age in each of the pipe s of the 

Kim.be r1 e y di str ict i s a l so so di s tinct, e.g·: colour, tha t diamond 

me rchants can t e ll exac tly from whic h pipe any given di arnond came . 

Dia1nonds are a l so cons idere d to be m::>re abunda nt in the brecciat e d 

p a rt s of pipes. Fonnation of diamonds is gene rally accredited to 

overpressures gene r ated b y explosive eruptions in the magma chambe r 

at the base of e a ch pipe. The overpre ssure the ory can easi l y b e dis

c oun t ed on the grounds tha t such overpressures do not e x p l a in why 

di a1nonds are foun d in fis sur e kin1.b er lites which show no signs of 

b recciation, e . g. Sv,rartrugge ns . T h e d i s tinct di arnond assemb l age 

within each pipe i s , howeve r, very difficult to expl a in by assuming 

t h a t all diamonds were form ed at very great depths and subsequently 

t ransp:)rted up i nto t h e pipes as even close l y re l ated pipe s such as t h e 

Kimber l e y group exhibit greC~.t v ar i a tion s i n di amond type . It may be 
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that these as sernblage s are the r esult of n1 et as t ab l e dian10nd for mation 

within the pipe either by sorne proc es s of dir ec t rne t as t able nucle ation 

or by epitax i a l grovvth upo n some centre of nuc l eation . Such c entr es 

c oul d b e seed dia1nonds produced at de pth o r sorne other mineral, e. g. 

rutile h as b een suggested as a c entre of nucleation by Furte r gendle r 

(D awso n 1968 ). By either process a distinc t di a 1n ond assem.blage woul d 

result as a con se quence of diffe r e nce s in the com .po sition of individua l 

kimber lite bodies . In thi s contex t the repor t tha t diamonds are found 

in the wall ro ck limeston es and Hm.es t one inclu s i ons at the Mir pipe 

(Lebedev 1964·, D avidson 19 67b ) i s v ery signifi c ant. 

The question of the t enor of di a:rnonds decreasin.g with depth 

is pos sibly conne cte d with the so lubility of di a1nond . It h a s b een found 

tha t carbon is soluble in serpentine - KC l and kim::,erlite -KC] mix tures 

(W entor£ 19 65 ). The f a ct t h a t most di amonds show f eatures of dis so lu

tion (Frank 19 67 ) i s an indication that natural carbon in the form. of 

graphite or diamond is soluble in the alka line kimbe rlite m .agma . Mining 

in several South African pipes has dem::mstrated tha t the highes t produc-

tion of diamond s comes fr 01n the br ecciated portions of pipes . As the 

pipes are tr aced downwards the amount of brecciatio n decreases, tb.e 

amount of massive khn~erlite increases and the di amond t e nor falls 

off. If diam.ond is r eadily soluble in kin1berlite, then contact with the 
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re l a tive ly quiet kimberlite magm_as which forrr1 e d the m _ass ive kin1.be r-

li te will promote rapid dissolution c)£ cliam:md . (N. B . diamond wi ll 

only dis so lve whe n the magma b ecomes undersaturated in carbon, the 

lo ss of gases during intrusion n1.ay promote such conditions . H ence the 

vi o l ent brecci ation of kimberlite , as noted by Bardet (1965), will l ead 

to the preservation of clian1.ond. Dissolution of diamond in relative ly 

quiet 1nagmas a l so e ::x. 1 
1 a ins \vhy the maj ority of pipe s conta in f ew or 

no di amonds , and why f issure kirrJber lite i s in general not as productive 

as pipe kirnberlite. Thus, the generation of barren kim_berlite i s prob

ably not due to formation unde r very different c onditions but sole ly 

due t o the conditions of i ntrus ion. 

A n interesting conseque nce of the p roposed metastable 

occurrence of diam-::Jnds i s that di amonds shoul d f onn i n any magnJ.a 

which attains the requi s ite conditions of an abundant carbon-b earing 

fluid with a low p0
2

. An obvious candidate is carbonatite and the 

i n t eresting report by Von Eckermann (1967) of partially resorbed 

diamond in the Aln t) c ar b onatite is i mpor t ant . Whe the r c arbonatite s 

would have low p0
2 

v a lues i s unc ertain, it rnay b e tha t the large C 0
2 

res ervoi r of c arbonatite w ill buffer the reduction and therefore, b e 

t oo ox idising for carbon r educ tion t o t ake place . If p0
2 

is sufficient

l y low for di arnond fonnation, then the general lack of diamond could 



b e ascribed to the generally quie t i ntrusive conditions of c arbonatite 

which woul d promote:: rapid dissolution of diamond. 

Apart from simple dis solution processes sorne diam.ond s 

may be destroyed by graphi. t isati on. In most kimberlites graphitised 

di arnonds are unco1nm.on b ut they occur i n abunda nce at the Pr en1.i er 

pip e. Here the coat of graphit e i s easily r ernove d and would not h ave 

survive d viole nt intrusion (Lonsdale and Milledge 1965 ). T o l anksy 

(196 8 ) h as surmised that the dian~onds were subj e ct to graphitis in g 

t emperatures after forn~ation and afte r some drop in pr essure h ad 

t aken place . In t he pres e nce of oxygen graphitisati on would i ndicate 

0 
t emperatures of about ll 00 C. For graphitisation to occur at such 

ternpei·atures it must h ave t ake n p l ace at the base of the pipe, as the 

upper regions seem to h ave b een intruded at very l ow t emperatures , 

such a conclus i on i s a t v ar i ance w ith Lonsdal e and 1.1i lledge 1 s (1965 ) 

proposal of post-intrusive graphitisation . The l ack of graphitised 

diamonds in rnany pipes could b e due to the solution of graphite fro m 

the sur face of di amond. 

Som e g e ologists have cons ide red tha t the m:::>rphology of 

di an10nd can be u sed to indicate the p r es s ure and ten:1.p e r a ture conch-
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tion s of formati on as W entorf and Bovenkerk (1961) h ave show n tha t the 

morpholo gy of synthe tic di a mc:Jnd s is very dependent upon the conditions 

of synthesis. The m .orpho l ogy of any given cry s t a l i s strongly dependent 



u pon the concentration of its com.ponents in th e so lution from which it 

grew, tr·ace e l ement s in p ar ticular seen1 t o h ave cons ide r a ble effe cts 

u pon crys tal m_orphology. The ch a n ging growth condition s in natur a l 

kim'J erlite are reflec t ed i n the growth of s everal fo rms on individua l 

di am~mds . Gr antharn and Allen (1960) h ave a l so d emonstrate d that 
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in the Sier re Leone kimberlite s 11 a p ar ticular morphological type c a nnot 

be attributed to a p ar ti c ula r phase of the physico-chemic a l environment" . 

Ult ramafic nodules 

A wide vari e ty of ultr an1a£ic nodules are found in kim'Jerlite 

and of these garnet p eridotite (or garne t lherzolite ) i s considered by 

most p e trolo gi s t s to b e repres e nta tive of the composition of the upper 

mantle at the site of ki:mbe rlite magrna generation (O'Ha r a 19 68 ). 

G eochemical and p e trological studies of these nodules h ave b ee n e x t e n 

sive and have b een sumrna d se d in the book "Ultr a rna fic and Rela ted 

Rocks" (Wyllie 1967 ) and need not be r epeate d h e re. Certa in observa

tions are, ho..:Veve r, p e rtine nt to the problems of kimberlite genesis as 

garnet lhe r zo lite has been invoked by O'hara and Yode r (1967) t o be 

t he source ro ck of kin1'Jerlite m _agma . 

The rnineral ogy of a Tnantle of garne t p e ridotite compo s i

tion h as been discuss e d by Macgregor (1967 ) and Gl'een and Ringwood 

(1967b). These studi es h ave shown tha t thr ee sub- so lidu s phase 
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as se1nbla ge s are pos sib l e d epending upon th.e preva iling p res sure and 

t emperature conditions (F i g . 1 2) . The m .ine r a l asse1nb l age f ound in 

garnet peridotites xenoliths i s typical of m;~ch of the upper m .antle , 

e. g . olivine - enstatite -c linopyroxe ne -garne t. 

E x perhne ntal studies of the synthe tic system ens t a tite-

pyrope and of synt hetic p eridotites h ave shown tha t the Al
2

0
3 

content 

of ensta tite in equilibr ium vvith pyrope decreases with pr essu r e in -

crease (Boyd and Engl and 1964 , Gr een and R ingwood 1967b). Ana lyses 

o f enstatite co -exi stin g with garnet in ga r n e t p er idotite xenoliths i n-

dicate anAl 0 content of about 1o/o . Those which co-ex i s t with sub-
2 3 

c a lci c A l
2 

0 
3 

poor cHops ide h a ve b een e stirn ated to h ave formed at 

t empe r atures of about 1 350°C i mply.ing a maxirnum pre ssure of for ma -

tion of about 55 kb . (O'Hara and Yoder 19 67 ). The Precambrian Shie ld 

geoth erm ( Fig. 1 2) , h oweve r, lies between the 1- 2o/o Al
2 

0
3 

isople ths 

ove r a wi d e r a n ge of t e 1nperatur e and p:res sure s (G reen and Ringwood 

1967b) a nd l ower pre ssures than 55 kb. m .a y b e mC!re typi cal as indicated 

by O'Hara (1967 ). 

D avi s and Boyd (19 66 ) h a ve shown tha t the diopside solvus 

fer ent to tha t at 1 atm.osphe r e and tha t the composition of diopside 

in equilibriurn with enstatite c an be u sed as a geothe rm.ometer which 

i s independent of pr es s u re. Boyd (196 7) h as analyse d n a turally co-
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existing pyroxenes i n nodules and f oun::l equilibration t ernpe r atures 

to li e w ithin the r ange 9 00 - 11 00°C with one san1pl e from Shinyanga 

giving a maximum. t e 1nperatur e of 1 300°C . M e y er and B oyd (1968) have 

found that the composition of diop side i ncluded in diamond indicates an 

equilibr a tion t ernperatur e of 950°C (N . B. enstatite was not pre sent in 

the crystal). The se t emperature s indicate pres sure s of form ation 

m :ti n l y in the 30 -4 0 kb r egion and possib ly as great as 5 5 kb. 

0' H ara (1967 ) i n a d e t a ile d and com-;:n ·ehensive discu ss i on 

of the cornposition of co-exi sting pyroxenes and garne t re ac h e d the con-

elu s i on that garne t peridotite nodules e qui librated at pres sure s of 

30- 45 kb. 

Thus it i s cons ide red tha t gar n e t peridotite nodules indicate 

de pths of form a tion of fro n1 100-1 50 km at tem p e r a tur es between 900 

0 
and 1 300 C. 

At thi s point it should b e note d tha t the equilibration tern-

p eratures and. pressu res of garne t peridotite (Area A , Fig. 1 2 ) are 

l es s than those postula ted by the di amond -graphite transformation (Ar ea B, 

Fig . 1 2 ). M etastable di amond grow th can explain the di scre p anc y but 

several othe r f ac tors re ga rding the p ar t ial1nelting of garnet p eridotite 

t o fo nn k imb e rlitic magn1as (O'Har a and Y oder 196 7) must b e con-

side red, e. g. compos ition of include d mine r a ls in dia mond ( see Chapter 

5) 0 
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The ultrabasic nodule evidence is also limited in interpre-

tation because the validity of the geothermal gradient is unknown, al-

though it appears to b e a reasonable approximation (Clark and Ring-

wood 19 64). The pyroxene data also appear t o be approximately valid 

as synthe tic and natural san'lples h ave b een used to obtain the relation-

ships. 

Kennedy and Nordlie (196 8 ) in a r ecent study consider that 

diamond grows in the fluid phase produced by the p artial melting of 

garne t peridotite but only at p:::>ints where the geo thennal gradient, 

th e di amond- graphite curve and the solidus of garnet peridotite inter -

s ec t. As a consequence of such lirnitations, the n'linin'lum depth of 

I'V"'\. 
kimb er lite for mation and diam ond growth is about 200 ~ (70 kb) and 

. 0 
at very h1 gh t emperatur es. c. 2000 C). The production of a melt in 

Kennedy and Nord]je' s (1968 ) hypothes i s is a consequence of thermal 

process es only, no role is given to the possible production of a melt by 

pressure rele.ase at lower ten'lperatures and pressures. Melting con-

seque nt upon pres sure release is one of the more favoured rn·echanisms 

of magma generation (Turner and Verhoogen 1960, Harriss 1967) and 

should therefore not be neglecte d. The low equilibration temperatures 

of garnet p e ridotites also do not provide evidence in supp::Ht of Kennedy 

and Nordlie's (1968) hypothe sis. 
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The m .ajor oxide components of kimberlite can be represented 

by the quinary syste1r1 C aO-MgO-SiO -H 0-C 0 . 
2 2 . 2 

Thi s system includes 

sorne of the major silicate and carbonate phases found in kirnberlite 

and has been investigat e d a t 1 kb. by Franz (1965 ), ancl discussed by 

Fr anz and Wyllie (1966) and Wyllie (1966 ). 

Fi g. 13 illustrates the quaternary system Ca0-Mg0-Si0
2

-

H
2

0 (Franz and Wyllie 1966, Fig . 7, p. 19). The principal feature 

of this sytem i s the occurrence of a vapour saturated liquidus surface 

(VSLS). At this sur face liquids containing . dis solved vapour co-exist 

with crys talline phases and vapour. The VSLS is divided into two 

portions by a the rm.al divide XYB; low tem;:> erature crystalline phas es 

li e on the silica-poor side of this thern1al divide . 

The quaternary systern. C a 0-MgO -Si0
2
-co

2 
is very 

sirnilar to the above s y s t em , the VSLS and the thermal divide persist 

but hydr ated phases are replace d by c a rbonate d pb.ases . 

In the quinary system Ca0-MgO-Si0
2

-H
2

0-C0
2

, the t wo 

v o l atiles can b e r e presented by the sarne c orner of the t etrahedron. 

The general arr angem·ent of the silicate phase fields on the VSLS 

above the the rmal divide with liquids containing dis s olved C 0
2 

H
2

0 will be similar t o that shown in Fig. 13. The relations below the 
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the rrna l divi de are 1n::>re com.p lic a t e d as the compo s ition s of the 

prirnary phases change i n accordance with change in the c01npos ition 

of the vapour phase b e tween C 0
2 

and H
2 

0. Thes e phase s correspond 

to synthetic carbonatite lTlagmas (Wyllie 1966). 

Bulk compo s ition s lying upon the C0
2

-H
2

0 s ide of t he VSLS 

in the systen1 a t high temp e r a tures will be initially liquid plus vapour . 

With f a lling t empe rature vap our i s evolve d from_ the liquid and the 

liquid moves onto the VSLS where crystallisation of so lid phas es t akes 

pla ce, Whe n cry stalline phases be gin to prec i pitat e, the liquid follo ws 

a crysta llisation p a th on the VSLS, while the vapour co1nposition follo ws 

a corr espondin g patb_ on a vaporous surface (not shown) u ntil all the 

liquid is used up. At this p oint crystalline phase s co- exist with a 

vap our which i s a 1nixture of C 0
2 

and I-I 0. 
2 

During the crys t a llisation 

of the li quid, v a p our i s continua lly evo lve d and the corr1position of the 

vapour phase i s continually changing . P aths of crystallis ation on the 

VSLS can take either of t wo directions. Liquids riche r in Si0
2 

than 

the the rn1.al divid e will only y--ield silicates and a sepa r ate vapour phase . 

A low temp ~ rature residual1n e lt capable of precipita ting hydrate d and 

carbonate d phases will not r esult from fractional crys tallis ation . Any 

liquid with a com.position p oorer in silica tha n the the rm.a l divide will 

yield a hydrate d low temperature residual liquid by fractional crystal-
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li sati on w hich wi ll precipitate hydrate d and carbonated phases . 

The above c ons i de r ations l ed Fr anz and ·wyllie (1966 ) and 

Wyllie (1966 ) to con clude tha t a t 1 kb pressure hi gh t emperature silicate 

rn·elts precipitating originally mineral s such as olivine , pyroxen e , 

m ·e lilite and monticellite are inc apab l e of yi e lding low t empe r a tur e 

r es i dual rnelts which precipita te c arbonated ancl hydrat e d phases . 

Thus, they consider that a c a rbona t ed p e ridotite nl.agm.a c annot yie ld 

a c arbonatit e rn agm a by fractiona l crys talli sation. 

With r egard to ki1nber lites it is known fro nl. p e trographic 

ob se rva tion tha t olivine is one of the fir s t minerals to cry s t a llis e frOln 

a kim') e rlite nl.agma. . Moreove r , oliv i ne continues to crysta llis e through-

out 1nuc h of the r ock s crys t a lli sation hi story , The groundmass of 

kimb er lite contains abundant prima ry carbonate ph2.se s thought to re

pr esent the crystalline phases pro duce d from a low t en1peratur e re s idua l 

liquid . These observation s are i n direct contrast t o the exper i mental 

studie s. 

The composition o f some kimberlites with re gard to the 

system C a 0 -MgO-Si0
2

-H
2 

0 i s show n in Fi go 14 . The analyses re -

pre sent w h o l e rock kimberlite s and are t aken h e re to repr esent "de -

rivative s" of some initial liquid. (Data f rom Wagner 1914, Williarns 

1932, D awson 19 62. ) The plo ts are not strictly corr e ct as no allow

anc e is made for lo st vapour phases or the anl.ounts of phenocrystal 
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mater i a l, but serve to illustrate l1.ow kilnberlites li e in the system. with 

regard to the therrnal divide and the low tern.perature liquidus. As 

Fig. 14 shows th e rocks plot above the thermal divide and would not 

t herefore he expected to b e ab l e to produce residual low t em.p e rature 

liquid s . To e x plain the observed mineralogy and petrology of kimb e r-

li t e it is necessary to po s tula te that at high pressures the thermal 

barrier is renl·Jved or is bypassed by the introduction of some othe r 

c omponent . R ernoval of the thermal b arrier i s possible also when dif

f erent rnineral assemblages are introduc e d at high pres sure . Modifica

tion of the system. by alkali addition would seen1. to repres e nt a likely 

p ossibility and Wyllie (1966) considers that a carbona t ed a lkali p er ido

tite magma rnay provide alternate crystallisation paths which would by

p ass the thermal h ar rie r a nd l ead to low t em.perature liqui ds. 

A third possibility is tha t liquid immiscibility may play 

sonJ.e ro l e in the deve l opment of the carbona t e- rich portions of kimber-· 

li te. It has be en established experhnentally that li quid i nJ.rni scibility 

e xists between silicate and carbonate m .elts (W yllie 1966 ) . Kooster 

v an Gros and Piwinski h ave a l so de1nonstrated that li quid i m::niscib i lity 

appears i n carbonated melts o f pante llerite, basalt , i jolite and me ltei

gite coJD.positions at 10 kb . and 600 -75 0°C , t hus dernonstrating that 

c a l cite - rich melts can be generated from a variety of magmas rich i n 

C 0
2

. O f i nterest in t his context i s Wagne r' s (1914) description of rounded 



and e llipsoidal amygdales of calcite ar r anged in rows i n a kimber lite 

dil<:e . Such anygdal e s rnay represent crystallised im.m .i scib l e liquid s . 

A second consequence of F ranz 1 ~ (1965 ) wo r k is that i n the 

quinar y systern decarbonation reactions invo lving hi gh t emperature 

117 

silicate m.inerals such as olivine and the c a rbo nated phases (cal cite ) 

occur. The presence o£ H
2

0 i n the vapour phase causes divar iant di s 

soci ation reactions t o becorne i nvo lved with th e low ten1peratu1·e liqu i dus 

rel ations giving rise t o the ..appearance o£ hi gh temperature minerals 

such as o livine and pyroxene on the low t emperature li quidu s b e low the 

therma l divide . Thus , even though li quids 'are unable to c ross thi s 

b ar rier , high ternperature minerals m a.y b e pr ecipitat e d alongs id e 

c a lcite fron1 l ow t e1npe rature synthetic c arbonatite rnagmas . A l arge 

number o£ c r y stalli s a tion p aths are pas sible i n the quinary system 

involvin g crys t a l-liquid equilibria at l o w tempera·i:ure (600-800°C ) where 

c a lcite and oliv i ne co-exist, such p a ths c an a ccount for the re a ction of 

olivines (primary hi gh temperatur e type ) w ith liquid to give calcite and 

montic e llit e p seudomorphs and n1ay a l so p l ay some ro l e in the deve l op

rn ent o£ the t wo generations o£ olivine seen i n kimberlite . 

A s a conse quenc e o f the experimental work carrie d out by 

Wyllie (1966) and others , i t h as been s h own that synthe tic carbonatite 

magrnas can exist in a liquid state do w n to very low t emp eratures . The 

relevance o£ studies to kimbe r lite i s tha t they sho w that calcite can b e a 
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pd. rnar y crys t a lline phase and n ee d n ot b e a n a lte r a tion p ro duct of 

p re-exi sti ng nJ.ineral s . O n l y r are ly h as carbonat e in kin1ber lite b een 

re garde d a s a p r i mar y phase a n d it is mor e u s u a l to con s i de r the c a r-

bonat e as a pr oduct of w eathe rin g , a s a product of hydro the r mal flui ds 

fr om youn ge r i n t rusions , as a d eu i:e ric m i n e r a l or to b e d e rive d from 

xenolith s of lime s t one . R e c e nt P ' · o lo gic a l thou ght j s, ho wev e r, turn-

in g t o the p os sib ility of primary c a lc ite in kimber lite , e. g. Wat s on 

(19 5 5) and r enders u nne c essar y the com plex p e trolo gic a l t he orie s of 

Sha n d (1 934 ) and T a lj aard (193 6). 

Seife rt a nd Schre y e r (19 66) h ave i nv esti gat e d the sys t e m 

K 0-M e: O-SiO -H 0 a t 1· kb and a t t e mn e r a tu r e s fro m 5 00-9 00°C . 2 c.> 2 2 ~ . 

Within this s y s t e rn ex t e n s i ve fi e ld s of s ilicate liquid ar e fou nd to per-

sist t o very low t empe r a tures (700°C ) . S e ife rt and Schr eye r (1966 ) 

c on s ide r tha t sn1.a ll amount s of po t as sium rr1ay b e able to conve rt 

solid ultr ab a sic rock s into crys t a lline m ush e s capable of l ow tempera-

ture intru s i o n . At 5 00°C the liquid is replaced by a gas rich in potas-

sium which is con s ide red to be able t o l eave the solidified rock and 

induc e p:::>t a s s ium m e t a soma tism in adj a cent country ro cks . 

Seife rt a nd Schreye r 1 s (1 9 66 ) study is importa nt tha t it 

d e nv:m s trate s that the t w o prirna ry pha s es of kimberlite, olivine and 



119 

phlogopite can crystallis e to ge the r o v er a wide range of t ernperature. 

The lowe r t e n<_? e r a tur e s ar e vve ll below those of the thern1al barrie r in 

the quinary sy s t e m of Fr a nz (19 65 ) and thus i t is po s sible tha t addition 

of K 0 to the system will en a ble liquids to cross the the rrna l barrier. 
2 

The occurr e nce of potas siun1 n<etasonlatism i s not a typical feature of 

kin<berlite s, in fact, country rocks adj a cent to pipes and fissures 

are usually eithe r una ltered or subject to slight carbonati s ation . Only 

one exarnple of potassium m e t a soma tism adj a cent to kimberlite is 

known, this b e ing adjacent to a micaceous ki1nherlite at Segue la, Ivory 

Coa st (Barde t and Vache tte 1966), where p ot a sh f e nites are develope d. 

Yoder and Ku s hiro (19 68) h a ve studied the syste m Fo-l-I
2 

0-

(Lc:Ks) at 10 kb. and 1 225°C a nd have show n that forsterit e and phlo go-

pite co - e x ist as liquidus pha s e s unde r these conditions. M ·elting 

relations of phlogopite are very importa nt in kimb'3rlite petrology as 

phlogopite n<ay be one of phas es which melt s i n garne t p e ridotite i n the 

mantle to give kim':)erlitic fluids . Yoder and Kushiro (1968) h ave studied 

t he melting relations of phlogopite co-existing with olivine, e. g . 

phlo gopite + olivine + gas olivine + liquid -l· gas 

The univariant curve representing this reaction p ass s es through the 

fi e ld of equilibration of ga rne t peridotites in Fig. 1 2 and indicates that 

m .elting of phlo gopite i s p ossib l e at these t e1nperatures and pressures. 



Luth (1967) h as investigated the system KAlSiO -Mg
2
Si0 -

. 4 4 

Si 0
2 

-H 0. The results are not strictly applicab l e to kimber li te s but 
. 2 
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Luth (1967) considers that the di s tinction betwee n kimberlite and mica-

c eous khnberlite can be po ssib ly due to the reaction: 

phlogopite + enstatite ---- for sterite + li qui d+ vapour 

Enstatite does not, however , play a n1ajor role in kimberlite petrology 

but the reaction m ay b e of importance in producing the distinction b e-

t ween pyroxene bear i ng micaceous kim.~erlites and pyroxene free n1.ica-

ce ous kim~crlite s as de scr ibed by Wagner (1914) . 

From the above discu ssion several conclusions can be 

dr awn: 

1. I£ kimb er lites are d e rived by parti a l n:1.elting of garnet peridotite 

t hen the y are formed deep i n the rnantle, i.e. 100-1 50 kms. 

2. Diam.::md c rystallis es over a wide r ange of pressure and t en1.pera-

tur e and is of li t tle u se i n determining the site of kimberlite 

genesis. 

3 . Kimberlite magmas conta in abundant volatiles (C 0
2

, C 0, H
2 

0, 

4. Dianwnd, olivine , garnet, phlogopite and calcite can all cry-

sta lli se as prirnar y phases f rom a khnberlitic magma . 



5. Low t ernperatLlrc carbonate- rich fluid s can be derived by the 

fr actional crystallisation o£ a high teTnperature alkali -rich 

kimberlitic n1agm.a. 
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The subject of the t emperature of kimberlite intrusion has 

been extensive discus sed by Davidson (1 9 64 ) , Mikhayenko and Nenashev 

(1962) and Dawson (l967a) and it would seem that the upper parts of 

pipes are intruded at very l ow t en1.perature s . However, high t enlpe ra

ture kin1.berlite rnagn1.a is known to persist at high_ crustal l evels as 

evidenced by chilled margins (Mannard 1962) and the pr esence of 

partially m e lted x enoliths (Grantham and Allen 19 6 0). The deve lopment 

of the low t emperatures seen in the pipes is related in som_e n;_anner to 

t he flu-idi sation developed during their intrusion . 



C HAPTER FIVE 

P ETROGENESIS OF KIMBER LITE 

The ories o£ p e t rogenes i s of ki.rnberlite ar e few, and h ave 

for the most p ar t b ee n b ased up ::m little p e tro logical a nd geo l ogi cal 

evidence. Most geol ogi s ts h ave b een concerne d with the mec:ha nisrn 

o£ i ntru s ion of ki1n~ e rlit e rnagxDas r ather than with i ts actual genesis. 

Thr ee m a in groups of p e troge nic thought exi s t. These 

conclud e tha t kimber l ite s are derived from: 

a) olivine-n1dilitites (Holmes 1936, Talj aard 193 6 ). 

b) c arbonatites (Franz 1965, D a\vson 1966 , 1967 ). 

c) p eridotite fu s ion (O' Hara and Yode r 196 7, Sobo lev 1968b, 

Artsybasheva et a l. 196 4 ). 

Oliv i ne Meli l i t ites 

Holmes (1936 ) and T a ljaard (1936 ) c ons ider ed that the re 

e x i s ts a clo se chen1J._cal and spatial r e l a tionship between kim.h e rlite 

and ITl•elilitite . Hohnes (19 36) r egarde d kimberlite as an ori gina l 

m agma o£ olivine m _e lilitite fro m which ''ema nations'' o£ H
2

0, C0
2

, 

122 
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P 
2

0
5 

h ad been l ost, and to V\'hich had been adde d xenolithic uHrabasic: 

mantle rnaterial. Talj aard (1936) regarded kimberlite as hydrothermal·· 

l y altered melilitite. 

The relationship has been discussed in Chapter 3 and h as 

b een foun d to b e unconvincing; consequently these theorie s of kirnber-

lite p etrogenesis will not be further di scussed . 

Carbonatites 

Two hyp:)these s h ave be e n presented which consider c ar-

bonatite t o b e the parent 1nagma of kin1berlit e . C arbonatite is, ho wever, 

a nJ.agrna of more extrenv~ com::=>osition tll.an kirnberlite ancl thu s m a y 

itself b e an advanced differentiate of son1e otb:;r ma.grna of l ess ex trenJ.e 

corn;::>osition. Moreover the source of carbonatite magn.J.a.' i s unknown 

and thu s considering carbonatite to be the parent of kimberlite, i s 

mere l y b egging the question and provides a convenj ent way out of certain 

petro l ogical difficulties. 

Hvpothe sis of Franz (19 65 ) 
~-------·----------

Franz (1965 ) regards all the ultrabasic inclus i ons found in 

kim'::>erlite to be x e nolithic and to be rnantle nJ. a teria l rando1nly in-

c orporatecl in a carbonatite nJ.oving upwards from d epth in the rnantle. 

Reaction of carbona tite with xenoliths to produce phlogopite occurs as 

t he c arbonatite moves upward. The stable phases which co-exist 
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with .cal cite at this tirn_e are forsterite , phlo gopite , montice llite , 

p erovskite, apatite and 1nag n e tit e . The reaction w ith xenoliths is thought 

t o form a 11rnicaceous kinl.bcrlite rnagnl..1. 11 s.aturat ed with a v ap::mr phas e . 

Fr anz (19 65 , p . 124 ) further states , 11 Because of the t endenc y for rnka-

c eous kimb erlites to occur as dikes and the b asaltic to occur as pipes 

and b e c a us e of t he chemical clLfference s b e tween the m, the b asalti c ktnl.-

b erlite may be fornl.e d f ronl. the n1.icaceous kirn b e rlites by the r emoval 

of it s groundmas s 11
• 

Thus , as a micaceous l irn herlite n ears the surface the 

di sso lved vapour c ornes 0:.1-t of so l u tion and the gas bubbles expa nd 

explosive l y to caus e t he eruption of a carboJlatite tuff co ne: v apcmr 

i s CD n s id ere d t o react with phl ogopite and the xenolitb s , ~emoving K
2
o 

a n:l Al
2
o

3 
and l eaving b ehind c a l ciunl.anrl m agnesium s ilicates in the 

for m of a b asaltic kinl.be rlite. 

Fr anz ' s (196 5 ) hypothes i s is based upon hi s studies of the 

sys t em C aO -MrtO-SiO -C 0 -H 0 and h a s the m .e rit of s how ing that l ow 
0 2 2 2 

t enl.p e rature liquids equiva l e nt to kin1.ber l ite are p:::>ssible. C a rbona -

ti t e i s chose n as a parent 1nagn1.a because of the suppos e d association 

of kinl.berlite s and carbanates (D awson 1966) and b ecause of the ex i st-

ence of a thcrnl.al divide i n the synthetic system which prevents 

carbona t e d p e ridotit es diffe rentiating by fr a ctio n a l crys t a lli zation to 
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carbonatite s . F ran;.-; & Wyllie (1966 ) a n d W ylli e (1966 ), ho\veve r , st a t e 

that severalrn .echani srns f or bypass ing thi s thenn.al b a rri e r e x i s t . 

The m .ost important c r iticisms of Fr anz ' s (1965 ) hypothes is 

ar e: 

1. Re a ctions b e t wee n carbona te and xenoliths in kim b er lite are 

r are. Any which oc cur app~ar to b e m e r e ly r e placement of 

mafic mine ral s by a fluid which al re~_cry_ conta in s phl.ogopite . 

2. Reactions b e t ween carbonatite and xenoli ths would not pro-

vide a m e ans o£ pro ducing the hi gh K
2 

0 content of kirr1b e rlite 

as b oth re actants are K 0 p :::>or . 
2 

3. N o evidence i s f ound for phlo gopite reacting ·with vap:Y.H to 

give olivine . O livine crystalli se s as a primary mine ral of 

t wo g e n e ration s whil s t phl ogopite is l a r ge l y confine d to th e 

grounclmas s . 

4. Consider ing kin1~ er lite to b e equival e nt to rnicaceous kimber-

lite minus gr oundm.a.ss i s bas e d up :::>n. purely arbitrar y chemical 

c a lcula tions, and no p e tr o l ogi cal evidence s upp ::Hts tb.i. s r e l ation -

ship. Evide nce f or the assmn.pti on that micac e ou s kirn.1)er-

lites are pr ec ursors of kim.b e rlite i s doubtful. Fr anz (1965 ) 

cite s D awson ' s (1962 ) evid 1c e that a mic a ceous kimberlite 

f ornl.s a dyke b e low a kim1)e rlite pip e in L esotho . Howeve r, 
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Dawson (1962) hinJ. se l£ states tha t the L es otho ar ea is pre-

donJ.inantly kin1herlite. Similar adverse volun.J.·etric evidence 

i s seen in Tanzania (Mannard 1962), Siberia (Lebedev 1964 ) 

and South Africa (Williams 1932). In South Africa, 1nica-

c eous kinJ.b e rlites tend to form a separate province of 

kimberlite magm_atisnJ. distinct from that of kimberlite . Where 

differenti a tion of ldn1.berlite has t aken place, e . g . l ate stage 

c ross cutting dykes, it appears that mica is p resent in greater 

quantity than in the parent pipe (Wagner 1914 ). 

S . The hypothes i s do es not account for the ubi.qui tous occurrence 

of phenocrystal olivine , chro1ne-pyrope , magnes i an ilrn•enite 

an::l t o a l esser extent diamond i n khnberlite as these 1nine ral s 

are no t typical of carbonatite s. 

In su.mmary, Franz ' s (1965 ) hypothes is is inade quate i n accounting 

for the observed petrological and geo l ogical f eatures of ki1n'::>erlite . 

_!iyp_:?~J::~i__::;~f_I2.~~~<?n (1~§§2__JJ_6_2?j 

D awson ' s (1966 , 196 7b ) h yp::>thes i s bears some s i m ilar i t y t o 

t hat of Franz (1965 ) , but D awson regards t he ult rab asic xenoli ths 

a s c ognate . 

B a s i callythe h ypo thes i s states t hat " cr u stal granite " i s in 

co rp::>rated into a water- ri ch ankeritic f raction of a car b::>natite magn1.a . 
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R eaction s occur which pr oduce ultrabasic xenoliths , vvhic h beco1ne dis-

ruptecl dur i ng the intrusive phase . S01ne of the xenoliths become the 

l arge rounded xenoliths f ound in the pipes whilst crys t a ls fro m othe rs 

re a ct with the r es idua l fluid to form kin1~erlite. 

The process h as b een sum~narised by D awso n (1966, p . 3, 

Fig. 2) as follo ws: 

H
2
0-rich anker itic carbona tit e + 

l 
11 gr anite " 

unfr a gm e nte d 
co gn ate xeno liths 

U ltr abas ic rocks + r es idual fluid 

\ I 
f r agm.e ntation s er p e ntj nisation 

\ phl~opitis ation 

kim."Serlite & gases lo s t during 
· flui disation 

. / 
'V 

kim'\:) e rlit e br eccia 

count r y ro ck 
xenolith s 

/ 

The theory is'bas e d upon the supposed association of kin-:tberlites 

and carbona tites (Cha pter 3 ) . It is similar to that of Holme s (1950) 

and repres ents a v e rsion of the lirn ·e stone -assimilation hypo the s i s of 

D aly (1933 ) and Sha nd (1947 ) , a hypothesis wb i ch has l arge l y h ee n 

discredited as a m ean s of prodLlcing l ar ge vo lun-:tes of alkaline rock 

(Turner and Verhoogen 1960, Heinrich 1966 ) . T he major points 

ag ainst D awson ' s (1966 ) tb e ory are: 



1. There is no experirn.ental or geo logical evidence available 

which indic a t es that " granite 11 r eacts wifh. carbonatite to give 

kim .b e rlite . 

2. Addition of 11 granite 11 t o c arbonatlte woul d increase its Na
2

0 , 

K
2

o, Al
2

0
3 

and Si0
2 

content , but the final Al
2

0
3 

and Si0
2 

c ontents woul d b e too hi gh and the Na
2 

0 / K
2 

0 ratio would b e 

the reverse of tha t generally found i n kirnberlites . The 

pro duction of calcium-poor kimb er lites i s particularly hard 

to account for . 

3. Dawson (19 66 ) does not discuss the source of his 11 granite 11
, 

but it p resumably c an r epresent incorporation of an anatectic 

n~te lt or fused xe noliths . In e ither c ase it is very unlikely 

that c arbonatite woul d pos sess suffi cient superheat to c ause 

much p artial rne lting or fu s ion. 

4 . Known contact effects b e tween gran ite and lin1es tones never 

deve l op rocks of ki.m'Jerlitic aspec t nor do eclogite and garn e t 

p e rido tite fonn . R eac tion zones are sma ll in ex t ent and the 

hybrid rocks generated are syenitic or are grossular-

i do er ase -diopside ska r ns (Muir 19 53, Tille y 19 49 ). 

5. In order to account for the MgO content of kimber lite , Dawson 

(1966) postulated tha t only a nkeriti c c arbona.tite re acts with 

granite . Thi s i s a r a the r strained assun1ption as r eaction s 

at g r anite d o l omite contac t s are very sin1.ilar to those a t 
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granite-lim·~s tone contacts (Tilley 1949 ). Moreover, dolomitic 

and ankeritic carbonatite are re l ative l y r are cornpared t o the 

am::mnts of c a l cite carbonatite . Appealing t o the fact that kim

berlite i s it se lf a r are r ock (Dawson 1966 ) proves nothing con-

cernin g their supposed re l ation. D awson (1966) a l so conside r s 

tha t do l omi.te reacts preferenti a lly b e c ause it h as a l o\ver dis

sociation t emperature than calcite at 1 at.mo sphere , h owever 

Wyllie (1966 ) h as found that do l omite i s stab l e on the l iquidus 

phase only a t hi gh pressures in the systern C a O- MgO - FeO-

C0
2

-H
2

0. 

6. G arne t peridotite xeno liths in a ll South Afr ic an kimbe r1ites 

h ave been s h own t o p ossess a u niforrn garnet c ornposition 

(Ri ckwood e t a 1. 1968 }, if these xenoli t h s were reaction products 

in a crustal environment no suc h constancy of c ornpos i tion 

could b e expec t e d. 

7. The hypothesis cannot e x pla in the hi gh Cr, Ni, C o content , i. e . 

the ult rabasic geochemical assemb l age of kinJ.ber lite as neither 

carbonatite nor granite p ossesses hi gh conc entrati o n s of these 

elements . 

8. The hypothes is d oes not expl a in the hi gh Th/U r a tios, the pos

sible r are earth Eu anornaly n o r the hi gh Hg and B conte nts of 

kimb erlite . 
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9. Other processes can account for the abundances o£ Sr, Nb, Zr, 

etc . , rather than assurning that carbonatite i s the only source 

of these e l e1nents (see Chapter 2). 

In conclusion th e theory does not account for the observed 

m.ineralogy and geochemis try of kimb e rlite and moreover, provides 

no m~eans of generating the various types of kimberlite . 

Peridotite Fusion 

orHara and Yoder (1967) h ave developed a the ory of kiln-

berlite genesis based upon the following observations: 

1. Garnet lherzolite nodules in kimberlite yield an acc·eptabl e 

estimate of the composition of the upper m antle . 

2. Partial melting of such garnet lhe rzolites at 80- 1 00 km ., in 

d e pth will produc e a li quid with the comp:)sition o£ hypersthene 

normative picrite basalt. 

3. Garnet l herzolite b egins to rn~ lt at high pressures at temperatures 

b e low 'that at which bimineralic eclogite begin s to m·~ lt. Where 

b oth rock types are avai l ab l e to be melted under natural cir-

curnstances li quid should be produced preferentially from the 

gar net lherzolite . 
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4. The reaction relationship: 

olivine+bypersthene normative picritic liquid -~ garnet+diopside 

has been inferred from natural assem'Jlages in kimberlite 

(0' Har a and Yoder 19 63) and has been confinned to occur at 20kb. , 

in experilnents on natural picrite (O'Hara 1968). 

5. The reaction relationship: 

orthopyroxene+ hypersthene normative picritic liquid -7 

diopsidet gar net (±olivine) 

has been found in the system CaO-MgO-Al
2

0
3

-Si0
2 

and from 

natural garnet peridotite systems at 3 0 kb. (0' Bar a 19 68). 

These reaction relationships are considered essential for 

the development of a kimoerlitic fluid by the separation of an eclogitic 

accum;llate by the high pressure fractionation of hypersthene norn1ative 

picritic basalt. 

I£ partial melting of a four phase garnet lherzolite occurs, 

then all four phases will m.elt together and if the degree of rnelting is 

insufficient to cause the disappearance of any phase, then the sam·~ 

minerals will rem.ain as solids. The solids will have compositions 

differing fron1 the original phases which crystallised at the initial 

solidification point and the minerals left will be enriched in magnesium 

relative to the original composition, thus: 



g a rne t lhe r z olite- I -7 g a rne t lhc rzolite~ II +liquid 

The liquid w ill h ave a hi gh e r Fe / Mg rati o tha n the m e lt which would 

h ave b ee n for n 1e d by the con1p l e t e m e lting of gar n e t lhe r z olite -I and 

will h av e the compos iti o n o f a hyp e rsthe n e no rn1ative picritic b asalt 
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(O' H a r a and Yoder 1967, Ri ckwo o d e t al. 1968). If thi s liqu id migr a t es 

away f r01n. the s our c e rocks , an opportunity ma.y occur for crys t a l-

lis a tion t o t a k e pla ce. At 30 kb. o r thopyr oxene and olivin e h av e a 

re a cti on r e l ati on to the liqui d a nd are n o t pr e cipita t e d, fraction a -

tion t akes pl a c e b y the s epa r a tion of the mine r a l s char acte ri s tic of b i

mine r a lie e clogite . The t y p e of eclo git e whi ch crys t a lli se s .during th e 

fractio nation pro cess will d epend u p :::>n the pr ess u r e and t e mper a tL:r e 

conditions p r e vailing a nd a t low t e mp e ratur es more calcic and alum~. nou s 

eclo gites will s e p a r a t e . The com p::J s ition of the liqu i d r e m a ining afte r 

eclo gite fr a ctiona tion is b e li e v e d to hav e a com?::Jsition simila r to 

pota ssic lav as or to the groundm3.s s of kimb e rlite . Thus, 0' Hara 

and Yod e r (1967) conside r tha t kimberlite may be a serpentinis e d 

mixtur e of x enocrysts p e ridotite and de- gas sed fluid \vhich is its e 1£ a 

r esidual liquid d e v e lop e d afte r the fractionation of eclogite from a 

liquid which is the p a rtial m ,:!lting product of four phase garne t lhe rzo

lite, The geoche n:1ical effects of eclogite fractionation are consider e d 

by O'Ha ra and Yode r (1967) to account for the high Cr, Ni, Co, V, Mg 

and high Sr, Ba, Rb, K , Ti, P content of kimh e rlites as the s e paration 

of clinopyroxe ne and garne t is considered to fractionat e these elem,ents 

into the liquid phas e . 



To exan:line the plausibility of 0 1 I-Iara and Yoder 1 s hypo

t hesis it is necessary to consider the distribution and occurrence of 

eclogite and garne t peridotite i n kirnberlite. In many pipe s such 

ultrabasic xenoliths are absent , i n others they occur sparin gly and 

i n exceptional cases cornprise as much as 2o/o of t he rock (Davidson 

1967b ). As a general rul e the mos t abundant xenoliths are garnet 

p eridotite ; eclogites are re l ative ly r a re . O ccasionally cons i derab l e 

c oncentr a tions o£ ecl ogite occur , i n these occur renee s garnet peri do-

t ite i s either absent, e . g . Zagodochnaya (Sobol ev et a l. 1968) or 

rare , e. g. Roberts Victor (William_s 1932 ) . 

U nfortunately l ittle work h as been unde r taken which re-

l ates the xenolith content of kimber lite to the type of kirn_ber li t e but 
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i n a general manne r it appears t hat the olivine-r i ch mica poor 

kimberlite s are p o or in eclogite but contain abunda nt garnet p e r i dotite . 

The highl y n<i caceous and cal careous kinJ.ber l ites such as Zagodochna ya, 

R ob e rts Victor and Bell sbank , c ontain ab undant ec l ogi te and i t i s in 

these kirnber lites that the r are k y anite - eclogites and grosspydites a r e 

f ound . 

The most i m portant question r a i sed b y the xenolith distri

bution i s whe t her t he srnall of e clogite f ound can acc ount f o r th e p roduc

ti o n o f k i mberlite magmas and i n p ar ticul ar the o livine··- ri c h m i ca-poor 

v ar i eti es . 
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So1n'e facts which appear to be against eclogite fractiona~, 

tion are: 

1. In many pipes kin1'::>erlite grades into micaceous kimberlite and 

appears to represent differentiation within the pipe, Eclogite 

is not involved in this differentiation process. 

2. If eclogite fractionation has occurred why are eclogites so 

poorly represented in the xenolith suite? I£ the eruption 

posses sed sufficient power to bring up n1antle garnet peridotite 

xenoliths, why are eclogite xenoliths excluded? 

3. Examination of the heavy 1ni.neral fraction of kimberlite 

generally reveals the presence of two types of garnet; pyrope 

(and chron1e pyrope) and almandine-grossular (cclogitic garnet). 

O'Hara and Mercy (1963) and O'Hara and Yoder (1967) consider 

that pyropes are xenocrysts. Other geologists consider them. 

to be phenocrysts and the eclogitic garnets to be fragm,~nted 

eclogite xenoliths. The interpretation is facile as no reason 

exists why eclogite should disaggregate in preference to garnet 

peridotite. The interpretation of pyrope purely as a xenocryst 

is also doubtful as aggregates of pyrope and other minerals are 

not found and because euhedral pyropes are found as inclusions 

in diamond. (N. B. The rounded ilmenites found in kimberlite 

are very shnilar in habit to the pyropes, yet they are never 

considered to be xenocrysts, primarily because ilm.enite does 



not occur i n t he garnet peridotite nodules . It i s entire ly 

po ss ib l e that phe nocrystal p yrope achieved its rounded for m_ 

in the sam e manner as did the ilm enite ). Thi s w o u l d indicate 

a ph enocr y stal o r i gin. As crystallisation of kim~erlite i s 

un doubtedl y a polybaric -polythe r m _a l process various types 

of garne t carl be expected t o crystalli se at different times 

during it s crystallisation hi story . Thus all the garnets may 

b e phenocrys ta l. 

4 . · Whil s t e clo gite garnet s are con1rnon in the h eavy 1n i ner al 

fr act ion of kin1berlite it wou l d seen1 that e clo gitic pyroxenes 

are scarce (Nixon et a l. 1963 ). 

5. Kimher lites r ange i n K
2

0 / Na
2

o ratio fr om about 0. 2 (Mannard 

1962) to about 4 (Dawson 1967b ) nl.::>s t l y ing in the r a n ge 2-4 
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(Willian1s 1932, L ebedev 1964 , D awson 1967b) . The mineral ogy 

of all such kimbe rlites i s much the same and increas i ng K
2

0 

conten~s ar e r e fl e cted in an i ncreasing me>dal mica content. 

Incr ease in K 0 i s not accomuanie d by an increase in the . 2 . 

amoun t of ec l ogi t e . 

6 . Not a ll geo l ogists are co nvinced that eclogite is a co gnate 

xenolith. The evidence that eclogite is a crustal xenolith 

not conne cte d with kimberlite genesis h as b ee n summarised by 



that : 

Davidson (1964, 1967b ) and i s suppor t ed by the Rb-Sr and Pb 

a ge s t udies of Manton and Tatsurn.oto (1969 ). 

Some evide nce i n f avour of e clo gite fr actionation i s 

1. E c lo gites are often b an d e d, as are other cognate xenoliths 

(e . g. ilrnenite nodules ) and such b a nding can b e attr ibuted to 

crystal a ccurnul ation in a m agr:n ::t charnber prior to eruption . 

2. Eclogites ar e more abund ant i n kirnberlites which are richest 

in CaO and K
2

0 i n ac cor dance with O'Ha ra and Yoder ' s hypo

t hesis . These kim'") er li tes h ave high (c . 7) K
2

0/Na
2

0 ratios 

and the wide v ariety of eclogite types i s interpreted as b e ing 

due to the effec t s of extensive fr ac tio nal crysta lli sation 

(Rickwoo d et a l. 196 8 ). 
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One problen1 r aise d b y O'Hara and Yoder ' s theo ry is 

associ a t ed with di an10nd gene s i s . Di an10nd do es not contain inclusions 

of the minerals of bhnine r a lic e clogite . The included mineral s are 

typi cally tho se of kimberlit e it se lf and garnet p e ridotiteo The only 

dia1nond b earing ec lo gites knovm are of unusually c a lcic compositions 

(Sob o l ev 1968 a ). I£ diamond is as s urn.~d to fo rm only within the 

stability Held d e fine d by the di<:nnond- graphite curve then the presence 

of olivine, pyrope and orthopyr oxene as liqui dus phases is difficult 



to account for if diam.::m.d grew in a liquid with the cornposition of 

picritic b asalt. The restriction of di an1ond in eclogites to the l ater 

stages of ec l ogite fr actionation is also difficult to account for. The 

paradox can be re solved by any of the followin g as surn.ptions: 

1. All inc lus ion s in clian1ond are xenocrysts . 

2.. Diamond did not grow from a 1ne lt of picritic bas alt camp:)-

sition and hence the inclusions represent liquidus phases , 

3. Diamond grew in r egions where ec l ogite fractio nation did 

not occur , e . g. m e tastable growth at low te1n_r.>eratures and 

pres sures outside the fi e ld s of eclogite stability. 

Whi c h of these assumptions is correct is unknown at the 

pr es erit tim·e. 

In conclusion it appears that O ' Hara and Yoder's (1967) 

hypothesis is capab l e of accounting for the genesis of rnicaceous kirn

b erlite by eclogite fractionation . It is uncertain though whether the 

p arent liquid of n1icaceous kim_he rlite i s itself the r esult of eclogite 

fractionation . Kimberlite can possibly be accounted for by eclogite 

fracti onati on but in view of the paucity of ec l ogite accun1ulate s , ap-

p ears unlike ly . Other m e thods o f producing a liqui d of kiml1erlite 

com .po s ition are not considered by O'Hara and Yoder (19 67 ) although 
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t h ey are equally like ly , e. g . p arti a l m•:!lting of alkali-rich rnantle 

phases or zone r e finin g of p eridotit e (H ar r i ss 1967 ). In this contex t 

it shoul d b e note d tha t 0 1 Har a and Yode r (1967 ) have t o i nvoke eclogit e 

f ractiona tion to increase the K
2

0 content of p a rtial m _e lts of garnet 

p e ridotite as the y onl y consider the partial m·~ lting of four pha se 
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garne t l h e r zo lite . The possible occurrence of phlo gopite or amphibole 

as a minor rn.antl e nJ.ineral is neglected, melting of such phase s 1nay b e 

imp~:>rtant i n the ge n eration of alkali-rich m _agrrv:ts of srnall vo lume . 

In sum:n_a ry, a ll theorie s of khnhcrlite p e troge n es is h ave 

numer ou s point s against them either of a geological or geo chemical 

n a ture . Of the theories, 0 1H a ra and Yode r 1 s (1967) hypothes is of 

ec l ogite fractiona tion i s the rno st like ly rn ethod of g ene r2.tin g nJ.:icaceous 

kimb e rlite s, whilst non e of the the ories can adequately account for 

t he production of o l ivine - rich mic a -poor kim_be rlite . 



C I-IAPTER SIX 

E XPERilvfSNTAL PROCEDURES , ANALYT ICA L RESULTS AND 
. ---------------·---------------·----------------------~ 

T HE Rb-Sr SYSTEM 

L arge (c . 500 g .) sam.p l es were prepared for w h o l e rock 

a naly s i s . Eac h sampl e \Vas i n i tially broken up i n a pre - co ntami nated 

s t ee l j aw crusher . The crushed mater i a l was t hen ground t o l ess t han 

2 00 mesh i n a " Shatterbox" (S pex Industries Ltd., New Jersey) tungsten 

c arb i de cru she r. All sampl es we r e s tored i n p o 1yethfh:ne b ottles . 

R eagents and E.-,uiDn"lent ___ ________ ::J.....:_.:..J:: _____ _ 

Si gnificant c oncent rations of R b and Sr can b e foun d i n 

c ornrnercially p repared reagents and it has been d em.:mstrated (S hi e l ds 

19 64 ) tb a t a s i gnific ant i ncrease i n the p re ci s i on of anal yses c an be 

ob t a i ne d by p ur ific a tio n of the s e r eagents. Kin"lber lite s and a lkali ne 

ro cks anal yse d i n thi s ·work p ossess suc h hi gh concentr a ti on s of R b 

a nd Sr tha t f o r m os t s a n Yples blank cor rections were ins i gnific ant. 

Howe v er , p ur ifie d r eagent s w e re u se d i n the ir analys is i n o r d e r to 

k eep the gene ral l e v e l of contarn ina tion a t a minimun"lo 
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The p rincipal reagents empl oyed were H
2 
0, HC 1, H N O 

3
, 

I-:lC 10 and HF. 
4 

D e -ioni sed \Vater was prepared by p ass ing tap di s tilled 

water s low ly through a mixe d b ed ion exchange resin (Barnstead 

B antam D eminerali ser Still). 

R eagent grade HC l and H N0
3 

were purified by mixin g 
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500 ml of acid w ith 500 rn l of d e -ionised water and disti lling i n a vycor 

(silica) gl ass sti ll. Approx imate l y 750 ml of the di s tillate v;e r e col -

l ected per distillation and the r es i due ci scarded . The still was wash -

eel out with de -ionised water betwee n eac h di s tillation. All acid was 

collected and stored i n polyethyl ene b ottl es . HC l norn1ali ties were 

monitored continuously by density deterrninations. 

Perchloric acid (I-IC l. O 
4

) was purchase d as doubly vacuum 

vycor distill e d acid frorn the G. Frederick Smith C he1nical Corrtpany , 

C o lurn':>us, Obio . 

T wo grades of hydro£luo ric acid were us ed and for s ampl es 

of l ow Rb and Sr content, was pr e p a red by di sso lving anhydrous hydrogen 

fluor ide gas i n de-ioni sed water until t he wat er was s a.tur a t ed . For 

samples of h igh Sr and Rb content, re agent gr ade HF was used. 
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Wasserb urg e t a l. (19 64 ) have d errv::ms tr a t ed that signi

fic ant amount s of contamination were introduc e d by utilis ation of pyrex 

g l assware in the analytic a l proc edure . This source of conta nJ.ination 

is espe cially serious for warm solutions containing fluor ide ion s . 

C onsequently, in the pre se nt work a ll di ssolutions and evaporations 

wer e carried out in teflon, p o lye thyle ne or vycor ware. 

Rb a nd Sr were separate d fron1 eac h other and other ele-

m ent s by ion exch ange t ech niqu es . The r es in used f o r this pu r po se was 

Dow ex 5 0-X- 1 2 c atio n io n e x change r es i n . Size d r es i n was cleaned of 

gros s cootarninants (i ron filin gs ) by a lternat e tr eat ments w ith reagent 

gr a d e 6N HC 1 and di stilled wate r, and then l oaded into vycor gl ass 

c o lumns of l. 5 em. dianleter. The vycor colum.ns we r e equipped \vith 

pinch cocks and the resin was suppor t e d by a p l ug of quartz wooL The 

l ength of the 'resin bed s was about 20 c nJ., which was sufficient to sep a rate 

Rb from S r. A quartz ·wool p lug was pl a ced on top ::lf the resin bed t o 

pr event disturbance of the r esin when l oading s amples onto the column . 

A 600 m l p olyethyl ene a cid reservoir was connec ted to the top of the 

v ycor column. With the r eservoir full and the pinch cocks fully open 

flo v.r r ates of a bout 1 1n l/min . were obtained. C olumns we re further 

cleaned by eluting cations with 1 000 ml of 6N vycor distille d HC 1 
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follo wed by l 000 Inl of 2N vycor di stilled HCl. When not in u se , columns 

were stored in 2N HC 1. 

The columns were operat ed i n batches o£ six, after each 

eluti on the resin was requilibrated ancl cleaned by p as sing through the 

colun1n 5 00 m l o£ 6N HC 1 and 5 00 Tnl 2N HCl. 

Chem.ical Procedure for Strontiun1 I s otopic Ana l yais ---------------·-.. --------- -·--- ·-------·~--.. ·------- ---

About lO G n1g of sampl e were weighed into a t eflon eva p c:n-at-

i ng basin. To this san1.ple were theE adc1.ed 25 rnl HF and l m l HC 10 
4

. 

The b as in was covered with a t e flon l id and placed upo-p a wat e rbath 

and l eft overnight at a te1nper ature of about 7 0°C . After overnight di-

gestion the sampl e was l e ft to digest over a boiling water b ath for 

about three hour s . T he t e flon lid was then removed ancl the so lution 

evaporated clown to fumes of HC10
4

. The evaporate d sample was th en 

t aken up in 25 ml 2N HCl and further evap:nated down to about 1 nJ.l of 

s o lution. To thi s so lution was then added about 50 ml of de-i oni sed water . 

H eating on th~ wate r bath was co ntinued until the solution b ecanv~ clear . 

At thi s p oint the evaporating basin was removed fro nJ. t h e water bath 

and the solution allowed t o cooL Cooling is n e cessary in order to 

detennine whether or not dissolved salts will pr e cipitate out a t room 

t emperatures , as such p recipitates c anno t b e a llowed t o conta1ninate 

the ion exc h ange resin. No pr e cipita t es were ob served in the pr esent 

work. To the cooled solution v;.ra s then added 1 nJ.l of Sr 
89 

in 2N HC 1 
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(T 
11 2 

= 5 1 d a y s ) . 
8 9 

The S r ser ved as a r a diotr a c:er t o d e termine t h e lo ca-

tion of Sr i ons o n t he i on-ex c h a n g e c o lurnn at any tinl.e clur i ng e lu ti on . The 

Sr
89 

b e t a-acti vity was m :::mitore d with a ge i ger counte r. The c oo l ed 

s ampl e wa s t h e n l o ade d onto t h e i on-e x c h a nge co lmnn and absorbe d onto 

th e resin . Absorption w as carr i ed out u s i ng a s l ow fl ow r ate (0. 5 ml/ln i.n. ). 

Thi s s l ow absorpti on r a t e to gethe r with t he f act that t he s ample sol u t ion 

wa s a weake r acid (c . 0. 25 N HC l) t h a n t hat with w hic h the co lurn'1 h ad 

b e e n equilib r a t e d ( 2N HC l) ensu re d t h a t abso r ption was linl.J.te d t o a v ery 

thin b and a t the top of the re s i n bed. 

When a ll t h e sampl e had be e n absorb e d on t o the r es in , t h e 

aci d re s ervoi r w a s fill ed w ith ZN H C l and t h e e lut i on c omme nced a t a 

r a t e of about 1 1nl / nl.in . C a tions are e luted f ro1n the c o lmnn i n t he 

f o llowing or cle r - F e , M g , Al, K, R b , C a , S r . 

89 
Ab out 4 0 0 m l o f ZN l:_IC l were r e qu ir e d to e lute the Sr 

activ ity do w n t o the b ase of the r esin b e d. At this p o i n t the e lu t a t e 

w as c o lle cte d. i n 30 ml fr a ction s i n di s p os able p o lye thyle n e b eake rs. 

The 30 ml f ractions we r e collecte d u n til the Sr 
89 

activ ity f e ll to b a ck-

ground l e v e l at t he b ase of the r e sin b e d. The fractions we re the n eva-

po rat e d on a lovv t emperature s a nd b a th (2 5 0°C) beneath infr a -r e d 

la1n p s to "' l ml. The a ctivity in e a ch b eak e r w as the n m onito red w ith 

a ge ige r counte r and the thr ee or four b eake r s conta ining the n u .xi m unl. 
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activity combine d. This solution was t hen further evaporated t o ,.,_, 1 ml, 

t ransferred to a sm a ll (5 ml) vycor g l ass beaker and evaporated to dry-

ness. In orde r to destroy any resin wa s hed out of t he co lumn about 

0. 5 m_l HC 10 was a dded to the re s idue i n the vycor beaker and evap:nated 
4 

t o d ryness at 550°C on a hot plate . T he residue was t h e n ignited at 

r ed h eat i n a Meeker burne r Ilarne to destroy perchl orates . T he i gnited 

r esidue was t hen t aken up i n a fe w drops of 1:1 HC 0 
3 

and evaporated 

t o dryness . The vycor beaker was then seal ed with 11 Parafi h n 11 , 

l ab e lled and stored for m .ass spec trOJne tr i c analys i s . 

S r and Rb were dete rmi.ned by the rnethod of i sotope dilution, 

w h ich invo lves addition of a known amount of spi ke t o a known wei ght of 

s ampl e and subsequent n1e a surernent of t he resulting i sotopic ratio o n a 

m3.s s sp e ctr01n e ter. The spil e i s a so l uti on of t he e l e 1nent t o be deter-

nJ.i ned whose i sotopic con1position h a s been greatl y altere d b y the en -

ri c hm·~nt of the i sotopes o f t h i s e l ement. F o r max imum p re ci sion , it i s 

n ecessa ry t hat t he spi king r esult s i n a fi nal i so t opi c r a ti o as n ear t o u nity 

a s poss ib l e so tbat the i sotopic r atio c a n b e 1neasur ed o n the s arne s cal e 

o£ the recording equipment o f the nJ.as s spec t rometer . The pr inc i p l es 

of i sot ope di lution h ave b een discussed by Web ste r (196 0) . 
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To achieve an i sotopic ratio of unity upon spike addition 

it is necessary to n~easure the approx imate concentr a tion of the e 1enJ.ent 

to b e d e t e rmined in the sample by some oth.er method. Onc e this i s 

known, the correct amount of spike is easily d e ternJ.ine d. 

In this w ork approximate Sr and Rb contents of samples 

were d ete rmine d by X -ray Iluor e scence spectrometry using pre s sed 

p owder p e lle ts. 

86 
The spikes empl oyed in this work were enriched in Sr , 

S
' r84 87 

and Rb Spike solutions were nJ. a d e up by di ss olving accurately 

known weights of spike in accurate ly knowii weights o£ 2N HCl. Dilute 

spike solutions we r e ma .. d e fr om concentrated spike solution s by diluting 

with kno w n weights of 2N HCl. All spike concentrations were calculate d 

on a weight basi s , e. g. f.Lg/ g:r m of 2N HCl a n d the conc e ntrations 'Nere 

cro ss-checked u s ing she lf solutions o£ knovm concentration. The conJ.p o -

sitions and conc e ntrations o£ spike solutions are shown in Table 9. 

To a known weight o£ sample (c. 100 mg) was added sufficient 

spike to produce an i sotopic ratio in the mixture of near unity " Spikes 

were adde d on a weight basis using a weighing bottles as follows . The 

approximate weight of spike was carefully added to a weighing bottle 

by m•:::!ans of a pipe tte and the bottle stopper enJ.plac ed . The weighing 



Table 9 . Com.position (atorn %) and concentration of spike s 

84 
Sr spike ORNL 1631 01 - Sr (N03) 

2 

84 
S r = 82. 24% 

Sr 86 = 

Sr87 := 

Sr8 8 = 

3 . 71 

l. 56 

1 2 . 49 
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. 84 
Atomic we1ght of th e Sr spike i s 84. 5328 (physic a l). C oncentr a tion 

of Sr
84 

spil<::.e No . 1 = 9. 03 1 f-LgSr/gr a m of 2N HCl. 

86 . 
Sr sp1ke ORNL LH1368(A)- Sr (N03)

2 

Sr 
84

: = 0 . 05% 

Sr
86 

= 97.60 

Sr
87 

= 0. 68 

88 
S r l. 73 

Atom.i.c weight o£ the S r 
8 6 

spike is 8 6. 0012 (physical). Concentrations 

86 
of Sr spike are: No. 1 = 5. 260 1.1gSr / g r am 2N HCl 

No . 3 =4 1.292f.LgSr / gram?..NHCl 
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8f' 
R b :J = 0. 84% 

87 
Rb = 99 .1 6 

Atom:i.c weight of the Rb 
8 7 

spike i s 86 . 89 24 (physical) . 

87 
Conc entrati ons of the Rb spike are : No. l = 2. 8 15 j-LgRb / gram :?.N HC1 

N o . 1A= 15 .095 j-LgRb / gram 2N HC 1 

No. 2 = 2. 089 j-LgRb / gram 2N HC1 

No. 4 = 1. 131 1-1gRb / grarn 2N HC 1 
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bottle and spike w e re the n accurate ly weighe d on a five p l ac e M ·ettler 

balance . Whe n using volu1nes of spike greater than 1 m l evapor a tion 

do es n8t t ake place during the weighing process unless spl a shes occur 

on the walls of the w e ighi.ng bottle. After weighing,the bottle is em.ptied 

into t b e teflon basin containing the sarnpl e and then quickl y returned t o 

the bala nce for rewei ghing t o determ_ine the weight of spike adde d. Care 

was t aken i n the final weighing to read the b a l ance i mme diate ly alter it 

stabilized (3 0 sec s. ) as l oss of weight by the evap8ration of the few drops 

' of spike remaining i n the bottle can be quite rapid. 

T he san~ple and spike were the n processed in a ma.nner 

analogou s to tha t e1nployed for sampl es us e d to deterrnine strontium 

i sotopic ratios and stored for mass spectro1netric analysis . 

Rb spike s were adcle cl t o sa1nples in the manner described 

above for Sr. The sa1nple plus spike was then di ge steel o verni ght in 

30 ml I-IF plu s 1 ml HClO 
4 

on a boiling water b ath . The solution was 

then evaporated to fu mes of I-IC 10
4 

and then taken up in 20 ml of 2N HC l. 

C are was t aken to ensure that a ll the sa1nple went into so lution . The 

solution was the n evaporated down to about 1 1nl and transferr e d to a 

sma ll vycor b eaker (5 m l) and stored for m:=tss spectrometric analys is 

No attempt was 1nade t o separate Rb from any othe r element. 
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All mass spectronJ.etric ana lyses were 1n.a.de with a l 0 11 

radiu s , 90° sector solid source m as s spectrometer. A single Iila rne nt 

sourc e utili sing t a ntalun1 ribbon (thi ckness 0. 001 11
, width 0. 030 11

) was 

enJ.ploye d with an accelerating voltage of 5K v . The sourc e i s of the 

type d e scribed by Inghram and Chupka (19 52) , but m•1ltiple fil arne nt 

sur f ace i onization t ec h ni ques were not employed b ecause under the se 

conditions the sou rce b ecam•'.! so hot tha t during Sr analysis Rb b egan 

to emit from the b ead resin (AEI styl e 297157) and the source case 

pla t es. M ass spectra were scanned b y va rying the ma.gneti c field 

str ength. The ion b ean'l was measured w ith a Farada y coupl e d to 

eithe r a C ar y 31 or C a ry 401 vibrating re ed e lectrom·~ter (VRE). A 

1 oll ohm r esisto r was ernpl oyed in the pre-amplifier of the VRE 1 s. 

The m ass spec t ra were di splayed on a Bru s h Mark l 0 

R ecorder fitted with engineered chart pap.e r so that direct n1eas ur e-

ments of p eak h e ights could be made during the analysis. Pe ak heights 

were gene rally of the orde r of 75 % full scale deflection of the recorder . 

V acuunJ. in the mass spe ctronJ.eter was 1nainlained by two 

50 lite r I sec . Ulte k ion pumps. For a ll Sr analyses a source vacuum 

-7 87 
of at l east 4x 1 0 torr was nJ.aint ained in order to resolve the Sr 

88 
p eak frorn the rnuch l arger Sr p eak . VacuunJ. conditions are given in 

Table 1 0 . 
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Table 10. V acuurn Conditions . Pressure i n to rr 

Sou1·c e Collecto r 

87 86 
Sr / Sr r a ti o d eterrnina tions 

-8 -7 
9x l 0 --4x l 0 

-8 -7 
4x l0 - 2x10 

Rb·-S r i so top e dilutions 
-7 -7 

2x l0 -8x l0 
-8 -7 

9x l0 -4x l0 
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Che rnic a lly processe d Sr san1.pl es were dis so lve d in one 

drop of vycor di s till e d l: 1 H NO 
3 

and lo aded onto a t ant a lum fil ament 

which h ad been pre-baked at hi gh temp eratu re in vacuum to rem~ve any 

possible Rb and S r co ntam.ination in the t a nt a lum. L oading of the filarnent 

was achieve d by adding ihe s am.ple to the c entre of the fil ament by m eans 

of a drawn g l ass capilla. pipe t te . Evaporation of the s an-lple \vas 

ha s t ened by pa ss ing a s li g ht curr ent through the filam .ent. Every effort 

wa s m a d e to ensure tha t all san:1ples were l oaded in the c entre of t he 

fila1Yl•c~nt and COVere d as srna.ll an ar ea as possible. 

The l oaded fil am•':!nt was placed i n the mass spectrorneter 

and the systen1 evacua t ed. The filan:1.·ent current was the n slowly turned 

up (inc rernents of about 0. l amp. ) , so tha t degas sing of the sarnpl e during 

nitr a t e d e cornpo s ition did not phys ically blow the sample off the fil arn.-ent , 

until Sr emission just conJ.m·ence d as indicated by th e appearance of the 

Sr
88 

p eak on the 30 mv scale of the VRE. The sample was then left 

at this t e mperature for about one hour to burn off any Rb pr es ent and 

to condition the sarnple . A conditioned sample h a s a faster re sponse 

to fil a rn ent current changes than one that is not and possesses b e tter 

en:1.is sion characteristics . The conditioning effe ct appears to be due 

to diffu s ion of the sample into the t antalmn filam e nt during i ts re-



crystalli sation , the closer contact betwee n tantalun'1 and strontium. 

aton1s proro.:)ting incr ease d ioni sation of Sr. Afte r conditioning, the 

fil a ment current was gradually increased until steady ernission of Sr 

was achieved . 
87 86 

All the dete rrninations of the Sr / Sr ratio were 

88 
,made on the same VRE scales (and a ll on the Cary 31), name l y Sr 

87 86 
on 3v, Sr and Sr on 300rnv. 

. . 87 ' 86 
D e terrrunahon of the Sr / Sr 

ratio was only made when very steady em~.ssion h a d been achieved, 

e . g. a variation in pe ak h e ight of l es s tha n 25 cha rt units p e r 10 

minutes of ernission (£. s. d. 1000 chn t units ). A be am intensi ty 

which grows or dies outside thes e limits i s unac ceptable as the p eak 

h eight vari a tion i ntroduces l a rge errors into the isotopic ratios . In 

all the analyses the presence of isobaric contan1.ination at mass 87 by 
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87 
Rb was checked by scanning the spectrum at mass 85 for the pr esence 

85 
of Rb No Rb contanJ.ina tion was pres e nt in any of the sanJ.?l e s re-

ported in this work. 

. . 87 86 
Filament currents employed for detenn1n1ng Sr / Sr 

r atios ranged from 2. 4 to 3. 0 amps , the maj ority being 2 . 6-2.7 amps. 

The vari ation in filanJ.ent currents is cons idered to be due to variations 

i n tbe nJ. atrix of the sample, position on the filanJ.e nt and l ength of the 

filam .ent. 
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87 86 
An average analysis for t h e Sr / Sr ratio consisted of 

r ecording fr01n 4 0 to 50 repe ated scans of the m:1s s spectrmn (m.as s e s 

86, 8 7, 88 ). 

Sr I s otone Dilution --------·L--- ----- -

The n~a s s spectron1.etric procedure for Sr i sotope dilution 

· d t ' 1 1 d 'b d f h d · · f S 
8 7 ;c 8 6 

was 1 . en 1ca to t~at e scr1 e or t e eterm1nabon o . r or r atios . 

1v1ajor differenc e s are that there i s no isobaric i nterfe rence fr o1n Rb, 

and that a sli ghtly gre a t e r degree of beam intensity variation can be 

t olerated, e. g. 50 chart units p e r 1 0 mhmtes (f. s . d. 1000 chart units). 

Analyses w e re n~ade using t h e l 00 mv and 300 rnv sc a l es of both VRE' s 

and con s i s ted of about 25 rep e ated scans of the appropriate mass 

- 86 8 8 84 86 
nunJ.}Jer s, e. g . S r and Sr or Sr and Sr depending up :::m the spike 

employed. Filame nt currents r a nged 2 . 3 to 2 . 8 an1.ps . 

Rb I sotone Dilution - _ ___ .::..£ ------

A ' f ew drops of the sample so lution were evapor a t ed t o dry-

n ess on a b aked t a nta lum filament, enough current was p assed throug h 

the fil ame n t to cornplete ly degass it. The sample was then l oaded i nto 

the n1.ass spectrometer and t he system evacuated. The filament curr ent 

was increased s l owly (by 0. 1 an11_). i ncrem·ents ) t o about l an1.p ., thereafter 

the curr ent was i nc re ase d very slow ly (1 division incre1nents of the turns 

counting dial of the p:::>we r suppl y ) until the first tr a c es of Rb ernission 
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appeared on the 30 mv scale of the VRE. The R b b ean1 \Vas then l eft 

for a f ew n'linutes to "grow in" (e. g. increase in Rb ernission for no 

c urr ent i ncr ease ) until a steady b earD~ was obtained . T h e current was 

the n s li ghtly i ncreased and the "grow i ng in" procedure r e p eated until 

th e Rb p eaks registered o n the 1 00 rnv sc a l e of the VRE. If this slow 

current incre ase proc e dure is not f o llo wed Rb emission i s rapid and 

u nstable, and the Rb i s quickly burnt off the filament . Beam in-

t ensity variation du r ing runs was sin'lilar to that obtained for Sr 

i sotope dilu tio ns . About 25 scans of the mass s p e ctr um (rna. s se s 85 

and 8 7) were t aken. F'i.larne nt curr ent s r ange d fro n'l 1. 3 to 1 . 6 amps . 

D ata R eduction 

87 86 
~-L§_~ _ __.B:_ a ti~~ 

S 86 / 88 8 7/ 86 r Sr r a tio s and Sr Sr ratio s we r e c a lcul a t ed f rom 

t he m ass spectr a a s ave rages of sets of fou .r scans . Si gnificant mass 

fractiona tion occurs dur i n g Sr i sotopic anal yses due to f r a ctionation 

f rom the fi laJnent during ernis sion . 
86 88 

T he Sr / Sr c an be u sed as a 

measure of the degre e of f ractionation if it is assumed tha t normal 

. 86 88 . . 
u nfracbonated Sr h as a constant Sr / Sr r aho ::>f 0. 11 94 (N1er 1 938 , 

F aure and Hur l ey 1963 ). 
86 ~ 88 

C onsequently, a ll the me a sured Sr / Sr 

r atios have been adju s ted t o this valu e . The deviation of t he measured 

86 88 
S r / Sr ratio f ron'l the assumed value i s a l so used to c orrect the 
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87 86 
m e asured Sr / Sr r a tio f or fr a ctiona tion. On l y o ne h a lf o£ t h e c or-

86 8 8 . 8 7 86 
r e c tion t o t h e Sr / Sr r a tio i s apph e d t o t he measured Sr / Sr 

r atio as t h e m .ass di fferenc e b e t wee n S r
87 

a nd Sr
8 6 

i s on l y one h a lf 

. 8 6 88 
o£ t h a t b e twe e n Sr and Sr . Thi s IYJ e t h od o£ correction r esult s in 

a m a rked i mprove rne n t i n the r eproducibility of the S r 
8 7 

/ Sr 
86 

r atios . 

87 8 6 
The c a l cul ati on of a co r r ected Sr / Sr r a t io i s outli ne d be l ow: 

87 86 
I£ t h e m e asure d (S r / Sr )M r a tio - 0. 70 72 

86 88 
and t h e measured (Sr / Sr )M r a ti o = 0. 11 99 , then the c or r ected 

(S r
87 

/ S r
8 6

) r atio i s d e fin e d as f ollo w s : c 

87 86 
(Sr / Sr )C 

87 8 6 
(Sr / Sr )C = 0 . 7 07 2 x l. 0 02 07 

87 8 6 
(Sr / S r )C = 0. 7 08 7. 

87 86 
The fi nal a v e r age corr e cte d Sr / Sr r a t io of the s a rn ple i s 

obta i ned by a v e ragi ng th e r a tio s o£ the se t s . An ins tr un~ental p re ci s i o n 

error d e si g n a t ed E was c a lcula t e d f o r e a ch run £ron~ t h e ratio s obta ine d 

f rom t he s e t s . Thi s i s the p e r c e nt sta nda r d d e vi a tion o£ the m e a n 

o f the se t s , e . g . 
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where 0" i s the standard deviation 

of the sets 

E% = 
cr 

X 100 n is the numbe r of sets 

X 2 2 
d = (X -X ) w h ere X= rnean 

X = average of 4 s e t s 

87 86 
Thi s e rro r is a measure of the internal scatter of the Sr / Sr 

ratio s within a single run and i s a u seful criterion for judgin g t he quality 

of an analy s i s . Faure and Hurley (1963 ) cons i der t hat an anal ysis i s 

sati sfactory when E.( O. 1 o/o . Thi s criterion was satisfied for all t he 

d e t e rminations of the Sr
87 

/ Sr
86 

r atio in this work. 

For i sotope dilutions no correction can b e made for i nternal 

f ractionation, c oncentr a tions of elen1ents are calculated directly f rorn 

the rneasured isotopic ratios according to the gene r a l i sotope dilution 

equa tion: 

(R ) 
m 

:: ~_(_N) + _C2J_~ 
B (N) + D(S) 

where A and B ar e the n atural i s otopic abundances of t wo i sotopes of 

any e l en1ent and C and D are the i sotopic abundance·s of t he same two 

i sotopes in a spike which is pr eferentially enriche d i n one of these i so-



top2:s compared to the natural abundances. (N) and (S) are the total 

numbers of atoms of norrnal and spike respectively, and (R) is the 
m 

resulting isotopic ratio of a mixture of normal and spike aton'ls, 

The equation is solved for the atomic ratio N /S which can 

be .transformed to a weight ratio by multiplication by a weight factor 

(k) = (atomic weight normal element)/ (atomic weight spike). There--

fore, 

The (N /S) weight ratio is then solved for N, the weight of the normal 

elerr1ent in the sample 
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N ·- x (k) x --···--·-···-----------··--- .. ---····- f..Lgm/gram of sample ( N) (weight of spike added) 
.. S (weight of sample taken) 

atom i.e. ppm. 

Precision and Accuracv of Results 
-~~------------~-'-----~------

Isotopic analyses by mass spectrometry are subject to 

several errors most of which are difficult to predict or even evaluate 

with any certainty. For example, errors due to sample inhomogeneity, 

contamination during chemlcal processing, variable effects of mass 

fractionation in the mass spectron'leter, e lectroni.c noise, instrumental 

drift, instability of accelerating voltage or magnetic field strength, VRE 

scale errors, non-linearity of VRE' s and recorders, and the reading of 
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the chart rnust be considered in an evaluation of the data. Most of these 

sources of error arc random and th'J.S affect the precision and accuracy 

of single analyses. Sorne errors, such as contamination,n1.ay be systen1a·-

tic for a single analysis but random for a series of analyses. Other 

errors are constant for all analyses, e. g. non-linearity of instruments. 

Attempts to eliminate some of these errors can be made. 

87 86 
All the Sr /Sr ratios were determined on the same scales of the 

Cary 31 VRE with approximately the same peak heights so tlnt any 

error introduced here remains constant. The effects of isotopic frac-

tionation were corrected for by normalisation of the isotopic ratios to 

86 88 
an assumed arbitrary constant value of Sr /Sr . 

ContaTnination does not present a serious problern J.n the 

present series of analyses because of the generally high levels of con-

centration of Sr and Rb in kimberlites, hence blank corrections are 

insignificant in most cases. Blank corrections have been applied to 

all the analys~s, Table 11 gives the levels of contamination of Rb and 

Sr incurred during the processing of 100 mg samples. The levels com-

pare favourably with those found by other workers. 

The precision e>f the Sr
87 

/Sr
86 

ratios was determined by 

replicate analyses of the M. I. T. SrC0
3 

standard (~im.er and Amend 

Lot No. 492327) and a triplicate san1.ple analysis (Tables 12, 13) and was 

calculated as the standard deviation of a 'single analysis (<:>) 
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where d
2 

i s the square of the d eviation 

fr orn the 1nean (X ) of n r eplicate analyses. 

and R% = e> / X x 1 00 

A p recis i on error of ± 0. 001 i m;>lies a 6 8% probability that 

an additional m _easurement will fall within a band 0. 001 above or below 

the value of the nv:!an . The precision error ( a-) as de fin e d above is 

gene rally greater than th e i nstrument precision error (o ) b e cause it 

i n cludes erro r s resulting fronJ. sarn ple inhornogene-ity and contanJ.i.natlo n 

as we ll as all the vari able and consta nt errors of the mass . spectra·-

nJ.etr y. T ab l es 12,13 show tha t the p re ci s ion o - obta ined in this work 

i s well ,-vithin the accep t able lirnits of :t:O. 001 (Faure and Hurley 1963 ) . 

87 86 
The abso lute accuracy of a Sr / Sr r atio c anno t b e d e t e r-

mined b ecause the true value of the measur ed quantity i s u sually not 

kno wn . Ana lysis of theM . I. T. SrC0
3 

standa rd provides an inter -

l abor a tory standard which en a bles conJ.;>a rision of r esults obtaine d by 

other workers. 
87 86 

The Sr / Sr r atio of this standard given i n Table 12 

corr1pare s f avour a bly with the v a lues obta in·e d in othe r l aboratories. 

Isotop e dilution analys es ar e subj ec t to certain errors in 

addition t o those which app l y to Sr i sotopic analy sis, . The mo s t hn-

p ortant errors b e ing those i ncurred during the spiking proc e dure and 

those incurr ed due t o l ack of fr actionation corrections . 
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Triplicate isotope dilution analyses for Rb and Sr are given 

in Tables 14 and 15. The errors are within the range of fron1 :±1 to 5o/o 

expected for the technique (Webster 1960). 

S 87/ 86 A11alytical results for the determination of the r Sr 

ratio of khn1lerlites are given in Table 16 or for rocks of the Fen com-

plex in Table 17. Rb and Sr concentrations of kimberlite s and Fen 

rocks are given ln Tables 18 and 19 respectively. 

Sr concentrations for the Fen rocks were obtained by atorn:i.c 

absorption analysis. Also given in Table 19 is the Rb content as deter-

mined by atornic absorption. For silicate rocks this value is within 

1 0'1o of the isotope dilution value. For carbonatitic rocks the value 

bears little corresp:mdence to the isotope dilution value, this devla-

tion probably being due to an interference effect. 

Table 11. Rb and Sr blank determinations. Concentrations are in 

Rb 
l. 

2. 

3. 

4. 

Average Rb blank 

f.Lgm/1 00 mg of sample processed. 

0. 021 

0.003 

0.003 

0. 006 

0. 008 

IJ.gms Rb/ 
100 n:1g sarnple 

Sr 
l. 0. 032 

2. 0.020 

Average Sr 0. 026 

f.Lgm.s Sr / 
1 00 mg sample 

blank 
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Table 12. Isotopic Co1nposition of theM. I. T. Standard SrC0
3

. 

(Airr1e r and En'lend Lot 492327) 

No. (Sr87 /Sr86) 
M 

(Sr 8 6 /Sr 88)M (s;~87 /Sr86)c a· E% 

1. 0. 7062 0. 1201 0. 7082 ±0. 0002 0. 03 

2. 0. 7028 0.1212. 0. 7083 :r,o. 0002 0. 03 

3. 0. 7044 0.1207 0. 7082 ±0. 0001 0. 01 

4. 0. 7060 0. 1204 0. 7088 ±0. 0003 0. 04 

5. 0. 7086 0.1193 0. 7083 ±0. 0004 0. 06 

6. 0. 7080 0. 1194 0. 7080 ±0. 0001 0. 01 

7. 0. 7038 0. 121 0 0.7086 ±0. 0005 0. 07 

Mean X = 0. 7083 

(j" = ±0. 0003 

R o/o := ±0. 04 

87 86 
Sr /Sr = 0. 7083±0. 0003 
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T a b l e 1 3 . I sotopic C ompo s ition of Doornkl oo f Ki mb e r lite 

N o . 
86 88 87 86 

(S r / Sr )M (Sr / S r )C E o/o 

1. 0. 71 06 0. 1 211 0. 7 156 ± 0 . 000 2 o. 0 3 

2 . 0. 71 44 0. 11 9 7 0. 7 152 ± 0. 0003 0. 04 

3 . 0. 7155 0. 1 194 0 . 7 15 5 ±0 . 0004 0. 05 

M ean (X ) = 0.7 154 

c- = ± 0. 0 0 0 2 

R o/o= :l: O. 03 

sr
87 

/ S r
86 

=· 0 . 7 154± 0 . 0 0 02 



T ab l e 14. Pr e ci sion o£ Sr Anal ys es 

1 . Swartruggens 

a. 

b. 

c. 

M ean (X ) 

The r e fore M ean 

Sr p. p. rn . 

1 13 8 . 3 

11 46 .8 

11 26.4 

= 11 37 . 2 

<T = 1 0 . 25 

Ro/o::: ±0. 9o/o 

= 1 1 37±10 

T able 1 5 . Prec i sion of Rb Ana lyses 

Granite -Gneiss 

a . 

b. 

c. 

The r e f ore 

Rb p.p . m .. 

156. 6 

15 3 . 6 

15 6. 2 

M ean (X ) 155.5 

CJ - ± 1. 6 

R % = l. O% 

M ean = 15 6±2 

163 



164 

T ab l e 16" I s oto p ic C om? os ition o£ Str ontiurn. in Kirnber1ites . 

87 86 86 88 87 86 --
N o . L ocation (Sr / Sr )M (Sr / Sr · ) (Sr / Sr )C o- E % 

M 

l. Swartruggens 0. 7084 0. 1205 0. 711 7 ±0. 0004 0 . 06 

2 . Swartruggens 0. 703 2 0. 1 21 2 0. 708 7 ±0 . 0003 0. 04 

3. Swartruggen s 0 . 7076 0. 11 98 0. 7088 ±0 . 0002 0. 03 

4 . Sw artruggens 0. 7025 0. 121 7 0. 7094 ±0 . 0002 0. 03 

5 . Sw artruggens 0 . 7060 0. 1207 0. 7019 ±0 . 000 4 0. 06 

6. Sw artruggens 0. 70 4 6 0. 1 212 0. 7098 ±0 . 0004 0. 06 

7. Swartruggens 0. 7116 0.11 98 0. 71 28 ±0 . 00 02 0. 03 

8 . Sw a rt r u ggens 0. 715 2 0 . 11 98 0. 71 63 ±0 . 000 2 0. 03 

9 . Swar trugge n s 0. 71 19 0. 1206 0 . 71 39 ±0 . 00 04 0 . 06 

1 0. We sse lton(P) 0. 7095 0. 1 204 0. 71 23 ±0 . 0002 0 . 03 

11. Wess e lton (P) 0. 704 2 0. 1209 0. 7088 ±0 . 0003 0 . 04 

12. W es selton (P ) 0. 7 05 3 0. 1 202 0. 7078 ±0 . 0006 0. 08 

13. Wesselton(P ) 0. 70 60 0. 1 209 0. 71 03 ±0 . 0002 0. 03 

14 . Wes s elton (P ) 0. 706 1 0.1 20 0 0. 708 0 ±0. 0003 0. 04 

15. Wesse lton (P ) 0. 7096 0.1 202 0. 71 20 ±0. 000 7 0. 09 

16. We s selton(D ) 0.71 5 1 0.11 95 0. 71 54 ±0. 0006 0. 08 

1 7. We s selton(D) 0. 711 8 0. 11 94 0.711 8 ±0 . 00 05 0. 07 

18 . Wesse lto n GMP 0. 697 1 0 . 12 24 0. 7058 ± 0. 0006 0. 08 

19 . Wess e lto n ECL 0. 7053 0.1 2. 18 0. 71 23 ±0. 0004 0 . 06 
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Table 16. (continued) 

(S r8 7 / Sr86 ) 86 8 8 87 86 
No. L ocation (Sr / Sr ) (Sr / Sr )C o-

M , M 

20. Premie r 0.71 38 0 . 1200 0. 71 5 6 ±0. 0002 

21. Prernier 0 . 7170 0. 11 9 7 0. 71 80 ±0. 00 05 

22. Premier 0. 717 6 0. 1207 0. 7214 ±0. 0 007 

23. Monas try 0. 70 65 0.119 5 0. 70 67 ±0. 0006 

24. Dutoitspan 0. 7067 0 . 11 93 0. 70 63 ±0. 00 04 

25. Bultfontein 0. 70 20 0. 1207 0. 7058 ±0 . 0003 

26. Doornkloo£ 0. 7119 0. 1 205 0. 7152 ±0. 0005 

27. Kirkland Lake 0. 7095 0.11 98 0. 7082 (1 ) ±0. 0004 

N otes. (l) Initial ratio is 0. 707 2 . Age correction for 151 m. y . (Lee & 
L awrence 1968 ). 

(P) pipe rock; (D) l ate stage dyke; GMP garnet mica p eridotite ; 
EC L eclogite. 

S ample loc a ti ons and petrography given in App endix I. 

E% 

0. 0,3 

0. 07 

0. 09 

0. 08 

0. 06 

0. 04 

0. 07 

0. 06 
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T ab l e 17. I sotopic Com.position o£ Sr in Fen Rocks 

87 86 86 87 87 86 
No . Ro ck (Sr / Sr )M (Sr / Sr ·· )M (Sr / Sr )C c::r E% 

l. Melteigite 0. 7084 0.11 82 0. 7049 ±0. 0003 0. 04 

2. Vipetoit e 0. 7067 0.1200 0. 708 6 ±0. 0003 0. 02 

3. S~vitic M e lteigite 0. 7037 0.1 207 0. 7074 ±0 . 0001 0. 01 

4. S~vitic M elte igite 0. 7023 0. 1 206 0. 7058 ±0. 0002 0. 03 

5. S~vltic Melteigite 0. 7061 0. 1 203 0. 708 6 ±0. 0002 0. 03 

6. S ~vite 0. 7062 0.11 83 0. 70 28 ±0. 0003 0. 04 

7. S~vite 0.7 06 2 0.119 5 0. 70 64: ±0 . 0003 0. 04 

8 . Rauhaugite 0. 7070 0. 1205 0. 710 4 ±0. 0002 0. 03 

9. R0db<.:!rg 0. 7048 0. 1206 0. 7083 :.leO. 0003 0. 04 

10. D arntj ernite 0. 70 62 0. 1202 0. 7085 ±0 . 0003 0 . . 04 

11. Malignite 0. 7099 0. 11 9 3 0. 709 6 ±0 . 0004 0. 06 

12. Fenite 0. 71 86 0.11 96 0. 7193 ±0. 0003 0. 04 

13 . Fenite 0. 7128 0. 11 94 0. 7128 :1:0. 000 3 0. 04 

14. Granite-Gneiss 0. 7272 0.119 9 0. 7287 ±0. 0003 0. 04 

-------- -------------- ------- ------------------·-
Notes : S ample l ocations are given in Appendix I. 
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T able 18 . Rb ancl Sr conte n ts of Kimh e rlites (p. p.m.) 

No. Lo cation Rb Sr Rb / Sr 

l. Swartrugg e n s 208 1138 0. 183 

2 . Swartruggens 93 817 0. 113 

3, Swartruggcns 136 835 0. 163 

4. Swar t ruggens 265 1462 0. 181 

5 . Swartrug gens 20 274 0. 075 

6. Swar truggens 63 377 0.167 

7. Swartruggens 195 1498 0.130 

8. Swar trugge ns 147 622 0.237 

9. Swar tr ugge ns 25 4 1099 0. 231 

1 0. Wesselton(P) 121 111 8 0. 1 08 

11. Wesselton.(P) 94 1472. 0. 064 

12. Wesselton(P ) 88 1201 0. 073 

13. Wesselton(P) 122 11 36 0. 107 

14 . Wesselton(P) 80 75 1 0. 107 

15. Wesselton(P) 113 1004 0. 112 

16. Wesselton(D) 95 1232 0. 077 

1 7. Wes se lton (D) 94 1282 0.073 

18 . Wesselton. GMP 20 83 0.242 

19. Wesselton ECL 7 68 0. 108 

20. PrenJ.ie r 15 28 4 0. 053 

21. Premier 18 1 01 0.1 82 

22. Prernier 5.6 48 0. 095 

23. Monas try 5.3 59 2 0. 009 

24. D utoitspan 4 .5 99 4 0. 005 

25. Bultfontein 64 569 0. 113 

26. Doornkloo£ 109 1883 0. 058 

27. Kirkl and Lake 205 1302 0. 15 7 
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Table 19. Rb ar1d Sr c onte nt o£ F e n Rocks (in p. p.m. ) 

No. Rock Sr(AA) Rb(ID) ' Rb(AA) (Rb /Sr) o/oEr r o 
Rb(J\1. 

l. M e lte i gite 2089 4 1 31 0. 020 - 24 

2. Vipe t oite l 033 56 45 0. 05 4 - 20 

3. S<Pvitic M e lte i gite 14 66 99 14 6 0. 068 + 47 

4. S~vitic Melte i gite 4 18 1 8.7 0 0. 002 

5. S~vitic Melte i gite 21 44 329 564 0. 153 + 71 

6. S~vite 70 27 3.8 0 0. 0005 

7. S$vite 574 9 2.5 10 0. 0004 + 233 

8. Rauha u g ite 4606 2.9 0 0. 0006 

9. R<P db e r g 1572 0.6 3 0. 0004 + 200 

10. D a rntj e rnite 10 22 68 55 0. 067 - 24 

11. Malignite 1593 137 147 0. 08 6 + 7 

12. Fenite 297 128 130 0. 430 + 2 

13. Fenite 293 44 38 0. 151 9 

14 . Granite-Gneiss 29 4 155 170 0.5 33 + 1 0 

-----------------------------------------------~--~-----

Notes: 

Sr(AA) - Sr determined by atomic absorption . Analyst Mr. J. 

Rb(AA) - Rb II II " II 

Rb(ID) - Rb d e t e rmined by isotope dilution. 

Rb/Sr ratios are calculated from Rb (ID ) and S r(AA) values 

%Error Rb(AA) indicate s the d evia tion o£ Rb(AA) from Rb(ID) 
in terms o£ a p e rcent error from the Rb (ID) value. 

Muysson 

II 
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The Rubidium-Strontiun1 Svstem 
----------------~-----·-·'--- -·--

S r has four naturally occurring stab l e isotopes Sl· 
84

, 
86 

Sr , 

87 
Sr 

8 7 
and Sr 

88
. O ne o£ these Sr i s i n p ar t produced by the radio-· 

87 
active decay of Rb and ther e fore its abundance is variable with tin1e. 

The abundance of Sr 
87 

i s normalised to the abundance of Sr 
86 

which 

h as ren1ained constant throughout time and is comrnonly expressed 

87 86 
as the Sr / Sr ratio . For any closed Rb-Sr syste m the rate of 

87 86 
growth of the Sr / Sr ratio i s proportional to the Rb/Sr ratio . 

8 7 86 
Thus, t he Sr / Sr ratio which is nl.easured in any systern today is 

d epende nt upon the time the systern has renl.aine d clo sed to Rb and Sr 

m:lgration, the initial Sr
87 

/ Sr
86 

ratio o£ the system, the Rb/Sr ratio 

87 
of t he system and the decay constant of Rb The value of the decay 

co nstant ( A. ) used in the present work i s 1 . 4 7xl0 -·ll years -l (Flynn 

and Clendenin 1959 , McMullen et a l. 1966 ). 
87 

The decay of Rb t o 

8 7 
i ts daughter p r oduct Sr can b e r epresented by t he radioactive decay 

e quation 

w h ere 

87 
Rb 

p 

8 7 -A.t 
= Rb e 

0 

87 87 
Rb = present number of Rb atorns 

p 
87 87 

Rb ... 1 b f l = unha num; er o R) atorns 
0 

( 1 ) 

t =. t ime dur i ng w h ic h radioactive decay has occur r ed . 
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87 
The am_:::mnt of the r adiogeni c d aughter ':'Sr i s 

87 87 
':'sr = Rb 

0 

8 7 8.7 At 
-Rb =Rb (e - 1) 

p p 
( 2) 

87 
Th e t o t a l numb e r of atoms of t he i sotope Sr in a given 

systern i s : 

87 87 ,;, 87 
Sr = Sr + S r (3) 

0 

87 87 
where Sr i s the num1-:Jer of Sr aton1s a t time t = 0. Ther e fore 

0 

8 7 
the tot a l number of a t oms of Sr i n a given system at an y time ti s 

87 87 \t 
= Sr + Rb (e - 1) 

0 p 
( 4) 

Each t e rm :in equa tion (4 ) can b e normali sed t o the nun1'J er 

of Sr 
86 

atorns which r emains cons tant thus: 
87 

Rb 
87 / 86 87 / 86 + _p_ (e At_ 1) (S r Sr ) = (Sr Sr ) 8 6 

t . o Sr 
(5) 

2 \t . 
Wh en t >) ( At ) /

2 
~ the t e rm (e - 1) c an b e approxim <1.t ed to \t. For 

young systems the error i n t roduced i s n egli gible . For sam.p l es of age 

com rnensurat e with t he age of the earth an error of about 3o/o i s intr a -

duc ed . This equa tion (5) r e duces to 

87 
Rb 

+ __ p_ At 

Sr 86 
( 6) 



N. B . A ll the t e r n:1s i n e qua tio n ( 6) are ato m r a t i o s . E qu a tion (6 ) 

d e fine s a straight line o f the t y p e y = m .x+ c and p r o v i d e s t w o m odels 

f or i nterpreting Rb-Sr d a ta . 

87 86 
In t his m o d e l y = (Sr / Sr ) 

t 

Hl ·- At (s l ope ) 

R b 
87 

/ Sr 
86 

X = 
p 

1 7 1 

87 86 
c = (Sr / Sr ) i. e. inter c ept on y a x is wh e n 

0 

x= O. 

An i sochr on i s illus t rate d i n F i g . 15 . W h ol e rock s of dif-

f er i ngRb / Sr ratio li e on a straight lin e rep r e senting c ons t a nt tirne 

a nd calle d an i sochr on, t h e mode l is u sefu l i n de t e r mining whe the r or 

n ot a given s uit e of s an1p l e s are coge n e t i c . Full d is cuss i on s of t h e 

the ory of Rb -Sr i soc h rons are given b y H;:tmilto n (19 64 ), N ico1a y sen (1961) 

and L amphere e t c,l. (196 3 ) . 



87 86 
In this mode l y = (Sr /Sr ) 

0 

87 86 
m ·= "ARb / Sr 

X ::: -t 

c = (Sr 
87 

/ Sr 
86

) (inte rcept on y at time t = 0 
p 

i. e. present). 

A d evelopm ent di a gr am 1 s sho wn in Fi g . 16. Whe n using 

87 86 
this typ e of di ag r a m it is con veni e nt to expr ess the Rb/Sr atorn 

ratio as a w e i ght r a tio . Thu s , 

l 72 

. 87 
8 7 8 6 Atom i c w e i ght of Srx Abun d a n ce of R b 

(Rb / S r ) = (Rb / Sr )w t x ·- - ----- ---- - ---- - ------- - --- ----- ----
p atonJ. . . 86 

Atom1c w e 1gh t of Rb x Abunda nce of Sr 

. 86 
(N . B. Since the atom ic we1ght of Sr and the abundanc e of Sr varies 

87 
slightly d e p e ndin g upon the abundanc e o.f radio ge nic Sr , the v a lue of 

the convc r sion f a ctor should strictly be e v a lua t e d for e a ch s a nJ.?le . The 

v alue of the conversion factor increases by 1. 35o/o whe n the isotopic 

c omp"J s ition of Sr varies b e tween the limits Sr
87 

/ Sr
86 

0. 71 2-0 . 850. 

For the sarnpl es studied i n the present work , a constant conversion 

. . 87 86 
facto r eqmvale nt to Sr /S r 0. 712 h a s been used.) 



173 

Thus, 

= (Rb /Sr )w t x 2 . 89.3 

Therefore, the s lope m of a developrr1ent line i s (Rb/Sr)wt x 2. 893 x 'A . 

D eve lopn1.ent di. agrarns are of use in inte rpreting crust-

m antle isotopic relationships. 
87 86 

The initia l Sr /Sr ratio of the earth 

as a system is b ased up::n1 an3.lyses of m•'! t eorites which 4. 5 b. y . ago 

p::>ss essed an i nitial Sr 
87 

/ Sr
86 

ratio of 0. 69 8 (Shi e lds 1964, Pinson . 
et a l. 1963, H edge and Wallhall 1963 ) . The isotopic composition of Sr 

in rec ent oceanic volcanic ro cks is thou ght to b e r epresentative of the 

87 
isotopic composition of the upper rnantle a t the p resent tim.-e , the Sr / 

86 
Sr r a tio s of these ro c k s are low 0. 702 - 0 . 7 04 as are the Rb / Sr ratio s 

0. 04 -0. 06 . Thi s pr esent d a y mantle ratio is thought to h ave grown 

from an i nitial value of 0 . 69 8 during the last 4 . 5 b. y . (Faure and Hurle y 

87 86 
1963, Hur l ey 1967 ) , The prirnary growth lines of the Sr / Sr ratio 

in th e source region s o f basalt (upper rna ntl e ) are shown in Fig . 16, 

C h em .ical dHfe r entiation processes op e rating since ear l y 

i n geologic tinJ.e have resulte d in an enr i chn1.ent of Rb i n the uppe r 

regions of the continental crust. T here fore i t i s exp e cted that the 

87 
abunda nce of Sr h as increased at a greater rate in the crust than in 

t he upp e r mantle. 
87 86 

This cru s tal n1aterial e x hibits highe r Sr / Sr 
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ratios (e. g. greater than 0. 720) and high Rb /Sr ratios (e. g. 0. 25). 

Fig. 16 illustrates the separation of material p:::>s se s sing a high Rb /Sr 
' 

ratio from the source regions of basalt 1. 5 b. y. ago (line AB). 

Faure and Hurley (1963) have advanced the hypothesis that 

there is suHicient enrichrnent of Sr
87 

in crustal ma.terials so that 

the value of the Sr
87 

/Sr
86 

ratio (initial ratio) of igneous rocks at the 

tim·e of crystallisation can be used as a criterion for the origin of the 

material. The initial ratio of an igneous rock formed by assimilation, 

rexnelting or granitisation of old crustal m.aterial enriched in Rb is 

thus expected to be measurably higher than that of rocks derived from the 

upper rnantle regions. 

Faure and Hurley's 1963 hypothesis has gained general 

acceptance but it should be realised that the following assumptions are 

m:.:t.de: 

1. The earth originally h3.d an isotopic composition of Sr akin to 

that of meteorites. 

2. The pre sent distribution of Rb and Sr in the upper mantle is 

relatively llniform, e. g. it possesses a constant Rb/Sr ratio. 

This assumption also requires that the lower mantle also i.s well 

mixed and is of the similar cornposition. 

3. 
87 86 . 

All igneous rocks of low Sr /Sr ratio are derived from the 

source regions of (oceanic) basalts. 
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4. 
87 86 

All ign e ous rock s of hi.gh Sr / Sr ratio are so1n.e how r e l ated 

to crustal pro:::ess or have b e en in conta ct with crustal nlater i a l. 
' 

Whethe r or not tho se assum.ptions are justified is uncertain. Of 

p articular im.p8rtance is the fact that geochemical studies are b eginning 

to reveal tha t the upper nl.a ntle is heterogeneous , e. g. basalts h ave 

distinct Sr content s in diffe rent regions of the earth (Turekian 196 3) . 

"'T • • • h S 8 7 / S 8 6 . f . . ' ar1abons J.n t e . r .._ r r ahos o ocean1c basalts between 1s l ands 

can only reflect slight vari a tions in the Rb / Sr r a tio of the underlying 

mantle (Gast et a l. 1964, Bence 1966). The concept of a mantle which 

i s che m i cally zon e d due to varying degrees of partial m ·e lting i s con-

sidered valid by several p e trologists (G a st 1966, Clark and Ringwood (1964 ), 

Oxburg and Turcotte 1963). The r e is a l so cons iderab l e evidence that 

d egassing of the earth is still takin g place (Ruby 1951 , Nicho ll s 1968 ) 

which casts som~'O: doubt on the p::lstulate that the mantle i s we ll mixed. 

N o a llowance i s n1ade for the f ac t that crusta l rocks 1nay 

p ossess l ow Rb/Sr r atios (Heier 1964) or fo r the occurrence of potas-· 

sium-rich (and h ence Rb-rich) low melting phases in the m.antle. 

Tha t a ll i gneous rock s ori ginate i n the source regions of (oceanic 

b asalts ) i s definitely a que s tionable assumption. 

Seve r a l group s of r ocks , e . g. alpine ultr a rnafic roc ks 

(Steuber and Murthy 196 6) and alkaline o ceani c b asal ts (Bence 1966) 

do n ot fit i nto the s imple developrnent schem e as their developn:1.ent 
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lines do not intersec t the d e velop1nent lines fo r the source regions of 

b asalt. Suc h deviations are comrnonly expl ah1·e d by assuming tha t the 
' 

r ock s u nderwent two s t ages of d eve lopm e nt .and tha t the y r epresent me l t s 

of residues fro m a syste1n which pr e viou s l y p :::>ss es se d a high Rb / Sr 

r atio (e. g . line OCD, Fig. 1 6 ). 



CHA PTE R SE VEN 

STRON TIUM ISOTOPES AND KIMBER LIT E P ETR OGEN E SIS 

P r e v iou s St u d i es 

Very little i s k n o w n o£ the i so topi c com.p os ition o£ Sr 1n 

kimbe rlite s. T a ble 20 summari ses the a v a ila ble d a t a . 

Powe ll (1962, 19 66) h as con clude d t h a t hi s d a t a ar e con-

~i s tent with D awson ' s (19 6 6) h y-_r)o the si s t hat k i mbe rlite form s by r e -

ac t i on b etwee n granite a nd c arb onatit e . Powe ll (19 62) a l s o note d tha t 

87 86 
the hi gh S r /Sr rat io s c ould b e du e t o the p rese n ce of s mall 

inclusions of country rock, a lth ough he discounts the possibility a s 

b e ing li ke ly (see b e low ). P owell's (1962, 19 66 ) d a ta ar e incom pl e te 

i n tha t no r e f e r e n c e i s m a d e as to the con dition of the sp e cim ens 

studie d, i. e . whe the r the y w er e yellow ground, b lu e groun d, brec-

d a t ed or m a s s ive kimb e rlit e , moreov e r Powe ll (1966 ) f a ils to note 

tha t the Prem i e r pipe i s of Precambrian ag e (Jones and McElhinny 

1966) and thu s the Sr
87 

/ Sr
86 

r atio s given are not i nitial ratios. 

Barde t and Vache tte (19 66) h ave con s idered tha t the Sr 
8 7

/ 

86 
Sr ratios o£ kir11i) e rlite s appe a r to b e related to those o£ crustal 

ro cks and th a t " ki rnb e rlite is already a differentiated rock". 

178 
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Brookins (1967) has analysed carbonates e x tracted fro rn the 

upp er l eve l s of the Riley Co . kin:1berlite pipes of Kansas and has con-
' 

cl u.ded that the i sotopic c om.position of Sr is due to conta mina tion of 

c arbonatite Sr with Sr derive d from c ountry ro ck lim e s tones and shal es . 

Table 20. Is otopic composition of Sr in kin:1berlites fo und by previous 
investigators 

Powe ll (1962, 19 66 ) 
87 86 

S r / Sr 

Pr emier R4831 0. 721 

Premi er R40 0. 711 

P1·em.i e r R41 0. 711 

P ren1ier R4-2 0. 717 

Kimber l e y R5 01 5 0. 70 6 

Kimberley R4829 0. 707 

M onas try R4830 0. 7 18 

M ·~rfr eesboro R4832 0. 708 

Mar a kabei 0. 705 

Koidu 0.707 

Koidu 0. 70 6 

87 86 
Bardet and V ache tte (1966 ) Sr / Sr 

Segue l a 0. 706 

S ekonoma ta . 0. 712 

Koi du 0. 713 

Brookins (1967 ) -· Inters titi a l 

and Replacen:1ent Carbonates 

Bala 0. 7075 

Randol ph No. 1 0. 7051-705 7 

R andolph No . 2 0. 7055 ·-7066 
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R e s ult s of the nr esent w o r k _____ ______ ,.c _ ___ ____ __ _ 

Fig . 17 illus tr a t es d a t a fcir the Swar t r u ggens kimb e r li t e in . 
t h e form. of a d e v e l op ment di ag r a rn . The Swar t ruggens khnb erlite i s 

sl.tua t e d ab out 5 nJ.iles N N W of the to w n of Swartrug gen s , N . T ransvaal. 

T h e kimbe rli t e cons i s t s of a s e ri e s of verti c a l dyke s ranging in thick-

n ess f rom one inc h to s ev e n f e et . The dykes rneande r and split i n rnany 

di rection s and b e conJ.e t hic k er i n d e pth . Not a ll of t h e dykes e ncounter e d 

i n tb e mine s outcrop a nd it i s p o s tu l a t e d th a t a l ar ge k imb e r lite body 

exists a t d e p t h . The dyke s a re e nJ.p l a ce d i n t h e middl e Precambrian 

O n ge luk b a s i c l avas of the Pr e toria s e r i e s and i nter se ct an earli e r 

s eries of quar t z veins . A zon e of c a rb onitis a ti on ext e nds b e yon d the 

dykes into the l avas (Fouric 1958 , D eKun 1965 ). A ll the s amp l e s 

a nal ys e d in the pr e sent wo r k we r e of mass ive u nweathe r e d kirnb e rlite , 

e x c e pt f o r t w o s am.p l e s of y e llow groun d (nurnb e r s 2 and 5 ) . No c ountry 

r ock xe noliths we re p re sent i n a ny of t h e sam p l e s . T h e Swa r trug ge ns 

k irnb e rlite i s a t ypi cal fis s ure k i mber lite and i s a m i caceou s c a l care -

ous t ype . D e u teric alterati on of t he k imber lite h a s b een ex tens ive a n d 

all p re-exi sting olivine h as b een c onverte d t o serpentine and c a l c ite , 

m uch of t he p h e noc r ysta l p blogopite h a s b een a ltere d to chlor ite and 

b een r epl a c e d by c arbonates . 

87 8 6 
The S r / Sr r a ti os r a nge fr om. 0. 709- 0. 716 and average 

0. 711. The r egression lin es illu s trate d i n F i g . 17 c u t the mantl e -
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basalt development lines at very old Preca1nbrian ages in contradic-

tion to the estin'1ated Cr etaceous geological age. /N.B. The 

Preto ria kimberlite group i s of Precambrian age (Jones & McElhinney 

19 66, Allsopp et a l. 19 67) and form s a distinctly separate group of 

kin).berlites frorn the Cretaceous-Tertiary grollps of L esotho and 

C entralS. Africa. The Swartruggens kimberlite and a number of 

other kimberlites lying to theN. W . of Pr etoria m .ay also b e long to the 

Pretori a group and a l so be of Pr ecambrian age. Fig. 17 sho\VS tha t 

developrnent lines for the majority of the Swartruggens samples cut 

the uppermost mantle -devel oprnent line at 75 0-12.5 0 m .. y. in the p ast 

i ndicating initial ratios of fr01n 0. 7 03-0. 7 04/. 

Fig. 18 presents data for the We s selton kirnberlite pipe. 

This is a typic al pipe and is one of the i mportant Kimberley group of 

pipes. It is ernplaced in a thick series of metamorphic, volcanic and 

sedimentary rocks. From oldest to youngest these being gneisses of 

the basement Swaziland system, the Ventersdorp lavas and quartzites 

and the Dwyka series. Inc lusions of the Storm~er g basalts, now conJ.-

pletely eroded away ln the area, can b e f ound in the pipe along with 

inclusions of all the other country rocks . The khnberlite is an olivine

rich mica poor type . All the samples analys e d in this study were of 

very fresh unweathered massive kimberlite, in fact rnuch of the olivine 

-.;,vas unserpentinised. SanJ.p1e s containing i nclusions of country rock 
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were avoided. Inc lucJ.ecl i n the d a t a are ex:arnplcs of some of the l ate 

stage , fine gr a inecl ero s s -cutting dyke s which ,appear to be contem .p::Hary 

vlith the major p a rts of the pipe but which r eprese nt a l a t er stage of the 

intrusion. The rocks are xenolith fr ee and have be en des crib e d by 

Williams (1932, p. 125 ) . Similar l ate stage dykes have b een found in 

othe r pipes (Wagner 1914 ). 

87 86 
The Wesselton Sr / Sr ratio s range from 0, 708-0.715, 

th e hi gh es t r a tio s b eing found in the l a t e stage dykes . O nce again 

regr ession lines cut the m antl e-basalt development line at imposs ibly 

old ages in contr as t t o th e known geological age, i. e . po s t-Kar ro::J, 

po ss ibly l a t e Cretaceou s to early T er tiary. 

Fig. 19 pres ents data for the Mo nastry, Dutoitspa n and Bult-

font e in kimber lite s and the Doornkloof and Kirkland Lake (Ontario) 

n1icac eou s kim.!Jerlites . Re gress ion lines are similar to tho se foun d 

for the Sw a r truggen s and We s E: ·n ki1nberlites in that the y cut the 

mantle -basalt d e v e l opment lim ; s a t i mpossibly old ages . 

Fig. 20 illustrates development line s for garnet-pe ridotite 

and eclogite xenoliths found in kimherlites. Data are from this work, 

Faure (1961), Steuber and Murthy (1966 ) and Allsopp e t al. (1969). The 

d eve lopment lines are very similar to t hose found for kimherlites. It 

87 86 
should be noted that the whole rock Sr / Sr ratios of garne t perido .. 

tite s from Wess e lton (18 and Af-7) are lowei· than those foun:l in the 



whole rock kimberlite at Wesselton. 

87 
F i g . 21 illustrates the re l ation between whole rock Sr I 

' 

183 

86 . 
S r r atios and the abundance o£ Sr in all the samples except the Swart -

r uggens yellow ground and the Premier pipe sarn_p l es. Within an indi-

vidual kimberlite body no re l ation exists betv1een the i sotopic corn_p:::>-

s ition o£ Sr and the totCJ,l Sr content. However , f or the t otal number 

of san1ples there appears t o be an i ncrease i n this r atio with increase 

i n Sr content, but the trend is not we ll defined . 

8 7 86 
F ig. 22 i llu s trates the re l a tion b e tween the Sr ISr 

r atio and the abundance o£ Rb in a ll the ktn1berlites e xcept the 

Swartrug ge ns ye llow ground and t he Premier pipe samples . It can be 

87 86 
seen that the Sr I Sr r atio b ears no re l ation to the Rb content. 

Other conc lusions which can b e drawn £ron1 the data given in Tables 

16 and 18 are: 

1. There' i s no significant difference b etween who l e r ock Sr 
8 7 I 

86 
S r r atios o£ rnicaceous k in11)e rli te and o liv i ne- r ich k i rnber-

lite, i. e . i n t his c ase b etween fissure and p i pe kirn1)er li te . 

2. S r c ont ents o£ kin1ber lite r ange f rom 569 -1 472 ppm and ave-

r age 1 032 ppm .. Sr c ontents of micaceous k irnbe r lite r ange 

f r01n 377-1 883 ppm and average 1135 p pm. 
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3. Rb contents of kirn.berlite range frorn 4. 5-122 ppm. and average 

80 ppm . Rb c ontents of micaceous klmberlites range .frorn 
' 

63-265 ppm and average 176 ppm. 

4 . Rb /Sr ratios o£ kimberlite s ( 0, 005 -0 . 11; average 0. 077) are , 

as expected, lower than those o£ micaceous kirn'::Jerlites 

(0. 06 -- 0. 24, average 0. 15 5 ). 

As kbnberlites are rn general extensively serpentinisecl, it 

is i mp:Htant to enquire as to how such processes might have affect-

ed the isotopic composition o£ Sr and trace element abundances . 

The f ew previous studies o£ the effects o£ serpentinisation 

have been summ':trised by Steuber (19 65) who concluded that serpentinisa-

tion had no effect up::m the concentration of Na, Mn, Cr, Sc, Co, K, 

Rb and Sr in ultran1afic rocks. Steuber (1965 ) and Roe (1964) have 

also concluded , on the basis that fresh dunite and se rpentinised dunite 
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h ave s i milar i sotopic co1npos i t i ons , that serp e n tini s a t i o n has n o e ffec t 

upo n t h e i sot o pi c con1p osltion of S r . 

Some estinlate of the eHect s of se r p entin i s ation c an b e rnad e 

from a s tudy of y e llow grou nd kim~J e rlite. Thi s m .< · rial i s p roduce d by 

the ex tens i v e weathe rin g and a lteration of m a ss i ve k imb e rlite . It 

shou l d b e note d that t he s e rpe ntin i sation p rocess in t h is en.vi ro nrnent 

i s n ot d i r ec tly c ompa rab l e with t he p r odu ctio n of d e ute ric s e rpentin e 

in m ass ive kim .b e rli te a s met e ori c wate r pla y s a d ominant ro l e in the 

p roduc tion of ye llow groun d. Anal y s i s of y e llow g r ound f rom Swart-

rugg e ns (sampl e s 2 and 5) h a s sh o w n tha t it s S r i sotopic c omposition 

i s e ss e ntia lly s i m ilar to that of the massi ve s ampl e s . Analy s is o f 

hi ghl y weathe r ed sampl es f r om t he Prem i er pipe ( sam ples 20 - 2 2) shows 

hi gh S r
87 

/ S r
8 6 

r <'lti os , in k eepin g w ith . the P re c ambr i an a~e of the 

kimberlite , w h i ch are u n r e l a t ed to t he Rb conte nt . The s ample ( 2 2 ) 

with the hi ghes t r a ti o h as the l owes t Rb c onte nt . Thi s s ample a l s o 

conta i ns ab undant alte r e d rn i ca a nd l os s of Rb evi de ntly took pla ce 

87 86 
after g r o wth of the S r / Sr r a tio s . Gene ral c o nclu s ions w hich can 

b e d rawn ar e tha t t h e w e athe ring and serpe ntini sation of k i m b e rlite 

d oes not alter the i sotopic c ompo s ition of Sr . If serpe ntin i sation a n d 

a lteration t akes pla c e i n an op e n sy s t e m, Rb l o ss i s very l i k e ly to 

o c cur . S e rp·cntini. sation of kim.be rlite s i s cons ide r e d by m .o s t p e trol o -

gi sts to b e a d e ute ric phe n ornenon and e x cha n ge of rn a t e ria l with rne t e oric 
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water i s not envi sage d. 
87 86 

The l ack of correspondence b e t ween S r / Sr 

ratios and Rb c ontent is thu s thought to r e fl e ct the v ery young age of the . 
rock s and to i ndicat e that kimberlite at the tilne of i ntrusion was not an 

i sotopic ally hornogeneous body. Likewi se the wide v a riation in Rb 

and Sr content indic ates c ons ider a ble initi a l h e t er o geneity . D eute ric 

p roce sses have evidently f a ile d to homoge ni se kimberlites and the 

reactions involved undoubt edl y c a u se d some loc a l Rb and Sr r edi s tribu-

tion. The intrus ion thu s appears t o consist of seve r a l i so l ated closed 

s y stems and i s as a whole n o t i n equilibrhnn . Such an int e rp re t ation 

is in keeping with the f ac t tha t kimherlite i s essentially a r andonl. mix-

t ur e of ''phenocr y s t s '' and groundrnass (flu id) , the crystalli sation of 

which was apparently r apid enough to p rev ent h ornogenisation . Thi s 

co1npositi onal heterogeneity accounts for the a r ray of deve lop1nBnt lines 

f ound for a single kimberlite body . 

Gross Contamin a tion 

A s n oted by Powe ll (1962, 1966 ) i t i s possible that gross 

c ontamina tion b y srnall i nc lu s ions of country rock may be respons ible 

87 86 
for the high Sr / Sr ratios. Eve r y c a re was t aken in the present 

work to avoid analysing sa1nples containing such i nc lusions and in m.::>st 

of the sampl es studied no such i nc lu s ions were present . It i s significant 

87 86 
t h a t the hi gh est Sr / Sr r a tios were obtained from the l a t e stage 
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We sselton dykes which are very fine grained xenolith fr ee rocks and t he 

lowest ratios fron1 the Bultfontein kimb e rlite which did contain a f ew 

inclu sions . Sim ilar evidence ha s b een cited by Powe ll (1962 ) and it is 

c 'onsidered that i nc lu sions of c ountry rock are not the cause of the hi gh 

N 8 7 /S 86 . b d . k' '\... 1' br . r r ahos o se rve 1n lm .; e r 1te s. 

Bulk Crustal A ssimil ation 

Before attempting to i nterpret the Sr i sot opic composition 

of kimb e rlites i n t erms of the various p etrogenetic the ories pr oposed 

in Chapter 5 , i t i s necessary to c onsider w h ether or not kimberlites 

87 86 
h ave acquired the ir hi gh Sr / Sr ratio s by ass imilation of m a t e rial 

87 86 
of high Sr /Sr r a tio. 

Faure and Hurley (1963) in the first applic a ti on of S r i sotopic 

studies to problems of i gneous p e trogenesi s proposed that the h igh 

87 86 
Sr /Sr r atios seen in continental b asalts relative to those of oc eanic 

basalt s w ere due t o as s i1nila tion of cru s t a l mat erial of high Sr 
8 7 

/ Sr 
86 

ratio. Thi s proce ss of bulk asshnilation of cru s t a l material h as sinc e 

be e n advocated by most p etrologi sts as a means of explaining the high 

87 86 . 
Sr / Sr r a tios seen in continental i g n e ous rocks . An impo r t ant aspect 

of this process, which is seldom note d, i s that it is restricte d to the 

87 86 
uppe r levels of the continent a l crus t as the v a lues of the Sr / Sr ratio 

in d eep crustal material c an be e x pected to approach those of the mantle 

(H e i e r 19 64). 
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Recently several petrolo gi s ts h a v e doa'ot ed the validity 

of Faure and Hurley ' s (1963 ) hypothe s i s as a I"J'2eans o£ e x plaining the 

hi gh Sr
87 

/ Sr
86 

ratios seen in ~asmanian and Antarctic dolerites (Heier 

et a l. 1965 , C ompston et a l. 1968). T h e magma s from whic h these 

rocks crystallised cannot have been derived £rom the crust and conta-

min ation of bas a ltic mag.ma by crustal material h as been ruled out by 

Compston et a l. (1968) on general geo chemical grounds and on the 

f act that the bulk contamination processes are unlikely t o produce 

m agmas o£ very u ni£orrn com.position . Compston e t a l. (1968 ) con-

elude that i£ contamina tion h a s pl a y e d a role in the deve l oprn ent of these 

magrnas tben se l e ctive cont a rnination by c ertain corr1ponent s by diffusion 

pr ocesses m .ust have been operative . Com.p s ton et a l. (1968 ) also con -

. 87 86 
s1der tha t the high Sr / Sr r a tios rnay have be en acquired in the 

m antle and i nvo lve no crustal contan1.ination. 

Gr ee n and Ringwood (196 7a ) are attempted to explain the 

. 8 7 86 . . . 
h1gh Sr / Sr . r ati o s o£ the T asrnaman do l e nte s by a process o£ trac e 

element extr ac tion, akin to zone r e fi ning, t erme d 11 wall rock re actio n 11
• 

It is p ro pos e d tha t 11 inc ompatib l e element s 11 i.e. tho se which are present 

in the rocks surrounding a magm.a but which do not enter major n1.inera l 

phases crysta lli s ing i n that rnagm a, may be prefe rentially concentrated 

in the magma by se l ective n1.·e lting p ro cess es . The principa l e l ements 

concerne d in a crustal environment would b e K , Rb, Ba , U and Th but 
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not Sr. It i s thought tha t a sma ll arx1::>1..mt of S r hi ghly enrich e d i n radio-

87 . 
genic Sr m1ght b e expected to a c company the, Rb in the low m e lting 

' 87 86 
fracti on and so rai se t he magma ' s S r / Sr r atio . Thi s p rocess will 

not ope rate a t hi gh p ressures where Sr would a l so b e an incon1pa tible 

element. 

Other evidence w hich i s of re l evance to assirn.'.l a tion pro-

ce sse s h as been presente d by M ::>o1·bath and Bell (19 65) w ho found that 

ba s ic i gneous r ocks at Skye h ave a low initia l S r ratio whereas 

associ a ted ac id i gneous rocks h ave hi gh values . Moo rbath and Bell 

(1 9 65) sugges t that ba s ic n1agrnas d e r ive d fron1 a sourc e wi th a l ow 

Rb /Sr ratio , h z,ve c a u sed p ar ti a l melting of crustal ma.te ri a l to produce 

the acid m agm There appear s , h oweve r, to h ave b ee n little or no 

as s i m5.l a tion of it c id n1at e ri a l by the b as ic magmas during or after the 

m e lting proc ess . 

When consid e ring p rocesses of assin1ilation as applie d to 

kimb erlites , i.t is i mportant to r eali se tha t conditions of intrusion of 

kim"S er lite and b asalt ar e v e ry diffe rent. Kimberlites are intruded into 

the uppe r cru s t at high velocity (Fr ank 19 6 7, McGetchin 19 69), as a 

fluidi sed gas-rich system . The high velocity is in dir e ct contrast to 

th e kno w n modes o£ asc e nt o£ basaltic m~agma which rises slowly and 

which frequently fonn s magma po o l s . Khnb ·e rlite thus does not satisfy 

Gre e n and Ringwoo d's (19 67a) prer e quisite tha t f or w a ll re a ction t o occur, 
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m agn<a ascent nmst b e s l ow . The sp ee d o f a s cent of kiln~e rlite throug h 

t h e mantle and l ow e r c r u s t i s r e l ative ly un i n1.pp r tant as rnateria l. of h igh 

87 86 . 
S r / Sr w ill no t b e encountered . 

Kimb e rli t es are a l so of sma.ll v o l um.e , compar e d t o the 

am ount s of b as a lt p res e n t at S k y e for exampl e , the y are t o t a lly in -

si gnifi cant . Small v o l um e s of magma w ill n o t p ossess n<il.ch , i f any , 

supe rheat a n d thus will not b e c a p a ble of c ausing ext e n sive p ar ti a l 

m.elting o r assim ila t i n g n<uc h e x t r ane ous m .aterial. The l a ck o f a lte ra-

tion of x e no liths and wall r ocks i n and adj a c ent t o k im b e r li te i ntrus i ons 

i s convincing evidence i n suppo r t of su::: h conclu s ions . Addition of 

lTI:)lt e n n<.at e ria l , d e rive d fr on< s on:1. e o the r source , e . g . a n a t e cti c 

gr anite , t o a kimb e r li t e m .agn<a , ev e n if mi scible , woul d c ause r api d 

p recipit a tion of oliv i ne and t otal c ry s talli sat ion o f the magm.a woul d 

r esult b e fore UJ.i.lC h nJ..1.te ri a l c o u l d b e ass imila ted . 

Evide nc e t h a t s m a ll volumes of r a pi d ly intr ude d gas - ri c h 

m agmas do n ot ass in1.ilate c r u s t a l m .ate ri a l i s see n i n the c arb o n a t ite 

8 7 86 
l avas of Oldoi n y o L engai (S r / Sr = 0. 70 33, Powe ll 196 6) . F a ilure 

o f kin<be r l ite t o equilib rat e with the xe nolith s it carries is s ee n i n the 

We sse lto n pipe w her e gar ne t p e ridotite xe n oliths p oss e ss l owe r Sr 

i sotopi c r a t i os tha n the s u r rounding kim b er lite . Sim :.l a r l a ck of i so-

t opic e quilibr ation of solid xenoliths with enclos ing magma s h a s b ee n 

d e mons t rat e d by Powe ll (1 9 62 ) , L eg go and Hutc hin s on (19 6 8 ), E w art 

and Stip p (19 68 ). 
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Son'l<~ o£ the p:J ss ibilities o.f crustal contan:1.ination can be 

exarnined i£ it is assurned that n:1.antle derived kirnberlite, termed here . 
' 87 86 

a protokim~Jer lite, p:Jssess a l ow Sr / Sr ratio (0. 7040) and is con-

tami.nated by assirni.lation o£ crustal m.aterial. It is p:Jssible to calculate 

' . . 87 86 . 
the amount of crustal mater1al requued to raise the Sr / Sr ratlo 

of protokirnberlite by contamination, to values observed in kimberlite 

by use o.f the following equation: 

( 

Srk ) 
' ---~-----~- . 

Sr + xSr 
k c 

" 

0~::) + \sr k 
(-X~~~--- ) (~~~·~ ) 

Sr + xSr S 86 
k c r 

' c 

= (§.~:: ) 
Sr hk 

(7 .. } ) 

where Sr and Sr are the Sr concentrations of protokimberlites and 
k c 

contarn.inant respectively (Sr 
8 7 

/ Sr 
86

) refer to the isotopic 
. k, c, hk, 

composition o£ Sr o£ protokimberlite, contaminant and fina l hybrid 

kimberlite respe ctive l y. x i s the .:2'eigh!_ proportion of contaminant 

assimilated by one part o£ protokirnberlite. 

. 87 86 
F i g. 23 shows the Sr / Sr ratios and S r c ontents of hypo--

. . . 8 7 86 . 
thetical contan'ltnants requtred to rai se t he Sr / Sr r atios o£ proto-

kimberlite (Sr 
8 7 

/ Sr 
8 6 = 0 . 7 04 O) to the average val ue see n i n kimberlite s 

(0. 71 10) for differing degrees (x ) o£ assimilation. The concentration o£ 

S r i n the protokhn'Jer l ite s has been t aken to be 1 000 or 5 0 0 pprn" Equa-

tion (7 - 1) takes no account o£ t he Sr c ontent o£ the final c ontaminated 

magn:1.a thus allowance is m a de for d iHerentiation processes which may 
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m•')dify the Sr content of the contaminat ed ntagrna but not the S r i sotopic 

composition (Ewart and Stipp 19 68, Pushkar 19 6 7). Such differentia tion 

processes are n ot irr1p:::>rtant f or ldrnb er lites. 

Kin1.~erlites are intrude d into old cratonic areas and thu s the 

mo s t like ly contarninants are the Precanl.bri a n granite s and gneisses 

which underlie the younger sediments and l avas and b e cause as noted above , 

at hi gh l eve l s i n t he crll s t kirnber lites h ave little opportunity for as-

similati on due to the ir hi gh ve loci ti es and snl.all heat content. Con-

\ 8 7 86 
s e que ntly, also plotted on Fig. 1.3 are t he Sr / Sr and S r contents of a 

variety o f old granites and gne i sses which could ac t as contaminants. 

Th e data are frorn Allsopp 19 61, Allsopp and Kolbe 19 65 , All sopp et al. 

196 2, Hurley et a l. 196 2 , Zwar tma.nn and Ste r n 1967 . From the po si tion 

of these roc ks on Fig . .1.3 it i s evident t hat they have Sr i sotopic co1np:::>sitions 

and S r contents whi ch would g ive th e required hybrid ki1nberlite ratio i£ 

a p rotoki rnh e rlite containin g 1000 ppm Sr assimHated one hal£ to equal 

its weight of these materials. I£ th e protokirn~ er lite con taine d 5 00 ppm Sr 

one quarter to one h a l£ of it s we i ght of contaminant woul d be requir e d . 

O n particul ar i m portance with r egard to South Afric an 

kimbe rlite is the possibl e assimila tion of granites and gneisses of the 

Swaz ila nd systenl. which are the olde s t rocks in tha t region and which 

comp r i se a major part of the bas ement rocks through which kimb e rlites 

are intrude d. 
- 87 . 86 . . . 

1he Sr / Sr rahos of gne1s ses and sedlm·ent s o£ the 
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Swazi l and system. -.,-ary from as low as 0. 727 to as high as 8. 0 in 

sorn·e pegmatites (All sopp et a l. 196 2 , 1968), and fall on the general 

trend outline d in Fig. 23. 
. . 8 7 86 

Eve11 for the rocks w 1th very h1gh Sr /Sr 

ratio s the amounts of contaminants noted above remain unchanged as 

thes e rocks possess very lo w S r contents. It should be noted that the 

Kar roo dolerites h ave p a ssed through these rocks with no discernible 

assirnil a t ion effects (S r
87 

/Sr
86

=0. 705 7; Comp ston et a l. 1968 ). 

There is considerable doubt as t o whether a protokim'J erlite 

would be able to as sirni l ate the volumes of contarninants sugge ste el 

above on the basis of the h e at content of the s1nall volunl.•e s of kinl.~er-

lite invo lved. Even if such anv:mnt s of assirnilation are p oss ible, then 

it woul d b e necessary t o postulate that the bulk composition of the proto-

kimb erlite b e very different from that of the final hybrid kimberlite in 

order t o account f or the observed m :=t jor and tr ace element cornpositi on . 

From t he above discussion it is e vident that bulk as simi.la-

tion of crustal.material in a kim1-> e rlit e m agma is unlikely to be the m·~ans 

by which the ob served isotopic com?o s ition of Sr in kimberlite is 

gener a ted. The fact tha t similar i sotopic ratios are deve loped in t wo 

differ ent types of kimberlites which are geographically w idely separate d 

would a lso seen1. to preclude random contarnination by crllstal material. 
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The Franz (19 65 ) and D awson (19 66 ) hypotheses of kim'J er lite 

genes is can be t es t e d by u se of equation (7-1) , by determining the 

amounts of granite which mi.lSt b e adde d to carbonatites to r aise the ir 

S 87/ 86 r · Sr r atios to the valu e s ob serve d in kin1herlites. 

87 86 . 
Fig. 24 shows the Sr / Sr ratio s and Sr content s of 

co ntan1ina nts required t o r aise the Sr
87 

/ Sr 
86 

ratio of c a rbonatite 

(0. 70 30; average c arbonatite Powe ll 1966) containing 6000 ppm Sr to 

the average kimb e rlite value of 0. 711 0 for differing degrees o f assirni-

l ation (x ). The dat a for Pr ecarnbrian granite i s again u sed as an 

estimat e of the i sotopic comp8s ition and Sr c ont ent of po ss ible c ontami-

n ants. Fig. 24 thu s d emons tr a t es tha t a car bona tite would need to 

as simi l a t e from 4 t o 6 tinv~ s it s o wn we i ght of th8se cont aminant s to 

acquir e the typi cal kirnberlite i so t opic compos ition. Suc h l arge amount s 

of contarninants are n ecessar y b ecause of the very hi g h Sr content of 

carbonatite. Sim?le c a l culations show that suc h n1:i.x tur es of c arbona-

tite and granite wo uld not give a hybrid rock of kirnh e rlite composition 

in t erms of major and trace element s . C a rb onatites are of small 

volutne and assirnilation of such l arge am.ounts of rnaterial i s clear ly 

impossible. 

Othe r obj e ctions t o Franz 's (1965 ) and D awson ' s (1.96 5 ) hyp:::>-

the si s have b een note d above (Chapter 5) and it was concluded that 

carbo:nrt.te was u nlike ly t o b e involved in the generation of kimb e rlite. 
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The Sr i sotop ic evidence provides furth er grourds for con s ider ing the 

h ypo thesis t o b e i nvalid. 

0 1 Hara and Yoder Is (196 7) hyp:-Jth-e sis pr edi cts that gar net -

p eridotite partially melts t o gi ve a liqu.id which is fr a ctiona t e d by pr e ci-

pitation o.f bimineralic eclogite . The hypothes i s in it s ori g ina l form is 

r estricted to the me lting of a four phase gar n e t l herzolite, but if the 

garnet p er idotite s xenoliths foun ::l i n kimb e rlite pip es are cons idered to 

b e representative of the source rocks , t hen it i s necessary t o assume 

that n'linor phlo gopite i s pr esent and p l ays a r o l e in th e generation of 

the melt. Th e discussion i. s , h owever , quite general a n::l i s equally 

v alid for a four phase garnet lherzo lite . 

Ana lyses of garne t p e ridotite fr om_ Wes se lton in the 

p resent work and by Ste ub er an::l Murthy (1.966) gav e whol e rock 

87 86 . . . 
Sr / Sr r atios wh1ch are l owe r tha n tho se of the whole rock k tmber-

lite . This conclus ion i s sub s tanti ated by analy s is of Rb poor 1nlneral s 

fr om ~arne t p e ridotites by Allsopp et a l. (1969 ) w h o found tha t chrome 

. . . 87 86 . 
dt ops1de fr om a W e s se lton xenohth h a d a Sr / Sr rabo of 0. 707. 

Simiiar low r a tios relative t o the h ost kimb e rlite are found at Dutoit--

span , h e re chrome diop s id e h as a Sr 
8 7 

/S r 
86 

r a tio of 0. 70S the host 

kimh erlite being 0. 70 63 . All sopp et al. (19 69) h ave also demonstrate d 

t hat the tota l rock Rb-Sr chem.ls t r y of garnet -peridotites is domi nate d 

by two phases only, i.e. n'lica and chrome diop s ide . Produ ction of a 
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liquid by partial melting of such a rock would involve all phases but it 

is likely that dtuing the very first stages of melting that the m1ca and 

chrome diopside are the domlnant contributors to the liquid. 

Over very long periods of time as a consequence of their 

differing Rb /Sr ratios these two rrlinerals would develop extremely varied 

isotopic conl.positions. Two boundary conditions are however possible: 

87 
eith~r the radiogenic Sr generated in the m.:ca equilibrates with Sr in 

the chrome -diopside which acts as a Sr sink and so renders the system 

isotopically hom.ogeneous or isotopic het:erogeneitie s are pre served. 

At the supposed depths and temperatures where partial 

rr1elting is thought to occur (see Chapter 4) it is doubtful that isotopic 

heterogeneity would persist if the systern were open to Rb and Sr 

diffusion. Heterogeneity may however be pre served if the 1nica and 

chrome diopside are sufficiently separated from each other spatially 

by olivine s and orthopyroxene s so that diffusion paths are long and 

very restricted. This, in effect, means that each mineral is a closed 

system. In support of such an assumption, analyses of the garnet-

peridotite xenoliths now found in kimberlite pipes show that the indivl--

dual nl..inerals have isotopic compositions which cannot be accounted for 

simply by the addition of radiogenic Sr 
8 7 

since the time of cooling of 

the intrusion {Allsopp et al. 19 69). The isotopic heterogeneities were 

evidently pre sent prior to the enclosure of the xenolith in the kimberlite 

matrix and were preserved even during intrusion. 
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Melts £ornv~d by partial n.1.dting o£ garnet peridotite will be 

isotopically hornogeneous. The isotopic composition of the 1nelt will, 

i£ the source rock is h e terogene ou s , depend upon the amounts of diop-

side and mica rnelte d. I£ the source is homogeneous, then the liquid will 

hav.e an isotopic c01np:)sition like tha t of the diopsicle (thi s i s equivalent 

to melting four phase garne t-lhe rzolite). Any eclogite which crystallises 

from this liquid must have the isotopic composition of the liquid. 

Whole rock analys is of the Wesselton eclogite i ndicates a 

hi gh Sr
87 

/Sr
86 

ratio (0. 7123) which is consi s tent with crystaHi sation 

frorn a kimb e rlite m e lt. However, inter pretation of this ratio is difficult 

in terms o£ the whole rock d a ta as it h as been discover e d that the K, 

Rb and Sr abundance s of mine rals separated from eclogite cannot 

account for the total rock abundances of these ele1nents. The eclogites 

contain an intergranular m e dium. which is rich in Rb and Sr and which 

87 86 
po ssesses a hi gh Sr /Sr ratio (All sopp et al. 19 69, Griffin and Murthy 

1968, Ehrlank.l969). 

All sopp et al. (1969) consider s tha t this intergranular medium 

was introduced into the eclogite during intrusion of kin1berlite. Whether 

such an interpretation is true or not is uncerta in. I£ it is, then one must 

consider whether or not garnet-peridotite xenoliths m .ight have been 

similarly affected . 
87 86 

However , the low Sr /Sr ratio s of garnet-
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peridotites appear to indicate no such contamination as these xenoliths 

should be very susceptible to contarnination because they contain very 

little Sr relative to the host kimberlite. {N,. B. inter granular medium_ 

in eclogites m'ght also represent ir~-~~tu breakdown of garnet in response 

to pres sure and temp::!rature changes during transport from the mantle 

and involve no contamination). Sr isotopic analysis of the minerals of 

eclogite (Allsopp et al. 1969) has revealed that the Rb poor phase 

87 86 
omphacite possesses a very low Sr /Sr ratio (0. 701-0. 703). This 

ratio is lower than that of the Rb poor phases of garnet-peridotite and 

th·J_s renders unlikely 0 1 Hara 1 s and Yoder 1 s · (19 67) suggestion that eclogite 

is a precipitate from a liquid derived by partial melting of garnet peri-

dotite. 

Allsopp et al. (1969) have attempted to show how eclogite can 

still be a crystallisation product of the liquid produced by n1elting of 

garnet-peridotite by assuming that eclogite separated out from the 

liquid at least 2 b. y. ago and preserved its distinct low isotopic ratio 

until at least Cretaceous times when it was altered by the incursion of 

crustal Sr 
8 7 

rich fluids during kimberlite intrusion. The higher iso-

topic ratios of garnet peridotites chrom•e diopsides are explained by 

'J'b . f s 87 b . d h d' 'd constant equ1 .1 rahon o r etween mica an c rome 1ops1 e over 

2 b. y. Eclogite in such an hypothesis can play no role in developing a 

fluid of kimherlitic composition by its fractionation. The restrictions 
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i mrnsed by the 2 b. y. old eclogite separation, its removal f rom the Rh 

ri ch garnet peridotite and subsequent re-incorporation with se l e ctive 

c ontarnination, render the hypothes is unlike ly. A simpl er e xpl anation 

i s t o con sicler the eclogite as representing recry s tallised basaltic li quid 

which never l eft the tnantle and which was accidently incorporated into 

kimber li te during its ascent, Rb -Sr and U --Pb age studies of e clogite 

fr om the Roberts Victor kiml::ler lite by Manton and Tat s u moto (1969 ) h ave 

indicated that eclogite is unr e l ated to kimberlite and i s an older xenolith. 

Thus, eclogi te fraction a tion a p pears to b e unlikely as a means 

of producing kimberlite liquids. 

Kirnberlite s and Potassium in the M.antle 

1v1ost discussions of the nature of t he upper mantle (e . g . 

Harris 19 6 7, 0' l-Iar a 19 68 ) consider th3.t it h as a compo s ition equivalent 

to th at of garnet- p er id o tite. How the n are k in1"'Jer lites to he a ccounted 

for in term s o£ p artial melting of such a m."lntle? O'Hara and Yoder 

(1967) conside r partial m e lting of a four phas e garnet lhe r :;::;o lite a nd, 

n :::>ting the K 
2 

0 p oor n ature of thi s ro ck , appeal to eclogite fr a ctiona -

tion as a n1.eans of increasing p otass ium content s of derivative liquids . 

0' Hara and Yoder (19 6 7) howe ver , do n:::>t cons ider the p :::> s sib l e occurrence 

of minor p:)tassiurn-rich phases which might be of imp::n-tance in the 

p e tr ogenesis of rare small vohune a lkaline p :)tassic rocks. 
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The disparity between the relatively high K
2 

0 contents of 

basalts, presumably derived from mantle ultram_afic rocks and the very 

low levels of K 0 incorporated in anhydrous mantle material such as 2 . 

olivine has lead Oxburgh {1964) to postulate the presence of a potassium-

rich minor phase making up 2 to 20 wt. o/o of the parent upper mantle. 

This phase was considered by Oxburgh {1964) to be amphibole. Un-

forh,mately, little is known of the stability of arnphibole at high pressures. 

Ernst (1968) has discussed the problem of amphibole in the mantle and 

has shown that sodic amphiboles are stable up to at least 30-40 kb. 

Ernst {19 68) also predicts that at high pres sure s am_;?hibole s might 

transfonn J.nto hydrous single chain structures. Gilbert (1968} has 

shown that calcic arnphiboles are not likely to be stable at depths greater 

than 70-1 00 kb and that they are not water containers at greater depths. 

The stability of phlogopite at high pressures has been in-

vestigated by Kushiro et al. {1967) and Yoder and Kushiro (1968) and 

it has been concluded that phlogopite is most likely to be a minor phase 

at great depth in the mantle as it is stable up to 40 kb at 1300°C. Of 

particular importance is the phlogopite breakdown curve in the presence 

of olivine as determined by Yoder and Kushiro (1968) which indicates 

that melting of phlogopite could occur in th.~ source regions of kimber-

lite as deduced by studies of co-existing pyroxenes in ultra1nafic nodules. 
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Melting o£ such a hydrous assemblage would, when free water is 

present or is produced by the breakdown of the hydrous mineral, produce 

extrernely water-rich magma.s. The existence of phlogopite in garnet

peridotite xenoliths in kirnherlite which are generally regarded to be 

representative of the upper mantle (0 1Hara and Mercy 1963) supports 

the as sun1ption that minor phlogopite is of imp:ntance in the mantle. 

Partial melting of phlogopite bearing garnet peridotite has been postula

ted by Kushiro et al. (1967) as a source of kimberlite magma. 

The present writer thus assumes that mantle material which 

has not been affected by any partial melting processes is a five phase 

garnet m5.ca peridotite (phlogopite -pyrope -olivine-orthopyroxene -chrome 

diopside). 

Partial melting of garnet peridotite mantle can produce a 

variety of liquids depending up:::>n the extent of partial melting and the 

degree of fractionation. The processes of partial melting of the mantle 

have been dis.cussed in detail by Harriss (1967}and O'Hara (1968). 

Initial m·elting o£ a garnet-mica peridotite mantle would produce a 

liquid enriched inK, Rb, Ba, U, Th, Nb, Sr, H
2
0 and possibly, C0

2 

(Harriss 1967) if the degree of melting was very small ( <1%) and in-

valved principally phlogopite and chrome-diopside. More extensive 

partial melting involving significant an10unts of olivine and orthopyroxene 

would produce melts of the type described by O'Hara (1968}, e. g. 
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hypersthene normative pie1·ite liquid ( <15% liquid ). It i s i m .p::>rtant 

to realise that ki.nJ.berlites are rocks of small volurne which appear 

infrequently in the geo lo gical r ecord whi l s t b asaltic rocks are exceed

ingly comrrwn. Evidently partial melting of the mantle generally exceeds 

the · amounts suggested above fo r the produc tion of alkali -rich potass ic 

liquids and results in the generation of ba salt . In South Afric a the in -

tru s ion of kimberlite was prec eded by enorm.·::>U s volumes of b asaltic 

m agrna, e. g. Karroo dolerites and Storn1~erg volcanics. The p ro duction 

of such n1.a.grnas would h ave depleted the un~er lyln g mantle source re gion s 

in a l kali elements l eavi ng behind a barren residue. As kimb er lite s are 

thought to co1ne fro1n greater d e pths than basalt, it is like ly that under

lying this b arre n zone of mantle i s a zone of f resh undepl eted garnet peri

dotite. It i s partial m e lting of thi s material which gives rise to kim~er

lite . The melting j s probably induc ed by the sam.-~ process which gave 

ris e t o the generation of the b asaltic magmas. 

C ?-U the ob se rved Sr i sotopic compo s ition of kimberlite b e 

interpr ete d in t e r nJ.s of this hypothes i s ? Partial melting of garnet-mica

peridotite h as be e n discuss e d above and it h as been note d tha t the iso

topic compe>sition of the m e lt produced will dep en d up::m whether the 

source rock s are i sotopically h e t e roge n e ous or homog e neous. 



If they are isotopically heterogeneous then the isotopic 

comp::>sition of the m,~lt ¥till vary between two extremes, i.e. the iso-

topic composition of chrome diopside and phlogopite, if these are the 

only two important phases involved in the partial rnelt.ing process. 

Thus isotopically homogeneous melts of high Sr
87 

/Sr
86 

ratio could be 

87 86 
produced frorn rocks which were of lower whole rock Sr /Sr . The 

melt would be rich in allcali elements and in C a, Mg and C r but would 

208 

probably be poor in Co and Ni. Olivine is the most im~portant mineral 

which crystallises frorn kimberlite and it would be necessary to add to 

this liquid sufficient olivine to produce a high normative olivine content 

and high Co and Ni content in the liquid. This olivine would be of 

low Sr 
8 7 

/Sr 
86 

ratio if it were derived from the residue of partial 

melting or from barren mantle material encountered by kirnberlitic 

fluids during ascent to the crust. In Chapter 4 it was considered that 

the fluid from which diamond grew rapidly changed its comp::>sition and 

that the syste;m was unlikely to be in chemical equilibrium. This rise 

87 86 
of a random rnixture of olivine xenocrysts, low Sr /Sr , and fluid 

, high Sr 
8 7 

/Sr 
86

, to the sur face would result in a final consolidated 

kimberlite of heterogeneous che1nical composition. The isotopic campo-

sition of Sr in a sample of this rock would depend upon the relative 

prop::>rtions of olivine and fluid in that sample. Samples containing 
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87 86 
abundant "phenocrystal'' oliv ine would have lower Sr /Sr ratios 

than samples wb.ich containe d fe w of these phe nocrysts. This con eli-

tion appears to be met at W esselto n where the l a te stage dykes which 

. . 87 86 
contain little 'phenocr y stal ' olivine h ave hi gher Sr /Sr ratio s than 

the pipe rocks which conta in abundant phenoc rys ts. This inter-

preta tion thusre qui.r es tha t the rounded first generation olivine is a 

xenocryst, and that the second gene ration olivine i s a true primar y 

mine ral. R apid tr a nsit fro in s ource ro cks to final s ite of consolidation 

is al s o required. 

The alte rna tive expl a nation involving an i sotopically ho:..J.J.o-

geneous source requires tha t the melt produc e d be of similar isotopic 

con1po s ition to that observed in gar net p e ridotites , e. g. 0. 704-706. 

To r a i se the ratio to the values ob se rve d in k.i.m1>erlites requir es 

addition of rnaterial of hi gh Sr 
8 7 

/ Sr 
86 

ratio. It was cons ide red above 

that bulk assimilation of granitic m .aterial is un able to account for the 

obs erved i sotopic cornp:::>sition of kirnberlite. Thus, addition of material 

. . 87 
enriche d in rad1 ogen1c Sr must b e s e lective and not involve bulk 

comp os itiona l changes of kimberlite m agn1as. Pankhur s t (1969) in 

trying to account for the hi gh Sr
87 

/ Sr 
86 

ratios observed in gabbros in 

Scotland which show no signs of bulk as s imilation of crustal material 

has invoked a process of Sr isotopic equilibration of magma and country 

rock s w hich involves no addition of othe r elerne nts . The process is 
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87 
sirnilar to H eier ' s (1964 ) theo ry that radiogenic Sr occupying l attice 

sites i n Rb-rich tnineral s might diffuse more readily than conJ.;:non Sr in 

Rb p oor mineral s . Pankhurst's (1969) t heory , like Green and Ringwood's 

(1967a) hyp·:::>thesis of wall rock r eactions appears i napplicab l e in account-

ing f or kirnberlite i sotopic ratios because b oth t heories i nJ.ply slow 

intrusion rates and sufficient t im·e being av-ailab l e for equilibration or 

selective melting t o occur. Kimberlites d o not appear to meet any of 

these cr iteria. The se l ective assimilation hyp:::>thes is is a l so sub j ec t t o 

limitations i m .p:::>sed by the l ac k of i sotopic equilibration b e tween xeno-

liths and rna grna. even when the,Je are ext ensive ly partially melted 

(Ewart-Stipp 1968 ). 

S e l ective diffu s ion proc esses of the type discussed in the 

following Chapt er to account for i sotopic vari a tion.s i n the Fen com .plex, 

nJ.ay h ave occurred in kin1.b er lites. These wou l d have t o occur after 

t he kim})erlite h ad been empl aced in t he upp e r crust and might h ave 

involved selective extraction of Sr from granites and gneisses of the 

Swaz iland systern by processes akin to 3if£us ion or solvent extraction 

involving C 0 -rich l a te stage fluid s emanating fronJ. t h e crystalli z ing 
2 

kimberlite. The p rocess would b e of varia ble efficiency and would cause 

d eve lop::ne nt of a fi nal k inJ.':) e rlite which woul d be i so t opic a lly h e t e rogeneous. 
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The Mantle and Kirnberlite Gene sis 

The initial Sr ratio of the earth bas e d up :::>n meteor ite s tudi es 

is t aken to b e 0 . 698 (Hur l ey 196 7). U sing this initi a l r atio , it i s p::Jssible 

to c a l cul ate the average Rb / Sr of the source r egions of oceanic b asalt 

. 87 86 . 
m agrnas, where present day Sr / Sr r atio 1s 0. 702 - 0. 7 05, Thus , 

the Rb-Sr r atio of the upper mantle i. s assurne d t o b e 0. 0 2. 

The Sr isotopic data obta ined fo r klm1;erlites and garnet 

p e ridotites can be i nterpreted in t erms of the above m .ode l. Thi s 

requir es that some 2- 4 b. y. ago differenti a tion of a mantle with a Rb/Sr 

of 0. 02 occur red . The pr oduc t of thi s differ entiation was a garnet 

p eridotite with a Rb / Sr ratio greater than 0. 0 2 and a r esidue of l ower 

Rb/S r ratio than 0. 02. This i s i n accordance with the ob serve d Rb / Sr 

r atios of garnet p er idotites (0. 03 5- 0. 242; thi s work , Ste u ber and M urthy 

19 66 ). It i s i mportant to note that t his differentiation episode d oes n ot 

r esult in separation of garnet p e ridot ite out of th~ mantle into crustal 

r egions . The . garnet p eri do tite woul d rema in is o l a t ed and u naffected 

by p artial m .e lting proc esses until l ate Cr e t aceou s tinJ.es w hen parti a l 

m ·e lting produced kim.berlite 1na.gma. w ith a new enrichment of Rb and 

concomitant i ncrease i n Rb /S r ratio of the li quid to values greater than 

that of garnet p er i dotite (0. 06-0. 24 ). Thi s model i s a l so in accord with 

an increased d egree of p ar tial m e lting of similar garnet p e ridotite at 



higl1.er levels in the mantle than those of kimberlite genesis to give 

basalt rnagmas prior to the eruption of kilnberlite. Thus, the Karroo 

dolerites have Rb/Sr ratios of from 0. 10-0.16 (Nockolds & Allen 

1956) and Sr
87 

/Sr
86 

ratios of 0. 7057 (Compston et: al. 1968) which are 

212 

concomitant with extraction of most of the alkalies from a garnet-peri-

87 ' 86 . . 
dotite (Sr /Sr 0. 704-706) by advanced parhal m·eltmg. 

The initial differentiation of the primordal mantle material 

could account for the low initial Sr isotopic comp:::>sition of eclogite, if 

eclogite represents the residua remaining after garnet-peridotite se-

gregation. Sirnilar interpretations of the eclogite data have been given 

by Allsopp et al. 1969 and are in agreement with Manton and Tatsumoto 1 s 

(1969) ages of 2 b. y. foJ;" eclogite from Roberts Victor. 

The model thus explains the simtlar development lines found 

for garnet-peridotite eclogite and kimberlite all which indicate very old 

differentjation ages for separation from a mantle of Rb/Sr ratio of 0. 02, 

The validity of this hypothesis and its consequences for the 

interpretation of the develop1n•ent diagran1.s (Figs. 17- 20) is, however, 

uncertain because of the following observations: 

1. The actual Rb /Sr ratios (0. 06) of oceanic basaltic magma is 

m.uch higher than the calculated value. Partial melting of mantle 

to give basalt will probably involve ren10val of most of the Rb 

and Sr into the liquid and leave a barren residue. Thus, the 
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Rb / Sr ratio of basalts might not be far removed from that o.f the 

source rocks. Garnet-peridotites are generally considered to 

b e representative o.f mantle mat erial and to be the source rocks 

of basal t m::igma . Few Rb / Sr ratios have been deterrninecl but 

87 86 
they are higher t han 0. 0 2 and t hei r S r /S r r atios are hi gher 

than those of modern oceanic vo l canics . All the garnet-per i do -

tites so far anal ysed are from k imber lit e p ipes and t his n1.ay be 

t aken as representat ive of t he continental mantle . They cannot 

b e regarded as the source of oceanic volc anics because of their 

8 7 86 
h igh Sr / Sr ratios. Thus , appl ying Hur l ey ' s (19 67) model 

irrq l ies that the continental rnantle and oceanic mantle have had 

a d i fferent geoche1n~cal evo lution. 

2. P b i sotope data i s incompatib l e with Sr isotope data for the 

evo lution of t he crust - mantle system (Armstrong 1963) . If the 

r esult s derived f r01n the Pb isotopes are applied t o the Sr 

i so t ope variations , one 1nus t inte rp re t t he R b/S r rati o of mantle 

s ourc e r ocks as the ave r age o£ t wo or 1nore ratios . G as t 

(196 7) h as concluded tha t there i s n o e v i d e n ce t hat the R b / S r 

r a t io of a gi ven rock i s close ly r e l ated t o tha t i nferred f r01n the 

87 86 
S r / Sr r atio . 



214 

3. Hurley's (1967 ) interpretation assurrv~s a unidirection.al transport 

of Rb and Sr fronJ. the mantle to the crust. The growing recogni-

tion of the importance of l ateral transp:nt of crustal mantle 

by sea floor spreading and it s return to the mantle make such 

unidirectional systems invalid (Armstrong 1968 ). 

C onc lu sion 

The above discussion has demonstrated that the high Sr 
8 7

/ 

86 
Sr ratios found in k imberlites are not due to bulk assimilation of 

granitic material in a kirn0erlitic magma . The theory_ of Dawson (1966, 

1967b) that kimberlites are generated by assimilation of granite in 

carbonatite magma has also been discredited. O'Hara and Yoder's 

(19 6 7) hypothesis of eclogite fr actionation has been found inadequate 

to explain the observed Sr i sotopic data from 1"in1berlites, garnet 

p eridotites and eclogites . A theory of kbnberlite petrogenesis invo lv-

i ng partial melting of a fiv e phase garnet~m.:_ca peridotite to give a 

kimberlite of high or low Sr 
8 7 

/ Sr 
8 6 

ratio and various proc esses which 

might modify this ratio, h ave b een considered. 

The study h as served to r e ject some theories of kimberlite 

p etrogenesis and outlin ed new areas for study. Further work should 

involve a study of the constituent 1ninerals of kimberlites and the response 

87 86 
of the value of the Sr / Sr to change in the proportions of modal first 



generation olivine. Study of individual m~_nerals in kimberlite is 

rendered difficult by the fr equent alteration and c arbonitisation but 

should be possible for the fr es h Wesselton kimberlite . To study pos

sible selective Sr contam~nation a detailed study of kin1berlite and 

adjoinin g country rock i s necessary . 
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The relation of garnet peridotite and e clogite to kimberlite 

need s much fu rther study, certainly with regard to the relation of 

eclo gite to mi.caceous k imh er l ites. Such studies should involve not 

o nly Sr isotopes, but a l so Pb isotopes and rare earth e l ement distribu

tion patterns so that more definite constraints c an be place d up o n the 

interpretations. 



CHAPTER EIGHT 

The Fen complex is situated east of Ulefos s in Telemark, 

119 km. southwest of Oslo and 12 km. outside of the Oslo Permian 

Plutonic province (Fig. 25). At Fen the Precambrian granite-gneiss 

bedrock has been penetrated by a roughly circular body of silicate 

rocks and carbonatites, the distribution of which is shown in Fig. 26. 

The complex has been de scribed by Brogger (19 21), Saether (195 7) 

and Barth and Ram"Serg (1967). The following rock types are the most 

important ones found at Fen: 

Silicate Rocks 

1. Fcnite, a syenite consisting of microperthitic alkali feldspar 

and aegerine. 

2. The urtite-ijolite-melteigite series, ijolite is a melanocratic 

rock which ideally consists of equal proportions of nepheline 

and sodic pyroxene. Normally the percentages of these minerals 

found are highly variable and melteigite is the name given to 

216 
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pyroxene rich types whilst urtite refers to nepheline rich types, 

3. Vipetoite is cornp:>sed of titanaugite, arnphibole, biotite and 

calcite and is a type of lamprophyre. 

4. Dan1tjernite is a lamprophyre containing phenocrysts of biotite 

and ali vine set in a groundmas s of titanaugite, amphibole, 

nepheline perthite and calcite. Some authors, e. g. Barth-

Ramberg (1967) consider damtjernite to be a kimberlite, but as 

noted in Chapter l this conclusion is thought to be erroneous. 

5. Malignite, a 1nelanocratic variety of nepheline syenite composed 

of nepheline, aegerine and orthoclase. 

CarbonatHes 

6. S~vlte, a calcite carbonatite containing n1inor biotite, magnetite, 

apatite and koppite. 

7. Rauhaugite, an ankeritic carbonatite containing minor calcite 

apatite and rare microcline and albite. The carbonate contains 

10-15 mol. o/o CaFe(C0
3

)
2 

and 90-85% CaMg(C0
3

)
2

, therefore 

strictly speaking rauhaugite is a dolomitic carbonatite. 

8. R~dberg (Redrock), a hematite carbonatite consisting of finely 

dis seminated hematite in a calcitic carbonatite containing minor 

ankerite chlorite and pyrite. 
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Fig. 26 • . Simplified map of the rock complex o{ the Fen area. 1. Precambrian 
gneiss. 2. Fenite. 3. Different basic rocks (vipetoite, melteigite, ijolite etc.) 
4. Kimberlite (Damtjernite). 5. Sevite. 6. Hollaite. 7. Rauhaugite. 8. "Redberg" 
(with hematite ore). 9. Intrusive contact (a older rock, b younger rock). 
10. Metasomatic contact (rock b is a metasomatic product of a). 11 Fault. 

12. Fault (displacement unknown). (After E. S.ether 1947.) 
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Silic oc a rb o n a tite s 

These rock s ar e tr a nsitiona l in the ir rniner a logical comrn-

sition b e t v;re en carbo n a tite s and rocks of the. ijolite serie s. To these 

rocks Br<i6 gge r (1921) gav e a w ide varie ty of p e tr ographical names of the 

typ eJ,oc ality vari e ty. S a ethe r (195 7) prop8 s e d tha t the y should be con-

side r e d to b e vari e ti e s of carbona tite and that Brcigger's (1921) name s 

be di s carde d. The lTI·8St impo rta nt typ e s of silicocarbonatites found 

are: 

a ) pyrox ene scivite , a pyroxene-c a lcite ro c k (Brcigger 1 s kaserite ). 

b) scivitic m·~ ltei gite , a pyrox en e -ne pl;e line -calcite rock 

(Brc;6 g ge r 1 s Holla ite ). 

Brci gge r (19 21) d e m .on s trate d that fenite is a metasoma.tic rock 

form·~ d fronl. the country rock gne isses by alkali n1etasomatis1n. Th e 

silicate rocks were regarde d as true igneous rocks and it was consider-

ed that the scivltes were fonn.ed by consolidation of a carb8nate mag1na. 

For the rauhaugite and rcidb e rgit e a metasonl.a tic fonnation fronl. scivite 

was as s um e d. B rcigger (19 21) proposed that th·e a l kaline rock as semhlage 

was derived from a moderately alkaline magma (essex itic ) which had 

partly assinl.ilated and partly fused a Precambria n limestone at great 

d e pth in the crust. T he magm:::t had then desilicated in accordance 

with the Daly-Shand assimilation hypothesis (Sha nd 194 7 ). The fused 
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limes t one was cons idere d t o h ave e rupted as a carbonate magma to-

gether w ith the silicate m agma, 

Bowe n (1924, 1926) a l so considered tha t the ijolitic ro c k s 

were of a m agmatic origin but r e j e cte d the idea of a carbonat e magma 

and maintained that s¢vite h ad be en formed fro m the silicate rock s 

(fe ni.te and ijolite) by a metasornatic proc ess which l ead to more or le s s 

c omplete replacemc~nt of the silicates by calcite. 

S ae ther (195 7) rec ogni se d two sequences of igneous activit y 

separ ated fr om each othe r by a tim .e interval. Each b egan with the i ntru 

sion of a v ery m .afic magma and clo se d with i ntense h ydr othe rmal ac t ivity. 

Both rn a gmas were a l kaline and ri ch inC 0
2 

and were doubtless the of£-

springs of t h e sarne p a r e nt m a gn1 a . Their differences are a s cribable 

t o different c onditions of differentiation and/or assimilation. The fir s t 

intru s ion produce d fenite s fr o rn the granite-gneiss by alkali m .e t asom.atisrn. 

Up ::m crystallisation the m .agm.a f o r m .ed vipe toite , the ij olite series , 

pyr oxene s¢vite s and s~vltic melteigite s . During the consolidation of 

the m agma residua l solutions of lhne and magnesian carbonate were 

expe lle d and formed the s¢vite s by replac ement of both wall rocks and 

already consolida ted a lkalic rocks. From. the second m agma d amtj e rnite 

crystallised n o f e nites wer e form,e d but carbonate solution s rich i nCa , 

Mg and Fe we re e xpe lled which tr ansfonne d the damtj e rnite into r a uhau

gite and r¢db e r g . 
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Considerable debate concerning the origins of alkaline rocks 

and carb c:>natite s occurring together in alkaline conl.plex h as t aken place 

since the first description of the association by Br~gger (1921). The 

n umerous hyp:::>tb.eses presented for t he origins and re l ationships of 

t hese rocks have been ably summarised by Heinrich (1966) and need 

not be re-iterated here. The central problems i n the genesis of t hese 

rocks are: 

1. What is the n ature of the parent magrna , i s it an ultraba si c 

mag1na or a carbonatite magrna? 

2. Are the rocks of the i j olite series m agmatic and derived by 

differ entiation of an ultraba sic magn1a, or are they the rheom·:::>rphic 

products of fenitised granite gneiss? 

M ~g...:_~ a t~c_i_io_Ji~-2 

J:vfany petrologists consider that the parent magn1a. o£ an 

alkaline con1p'lex is of mafic or ultramafic con1.p:::>s i tion, e. g. alkaline 

p eridotite, kin1her l ite, p yroxe nite , ij olit e or nephelinite and that 

c arbc:>natite is a late differentiate o f this n1agma (Saether 19 5 7 , K i ng 

1965 , Tomkie ff 196 1 , Garson 1962 ). After extensive studies of the 

a l kaline rocks of Uganda , K i ng (19 65 ) conclu ded that carbonatite s were 

derivatives of i jol ite-nephelinite rn:1.grnas because : 
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1. Their volum·::! is insignificant compared to that of ijolite and 

nephelinite . 

2 . Their mineralogy and wall rock effects indicate that carbona tites 

were emplaced at low temperatures: therefore, the y rnust be 

later than the silicate rocks. 

3 . Calcite i s a common late prim_ar y m .ineral in ijolites and the 

silicates found i n carbonatites are those characteristic of the 

late silicate rocks. Thus, there is a continuity in mineralogy 

between carbonatite s and ij olitic rocks . 

The actual genesis of the alkali· parent magma i s generally 

not dis c uss ed by proponents of the above differentiation hypothesis , 

but King (1965) and Verwoerd (1966) envisage some kind of differentia-

tion relationship to basaltic magma . 
. 87 ~ 86 

If thi s is true then low Sr / Sr 

ratios might be expected in ijolites and neph e linites. 

Nearly all carbona tites are surrounded by a halo of varying 

breadth and petrological cornplexity and consisting of m e tasoma tically 

alte red or completely metasomatic rocks , for which the name f enite 

ha s come to be generally e1nployed . The nam.e fenite was introduced by 

Br~gger (19 21 ) for th-e 1netason1<1tic syenites found at Fen which contained 

70 - 90% a l kali feldspar and 25-15% aegerine. In most complexes the 
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ferrite c an b e traced from a very s li ght alte ration of country rock thr ough 

syeni.tic fenit e s to the nepheline b ea ring p u la s ki tic and foyaitic f enite s . 

Sorne of these under saturated highly f enitised rocks appear to have be

come mobilised durin g the f e nitisation process and now app ear as dykes 

of an igne ous asp e ct. The proc ess of fenitis a tion in a numb e r of carbona

tHe complexes ha s b een envisaged as not ceas ing with the production 

of the n e phe line b earing syenite s but as h aving continue d still further 

yi e lding ultra -alkalic highly undersaturate d rock typ2s suc h as ijolite 

and m a lignite . The process ha s b een describ ed from the Aln!) conqlex 

by Von Eckennann (19 48 ) who found tha t the granoiioritic country rock 

h ad b een tran s forme d successive ly into f enite , n e phe line syenite and 

ijolite and tha t 1n.acrostructures in the country rock s can be tr aced 

from una ltered gneisses through the fenHes and into the ijolite s . 

Silnilar examples of the production of ijolitic f enite have b ee n described 

fro1n N e m egos e nda L ake (P arsons 1961) and Spit skop (Strauss and Truter 

1950). 

Von Eckermann (19 48 ) h as considered tha t the process of 

feniti sation h as continued still further until the ij o litic f enites become 

mobilised and fonn a fluid m _agma w hich on crystalli sation ha s the 

appear a nce of an ordinar y igneous rock and which exhibits intrusive and 

cros s-cutting relations w ith the f enites . Such _mobilised ijolitic fenites 

are term-ed rhe omorphic ijolite s. 
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The production of f enite is considered to i nvolve the addi

ti on of mater i a l to the country rock fron1 the intruding magma . Elements 

adde d areNa, C a, Mg, Fe , Ti, P, K and the only l oss frorn the country 

rock app e ars to b e Si (Saethe r 19 5 7, Swift 19 52 , Gar son and Sm ith 1958, 

Fockema 19 52 , Von Eckermann 19 48 , Strau ss and Trute r 1950 , McKie 

19 67). The deta ils o f the f e nitising process hav e b een s um.mari sed 

by Heinrich 19 66 and M cKie 1967 and ne e d not be r epeated h ere . Little 

i s known of the moveme nt of minor e l ements during fenitisation . 

Elements i ntroduced i nto the country r ock include Nb (Par sons 19 61) , 

rare earths, Be, Ba, Ti, Nb (Zhabin and Makhitdinov (1959 ), Sr, B a , 

Zr, La, Nb and V (Er i ckson and Blade 1963 ). If minor e l ements 

follow geoche mically simil a r nJ.a j or e l ernent s during f enitisation, then 

it can be expec t ed tha t Rb and Sr will b e added t o t he countr y rock. 

The only evidence available at t he present ti1ne shows tha t Sr h as b een 

introduced as .pre eli cted (Erickson and B l ade 19 63). Whi l st K appears 

to h ave been add e d to the country rock it shoul d be noted that c arbona-

tites , which are often con s idered to be t he source of fe n itising solu-

tion s contain very little K and n eglible Rb. The app a r ent increase in 

K in the countr y rock ma.y thu s m ·ere ly r e fl ec t selective concentration 

processes and not addition of K t o the rock. 
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Bailey and Schairer's (1966) study of the system Na
2

0-

Al 0 -Fe 0
3

-Si O h as prov ide d a new in sight into the ij olite pr ob l em. 
2 3 2 2 

In this systen1 a liquid at the quaternary reaction point, acm.'. t e + 

h em::ttit e + nephe line + albite+ liquid is clos e to the nepheline -acm~.te 

join and i s the r e fo re essentially ide ntical with a magma of ijolitic 

com.position. The results p rove the p:Jssibility of the existence of 

ijolitic liquid and tha t it n1.i ght b e of a re s idual n a ture. Bailey and 

Schair e r (1966) point out that if ijoli t e i s a re s idua l liquid, then it c an 

form by the p a rti a l n1. ·~ lting of solid 1na terials h aving a w ide range in 

bulk composition. B e ing vola tile rich it would also t end to metason1.a-

tiz e its wall rock s to a sin1.ilar c ompos ition. Thus, generation of 

ijolite by p ar ti a l m·~ lting of n e phe line and acrnite-bearing f enit e could 

be p redicted from the exi s t ence of the "ijolitic" invariant p oint in 

the experimental system. Th e p:) i nt is a residuum, howeve r, and o t h er 

sources of ijolite can b e expected. Thu s ijolites can be either magn1.atic 

and r e pres ent derivative liquids o f some othe r n1.agm a or be rh eomor p hic 

and b e for me d by p ar ti a l1nelting of acm3.te fenites. 

Som·e aspects of the formation of ijolite s can be considered 

by means of Sr isotopic studi e s. Ijolite s which have forn1 -ed by rheo-

morphism of fenites produced from Precarnbrian gneisses can b e e x -

pected to have a 1narkedly different Sr isotopic composition to that of 

ijolites for n1e d by the differentia tion of sqme ultrabasic or ba s ic 
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n1agrna . T h r ee rnode l s whi c h a p p l y Rb - Sr d a t a t o the p rob l e m . a r e 

dis c u ssed b e low. 

II all the rock.s of the com plex ar e d e rive d from a single 

m agrna.. , e . g . a n ultr a b as i c nJ.agma , by a v a ri e ty of diffe renti a tion 

processes and c a rb onatites a r e cons ide r e d t o r e p resent the residua l 

87 86 
fracti o n s of thi s n 1agrna , the n all ro c k s w ill h ave the s a rn e Sr /Sr 

r.at:io a t the tin1e of diffe r e nti a tio n . At any l a t e r time they will 1 i e 

on a w h o l e r ock i soch r o n whi ch w ill indic a t e the ti nJ.e of int r u s ion of the 

com plex and the i niti a l Sr i so t o pi c co mp:) siti on of the J:n a grDa . The 

tirne of i n t rus i on in effe ct elates t he time at which the sys t e m b e c ame 

clo se d to Rb a n d Sr 1n i g r ati on. 

Mode l 2 - A s simila tion a nd Rheomo rphi s m . --------------------·- - --

Th e p r oduc ti on of rhe onJ.Drphic hybrid ro c ks from a single 

p a r e nt magm a by nJ. e t as omati sln and mobilisati o n of country rocks can 

b e d e s c ribed in t e rms of a Nicola ysen diagr a m if it is a s sum ed tha t the 

proc ess approx imates t o ideal a s sim.;_lative proc e sses involving 

comple te mix ing . 

In Fig. 27 the p oints A-B repr e s e nt the whole ro c k Rb-Sr 

paranv:: ter s of the p a rent 1nagma .. and the country rock respe ctively. 



228 

A series of h ybr id ro cks for m.:!d by n1J.x ing of A and B w ill li e on th e 

line join i ng A and B a t p osition s dep e nde nt upo n the prop::n tions of 

A and B in the hyb r i d . If afte r generation of the hyb rids the system 

·becomes clo sed to Rb- Sr 1nigration, then at any later tim .;~ T the 

hybrid s wi ll define an i soc h ron whose age will be d e p endent upon the 

time interval between T and the t i me of fonnation of t he hybrids 

(T ) and upon the s l ope of the lin -e AB. The age g iven by the isochron 
r 

T will b e anomalou s ly old and the initial Sr 
8 7 

/S r 
86 

ratio will be 

anon1al ous ly l ow r e l ative t o the true age and initial ratio of the i ntru-

sion. 

If any of the h yb rid rocks u nder go d iffe r entiation , for 

e xan1pl e a rheornorphi.c ij olite n1ight d iffe rentiate by fr acti onal cry-

sta lli sation to urtite and n1-e lteigite , the n the series of differ entiates 

at ti1n•e T the time of rheomorphism and differentiation v.rill li e upon 
r 

an i sochr on of ze ro slope, i.e. the y will all p ossess the same i nitial 

r a tio. Thi s i nitial ratio will d e p end up ::m the degree of hybri disatio n 

which has o c curred. The hybrid rocks and their differenti a tes will 

at any late r time T d e fin e anyisochron indicating the time which has 

ernplaced since rhe01Y1orphism and diffe rentiation, i.e. the true age of 

intrusion of the complex . The process is illustrated in Fig. 28. 
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M ·::>del 3 - Assim:.lation , Rheornorphism and lvf e tason1.atism b e tween 
------.-~----------------~-- ---------------- -- - ----

Thi s i s a special case of the ideal assimilation mode l 

d escribed above . Fig . 29 shows the distribution of a se rie s of hybrids 

formed between carbonatite (C ) and granite-gneiss (G) . The hybrids 

lie upon the strai ght line C G which is of the typ e y = mx+c where : 

y, th e 87 86 ~ Sr J (Sr / Sr ) ratio of the hybrid = _ _ 5 ____ _ 
h Sr +XSr 

c g 

m, i s the s l op e of the line 

87 86 
x, the Rb / Sr r atio of the hybrici = 

( aRb + f3Rb ) 
---~-----·-g__ 
(aSr + [3Sr ) 

c g 

87 86 
c is a constant and equal t o (Sr /S r ) . 

c 

+ 

X 2, 893 

Here Sr and Sr are th e Sr contents of carbonatite and granite gn e i ss 
c g 

r esp ective ly. 

Rb and Rb ar e the Rb contents o£ c arbonatite and gr anite gne i ss 
c g 

respective ly. 

(Sr
87 

/S r
86

) · , (Sr
87

;s r
86

) are the isotopi c compositions of Sr 
c g 

in carbonatit e and granite gneiss respectively . 
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X is the number of parts weight of granite added to one part 

carbonatite. 

a is the weight fraction of carbonatite Rb and Sr in the hybrid. 

f3 is the weight fraction of granite-gneiss Rb and Sr in the hybrid. 

For any value of X, i.e. degree of assimilation between 

87 86 . , . 
carbonatite and granite-gneiss, the Sr /Sr ratlo of the hyond and 

its Rb 
8 7 

/Sr 
86 

ratio can be found at the time of rheomorphism (T ) . 
r 

The line C G in effect defines an 11 isochron' 1
• At any later time T the 

whole rock hybrids will form a true isochron which will give an anoma-

lously old age for the complex but the true initial ratio of the parent 

carbonatite magrna.. This is because carbonatite contains so little Rb 

87 86 87 
that changes in its Sr /Sr with time due to Rb decay can be 

ignored. The true age of the intrusion (T.) is the difference between 
1 

the isochton T and the 11 iso:::hron11 T . 
r 

Icleal assimilation is unlikely to be realised in actual car-

bonatite com.plexe s for a variety of reasons. The ideal model will be 

subject to modification because the Rb-Sr parameters of the country 

rock are unlikely to plot as a point source on a Nicolaysen diagram. 

This is because granite-gneisses are in general heterogeneous bodies 

in which rern~ants of ungranitised older metamorphic rocks are fre-

quently found. The whole series may be cut by late stage granitic 
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intrusion, aplite s and pegmatite s. 
87 86 

Thus a wide range in the Sr /Sr 

87 86 
ratios and Rb /Sr ratios of whole rocks m.ay be found. Applylng 

the model to the Fen Area it should be noted that the Telemark granite-

gneisses are older than 1000 m. y. and thus at the time of intrusion of 

87 86 
carbonatite (550 m. y. see below) would possess Sr /Sr ratios 

which were considerably higher than those of carbonatite. 

The range in Rb -Sr param.eter s of the gneiss might not be 

very great because the gneiss at the tirne of m·~tamorphism 1000 m. y. 

ago would have been isotopically homogeneous, and thus had a uniform 

87 86 
Sr /Sr ratio. Thus, the slope of the line indicating the Rb-Sr 

cornpositions of hybrids between gneiss and carbonatite would be 

similar to that shown in Fig. 29 because of the great difference in the 

Rb-Sr parameters of the two end members. Because of the range in 

87 86 . . ' . 
the Rb /Sr raho of the gne1ss, hyonds would plot on a Nicolaysen 

diagram as a fan-shaped scatter of points. The fan would originate 

at the Rb-Sr P.arameters of the carbonatite and thus the deviation of 

the Rb-Sr parameters of hybrids from the ideal situation would be 

minimal for hybrids of low Rb 
87 

/Sr 
86 

ratio. 

Other deviations fron1. the ideal case are possible because 

of the small volmnes of magma involved and the extensive metasomatic 

effects present. The small volume of n1agma would certainly not be 
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capable of bulk assimilation of granite-gneiss although partial melting 

might be p::>ssible if prolonged contact of magma with the gneiss occur

red. The metasornatic transp::>rt of Rb and Sr and other elements would 

aimost certainly be a randon1 process. Thus, considerable deviation 

of the Rb-Sr parameters of the hybrids frorn '.:he ideal situation is 

possible. Fig. 29 illustrates bow Rb and Sr gains and losses frorn the 

system relative to the ideal case m}.ght affect the position of hybrids 

on a Nicolaysen diagram. It can be seen that the hybrids will lie upon 

curved lines or be randomly distributed. The p::>sition of the rocks 

relative to the idez,l as simllation line CG can be used to determine 

whether Rb and Sr loss or gain has taken place. 

Figs. 30 and 31 illustrate the results of the present investiga

tion of the Fen rocks in terrn::; of a developrnent di.agran1 and a Nicolaysen 

diagran1 respectively. Fig. 30 can be used to determjne the initial 

ratios of the rocks at the time of formation of the complex if the age is 

known. Some previous determinations of the age of the Fen Complex 

are given in Table 21. Considerable spread in the results is evident, 

but the age can be taken to be approximately 55 0 m. y. The inter section 

of regre s sian lines in Fig. 30 with the 55 0 n1. y. age line can be used 

to determine the initial ratio of the rocks. 
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Table 21. Age of the Fen Complex 

K/AR Biotite, s~vite 565 Fau1 et al. 1959 

K/AR Biotite, damtjernite 585 Ku.lp and Neumann 
1961 

K/AR Biotite, s<Pvite 590;603 Neumann 1960 

K/AR Biotite, s~vite 568 Broch 1965 

K/AR Biotite, darntjernite 573 Bro(:h 1965 

K/AR Feldspar, s~vitic melteigite 413 Neumann 1960 

Pb-a Zircon- s~vlte 460 Neumann 1960 

U -Th-Pb Koppite ·- s~vi te 420;570 Saether 195 7 

570;590 

. 87 86 
Fig. 31 can be used to determ1ne the Rb /Sr ratio of 

87 86 
the rocks at the tim•~ of intrusion once the initial Sr /Sr ratio is 

known. This is done by projecting the pre sent day Sr 
8 7 

/Sr 
86 

ratio 

back along a line of slop~ of 45° (which represents the decay path of 

87 87 86 87 86 
Rb ) to the initial Sr /Sr ratio and then reading the Rb /Sr 

ratio off the diagram. 
87 86 

Table 22 gives the initial Sr /Sr ratios and 

the initial Rb 
8 7 

/Sr 
86 

ratios of the Fen rocks. 
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Several conclusions can be drawn from Table 22 and Figs. 

30 and 31. 

1. The rocks do not lie on an isochron. 

2. The rocks are not simply related in tenns of a differentiation 

3. 

process from a single parent magma. 

87 86 
S0vite (6) has a lower initial Sr /Sr ratio than has melteigite, 

vipetoite an ::I the s0vitic melteigite s and hence cannot be a 

residual fraction of a m.elteigite 1nagmct or be the rnetasomatised 

product of solid melteigite. 
' 87 86 . . 

'I he low Sr /Sr raho of s0v1te 

(6) is in good agreement with that of 0. 7021 determined for the 

same rock by Powell (1966). S0vite (7) possesses a higher 

Sr 
8 7 

/Sr
8 6 

ratio than is n:)rma.lly found in carbonatite s which 

87 86 . . . 
have an average Sr /Sr rat10 of 0. 703 (Powell 19 66). 

. 87 86 
This high Sr /Sr ratio for a carbonatite is not, h:)wever, 

unique. Deans and Powell (1968) have found similar ratios in 

some Indian carb·:matites and Ham.ilton (Brown 1964) has des

cribed carbonatite from the Songwe Scarp, Tanzania with Sr
87 

/ 

86 
Sr ratios of 0. 709 and 0. 712. The high ratios are attributed 

to the release of radiogenic Sr from the country rocks at the 

tin1.e of carbonatite intrusion. 
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4. The only developrnent line inter sections within close proxim.ity 

to the age of the com.plex are those of two fenites (12 and 13) 

which indicate an age of ca. 540 m. y. and initial ratio of ca. 

0. 709. 

87 86 . 87 86 
If the Sr /Sr of the rock wh1ch has the lowest Sr /Sr 

ratio in the complex is taken as being comparable with that of the 

87 86 
parent magma, e.g. sdvite ( 6) Sr /Sr ; 0. 7028, then the ages 

of the individual m.ern.bers of the complex calculated using this 

as initial ratio are impossibly old relative to the true age of the 

complex (Table 22). 

6. If the sdvitic m.elteigites are all considered to be differentiates 

of a single hybrid magma (T , Fig. 31) then using the Sr 
8 7 

/Sr 
86 

rm . 

ratio of the Rb p::>ar sam.ple (4) as an initial ratio, then the ages 

(T. , Fig. 31) of the s0vitic melteigites (3 and5) are apprO·· 1m . 

xinJ.ately 557 and 430 1n. y. respectively (Fig. 31). These 

ages are within the age established by other methcd.s (Table 21) 

and are in accordance with the predictions of Fig. 28. 

7. 
87 86 

Material of high Sr /Sr ratio has played a role in the 

generation of the rocks of the complex. 

8. Increasing degrees of fenitisation, e. g. fenite 13 is more 

intensely fenitised that fenite 12, does not alter the Sr content 

of the rock but causes a loss of Rb, hence Rb/Sr ratios de-



crease with fenitisation concOJ:ni.tant with the R b /Sr ratio 

. 87 86 
decrease there occurs a decrease in the Sr /Sr ratio. 

Genesis of Silicate Rocks 

The silicate rocks, melteigite, vipetoite, malignite and 

s~~itic melteigite all have higher Sr
87 

/Sr
86 

ratios than the s~vite (6). 

It is thus not p::>ssible to interpret this carbonatite as a residual low 

temperature fraction of a carbonated ijolitic: magma as the high 
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87 86 
Sr /Sr ratio of this magma must be pre served in its differentiates. 

The high Sr 
8 7 

/Sr
86 

ratios of the silicate rocks and the. s~vite { 7) can 

be explained by assurrL~ng that a parent rna.grna of carbonated ijolite 

87 86 
of low Sr /Sr ratio was intruded into the granite-gneiss and then 

underwent a process of selective contamination by radiogenic Sr
87 

in the 1nanner advocated by Pankhurst {1969) i.e. isotopic equilibration. 

In this type of contamination Sr of high Sr 
8 7 

/Sr 
86 

ratio in the country 

rock is exchanged between two reservoirs and results in an increase in 

87 86. 
the Sr /Sr of the m.agma until equilibrium is reached. The process 

implies that no other element is transferred and equilibrium is reached 

without any effects of assimilation being observed in the intruded magma. 

Such an interpretation would not see1n to be feasible at Fen unless one 

postulates that s~vlte (6) is not related in any way to the other silicate 

rocks and carbonatites or failed to undergo isotopic equilibration. 
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Such postulates on geological grounds would seen"l unlikely. The 

silicate rocks and carbonatites also contain such high amounts of Sr 

that for equilibration to have occurred then it m.ust have involved large 

volunws of granite-gneiss. 

If the silicate rocks are not considered to be the parent 

of carbonatite, then it is necessary to consider how carbonatite m.ight 

be involved in their genesis by processes of fenitisation and rheomorphism 

of granite-gneiss. The Rb-Sr contents and the Sr isotopic compositions 

of granite-gneiss and carbonatite can be regarded as estilnates of 

the two extremes between which the Rb -Sr pararn·~ter s of rheomorphic 

hybrid might vary. Fig. 31 indicates the Rb-Sr p3.rame.ters of ideal 

rheon1.orphic hybrids between a carbcmatite containing 5 ppm Rb, 7000 

87 86 . . . . 
ppm Sr and Sr /Sr raho of 0. 703 and a gramte-·gnetss contain1ng 

87 86 . 
225 ppm Rb, 300 ppm Sr and Sr /Sr of 0. 7175. These values were 

chosen frorn analyses of the s~vite (6) and the granite-gneiss {14) which 

is taken to be representative of country rock into which the carbonatite 

was intruded. Fig. 31 also shows the isochron fanned by the hybrids 

at time (T), 55 0 m. y. after the time of rheomorphis1n (T ) , 
r 

From Fjg, 

31 it can be seen that the initial Sr comp::>sition and initial Rb 
8 7 

/Sr 
86 

ratios 

of the Fen rocks forn1. an array of points above the ideal assimilation 

line and do not define a straight line. This indicates that the Rb and Sr 
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transferences involved in their genesis were not ideal, elements were 

preferentially gained and lots. The departure £ron~ the ideal syste1n 

can be ex pres sed in terms of the degree of as sirnilation of granite--

gneiss in carbonatite required to produce the observed initial ratios. 

Thus Table 22 gives values of (X) the degree of assim;.lation expressed 

in terms of the number of parts weight of granite-gneiss assimilated 

by one part weight carbonatite required to give the initial Sr 
8 7 

/Sr 
8 6 

87 86 
ratios X(Sr /Sr ) 

87 86 
and initial Rb /Sr ratio X(Rb/Sr) If 

as simHation were of the ideal type the two values of X would be equal. 

As can be seen from Table 22 the irregularity of the two values implies 

preferential gain or loss of elen~ents. Thus the sirnple bulk as simi.la-

tion of granite-gneiss in carbonatite as a means of explaining the ob-

87 86 
served Sr /Sr ratios cannot account for the observed Rb /Sr ratios 

The data can be explained in term.3 of selective concen-

tration of elements by partial melting and metasornatic processes. If 

fenites produced in advance of carbonatite magma are partially n~elted 

to form a silicate magma which is then 'mixed' with carbonatite, then 

87 86 
the resulting silicate rock would possess a high Sr /Sr ratio and 

a low Rb
87 

/Sr
86 

ratio and lie to the left of the ideal assimilation line. 

This is because carbonatite possesses a very high Sr content, and 
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addition to a partial melt of fenite would result in rapid lowering of the 

87 86 
mixtures Rb/Sr ratio, the mixture would have a Sr /Sr ratio some-

where between the extremes of the carbonatite and granite-gneiss 

values. Bailey~;Schairer (19 66) have demonstrated how partial melting 

of fenite s to give ijolitic rocks could take place, however the process 

is not as simple as this because of the effect of rw~tasomatism. The 

metasomatising ents are undoubtedly some type of fluid phase and 

may be con1pos< J of C0
2 

and H
2

0 which act as transporting agents for 

other elements. Thus the irregular flow of metasomatising agents rnay 

cause great variation in the concentrations of Rb and Sr from place to 

place and to produce a great array of Rb-Sr parameters in the final 

hybrids. 

Thus the results of Sr isotopic studies indicate that the 

silicate rocks of the Fen cmnplex, viz. melteigite, vipetoite, malignite 

and sc;6vitic melteigite are the products of partial rnelting of fenite with 

mixing of the partial melt with carbonatite. This is in keeping with 

Brc;6ggers (1921) and Saether' s (1957) theory that malignite is a rheo-

morphic fenite but contrary to their ideas for the origin of the ijolite-

m.;~lteigite series. The hypothesis is in keeping with Von Eckermann' s 

(1948) theories of the genesis of the Aln() complex. 
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87 86 . 87 86 
Table 22. Initial Sr /Sr ratios and initial Rb /Sr ratios, 

and apparent ages of Fen rocks. 

Initial Initial 
Appa-

No. Rock 
87 86 87 86 87 86 ' rent 

Sr /Sr Rb /Sr 
X(Sr /Sr ) (XRb/SR) 

age' 
x1 o6 

1. Me lteigite 0. 7044 0. 080 2.6 0.9 2378 

2. Vipetoite 0. 7073 0. 225 9.8 2. 7 2512 

3. Srfivitic melteigite 0. 7058 0. 275 5.6 3.4 1602 

4. Srfivitic m·~lteigite 0.7058 0. 006 5.6 ,...,o 35273 

5. Srfivitic melteigite 0.7050 0.615 3.8 9.2 891 

6. S¢vite 0. 7028 0. 001 

7. Srfivite 0.7064 0. 001 7.2 ,..,o 

8. Rauhaugite 0. 7104 0.002 23.8 ,., 0 

9. Rrfidberg 0. 7083 0.001 12. 4 rv 0 

10. Damtjernite 0.7069 0.275 8.6 3.4 2000 

11. Malignite 0. 7076 0. 350 10. 8 4.5 1860 

12. Fenite 0. 7092 1. 740 17. 0 54.5 

13. Fenite 0. 709 3 0.615 17.4 9.2 

14. Granite-gneiss 0.7162 2. 155 

------------------·-------

Initial ratios are determined for an age of 550 m. y. for the complex. 

Apparent ages are based upon an initial ratio of 0. 7028. 



Nmn•:; rous objections to the above theory can obviously b e 

advanced, the m ·::>s t im.;Jortant of these being : 

1. Will the he a t content of the intruding magma be sufficient to 

cause partial1ne lting of granite-gneiss or fenite. 

2 . Will a silicate partial me l t mix with a carbonatite liquid or 

with an im_m _iscible liquid form. Recent experimental work 

(Wyllie 1966, Kooster van Gross and Piwinski 1969) indicates 

t hat imm iscibility i s possible. 
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3. Saether (195 7 ) has c a lculated that a fenite of melteigite o r ijolite 

c omposition can only be form e d if the 1nagma causing the feni

t isation is already of i j olitic composition. 

Such objections are of course difficult to counte r. Un

f ortunate l y nothing is kno w n of the tem.pcrature distributions between 

granite gneiss and intruding magma in the deep crust. The temperature 

differential might be very small and significant partial melting 1night 

have occurred. S aether' s (1957 ) calcul ations were based u pon b u lk 

assimilation considerations and did not take i nto account p artial rne lting 

and selective concentration of e l ements . Moreover , the Telemark 

granite-gneiss is a ver y heterogeneous body , m .any parti ally granitised 

amphibolite bodies can be found with in it and woul d be maj or sources 

of Ca, Mg and. Fe. 
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Dan~~.E ni te ! _ _!3._~~~~~_!:_~~ 0 db e_~g_ 

Field evidence indicates that damtjernite belongs to a later 

pha se of magmatic activity than the s~vite s and associated ijolitic 

rocks. Saether (19 5 7) considers that damtjernite i s similar to kim_ber-

lite, such a view can be definitely discounted as noted in Chapter 1 - the 

rock. is a simple l am_prophyre. Rocks similar to damtjernite can be 

found in other alkaline com_plexes, e . g . Alnl1, Ngualla, Tundulu and 

in all cases appear t o be l ate stage intrusions. They have been ascribed 

t o reaction between alkaline rest liquids and already crystallised mafic 

minerals or basalt, and to reaction of liquid basalt with solid alkaline 

material. Verwoerd (19 66) considers that such rocks may be a hybrid 

formed between peridotite, carbonatite and an alkali fraction generated 

at depth. The da1n':jernite at Fen contains nun1erous xenoliths of ultra

basic rock which app e ar to be cumulates fanned during differentiation 

of damtjernite at depth. These xeno liths are now rounded and are in

dic a tions that intrusion of damtjernite to ok place under fluidi sing 

conditions . 

Petrogr aphic evidence given by Saethe r (1957) demonstrates 

convincingly that r auhaugite and r0dberg are formed from dan1tjernite 

by m•~tasomatism involving carbonate solutions rich in CaMg and Fe. 
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The Sr isotopic composition of the damtjernite indicates 

that it is not simply related to sdvite. The isotopic composition of 

rauhaugite and rddber g are compatible with alteration of dam~jernite 

by carbonate solutions of high Sr
87 

/Sr
86 

ratio which re1noved Rb from 

the rock. 

Any siinple relation of the dam~jernite to the rocks of the 

first cycle of magmatic activity at Fen is difficult to envisage as damt-

jernite appears to be a very abundant magma at Fen and in the surround

ing district. Thus, Ramberg (1964) has, for exa1nple, postulated that 

a l 0 km. pipe of damtjernite lies below the complex in order to account 

for the observed gravity anomalies and Ram'Jerg and Barth (1966) have 

de scribed a great num'Jer of dykes and breccias of damtjernite outside 

the complex som·e of which occur many kilometres away. 

It is possible to envisage that damtjernite was form.ed by 

processes akin to those described for the earlier silicate rocks (they 

might even be an early differentiate of a damtjernite magrna) and which 

then underwent continued differentiation at depth, but until further 

evidence becomes available, such hypotheses are merely conjectoraL 
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Conc lusions 

The Sr isotopi c study of the Fen rocks indicat es that rheo-

morphi sm of fenit e s coul d h av e playe d an i mp::>rtant role in the ge n e sis 

of the silicate rocks and s upport s conclusions r eac h e d by several other 

geolo gist s re garding the genesis of t hese rocks, Study of one complex 

does n o t, h owever , .d ern::mstrate tha t all ijolitic rocks are generated 

by such pr ocesses . Further studies of complexes which on geo l ogical 

ground s s upport the theory of rheomo rphi.c ijolites , e . g . Aln(), N emegosenda 

L a k e , and complexes whic h show no evidence of rheomo rphi s1n , e . g . 

N apak , Oka , must be unde rtaken in orde r that theor y b e confirm·ed or 

rejected . The generation of the small vo lmnes of ijolite r ock a t F en 

by rheomorphic p rocesses a l so d oes n ot i m :Jly tha t the lar ge volum.es of 

n ephe linite found f or exam.ple in Eas t Afr , are generated in a sinl.i.lar 

manner. 

Further work at Fen should invo lve study of separated 

nl.ine r a l s and many samples of eac h type of r oc k s h ould be analysed 

in orde r t o deternl.ine whole ro ck isochrons for each petrographic unit. 
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APPENDIX I 

SAMPLE DESCRIPTIONS AND LOCATIONS 

Kimberlites 

A calcareous micaceous kimberlite. Phenocrysts of red 

pyrope, phlogopite and a mineral which is now completely replaced by 

calcite and serpentine (? olivine}, are set in a groundmass of phlogo-

pite, calcite, dolomite and m.agnetite, together with n~inor apatite 

and perovskite. Both generations of phlogopite are replaced along 

cleavages by a bright green chlorite (kammerite) and show· reversed 

pleochroisn1. A typical sam.ple of the Swartruggcns kimberlite is 

shown in Fig. 4. Sarnples 2 and 5 are of yellow ground. In these 

samples all the primary mlnerals are replaced by a mixture of 

serpentine, chlorite, talc and clay miner<:· 

Pipe rock. Phenocrysts of olivine, ilmenite, phlogopite 

and pyrope set in a fine grained groundrnass. Phenocrystal olivines 

are rounded but are fresh, and are surrounded by reaction rims 

of magnetite and serpentine. The groundmass is composed of calcite, 

290 
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serpentine, magnetite, apatite perovskite and second generation olivine. 

The groundmass olivine is euhedral and is often completely replaced 

by serpentine. 

Late stage kimberlite dykes. Very fine grained black rocks. 

Few phenocrysts visible in hand specimen. In thin section are very 

similar to the coarser grained n'laterial of the pipe. 

Sam-ole 18 
-~-----

Garnet mica peridotite xenolith. Fresh olivine and enstatite 

make up the bulk of the rock. The remainder of the rock 5-1 Oo/o is 

composed of phlogopite, chrome diopside and pyrope. 

Sample 19 

Eclogite xenolith. A bin'lineralic eclogite cornposed of 

omphacite and garnet. An intergranular medium of unknown mineralogy 

surrounds most of the grains. 

Premier PiJ?e, Cullinan, Bronkhortspruit Distri~.!2__!ransv~al, S. Africa 

Samnle s 20-2 2 __ :.:.::...r-_____ _ 

Highly weathered blue ground. All minerals are completely 

replaced by serpentine, talc, chlorite and clay minerals. 

', .. , 
l 
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Phenocrysts of magnesian ilmenite and completely 

serpentini sed olivine set in a fine grained groundmass composed of 

magnetite , serpentine, calcite and apatite. 

Fres h olivine phenocrysts and phlogopite l aths set in fin e 

grained gr oundmass oi calcite, rnagnetite and serpentine. 

Compl ete ly serpentinised olivines and chloritised mica set 

in a groundmas s o f serpentine, magnetite ancl c a lcite . 

D oornkloo£ Fissure, Barkly W es t Distri c t, C~e P rovince , S. Africa ------- -----------------·----·---- ----------------

Samole 26. _ __. __ _ 
Micaceous kimberlite . Dark rounde d phenocrysts of a 

mine ral now completely replaced by calc ite, dolomite and serpentine, 

together with phlogopite laths set in groundrnas s of phlogopite, dolomi.te, 

calcite, apatite and serpentine. 



29 3 

K irkland L ake , O n t ar i o , C anada 

Mic a c eou s kim b e rlite . Fr esh r o u n d e d oliv i ne a nd phlo g opite 

phe no c ryst s se t in a matrix of c a lcite , s e rpentine p e rovskite and 

m agneti t e . 

Fen C omnl ex ___ _ . __ J,._ _ _ 

l. M e ltei gite - urtite . M e lte i g f a rm . 

2. Vipetoi te . Nigar skg_sa . 

3-5. ScPviti c m ·c lte i gite s . (Ho llai t e s ). S ampl es of v a rying c a l c ite 

content fr om s outh-we st of Kcfse n' s f a r m . 

6. ScP v ite . Hydro Qua rry. 

7. S cPvite . C appe l e n s Quarry. 

8. R auhau gite . R oad Cut on hi gh way s outh of Ringsevja. 

9. RcP db e r g . Tuftes t o lle n . 

1 0. D am tj ernite . N o rth- east o£ D a mtj e rn. 

11. M a li gnite . Fr on1 str e am n ear K empe rho i g . 

12. Fenite . West o£ T e i ge n . 

13. Fenite. Tufte s t o lle n. 

14. Gr a nite - gn e is s . Southe rn Haa tve dt far m . 
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