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and trace element ._.i_Oi,._ are rnrl<ll;iriiS:>fl:llhIA at each The has 

::: 12.0 - 25.4 .6 == 2.44 - 5.77 In ,.nrlt"!l:lI<II;t 

contents ........ ..-..... 'u. -4.22 wt 

-43.7 wt 

124-300 

ppm 

Int'l"'n,~ .... are 

and Nb == 80.1 - 351 

68 -189 ppm Nb. 

In contrast in"'r\mlr\~ti 

==202± ::: 40.6 ± 

normalised rare earth element 

REE relative to 

kimberlite and for Star kimberlite 

kimberlite 

inoomloatllJle trace element "",tt .. " .. ,., 

Ta and ",n,,, .. ,,,,,, 

have La == 

and the Star klrrlhS:>I'lits:> 

with the 

:: 1270 - 1845 Ni :: 684 - 1988 

s:>1s:>ms:>,nt ratios are more " .. <II;t .. i,.t .. ri and are 

:: 9.1 ± 

which are 

"n"'''''~.'' are 3 - 15 times 

Primitive mantle 

subdued 
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and show nAI"II~TI\J'A Zr at is 

crustal 

1 the 

is unrelated to 

and 

and is 

is 

variation 

to have a 

the variable 

a continuum of the 

and than and 

wt -21 wt wt 

CaO and 

the and 

more and is best the 

in both the and in the more, to the 

trace elements on smooth 

enrichment both 

to 

The at have REE 

ii 
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wfth in 

magma is more in 

low rI"'" .. ,: ..... 
',-,u"at'l:''''' source r""rlinr,C! 

HREE relative to nrllmlf"VA 

valv .... ,a .. ;; ..... source rArlinr,!:! 

K 

in 

two lIt'n" ... ~.rl 

""-, ...... of the '-'CI,,\#Ulcn<:;\.i 1<"""I'I.", .. IIt<. 

within 

to or 

Irnr,nrfllllnfl\1 CleolletEtCl in 

IClnrlnArlln~q were 10C;atel(] 

does not 

the 

rise 

that 

a source 

a 
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to Jim for two 
l'IUl"IWlr\n me to 

At 

course 

timel 

A 

criticism. 

never have 
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element .... .,.,." ... ..,"', ..... of the SWJiJJIrtrl the 

30 
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40 

5.1 

the SWJiJJIrtrl the 

Trace element .... .,.,' ... ..,'''' ..... i.,t .. '' the 

in trace .,.I.,. ....... .,.' ... t other 
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1 

1 

;ml" ...... I"" .. " are Avj'fArnAliv rare, VOlatlle-ricn total 

IJ'O',,"ClL'l:I>CI of their economic i ...... ".nri·"'n .. ·"" as the main ..... i ...... "' ... ' 

alkaline rocks. De:sol1:e 

are gelJIO!glcal 

oe~epEtr in the 

a number of reasons. 

for 

to 

lower mantle into 

of both upper 

1 

magmas themselves are also """1, .. "" ...... ""11,, "",nr;,-hehri in certain 

Incorrlpa,tlDle trace elements aelSpl1:e low and contents. As 

are 

a/. 

... A.'\ .... I'1'''' ...... "''',..., and texture even within 

NKi,mh,~rli;fA is a .;"l'",'''''''' 

The 

which are not 

are 

ca/'DOJnltl~sat"on, Kimberlite COlnm,(1I 

1 of • .,. ...... "'n. et 

occurs as 

orelSel"lCe of ..... "' .... ,."' .... ,.,,'"', .. set in 

UIQPSIC]fJ), mClntilr;e/l'ite, UIJ'C7""ti/, !'I:I'llnl'tIS ... "" ....... ""'''''lr'''' and ilmenite. 

which 

Olivine is relative to other 

and 

contains inclusions of upper mant/e-derlved ultramafic rocks. 

xe/lOllths: and be nn;'_"'A,nt 

1'\"",-llt".o::. occur WOfIO'-WI'oe. n""I'Ar:~lIv .-n,.,t'lr,""r1 to I Proterozoic cratons or 

in on-craton 

Unlike other kimberlite nrn""",r ... ,,, ""1"'11',"",,," ... of kimberlites exist in 

(1 who them 

on the ,n,,!:>nr-.. of nhlnn.nnilro in the latter relative to the these two 
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were later (]Is,oo\,en~(] 

wOlnC-'Wloe. whereas 

in 

rather than a 

characteristic mineral as!;enIlDllaCEIS 

at al. (1 

most rnnnmr\nlV 

of 

1 

associated with root zones of 

1 

as 

between 

1 

or 

1 Introduction 

are 

II iml"lArliitACt are 

now recommend a 

II kimberlites based on 

the earlier work of Dawson (1 

kimberJites", with 

I and II also been 

VAn'I"~1 axes 

and WA!:Ithl~rirln 

be 

V(]I~nlle contents too 

structures that are not 

and ItArn,:II'I\/AIV these be fA.:I.nAI'C! to 

1 

have been ;:,LU\JIII:JU 

mA,nAr~rv!i::t!C: and 

and trace element nAI'\/"h,AITII!C:tlnJ and raClllogEm 

mnnn.,nAl::llrlrln kimberlites of 

irnl-,Arl,lfACt are to have eQluilllJra'ted 

the CelJletlOn in rare earth elements !'AI!:afl\J'A to 

that have now been A!'n,rlA'" 

from their mantle 

as 

and the 

bulk 

n .. ",'>t.~r than 

due to 

contents of 

2 
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1 Introduction 

1 

and 

(1 

... .,. .. ,.,....,., .... <>, data of Ringwc)od at al. (1 at al. 

and 

at "' .. .,.,!:lIt .... than 7 

the Inr.,nmlnATI 

small nA('rA':~~ ... i,_.~,_ and 

has "' .... ,,,"" ....... _".'.. ",I""'''''''''' can be 

AYrlArilmAlnt::ll1 data at 

revision these U""IF",ale", conceded 

1 

~inl'ifil'~::IInt at 

Roex at 

Ie Roex et ai, 

(1 

is rather one 

an 

a rlel~leltlOn 

Det1i1VeEln 5 and 7 

and Prll'<l~nl::l1l 

mantle 

hotlspots and 

SU(lCElISIS the rAIS:ltinl'~hin 

lith .... "' ... h ..... ; .... source 

to the source 

not be the case 

to 

on 

with a 

on later 

at 

or hotlspots at 

wide reveals a 

to 

and 

nAI'!VII'<,n melts or 

a source in enriched mantle 

trace 

these 1I ...... "' ..... lIt".'" must be "''''''U:lr:=,tAn the I"nrlVAIr.tirln mantle this ae~lletEKl 

The source 

to be 

3 
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.. ",t'I"'., ...... """,'..,gr .... "n,fi.,.., .. " nor 

In an ... Yr\il:"rilm""nt~1 

to pressures nrA,:IItAI" 

II 

.... "r'lC::irIAr~at1 to be r .. I""t .. 11 

for both in 

a common source 

OOI1100SI'tlOrlS between the two 

""'n,n"'",n' "" .. LJ'''' .... , to 

He 

been orOI[)Oi1lSa 

1 Introduction 

as ""U'JI""'" SU!;lgeStll1lg a 

uaaest4:tCl that 

IdLl~II..IClI OIB. In ~t1t1itirln the most radlloClenlic 

I Iti "lhAIr! it"~<l: 

been 

in 

",,,I'ir,,,ll,, <l:,"'nl'lr~1'A source r"' ... 'i ...... '''' 

mantle melts 

II kimberlites {II.I,~ ..... II et 

W,..,.,'""""II.'" .... ""' ... m""" is 

~"'nI'lIA'>I" (1 

(lSEU:H;satea .. U.I""\.l' .... ""''''' "',.."'''''n ..... slabs. 

America are 

water 

a/. 

innifi .... Ant """,Itinn The transition zone KInOWC)()O at 

the deviation in 

a 

ki .... ,h"'rlit •• <l: are not more r"' .... ,'nn~." 

cannot be "A,"I\/'::'," 

a subducted 

cannot be accounted for 

I kimberlite. 

a source 

the 

et 

from a source 

rn"'.lti.." .... of a 

nrn,,.. ...... ', MnW'p.V'e!f on the basis that Os ;",,,'t"n'''' 

IP"'.::II".:nn at 

"' .... " ...... "", .. ,'" slabs. 

4 
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1 

Due to 

to far .... nn,. .. "'.,., 

umtita1tivelv evaluate their source 

a more basis 

1 

the 

I"k ... ·"" ... "" .. i"'ti.~'" and the nAtrnn:AnlOitil": prclce:SSEIS 

1 Introduction 

to 

rise to 

on 

AIA:mAlnf and ISOtOPIC Alnnr,nAf'h to 

ImniAI'I'~\I and Harris et a/. on the 

in <:i:A"nni'lAI'V PI'OCE~SSI~S on a 

characteristics. This has 

been VCmJClUln;; infnrlTlAtinn about source fAf!linrl<:i: and the nAtlrnn'~n 

This is II swarms, on the 

access to at 

described and of trace 

element and Hf in mind: 

• Nd and Hf 

to at 

to the two to other and to other 

• sets of data from to assess the 

and 

so to 

• the kimberlite to 

trace element constrain the rise to 

the 

• versus source 

at 

5 
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some 

Both the 

West of 

in centre of the 

series 

The Main 

and 

the eastern extent 

with occurrences both II 

a 

an economic occur on-craton be 

are 

in Africa to craton are in 2.1. 

swarms 

craton in 

kirrlhAI'litA is l)m.ldLt~U in the centre !:lInr ... ,.,.'"i ....... <:lJt ... lu 60km 

in the Northwest U,.""i.,,..o 

extent 

1 

a minimum strike 

sub-economic 

Is tvIlU".J'IIIV 

2001). In ad(::Iitic,n the North and South Fissures are 

mine. A fifth 

is located 

2.1). 

swarm 

a 

). 

Into ... on to 

occurs in the western 2-3km 

1 The 

some to be a 

crossc:uts the kimberlite 

than a true 

6 
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o ,m 
, 

N 

11' 

500 ,m 
----, 

Botswana 

Victoria West 

South Africa 

Kaapvaal 
craton 

• Johannesburg ',SWazli!nd 

... Star ) 

Kaapvaal cratol1 
• Major kimberlite 
provinces 

Fi!lurQ 2.1 Map of Southern Africa ilUstrali!'"oil I"" Ioca\Oon ot the Sw~rtruggens aM SI", kimberlile dyke swarms I"" 
oxtoot of tho Kaapyaai craton, aod 01""," major ,i_ile p<Qyirces. arler M,lchel (1995) 

contacts are gradational '.,dicaing that it was emplaced at a similar time (Gurney and Kirkley, 1900) 

However, the genelic relaionship 01 the MUM Dyke to the kimbe~lte dykes has not preyiously been 

established, US'.,g Rb-Sr dating 01 phlogopite macrocrysts. Smith et ai. (1985a) acquired an age of 156 1. 1 3 

Ma tor the kimberlite dykes, Although one Muil Dyke sample was induded in the study of Smith et ill, 

(1985a), and it appeared to plot 00 the isochroo 01 the kimberlite dykes. it calnot be concluded tilat tile Muil 

dyke is related to the kimberlite dykes 

The Procambrian Transvaal Sequ...,ce 01 andesitic lavas and metasediments ~ost the Swartruggens 

kimberlite (McKenna, 200 1), At the surface, the kimt>erlite dykes intrude lavas and shales to appro)(imately 

1km depth, below which IS a layer 01 shale ood slate approximately 15km thick (Gurney ood Kirkley, 1900). 

A thick sequence 01 Chuniespoort dolomite is encountered at appro~imately 2km der>lh (Gurney ood Kirkley. 

1996: Kirkley. 1987). Tile incompetent, fractured nature 01 the host shales causes a wide range in thickness 

of Ihe dykes alOf1\j strike, lenses sometimes pinch or end abruptly. and intertwining 01 the dykes is common 

(Gurney and Kirkley, 1996). The Swartruggens kimberlite occurs in dose proximity to the BusllVeld complex. 

and it exploits Bushveld related structures during emplacement (McKenna, 200 1 j, Unfortunately, a det~iled 

map of the outcrop 01 the Swartfl.Jggens kimberlite dykes is not availat>e 

, 
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The miC:BCIBOlIS kimberlite ,..nr.e.ie.lte. 

From 

varies 

the western 

the 

COllscllid.ate into 

100cm are 

n,....,Tlnn the 

the 

1 

THEUNISSIEN AREA 

Old Saital Mine 

"South" 
Fissure 

"'h" ... I1 .. ' .... the 

the Karoo -';:,,,,,'o,m 

o 

Scale 1 : 250,000 

of the Star kimberlite 

2 

swann 

with a 

ica'C8()US or 

loc:aIEIQ at 

45· em, 90 -

Permian to 

1 

m 

East Star 

In the Theunissen area. After Hili (1 

8 
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Jens 

is 

The 

and were COllec'[ea 

were I"IJIIII:;;VILICIIJ each the eXClosE,d 

lrimlhAI"litA am~lv~;ell in 

is h""""".:II'!'"" .. """":11"""'1'1 

in 

rio •• ,. .. i,,,,ti,,,," .. and "'h, .. tnlmi ... • .. nr',..:II"'h .. 

2 

at !'>::w,:.rirl 

mine in 

area and it is to 

and 

Town mantle room 

were this 

as 

is ,.""nnn".n in Ll.n ... ",,",riiv 2, 

9 
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m$ll,.rrl,.n.t~f_~ of olivine 

constituents. 

in 

rl1';::Jlnl~ln .. ,",,,,,,,,,,,,,,, _~nJin<=lI_~ rJ::lnf'l.inf'l in cOfmx')Snion 

tltanlt~~s 1'l1~/OI)(ljli,a to the ho/,'am1ite 

am set in a mesostasis that 

occur as 

Both the SW,:Ol"'lfl 

in this work is irn.>nr1',,"nt 

at 1 ...... <.lit" and Def.1iNeE~n the two 1"' .... "'lit'I .... 

mlrIAr~;lnt'\I are 

so are 

as as 

recommend a 

IIltim~rl 

to 

are common but are not 

Sr- and 

other 

is a common 

as micaceous II 

also to assess 

10 
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and 

than 2mm in 

to rli"""""",,,,,,,,,, .. +~.ri 

of each of the 

the term macro,crv~r::t 

the 

less than in 

3 P .. tr'tv'I"'lnhv 

set in a 

is 

on 

1 

term 
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3 

contain De1.1weEIn 

the ...... "",.., ... 

nrll"l'l:Plnr in 

some r.h!:lnr,phnl 

rn;'· ...... "h"'.nnr-n" .. t'" ""'" ......... ·W';ml"' .... lu 0.1 to 0.2 mm in an 

South Fissure 

amounts in the ). 

are .,,,,,1"1,,...... in 

."rn,.......,'""", are sometimes 

are ........ ""'ml ...... lv 

Third Leue Main South Fissure Mull 

10-25 10-30 25-50 20-35 5·25 

5-20 5-20 20-45 10-30 5· 25 

< 5-10 < 5-15 < 5-10 <5-10 

10-30 10-20 20-40 10-20 10 ·20 

10-30 10-20 15- 10-20 0-5 

<2 < 1 5-10 < 1 <2 

Olivine 0- 5 5 ·10 

Groundmass 45-80 50-80 20-40 40-70 50·85 

30-40 40-70 15-30 30-60 25-40 

Calcite 10-30 < 5-10 <5 5-10 0-20 

<5 <1 <5 <2 5-20 

Olivine <3 5-10 

Sanidine 10·30 

Other 5-10 1 -10 1 <1 2· 5 

MSI,II'!I""lI'!l"'lIttl' Phases 

Olivine is the most abundant ml:l,.. .. n,,..n/l'l:t in the S'AI''''"" kimberlite and constitutes up to 

the 

to DniOaClDI1:e in the m::ll,.."nt"n/«:lt 

12 
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3 

) and are 

are \I~r'i~hl\l 

rnrnnl ... TA'" relplalced to calcite 

calcite occurs, it is around the Some olivine 

are common 

ntAr'rAn to 

5 to 15 volume 

) and constitute 

~I'I'nt"'I'Voc:t suite, The DnlOCllJDllre rl"ll=It"'lrnt"'Nl'::'tl':: tend to be ",""',,,,II.~r 

to 6mm in 

cores the 

In both 

n",,'nOI' .. in the 

contents are 

= 1 wt cores 

OnlOQClOl1te ...... ,"',..,,,,,..,1"\,"", .. are 

sections. 

in the rims than 

=1 -1 wt 

are 

the 

and 

IIOO[OOllte "",,,,,,,,,·n""I"\,,,,lf .. were n" ... ~n'ol"l in the thin sections ",:;annn","'" used In this 

,...,"',.. .. n .... n" .. t'" in the Main 

with 

the ). 

13 
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3.2.3 
in the C::w'::II"trl is phlogc)plte, is 

often occurs es l<>n,_c<I .. ""r,"''' ..... "",."'"" 

Most the nhl,nnl\n .... 1" ........ I'."' .... 'C<fC< are ri ..... , ....... ,1'1 to variable extents 

14 
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nrl'!!!ltAI,t in 

the 

are 

",,,,,'n •• ,,nfl",,,, and calcite in the 

3.2.4 

The 

the 

between 15 

is not nArV!ll~tIVA 

rock. In the 

in ",.: .. 'nnl.~ .. 

are occ:8slion;ally .. Ii .... lhtlu ""It .. ,rol'l 

3 

the 

OQC)PI1:e nli"lAr,nl"lru",·t", are 

thin "''''I''tinr,,,, in ,,,,,,,,,,, .. !::!I 

% in 

nrA·"'AI,t in 

007 
n .. ",,,,,,,.,. in the 

Ihh.:.,1I"",,1 nature of some 

in size are common in 

bet1NeEm 20 

than in the other 

In some 

,"",m",."" nil'll I n,1"I nr\ If A is 

to 0.5mm in size in the 

Inl'l,,,,.,.<~,,, of the 

Fissure 

in minor amounts in the ). 

15 
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amounts 3 volume 3.1) 

altered cornOlletellV to calcite. all 

in 

than mm in size are 

3 

Inrllm~~1I:I1I:I olivine are nl"':>'~AI'T in the This has 

InI'lITl~!~~ olivine was not nnC:An./Ari in the !'i:li'IITIniAS 

mask the nr.a,~A'"I"'A 

is nr"W'1n,mlln~rUI\l ...... " ....... which is 

as an interstitial 

occur in all the 

in addition to zircon and 

wadeite have 

these were not nhcu:!InJ.ar! 

Based on the classification ~V'~fAITI 

..... "nrl ... ri in • the SW~"I"I 

3.3.1 

Table 3.3 Classification of the 

Main 

Third Lease 

South Fissure 

Texture 

in the 

consists 

Skinner and f •• ~.-~, .... 

Phl,ogopite kimberlite 

phlc)golPlte kimberlite 

UIOPSI(19 pl11oglopi1te kimberlite 

to Smm in or 

needle-like and 

a continuum 

as . The texture 

from to 25 to 

was not 

related. 

Muil 

16 
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10 - 20 

in size 

as 

). 

3.3.3 

2mm in 

:::Inr"lrn'l(im:::ltll'l,lv 1.5mm in size. 

(1 

3.3.4 

The 

in colour 

is common in 

5 ). 

Inl1lm:::l'~c. nleeclles are 

are occurs as 

to the 

are 

in • to 25 

of the Muil 

3 

nlo!!lOtllte and 

and around 

to to 

the 

occur 

mm in 

is common, 

in more 

in 10 -

to 

o - 5 and 0 - 2 volume 

to 

and ""m-no, 

and 

in an :::I\/IC,,.:::II"I,.. 

- 1 mm in the I"n,::Irc.,I'lII'_"I"II':::I 

Del1WeEln 25 and 

5 to 

17 
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y) Cround",,,,,. p/logc;pite of tM Soolh Fis,ule 
(JJG 3145) r"TH,, ~d by d;rI<er red b'OWfl 
t~traferriphklga .. I~ , ,OV "Pflrox 3rom 

i) I ypical aW"",,,"c~ 01 thto M<. I dyk ~, 

euMdr.1 '" slIbhedral altered 
macrocrysl • ..nd phto '\OGry.t, in ~ y'o,mdmas. 
of ne~dt e-like phk>qopile on(! dklp,ide, FOY 
appro,,3[);nm 

k) 'ract'K~d .~ rper1tn';.~d oIi,"n ~ nlaGmcry,t. In 

the r.\.i l Dyl<e, wNch haw ~" partial~ 
feplaced by phklqopile arollnd tM crystal edqes 
<V>d along rracrures, FOV approx, 2mm 

PI.te 3,1 Continued 

hi Tyoical .ppear.nce of the Third L~~s~ 
.ample> ,hawing ~n onhe<:tml cHivil1e 
macrD<'..ry.t comp.,tely replaced by cakoite, and 
>orne groondrna,. phlogc;pit~ p..rtiu y a lt~red to 
cllorile, FOY appro., 3"'rn. 

n Euhedral .erpentlni.ed ond calGltis ~d cHivi,,,, 
",,,,,roc"!"t in thto Muil dyke ",th assoc';ated 
OP"qu~ oxid"" ,OV approx 201m 

I) Cklse-up '""" 0( the MLi I Dy"e groundr"",., 
soowil1g the aliglled l1eedle> of pll ogop;t ~ ir~d_ 

b<D\I..-.) and dic;p.ide (c<>oorle":1 f.~"ny of thto 
,,,,aller anhedral. colaur.,,, crystal' are 
,anidioo, FOV approx 1,~rom 
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is ",.", ... "" ........ ''' .... 'CI. to in occurs as 

or 

3 

in c:nrnnl,AtAllv ''''It .... ''>1'1 to ",., .. n"",,., has been 

the 

amounts 

as 

3.3.5 
The SW,;lII'T .. , 

1) The 

on 

It is th"', .... t,"' .... 

(1 

The n .. t .. t'V'I,ro::lr.hu 

from the 

and 4 

Texture 

The 
in a iOin,,,_,..,,r,,,i ... _ 

In 

a '/o::If'l"ru of 

occurs in the 

of 

• where it is 

in size are 

.-.. lIn, .... "",,,,, that were not nn .... ..,,,,,,n in 

that are ""...,in ..... n"" ....... and <:liNn,,,,,,.. of 

<:lil"r,'\l"n/C!tc! does not fit the ""IT''''"' et al. (1 

1 ). 

not occur in 

). 

",nr,r",,,,tl,, iI'1IAnlliti~.t1 as a "" ......... " ....... ,.,.0 

"''''<.IIn, .. " is 

to the .It,.~~m~~fil" o::Im,nfl".nhvf",o:t or the 

T1AI&.nn/_.U/n thin sections 

One of the Barren 

are in 2, 

Det!weEtn 15 and 

Is flow rliff'c,.",nti,;lItin,n with more macro;c",st-DOC)r 
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to the 

rare eclClaitic 

Barren 

from 

volume 

Table 3.4 Modal 

the 

mic ::: less micaceous' other::: se 

Clewer 

20-30 

Olivine 15- 30 

<5 

20 

15-20 

<2 

Olivine 0- 2 

Groundmass 50-60 

35-50 

5-15 

6 

Other 2 

and \1,,\1"''''''1''1'''''1"\'''',<>, ... 

constitute 

less micaceous 

whereas the 

amounts 

3 

and to the 

m!:llt"rn,t"nJ'c.rc" in 

volume 

20-40 20-40 

15-30 15-35 

< 5 - 10 <5 

5-10 5-10 

5-10 5-10 

0- 3 

35-75 50-75 

30-50 35-50 

15-35 10-30 

<5 <5-15 

from volume 

the micaceous 

Barren 

to 

whereas 

15-30 

15-30 

<5 

5-20 

5-20 

60-70 

30-55 

10-25 

<5-15 

at <3 volume 

at to 2 volume 

,nn,rn", .. ,,,,: ..-no"""'''TI..-U, of to 

and 

15 

in the 

I. 

Barren 

mlc I.mlc 

30 40 

25 35 

<5 <5 

5 3 

3-5 

<2 3 

65 60 

45 25 

5 -10 5 

10 -15 30 

5 and 10 volume 

DhIOQ()Dite. with minor 

in a matrix calcite and 

to the m!:ll,i'rf'~n..lllttlit and the 

21 
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in 

more 

the 

volume 

more 

as 

show 

more 

with aSI~ociatEK.l 

CaO contents 

::: 

3 PetJ·ogr.~phy 

vol. the ml(::aceOlJS 

wt 

small 

the 

In 

are 

mm 

less than 5 to 

to 5 

Innn",;'... t'T1~~irlV'ru!:ttcl occur 

1 to 2 mm. in 

is common, with most the 

are 

1 is 

tetlrafi~rriphl,og()pit:e. In areas some more .:lIlt ..... .....-i 

22 
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of olivine 
Town. 01 = mac = 

for these anal ses have been 

JJG2833 JJG 2833 JJG4570 

01 mac 1 co 01 ma4 co 01 mac 8 co 01 mac 1 co 01 mac 7 co 01 mac 7 11m 

40.5 40.5 41.2 41.3 41.4 40.1 

0.00 0.00 0.01 0.00 0.00 0.00 

0.00 0.00 0.00 0.00 0.00 0.00 

0.02 0.06 0.01 0.03 0.01 0.01 

7.15 11.2 8.34 6.16 7.04 1.05 

0.09 0.28 0.10 0.07 0.09 0.07 

50.9 48.1 49.6 52.2 51.2 51.3 

0.01 0.03 0.01 0.01 0.00 0.01 

0.42 0.02 0.43 0.40 0.42 0.40 

99.0 100.2 100.2 100.2 99.5 

0.93 0.90 0.94 0.94 0.94 

Barren 

JJG 6360 JJG 6361 JJG 6362 JJG 6363 NCOM NCOM 
Oeser! tlon 01 mac 1 co 01 mac 1 rim 01 mac 5 co 01 mac 3 co 01 mac 3 rim 

SIOz 41.5 40.4 40.7 40.9 41.0 

TlOz 0.00 0.00 0.00 0.00 0.00 
AI,o, 0.00 0.00 0.00 0.00 0.00 
Crzo, 0.06 0.05 0.03 0.07 0.08 
FeO'" 8.04 7.92 9.38 7.86 7.97 
MnO 0.09 0.10 0.10 0.10 0.11 
MgO 50.8 50.5 49.5 50.4 49.8 

CaO 0.05 0.03 0.02 0.06 0.07 
NIO 0.42 0.42 0.39 0.41 0.39 
Total 101.0 99.4 100.1 99.1 99.8 99.4 
Fo cont. 0.93 0.93 0.91 0.91 0.93 0.93 

chlorite has this is nAI"IAI"I:II 

DnioOlDDI1te are 
nr .. "" ... ~t in ., ........... ;, ... ~ 

rnv'irn,,,t .. llu 1 mm in size. 

or als;aa'are~atea 

3.4.3 nilllll"lOt~rv!n Phases 

are no pnlogC)Dl1te ... 1" ..... "'1" ... '.,11., 

the micaceous 

are 1:1 .... ' ......... "'1 

nI"IQ,QAI,t in the 

norl-mlica,cec)us Barren 

In the East Star 

suite 

3 

JJG4570 JJG 4570 

01 mac 8 co 01 mac 8 rim 

40.6 40.1 

0.00 0.00 

0.00 0.00 

0.04 0.Q3 

10.4 10.4 

0.12 0.12 

48.0 48.8 

0.02 0.03 

0.49 

99.7 

0.90 O. 

NCOM NCOM 

01 mac8co 01 mac 8 rim 

41.4 41.2 

0.00 

0.00 

0.05 

7.04 

0.10 

50.8 

0.04 

0.42 

99.8 

0.93 0.93 

rare 

I"AI1I_nr'nlli<,n in colour 

In all 

n,u.n",,.. .... ,,,,, suite. 

to 5 volume 
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nru .. nrll"n.,C!fC! are C!lInll''iTlV more Tnr,rn",,1'1 5 to volume 

as C 

llo!::Io')ite nh'~nn,l"nJ'o:tto:t to ....... I, .... ril'''" 

nh,.nn,l"nJ'C!tc! were nn~~AnllAI'I in sections the 

Barren - 3 volume 

Clewer 
JJG 2833 JJG 2833 SJH39 SJH39 

mac 3 Phi mac 4 

40.6 40.6 

1.50 2.08 1.87 2.07 

AlzO, 12.7 12.6 13.9 13.5 

FeO'" 4.63 5.16 4.07 5.52 

MnO 0.04 0.03 0.05 0.06 

22.8 23.8 21.4 21.2 

CaO 0.09 0.02 0.07 0.03 

NazO 0.27 0.17 0.17 0.09 

KaO 9.88 9.53 10.1 10.5 

94.5 92.6 92.1 93.6 
0.91 0.90 0.91 0.88 

East Star 
SJH30 SJH 79 SJH79 SJH79 

Dellen mac 11 rim 

Sl~ 46.7 

TI~ 1.72 1.57 1.57 0.33 

AI20 3 13.6 13.3 12.5 0.83 

FeO* 5.46 5.08 5.58 15.4 

MnO 0.03 0.03 0.03 0.15 

24.3 25.0 24.9 23.6 

CaO 0.13 0.03 0.03 0.12 

NazO 0.14 0.19 0.26 0.13 

KaO 9.80 10.4 10.4 8.40 

Total 97.6 97.0 96.4 95.7 

0.90 0.91 0.90 0.75 

3 

on 

such 

is not nAIN:Ili,C!iv'A 

- 2 

volume olivine 

In the Star kimberlite 
FeO· .. total as 

have been calculated 

East Star 
JJG4570 JJG4570 

Phi mac 7 

40.6 

1.66 1.69 1.77 

13.5 12.7 14.8 

4.65 7.10 4.81 

0.01 0.05 0.03 

21.6 21.4 24.8 

0.03 0.01 0.02 

0.23 0.14 0.23 

10.3 10.0 9.64 

93.9 90.8 96.7 

0.90 0.86 0.91 

SJH 79 SJH79 SJH79 

Phi mac 14 
40.0 

1.94 0.40 1.67 

13.1 13.0 11.9 

4.89 2.81 5.25 

0.05 0.01 0.05 

24.8 26.8 25.1 

0.02 0.01 0.06 

0.15 0.16 0.29 

10.2 10.7 10.7 

94.2 96.9 95.0 

0.91 0.95 0.90 

24 
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3 Peb-ognilphy 

to and 1mm in size. 

nn,=o ... r.t""",'~f~ were not observed in the .... "r ... ' .... 

are I"n,..., .... ,n ... l\, 

occurs as a nt·"~ ... nt"""/~t 

to 1.5mm in 

Groundmass 

the exoeothJn 

and 

some are the 

all the 

is of abundant m 80% of the 

to 2 volume 

all the Star 

and 55 volume 

less-micaceous 

is 

but are absent 

the exc:eDltion the 

occurs as euhedral 

kimberlite 

or 

the 

the other 

but 

Much the 

Barren 

most as an i ... b:~r~titi .. """.t"' .... to some extent to 

the .,." .. ',.. ... I.~., as in the most ""+"', .. n .... .,""..,"' ... ,~ .... 

amount 

5 volume 

amounts 

In ",11,"1"""" to 

the more altered "'.,." ...... I.~., 

3.4.5 CIlISSiiflc:atllon of Star klmberlites 

has an altered 

in subordinate amounts 

such as and 

the 

a minor 

and 

in the other 

and micaceous Barren to 

the Clewer 

are all 

oxides are more in the 

6361C 

.... ""'""."' .. and rl."m., ... t {1 the 

3.7. 

""y.""g<> r.,n,n""'~t'I in 

Star are as in 

25 
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3 

Table 3.7 

Clewer 

East Star Calcite Phlc)golPite kimberlite to DhlC)IlODite kimberlite 

Barren kimberlite 

HO'WA'ilAr care taken the aDClllcatlon as 

a "'''''''I'\nl''lo,''' due to ", .. £,,,,,,,r,nn rather a initial 

26 
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g;, StrOI1g1 y ,oo ~d phl"'l"Pij~ rrucrocry>l "n" 
fresh c> ~' r.e macrocry>l. I"mpla NC OM; 
Winands'ol1teil1 Cly1(e) rov "pprQ<. imm 

I~ The groundrnas. of the Bymes u )'ke (san1'ie 
SJH 77) 5h"","n9 th ~ oIigr""" r.: of the 
~"'lopite lath. >VXl j"" pr."enc~ of 5rmll 
fmg mtOnt. of "" rpe<~inis~d o i .ir,., rnacrocry.l. 
FOV oppro<. 4rnrn 

PI.te 3.2 Cor~ 'lUed 

h) Red-brown anhedral ecl"9<) (; Q"m e! 
10000)""r ;o,ith r~ 1ic 0I",n., mOCJocry5t. now 
replaced by calcite 111 " carbC<"ate-rich 
groorldrn.,~ss 1;.a"",Je SJH 37; Wynaod,foolen 
Dyke). FOV "ppro, . ... rnm 

D Phlog"llile laths "' Ie., grouodmoss of j"" 
Eo't Star a)'k ~ (""m""" JJG 4~70) rimmed by 
tE<r8lerri phk>gop;le, ill a cart;.or"te matli,. The 
'~h~~ ed pt>"'l"ll't~. "'~ macrocry5t5 rov 
~ppro<. "'rnrn. 
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on basis 
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their 
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that 
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WARth,Rrirln on 

per'idellitEls are .VUI''' .... '.V more Anl'it"n~>I'I in 

A 

1-

2-

3-

vl'II .. il'llti,nnl:! seen in a 

et 

have been 

the eXCIOSEICl 

",...." ....... ,"', .... ml'lll"m~u:: en 

in 

and Kil"l'\n.,.,'I.,." 

kimberlite 

riil'llnn:llml:! are shown in 

4 Element GeoiChemist'rY 

at the 

swarms, 

the ..... ,."'''', .. , m,"'nlrY'l'" 

t"n.u:tr'",in't .. on the source 

and 

the 

et 

Roex et 

are used in 

craton 1 

7 4 

4.1 

are known to .... n'~t"'iin a 

to 
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4 Element r.: .. ,V'h ... mj, .. tru 

element 
= less m:::lll"m'~rv~tti ... • 

calculated as 
C.1. = contamination index = 

Sample NC 001 NCOO4 NC008 SR 8 JJG 3143 Hons 95-4 NC 005 NC 007 
Macro M LM 

SI02 

TIOll 

AlzO, 
FezO, 
MnO 

CaO 

NaaO 
KzO 
PzO. 
SOs 
NIO 

Crzo, 
H20' 
LOI 

Total 

Macro 

SI02 

TlOz 
AlzO, 
Fezo, 
MnO 

CaO 

NazO 
KzO 
pzO. 
SOs 
NIO 

CrzOs 
H20' 
LOI 

Total 

33.4 25.1 
1.34 1.49 
4.09 4.15 
6.71 7.26 
0.17 0.20 
12.3 12.5 
21.0 24.5 
0.06 0.06 
2.78 3.07 
1.03 1.53 
0.45 0.39 
0.11 0.09 
0.15 0.15 
0.71 0.87 
15.4 18.2 
99.8 99.6 

13.6 16.1 
1.81 2.06 
0.81 0.80 

2.1 1.6 

M 

41.6 40.2 
1.29 1.29 
3.62 4.25 
8.45 8.48 
0.16 0.13 
20.4 20.1 
8.03 8.37 
0.38 0.24 
3.35 3.46 
0.95 0.99 
0.33 0.47 
0.19 0.19 
0.20 0.23 
3.72 3.35 
6.97 7.32 
99.6 99.1 

3.15 3.17 
3.82 4.15 
0.85 0.85 

1.7 1.7 

of 

LM M LM M LM M M LM M M 

38.6 
1.46 
4.33 
7.49 
0.15 
12.0 
18.8 
0.08 
2.44 
1.28 
0.69 
0.11 
0.16 
0.89 
10.9 
99.4 

11.5 
0.00 
0.79 
2.6 

37.5 
1.37 
3.87 
8.69 
0.17 
21.3 
8.67 
0.15 
4.79 
1.14 
0.42 
0.15 
0.17 
2.35 
8.40 
99.2 

5.04 
3.36 
0.85 
0.3 

37.3 
1.60 
4.66 
8.67 
0.15 
20.6 
8.35 
0.20 

6.49 
1.82 

0.33 
0.09 
0.22 
2.30 
6.41 
99.2 

3.99 
2.42 
0.85 

1.3 

37.1 
1.28 
4.19 
7.26 
0.15 
21.6 
9.95 
0.12 
5.77 
0.39 
0.57 
0.12 
0.16 
1.33 
9.48 
99.5 

6.39 
3.09 
0.87 

1.3 

36.7 35.9 
1.33 1.42 
4.14 4.60 
7.84 8.26 
0.14 0.16 
22.0 22.1 
9.56 9.32 
0.04 0.12 
4.65 5.55 
0.44 1.39 
1.01 0.29 
0.11 0.12 
0.15 0.16 
2.19 1.39 
9.39 9.03 
99.7 99.7 

6.10 3.52 
3.29 5.51 
0.87 0.86 

1.3 1.2 

33.9 
1.43 
4.37 
8.14 
0.15 
22.4 
10.0 
0.04 
4.35 
1.55 
0.44 
0.12 
0.16 
2.07 
10.4 
99.5 

4.69 
5.71 
0.87 

1.2 

South Fissure Mull 
JJG 3149 JJG 3145 JJG 3150 JJG 3148 NC OOS* NC-Q12 NC-Q14 

LM M LM M LM M M 

34.6 
1.79 
3.57 
9.59 
0.25 
19.6 
10.7 
0.20 
5.45 
2.27 
0.51 
0.10 
0.15 
2.02 
8.91 
99.7 

3.58 
5.33 
0.83 

1.3 

36.1 
1.54 
3.93 
8.24 
0.23 
15.5 
14.2 
0.06 
5.24 
1.71 
0.49 
0.12 
0.17 
0.90 

10.9 
99.4 

7.27 
3.64 

0.82 
1.5 

37.6 
2.66 
2.90 

11.2 
0.26 
17.2 

11.3 
0.32 
4.52 
2.32 

0.70 
0.07 
0.09 
2.66 
5.19 
99.1 

2.35 
2.84 
0.78 

1.6 

32.5 40.9 42.0 
2.13 2.10 1.49 
4.10 7.06 5.32 
9.59 10.2 9.72 
0.30 0.14 0.16 
17.7 16.3 21.0 
12.3 8.42 7.61 
0.17 1.35 0.73 
5.63 2.04 2.00 
2.53 0.82 0.55 
0.39 0.29 0.25 
0.08 0.04 0.11 
0.18 0.14 0.29 
2.40 4.80 3.07 
9.60 4.90 5.55 
99.6 99.6 99.8 

5.04 0.59 0.59 
4.56 4.31 4.96 
0.81 0.79 0.83 

1.3 2.4 1.9 

Data are nnl'ml'llli<ll<i:lf"I to an free basis 

45.4 
1.64 

6.10 
9.46 
0.16 
16.4 
8.64 

1.11 
3.77 
0.63 
0.08 
0.08 
0.24 
2.56 
3.43 
99.7 

0.53 
2.90 
0.80 

2.2 

36.4 
1.53 
4.59 
8.46 
0.15 
20.3 
10.3 
0.19 
4.93 
1.56 
0.21 
0.12 
0.18 
1.95 
8.42 
99.3 

4.87 
3.55 
0.85 

1.4 

38.3 37.5 
1.27 1.30 
4.04 3.92 
8.22 7.82 
0.13 0.16 
24.7 19.3 
7.42 11.7 
0.16 0.16 
4.87 4.52 
0.81 0.75 
0.38 0.61 
0.18 0.18 
0.24 0.21 
2.69 2.70 
7.30 8.67 

100.8 99.6 

3.20 6.30 
4.10 2.37 
0.88 0.85 

1.2 1.5 

NC-Q15 JJG 3141 SR 9 
M 

42.4 
1.70 
5.85 
9.01 
0.15 
19.5 
10.0 
0.89 
2.34 
0.62 
0.09 
0.09 
0.27 
2.80 
4.33 
99.9 

0.41 
3.92 
0.83 

2.0 

LM M 

38.8 41.5 
2.27 1.47 
7.07 5.46 
9.40 9.66 
0.15 0.14 
10.3 20.0 
16.2 7.71 
1.44 0.53 
2.61 1.53 
0.83 0.58 
0.14 0.46 
0.Q1 0.13 
0.09 0.30 
2.72 4.81 
7.88 5.67 
99.9 99.9 

4.34 0.59 
3.54 5.08 
0.72 0.83 

3.1 2.1 
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::::: 
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- 3.07 wt 

content 
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4 Element r. .... lt'iI""ml"'llnJ 

\I.:o .. ii':O+;I' .... in 

mRr.rnr.rv!dir. .,,,,nnn .. ,,,,, are not 

::::: 

concentrations. 

::::: 

element 

::::: wt 

""'''' ..... ''',. .. "''',, ... !:u:tnnnll~q tend to 

is no I"rI/'Ar,lOInt r.nr'fAI:::Itirm DI!twlBen 

De[!lNeE~n 8.35 1 

::::: 11.5 - 16.1 concentrations 

is 

::::: wt 

4.1 

content 

4.1 
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4 Element GAliC.hAmll'lllN 

50 
25 • 0 

45 <> • 0 20 
~ 40 ~ • 
! • " 6. 6. 

! • \J 

" 
o 15 \J 35 0 <> \J l3 '\I 

30 10 
6. 0 

25 • 5 
10 15 20 25 30 25 30 35 40 45 50 

(wt %) (wt %) 

12 8 

" 11 • • 6 '\I 
iii 10 0'\1 " iii 

'\I 

! ! 4 " 9 0 

8 6. • 0 
0 2 • 

7 
<> 

6 0 
10 15 20 25 30 10 15 20 25 30 

(wt%) (wt%) 

3.0 20 
(f) 

2.5 15 
<> 

iii '\I iii • ! 10 

" \J 

1.5 5 • 
1.0 0 

2 3 4 5 6 7 8 5 10 15 20 25 
(wt%) CaO(wt%) 

4.1 Variations of selected elements in the kimberlite and the Muill .. mnmlnnv!r ... 
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::: 1 

the 

those 

a 

4 Element r ...... ....n .. ml.tilrv 

:: - 6.10 wt ::: 1.47 - 1.70 wt 

:::: 2.10 - 2.27 wt 
::: 

rI,Qltl"'I""fin'" is even more mA,rKI'I.n 

addition to An,,.mS:IIlnl than the other ..... .:.1"' .. ,..1"'''',''',,1"' ", .. "nnl •• ", ........ "' .. it" of 

4.1) 

4.1). Hn'WA1i1Ar QAnlnlA 

::: 1 l".nrII"AI,trSl.tinrlQ r"'Uliin/A to other 

::: wt ::: wt ). 

l'Ii .. n .. ."~,, are shown in 

correlations 

the 
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4 Element GAI'll'!hI~mi'lIttrv 

I. mic = less 
calculated as LOI 

for alkaline C.I. = 
detection. 

East Star 
Sample JJG 2833 SJH 37 JJG 6361A JJG 636iC JJG 6369 JJG 6362 JJG 6360 HC 050 JJG 4570 SJH 101 
Macro M M LM M M LM M M LM M LM 

SIOa 
TI02 

AlzO. 

FeaOa 
MnO 

CaO 
NazO 

K:t0 
PzOs 
SOa 
NIO 

Cr20. 
HzO' 
LOI 

Total 

cOa 

Macro 

SIOa 
TIOa 
AlaOa 
FezOa 
MnO 

Cao 
NazO 
KaO 
PzO, 
SOa 
NIO 

Cr20. 
H20' 

LOI 

Total 

CQz 

C.I. 

33.9 
0.85 
2.44 

8.15 
0.14 
33.2 
6.63 

bd 
2.07 
0.31 
0.41 
0.19 
0.29 
0.44 

10.2 
99.2 

4.17 
6.01 
0.90 

1.0 

34.1 22.7 
1.10 1.17 
2.83 2.93 
8.62 4.10 
0.19 0.56 
28.8 9.20 
7.84 29.4 
0.04 0.05 
3.13 2.34 
0.69 2.73 
0.34 0.92 
0.16 0.10 
0.30 0.22 
0.89 1.21 
10.2 21.5 
99.2 99.2 

4.36 10.4 
5.83 11.12 
0.89 0.84 

1.1 1.9 

East Star 

26.1 
1.14 
3.03 
4.94 
0.56 
5.50 
30.1 

bd 
0.64 
1.16 
2.10 
0.09 
0.26 
0.32 
23.5 
99.4 

12.1 
11.43 
0.72 
4.3 

SJH 30 SJH 38 SJH 104 SJH 80 
LM 

32.5 
1.24 
2.77 
7.91 
0.19 
17.9 
15.3 
0.02 
3.83 
0.98 

0.37 
0.12 
0.29 
1.25 
14.7 
99.3 

9.09 
5.58 
0.84 

1.4 

M M 

30.9 35.3 
1.15 1.09 
2.79 2.73 
8.05 8.56 
0.18 0.18 
26.0 26.9 
9.52 8.43 
0.03 0.13 
3.35 2.73 
0.76 0.64 
0.21 0.39 
0.13 0.17 
0.28 0.33 
0.78 1.58 
15.0 10.4 
99.1 99.6 

7.79 4.64 
7.18 5.79 
0.88 0.88 

1.0 1.2 

LM 

26.8 
1.55 
3.24 
7.27 
0.64 
16.6 
18.5 
0.02 
4.12 
1.44 

0.88 
0.08 
0.26 
0.24 
18.0 
99.6 

13.6 
4.35 
0.84 

1.2 

31.0 
1.19 
3.00 
5.91 
0.34 
15.5 
19.4 
0.11 
3.23 
1.44 

0.37 
0.12 
0.24 
1.90 
16.2 
99.9 

8.72 
7.46 
0.86 

1.6 

28.4 
1.24 
2.94 
7.60 
0.33 
15.3 
19.4 
0.15 
2.66 
1.68 
0.38 
0.12 
0.24 
2.84 
16.4 
99.7 

9.46 
6.98 
0.83 

1.5 

35.2 
1.27 
3.07 
8.96 
0.28 
21.2 
10.2 
0.21 
3.23 
1.06 
0.24 
0.15 
0.30 
2.57 
11.8 
99.7 

5.66 
6.11 
0.85 

1.4 

32.9 31.2 
1.18 1.13 
2.90 2.60 
8.40 7.94 
0.17 0.15 
27.5 25.0 
8.90 9.89 
0.07 0.13 
3.16 3.41 
0.86 0.96 
0.11 0.60 
0.16 0.13 
0.32 0.27 
0.80 0.74 
12.1 15.2 
99.6 99.4 

6.49 7.51 
5.65 7.72 
0.88 0.68 

1.1 1.1 

Barren 

33.9 
1.01 
2.34 
8.82 
0.16 
33.0 
6.45 
0.05 
2.55 
1.12 
0.14 
0.19 
0.24 
0.41 
9.02 
99.5 

0.28 
8.74 
0.90 

1.0 

34.6 
1.18 
2.68 
8.57 
0.18 
23.9 
9.40 
0.21 
3.22 
1.26 
0.44 
0.15 
0.28 
1.63 
11.5 
99.2 

5.10 
6.40 
0.87 

1.2 

mlc mlc mlc I. mlc 
SJH 79 SJH 78 SJH 77 NC 051 NC 052 NC 053 NC 054 

LM 

29.8 
1.33 
2.86 
7.81 
0.51 
18.4 
14.8 
0.07 
4.22 
1.31 
0.51 
0.10 
0.27 
0.59 
16.5 
99.1 

11.8 
4.70 
0.85 

1.2 

M LM 

33.8 27.1 
1.05 1.35 
2.61 3.03 
8.32 6.72 
0.47 0.58 
19.7 16.2 
11.7 17.8 
0.17 0.02 
2.87 3.33 
0.92 1.25 
0.33 0.45 
0.17 0.07 
0.29 0.28 
1.85 0.40 
15.1 20.6 
99.4 99.2 

9.37 16.2 
5.77 4.39 
0.85 0.72 

1.4 1.3 

M M M M 

43.6 43.1 43.7 38.7 
1.11 1.06 1.19 0.76 
3.19 2.68 3.32 2.15 
9.07 9.15 9.23 9.12 
0.37 0.39 0.36 0.17 
23.4 23.2 23.7 36.7 
3.25 3.55 2.86 2.15 
0.08 0.09 0.09 0.10 
3.00 2.96 3.08 1.81 
0.62 0.63 0.63 0.50 
0.22 0.19 0.21 0.13 
0.21 0.22 0.21 0.22. 
0.40 0.40 0.37 0.38 
4.54 4.61 4.83 1.55 
6.67 7.09 6.06 4.89 
99.7 99.4 99.7 99.3 

1.30 1.39 0.97 0.42 
5.37 5.70 5.09 4.47 
0.86 0.86 0.86 0.90 

1.6 1.6 1.6 1.0 
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4 Element G~x:h19ml:stry 

50 40 
(a) (b) 

45 
30 0 • 

;ii' 40 NC0540 ;ii' 
:1 35 :1 20 

0" 
'ii} 0 

~ 30 •• 
0 

10 
25 Q • NC0540 
20 0 

0 10 20 30 40 0 10 20 30 40 
(wt %) (wt%) 

10 5 

9 
0 

4 • 
;ii' 8 

;ii' 
0 

:1 3 /}. • :1 • " " 7 
.SJH77 .SJH 37 

2 <> 
0 6 OJJG 6361C 

NC 054 

5 OJJG 6361A OJJG 6361A 

SJH 37 
4 0 

20 25 30 35 40 45 50 0 10 20 30 40 
(wt%) (wt %) 

1.6 • 20 
(e) (f) 

1.4 

• 0 
• 15 

iai 0 • 1.2 iai • 0 
:1 0 :1 • 10 /}. ,. 

1.0 " 
<> 5 

0.8 ONC054 

2.5 3.0 3.5 10 20 30 

(wt%) CaO (wt%) 

4.2 Variations of selected elements in the Star kimberlite 
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TiO" With Group I kimt>erlites defir1il1g a much steeper trerKI to higher TiO, cootents (up to -3,8 wt %) Md 

Group II kimbe~ltes defining a shsllower trend to sr>Proxirnstely 1.4 wt 'Y, TiO" for a similar rallge in AI,O, 

(Figure 4.3d). The Star kimberlites lie within the range of otoor Group II kimt>erlites for AI,O, content, I:>ut 

define B CfOsswttill9. slightly steeper trerld towards slightly higoor TiO, contents. The Swmtruggens 

kitTtJerlites hBve higher AI:P, than too Star kimbe~ites and. with the exception of the South Fissure, overlBp 

too high TiO" high AI,O" end of too field of Groop II kimoorlites. extending the field to slightly hi[/1er Al,O, 

and TiO, contents. The Swartruggens South Fissure sample JJG 3150 has a much higher TiO, content 

(TiO," 2.66 'I-It %) than other Group II kimberlites 

• "w~rtflJwen' klrIDOI1it"" 
o SI", di<omOndlferou. klrnberliles 
0"'", B,me , Dyke 

IIFlriO col South AtM",," Groop II 'irnbe~ile, 
(B<I~b_, Neo.1ands, New Ei:lnds, Finod1) 
• FioOJ a! K.rnboo1ey GrOUll I ~rnbeM .. 

Figure 4.3 Compmloon of the vari~tbns at seicclooj major ~e<nents in the Swartruggens arid Star kimberlite, dykes 
with other Sooth African Group II and Group I kimberlite •. The Swartruggoos MtiI lampro-phyre is rxlt shown. F .. d for 
Group I kmbc~itcs from Ie Roex et ~I, (2003); field for Group II '-Imbcrl'tcs from Ie RGex (unput>;,;h"'<! data) ~nd Tainlon 
(1992). 
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1 -
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5 Trace element I"IAnmAITlil'tt,rv 

source rAl"lInrlCl: 

the trace "",,,,,,m"",,,, variation In 

7. 

Muil 

3. For 

when 

to i"'I',nm,,,I,,,,lr,,,, ... ''',.,''' ...... ",,,. 

thllOl,,",,,,t,n,""" been '""" ....... .., ... 1'1 

concentrations '.con .... .., ... 1'1 in 5.1 

..... " ....... 7 from 4 

the 
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5.2.1 cOmJllatlDle trace AIAimAnll'K 

;On1DlEltlDile trace element variations in 

in 5.1. Ni Cr 
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Ni contents than 
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5 Trace element aeoChAlmlstrv 

Table 5.1 Bulk rock trace element "'n"',I''''''~ .. 
Macro ::: no. of m",,"rn/'I'V,,:t .. n.· ...... nt 

all other "'Am An",,, 

Anl"l"I'1.rliy 2. 

Dyke 3rd Lease Main ...... 
Sample NCOOi NCOO2 NCOO3 NC004 NCOO6 NC010 NC011 SR6 JJG 3143 Hons 95-4 NC-005 NC-007 
Macro M LM LM M LM M LM M M LM M M 

Sc 19.6 19.3 19.0 19.0 20.5 18.1 19.3 19.9 20.7 21.1 16.0 16.8 
V 90.9 162 269 119 190 170 115 152 151 144 125 124 
C .... 1540 1644 1442 1367 1419 1425 1306 1328 1332 1415 1845 1732 
Co 58.9 56.1 57.0 73.2 60.4 65.5 62.5 66.9 66.6 66.3 75.2 80.5 
NI· 1038 938 1004 1304 862 1012 946 1058 1142 1093 1592 1600 
Cu 30.8 43.4 38.4 25 40.6 20.5 30.4 33.5 36.0 34.3 30.5 32.5 
Zn" 93.6 116 113 84.0 95.8 84.7 79.9 93.1 87.3 85.6 77.8 81.3 

Rb 120 134 102 200 273 221 198 244 195 213 187 185 
Sr 1270 1605 890 1198 1422 743 1009 750 473 1906 973 850 
Cs 5.20 4.76 5.89 7.57 6.62 5.05 4.67 7.37 3.88 8.03 7.22 8.56 
Ba 1747 1494 954 4129 3452 8226 5263 2699 4107 2996 3200 3922 

Y 24.1 26.4 22.0 24.1 27.7 12.7 18.4 24.6 23.0 32.4 14.0 16.4 
Zr 388 415 413 378 395 173 374 340 329 355 264 395 
Nb* 120 144 147 140 171 105 83.4 133 144 143 86.5 80.1 
Hf 8.22 9.02 8.74 8.14 8.63 4.54 8.09 8.69 7.51 8.16 5.76 9.80 
Ta 5.17 5.55 5.37 6.25 5.93 5.41 4.97 6.00 6.41 6.39 3.43 4.14 

Pb 50.6 54.8 61.1 28.6 40.3 48.5 33.3 43.6 37.1 35.4 27.6 29.6 
Th 26.6 26.7 25.5 26.6 30.6 18.9 22.0 25.5 26.7 28.4 15.1 18.2 
U 7.25 8.33 8.33 6.62 7.89 1.83 4.82 7.01 6.94 7.06 4.15 5.05 

La 210 217 208 185 257 193 195 221 207 229 124 146 
Ce 401 411 402 356 493 383 375 427 409 446 242 284 
Pr 42.2 43.3 42.5 37.7 52.1 40.2 39.5 45.3 43.3 47.6 25.9 30.2 
Nd 150 155 153 134 187 141 142 160 155 171 95.2 109 

Sm 19.1 20.0 18.7 17.7 23.6 16.7 17.9 19.7 19.2 21.7 12.4 14.1 
Eu 4.60 4.89 4.41 4.51 5.77 4.01 4.43 4.88 4.91 5.41 3.20 3.53 
Gd 11.9 13.3 11.7 11.5 14.7 8.5 10.7 12.4 11.8 14.3 7.67 8.78 
Tb 1.42 1.55 1.38 1.40 1.74 0.94 1.22 1.44 1.39 1.67 0.89 1.04 
Dy 5.75 6.34 5.42 5.94 6.85 3.30 4.79 5.67 5.74 6.97 3.61 4.09 
Ho 0.93 1.03 0.87 0.96 1.10 0.51 0.77 0.90 0.91 1.13 0.57 0.64 
Er 2.33 2.49 2.06 2.39 2.58 1.19 1.76 2.03 2.11 2.53 1.33 1.50 

Tm 0.27 0.30 0.25 0.29 0.32 0.15 0.22 0.25 0.26 0.29 0.16 0.19 

Vb 1.54 1.66 1.39 1.70 1.76 0.84 1.26 1.42 1.50 1.62 0.91 1.05 

Lu 0.19 0.22 0.19 0.23 0.24 0.11 0.17 0.19 0.20 0.22 0.12 0.14 

CelPb 7.92 7.51 6.58 12.5 12.2 7.90 11.3 9.81 11.0 12.6 8.17 9.60 

UITh 0.27 0.31 0.33 0.25 0.26 0.10 0.22 0.27 0.26 0.25 0.28 0.28 

Zr/Nb 3.25 2.88 2.82 2.69 2.32 1.65 4.48 2.56 2.29 2.48 3.05 4.93 

ZrIY 16.1 15.7 18.8 15.7 14.3 13.6 20.3 13.8 14.3 10.9 18.9 24.1 

Zr/Hf 47.2 46.0 47.3 46.4 45.8 38.1 46.2 39.1 43.8 43.5 45.9 40.3 

BalNb 14.6 10.4 6.51 29.4 20.2 78.6 63.1 20.3 28.5 20.9 37.0 49.0 

LalNb 1.76 1.50 1.42 1.32 1.51 1.85 2.34 1.66 1.44 1.60 1.43 1.83 

laITh 7.90 8.12 8.15 6.96 8.40 10.2 8.90 8.65 7.75 8.07 8.24 8.05 
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Table 5.1 Continued. 

1:!:le 

II .... South Fissure Mull ..... "' .... 
NC-009 SR7 JJG 3149 JJG 3145 JJG 3150 JJG 3148 NC 008"* NC012 NC014 NC 015 JJG 3141 SR9 

Macro M M LM M LM M LM M M M LM M 

Sc 15.4 16.8 12.3 10.3 17.9 19.4 23.0 18.7 23.1 26.8 30.8 17.8 

V 122 131 270 228 328 293 274 180 247 179 219 187 

Cr" 1574 1738 1270 1462 802 1459 991 1946 1650 2088 620 2068 

Co 87.8 84.7 64.8 70.3 61.9 62.9 52.5 77.5 68.6 71.0 35.9 81.3 

NI" 1814 1714 924 1048 617 756 441 1071 817 1087 71.7 1191 

Cu 33.0 32.1 78.8 35.7 195 82.4 87.2 60.2 60.2 63.4 76.3 58.2 

In'' 82.4 82.0 136 123 143 134 92.6 76.9 71.6 85.9 65.5 80.3 

Rb 146 154 226 216 183 257 98 125 150 134 103 68 

Sr 1302 1667 2841 2127 3154 2144 938 772 765 674 604 750 

Ca 7.87 19.3 3.62 3.64 4.01 3.78 7.79 11.2 6.67 4.69 4.81 16.9 

Ba 3141 3329 7003 6975 10649 5356 1725 1210 1518 1185 2359 1553 

Y 16.2 17.1 36.1 29.3 59.1 47.6 10.3 7.7 7.5 8.5 11.7 8.0 

lr 264 368 427 310 1145 668 223 152 183 142 227 160 

Nb" 101 91.1 191 144 351 227 81.9 53.9 57.6 50.0 81.4 54.0 

Hf 6.08 9.29 9.21 5.94 22.3 13.9 5.41 3.70 4.38 3.68 5.69 4.00 

Ta 3.76 4.27 5.79 5.83 9.57 7.08 3.87 2.75 3.10 2.70 4.97 3.25 

Pb 26.7 26.6 78.7 56.2 110 101 15.9 10.3 9.9 9.1 13.4 10.0 

Th 17.9 17.4 28.3 25.9 44.1 34.9 10.6 7.6 8.0 7.2 1Q.4 7.5 

U 4.70 4.57 13.02 9.57 14.7 15.5 2.66 2.34 2.92 1.56 3.13 2.35 

La 138 142 287 244 293 300 88.9 59.4 56.1 62.6 85.1 57.2 

Ce 267 277 531 455 559 599 179 119 118 128 176 118 

Pr 28.4 29.3 54.9 48.5 59.7 65.6 19.4 13.1 12.9 14.4 19.7 12.9 

Nd 102 106 195 172 214 240 72 49 47 54 74 48 

Sm 13.2 13.5 25.8 22.1 31.7 31.4 9.24 6.33 6.02 7.12 9.83 6.40 

Eu 3.32 3.55 6.34 5.67 8.66 8.20 2.28 1.60 1.56 1.80 2.52 1.62 

Gd 8.36 8.59 15.6 13.8 22.1 20.9 5.73 4.01 3.85 4.39 6.04 3.91 

Tb 0.97 0.99 1.88 1.61 2.87 2.43 0.64 0.44 0.43 0.49 0.70 0.45 

lOy 3.99 4.11 7.83 6.78 13.5 10.3 2.60 1.83 1.87 2.00 2.93 1.64 

Ho 0.64 0.66 1.31 1.10 2.31 1.65 0.43 0.31 0.30 0.33 0.48 0.31 

Er 1.49 1.50 3.17 2.58 5.82 3.89 1.03 0.76 0.69 0.82 1.16 0.77 

Tm 0.18 0.19 0.40 0.31 0.76 0.48 0.14 0.10 0.10 0.10 0.15 0.09 

Vb 1.04 1.07 2.28 1.70 4.48 2.69 0.83 0.59 0.59 0.59 0.89 0.58 

Lu 0.14 0.14 0.30 0.21 0.60 0.36 0.11 0.08 0.08 0.09 0.12 0.08 

ceJPb 10.0 10.4 6.75 8.09 5.07 5.93 11.2 11.6 11.9 14.1 13.2 11.7 

UfTh 0.26 0.26 0.46 0.37 0.33 0.45 0.25 0.31 0.37 0.22 0.30 0.31 

lr/Nb 2.61 4.04 2.24 2.16 3.26 2.94 2.73 2.83 3.18 2.64 2.78 2.97 

lrlY 16.3 21.5 11.8 10.6 19.4 14.0 21.6 19.8 24.2 16.8 19.4 20.1 

lr/Hf 43.4 39.6 46.3 52.2 51.3 48.1 41.3 41.2 41.8 38.6 39.9 40.0 

BalNb 31.0 36.5 36.7 48.5 30.3 23.6 21.0 22.4 26.4 23.7 29.0 28.8 

LalNb 1.37 1.56 1.50 1.69 0.83 1.32 1.09 1.10 1.01 1.25 1.05 1.06 

LafTh 7.73 8.14 10.14 9.41 6.65 8.61 8.35 7.86 7.29 8.63 8.18 7.61 
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lower concentrations = 617 - 1 = 802 - 1462 Table 5.1). The South 

an extension the broad nAt'Il~tl"'A r-,l'\rr,,,,I!I:It'inn between Ni and La the Main but 

show no correlation between and 5.1 

low and lies the trend between 

have a limited Sc 

and a V contents from 90.9 to 328 

in Sc shown the Main 

that the Third Lease = 19.0 - 1 

3150 

and La 
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5.5 Continued. 

is less "'"",i ......... rI than the .... "',, .. I"t ... kimberlite but is still "I .. ~'nl"ll\l ""n .. i"", .. ,11 ....... 1,,,,,, 

to " .. I,mlln,'" 1"I ....... t ... .,t enrichment in the more nc()m[)atIDle elements ::: 105 to 235 times 

1.01 
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Table 5.2 Bulk rock trace element 
::: less micaceous Barren Macro ::: 

,..rl'llr-rv~m,..· * :: elements RnRH/l:t'~1'1 

!~:!:Ie Clewer ." '''' ........ , ..... " .. , 
JJG 2833 JJG 2837 SJH37 JJG 636iA JJG 6361 C JJG 6369 

Macro M M LM M M LM 

Sc 12.8 16.2 21.3 20.2 20.5 21.8 
V 53.4 63.9 81.7 150 84.6 139 
C .... 2212 2341 2104 2531 2279 2373 
Co 85.2 80.2 60.6 56.1 67.5 69.9 
Ni* 1710 1482 966 880 1037 1073 
Cu" 27.2 23.0 75.8 48.9 6.08 59.8 
Zn* 53.1 63.4 65.7 75.2 80.5 83.8 

Rb 82.4 118 100 27.3 135 115 
Sr 967 1366 1524 1010 971 1673 
Cs 1.71 2.58 1.44 1.09 2.28 1.99 
Ba 2280 2542 5064 1029 4230 3309 
Pb 10.9 17.0 51.2 40.0 25.8 50.4 

Y 10.3 11.2 24.3 20.3 14.0 15.0 
Zr 31.3 187 336 316 281 410 
Nb" 68 104 189 143 130 188 
Hf 1.19 4.62 9.86 7.34 6.45 8.21 
Ta 6.16 7.04 5.66 8.04 7.81 7.23 
Th 25.1 29.0 29.1 30.9 22.9 31.4 
U 1.84 2.92 8.57 7.63 8.23 11.62 

La 131 178 285 214 222 233 
Ce 282 356 503 415 419 432 
Pr 30.9 38.2 51.6 43.8 43.6 44.7 
Nd 107 133 177 150 151 153 
Sm 11.4 14.3 20.4 16.6 17.1 17.0 
Eu 2.82 3.34 5.41 3.80 3.96 4.06 
Gd 6.27 7.84 13.3 9.47 9.72 9.48 
Tb 0.69 0.87 1.49 1.13 1.05 1.02 
Dy 2.65 3.12 5.65 4.33 3.74 3.70 
Ho 0.42 0.46 0.82 0.68 0.53 0.54 
Er 0.89 1.00 1.69 1.44 1.03 1.11 
Tm 0.12 0.12 0.18 0.16 0.12 0.13 
Vb 0.63 0.71 0.94 0.83 0.64 0.69 
Lu 0.09 0.09 0.12 0.10 0.08 0.08 

CelPb 25.8 21.0 9.8 10.4 16.3 8.6 

UlTh 0.07 0.10 0.29 0.25 0.36 0.37 
Zr/Nb 0.46 1.80 1.78 2.21 2.16 2.18 

ZrlY 3.0 16.8 13.8 15.6 20.1 27.4 

Zr/Hf 26.3 40.6 34.1 43.1 43.6 49.9 

BalNb 33.6 24.4 26.7 7.2 32.5 17.6 

LalNb 1.92 1.71 1.51 1.49 1.70 1.24 

LalTh 5.20 6.15 9.80 6.93 9.71 7.43 

5 Traoe element IlAnmAlmil'ttrv 

Mic ::: micaceous Barren 
M ::: more ..... "'rw' .. ''''''ti .. 

I.mic 
::: less 

ICP-MS. 

East Star 
JJG 6362 JJG 6360 NC050 JJG4570 SJH 101 

M M LM M LM 

22.0 17.9 19.7 14.2 19.6 
144 54.5 152 101 85.9 

2389 2600 2187 1800 2258 
79.0 75.5 70.7 81.1 76.7 
1401 1244 1221 1678 1282 
36.0 36 47.1 36.05 31.74 
78.5 69.5 68.0 64.4 69.1 

137 135 139 109 137 
2383 2140 2133 1266 1756 
3.75 3.20 3.88 1.78 3.71 
5080 2839 4357 2451 4428 
31.8 30.7 27.7 23.1 29.9 

12.5 12.3 10.8 9.05 13.1 
264 203 266 257 237 
152 144 126 136 148 

6.14 4.75 6.08 5.55 6.41 
8.08 8.54 7.74 5.51 7.07 
33.6 33.3 29.6 21.8 32.0 
7.39 7.52 5.98 5.12 7.74 

223 201 199 164 202 
440 408 394 313 398 
46.6 43.2 41.4 32.9 42.5 
180 150 143 113 147 

17.3 15.9 15.6 12.4 16.5 
4.04 3.67 3.65 2.89 4.06 
8.70 8.22 7.80 6.61 8.71 
0.96 0.91 0.84 0.70 0.97 
3.42 3.24 2.96 2.51 3.54 
0.51 0.49 0.43 0.37 0.53 
1.01 1.05 0.88 0.80 1.16 
0.12 0.14 0.11 0.09 0.14 

0.66 0.71 0.59 0.51 0.78 
0.09 0.10 0.08 0.06 0.10 

13.8 13.3 14.2 13.5 13.3 

0.22 0.23 0.20 0.23 0.24 
1.73 1.41 2.12 1.89 1.60 

21.0 16.4 24.7 28.4 18.0 

42.9 42.7 43.9 46.3 36.9 

33.2 19.7 34.6 18.1 29.9 

1.47 1.39 1.58 1.21 1.36 

6.65 6.02 6.72 7.53 6.31 
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5 Trace element aeacl'lelmlsl:rv 

Table 5.2 Continued. 

IDyke East Star Barren 
mlc mlc mlc I.mic 

I Sample SJH30 SJH38 SJH 104 SJH80 SJH79 SJH78 SJH77 NC051 NC052 NC053 NC054 
Macro LM M M LM LM M LM M M M M 

Sc 18.7 18.2 16.4 30.9 23.3 19.9 26.7 16.1 16.3 16.7 11.5 
V 117 102 120 159 254 149 191 112 128 106 63.7 
Cr" 2477 2327 2525 2198 2147 2221 2442 2733 2697 2548 2665 
Co 69.7 71.4 85.1 53.5 61.3 85.9 52.6 107 107 103 99.8 
NI" 1148 1246 1555 684 905 1704 693 1967 1988 1906 1867 
Cu" 75.8 26.0 33.5 30.2 45.4 36.1 39.7 84.7 58.2 86.4 50.1 
Zn* 69.1 66.0 65.9 72.7 74.0 71.4 67.9 76.0 75.1 76.4 65.5 

Rb 160 127 117 174 178 123 142 150 146 158 96 
Sr 1532 2059 1775 2542 2771 1924 2523 872 871 891 724 
Cs 3.60 2.57 3.02 2.53 3.15 2.77 1.85 3.03 2.96 2.93 2.07 
Ba 4192 3207 4533 4589 6054 4703 5909 1920 1873 2049 1935 
Pb 29.3 21.6 26.9 27.5 34.8 28.0 45.4 17.9 19.0 19.4 14.3 

Y 10.4 13.1 10.4 23.7 12.4 13.3 16.3 9.28 10.1 9.33 7.83 
Zr 273 186 141 362 156 188 172 156 169 148 113 
Nb* 141 129 108 163 158 121 155 97.9 98.2 104 73.5 
Hf 6.46 4.17 3.63 8.50 4.02 5.19 6.28 3.63 3.84 3.51 2.62 
Ta 8.45 8.43 7.99 8.62 7.91 7.32 8.78 6.53 6.02 6.91 4.91 
Th 30.0 33.8 31.8 39.7 25.3 26.6 28.7 24.7 23.2 25.7 18.8 
U 5.48 6.33 5.27 5.62 5.39 7.19 7.86 4.58 4.79 4.57 3.27 

La 210 192 178 275 227 193 242 153 145 168 119 
Ce 419 394 371 517 422 373 463 322 304 345 242 
Pr 45.0 42.6 40.2 55.9 44.1 39.9 48.6 34.2 32.0 36.1 25.5 
Nd 156 146 139 197 150 137 167 117 111 123 68 
Sm 16.6 16.1 14.9 22.6 16.1 15.5 18.5 12.4 12.0 12.8 9.25 
Eu 3.49 3.71 3.48 5.10 3.31 3.73 4.41 2.59 2.63 2.71 2.14 
Gd 8.68 8.53 7.26 11.69 7.80 8.23 9.65 6.35 6.47 6.46 4.89 
Tb 0.91 0.96 0.82 1.35 0.87 0.91 1.07 0.69 0.73 0.69 0.55 

3.04 3.55 2.86 5.55 3.09 3.35 4.15 2.46 2.64 2.61 2.01 
Ho 0.44 0.54 0.43 0.95 0.50 0.52 0.65 0.38 0.41 0.39 0.31 
Er 0.89 1.24 0.92 2.39 1.17 1.18 1.49 0.83 0.85 0.82 0.67 
Tm 0.10 0.15 0.11 0.33 0.16 0.15 0.19 0.10 0.11 0.10 0.08 
Vb 0.54 0.79 0.62 1.99 0.92 0.85 1.16 0.57 0.61 0.54 0.45 

lu 0.06 0.11 0.08 0.27 0.13 0.11 0.16 0.07 0.06 0.08 0.06 

CeJPb 14.3 18.2 13.8 18.8 12.1 13.3 10.2 17.9 16.0 17.8 16.9 

UfTh 0.18 0.19 0.17 0.15 0.21 0.27 0.27 0.18 0.21 0.18 0.17 

Zr/Nb 1.93 1.44 1.30 2.22 0.99 1.55 1.11 1.59 1.72 1.42 1.54 

ZrlY 26.2 14.2 13.5 15.3 12.6 14.1 10.5 16.8 16.7 15.9 14.5 

Zr/Hf 42.2 44.7 38.7 42.6 38.8 36.2 27.3 42.9 43.9 42.2 43.3 

BeJNb 29.7 24.9 41.9 28.1 38.4 38.8 38.0 19.6 19.1 19.6 26.3 

lalNb 1.49 1.49 1.65 1.68 1.44 1.59 1.56 1.56 1.48 1.61 1.62 

LafTh 7.01 5.69 5.59 6.92 8.98 7.25 8.43 6.20 6.27 6.54 6.32 
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5 Trace element nA<'lil'.hA,ml~itN 
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5.6 Variation of selected I' ........ n',+ihl .. trace elements within the Star kimberlite 

The Star kimberlite CIS,PliCIV a wide range in V with a much 

11.5 to these elements 

the correlation is much for Sc than for V. Within individual 

these elements are 

are 

between V tend to be less than 

the less V has 

a with the 

tend to have Sc 

than the from this 

the trend between Sc and La of the a much La 
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V concentrations are more v~r'i~hIA within 

r.nrl~I/"IAr~hIA scatter 

but has V concentrations within the range 

=14.2 to 1 

Sc and V 

the 

V = 85.9 to 

IDatlDlle trace elements 

1 Rare earth elements 

V =1 - 128 

The REE show a Inn"'",-· ... across the 

variation in Sc 

5 Trace element geochemistry 
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La = 1 - 285 
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Barren and 

extremes. 
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5 Trace element geex;hlsmistry 
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5.8 Variation of selected field .. tr.u ..... th elements within the Star kimberlite 
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5 Trace element geochslmistry 
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5.9 Variation of selected ion IItnr\nn,IA elements within the Star kimberlite 
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1946 ppm; FiglJl"e 5.11a). Both the Swatruggens and Star kimt>erlites show strong and overlapping 

negative correlations between Ni ood Ls (Figure 4.11b). with Ni r~nging from approximately 600 to 2000 

ppm. The Swartruggens and Star kimberlltes define fields, which overlap with those of some other Grwp II 

South Afric~n kimberlites. tlut extend to slightly lower and higher Cr contents, respectively (Figure 5,11 s), 

With respect to Ni, the brosd rooges in concentrstion shown by both the Swartruggens and Star kimber1ites 

encompass those shown by other Grollp II kimber1ites (Figure 5,11 b), Relstive to Group I k'rnt>erlites. the 

Star kimberlites are enriched in Ni at lower La concentrations, whereas the Swartruggens kimberlites hsve 

Ni concentr~tions within the range 01 Group I kimoorlites. Both the Swartruggens and Star kirnl:J€rlites are 

enriched in Cr ~t lower Ls concentrstions relstive to Groop I kimtlerlites. The composition 01 the 

SwartrllOOens Mu"l Ismprophyre lies OI.Itside the fields for South African Groop I ood Groop II kimoorlites, 

with lower Ni and Cr concentraflOOs for a given La content. 

' M 
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f- F .. <t 01 Sooth African Gro l4> II 
klm b< rl tes (Fin.cI\ B .. l3bank, 
New Elarm, Nel'/Illnds) 
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'00 <00 

Figure 5.11 Variation of selectEtd compatible troce element. in lhe SwartrU\l ~ens and Star kimberlite., and the Muj 
lamprtlphyre. Fie ld for Group It kimberl tes from Ie Ra e" (unpubl;,; hed dala), hid for Klmboorl~y Group I ,-,_Itus lrom 
Ie ROGX et ai, (ZOQ3J. 

5.4.2 Incompatible elements 

54.2 1 Rare earth elemenfs (REE) 

The Swartruggens and Star kimberlites both have steep chondrite normalised REE pattems (Figure 5,12), 

although for a similar degree of enrichment in La, the Swartruggens kimberlites are more enriched in the 

HREE than the Star kimberlltes, Consequently the average LalYb, of the Sw~rtrugge~s kimberlite (LalYb, '" 

94 ± 21) is much lower than that of the Star kimoorlites (La/Yb, '" 202 ± 36). Fields for Sooth Afr'lGan Gro<Jp 

II kimbetiites and Kimberley Group I kimberlites are also shown on Figure 5.12 for comp~rison Whereas the 

Star kimbe~ltes f~1J within the range shown by other GrollP II kimbetiites, the Swsrtruggens kirnoorlites are 

more enriched in the he~vy REE than either the Groop II or Group I kimberlites. The average LalYb, 
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• Swartr"w""s ""' I>\>ri<os 
U St. , diamor<liferous kKTl ber1 i1e. 
o SI", B"" on DyKe 

·Ii F">kl d SOlIIh Afr<:an GrC>up II ~mbe<l~es 
(F;nsch, Bel isbonk. New Elard. , Nev.13l1ds) 

Field d Groop I kimberlites Iforn Kim b..-Iey 

FlgurII 5.12 ChorKtit~ rlOrmali""';:! raro earth aloo1oot patlerl1l5 lor seliICted repro.....,tati\le ""rllJI~" from tho 
SwMruggen5 and Star kimber.tes. Data SOlrCes lor Group I and GrGUP II kirr'D~rlites as lor Figure 5.11. Glw ndri\e 
val""," from Sun","", McOor<>ugh (1989). 

ratios of t>olh the Swartruggens and Slar kimbenites lal within the broad range 0167 to 403 of the oll1er 

Group II kimbenites (Ie Roex, lKlpubiished), althou9'1 the lower average LalYb" 01 the Swartruggens 

kimberl iles is mOre similar than that 01 the Star kimberliles to the Kimoorley Group I kimt>erlites (which have 

all average LalYb, of 122 = 21; Ie Roex at aI., 2003). For clarity, the Swartruggens Muil Dyke is not shown 

on Figure 5.'2. The sub-paralt .. chondrite normalised REE pattem 01 this dyke lies within, but towards the 

less enriched edge of, the field 01 Sooth African Group It kimberlites_ 
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5.4.2.2 High field strength and large ion /ithopllile elements 

Variations of selected HFS and LlL elements in the Swartruggens and Star kiml>erilies are shown in FiglJ"e 

5.13. with fields for South African Groc.p II kiml>eflites and Group I kimberlites from Kiml>efley shown for 

convarison. Despite the strikifJgly similar co-variation of Zr and Hf in the Swartruggens aoo Star kimberlites 

(FiglJ"e 5.13a), the Slaf kimoorlites are more enriched in Nb at a given Zr than the Swartruggens kirnbertites 

(Figure 5.13b). The Star kimber1ites are also rrore enriched in Ta for a given Nil than the Swarlruggens 

kiml>erlites (Figure 5.13c), and have higher Th cootents at low U concentratioos (Figure 5,13d). ZrlHf and 

La/Nil of the Swarlruggens aoo Star kimberlites am similar (Swarlruggens Zr/Hf" 45.0 t 3.9, LalNb " 1.6 ± 

0.25: Star ZrlHf" 40.6 ± 5.6. La/Nil" 1.5 1: 0.16), although the Swartruggens kimberlites have slightly 

higher average ZrlNIl and NbfTa than the Star kimberlites (Swartruggens ZrINIl" 2.9 ± 0.8, NllITa = 25.0 1: 

5.2: Star ZrlNb = 1.6 ± 0.4, NbfTa '" 18.1 1: 4.8). The Swartruggens and Star kimoorlites both fall largely 

within the range of the other South African Group II kimberlltes ood the Kimberley Group t kimberlites for 

most of the HFSE eleme<1ts. atthough the Swartruggens Soulh Fissure trends to more enriched 

concentrations of Zr, Hf and Nb. The Zr/Hf ratios of the Swartruggens and Star kimberlites are similar to 

those of other Group II and Group I kirrtlerlites (Figure 5. 13a). whereas the cOI'Teiation ootween Zr and Nb 

in the Swartruggens and Star kimberlites. although similar to that of Group I kimberlltes. is much better 

defined Ily these kimberlites than by the field for other Group II Kimberlites (Figure 5.13b). Althwgh the 

Swartruggens kinilerlites have Nil and Ta concentrations WIthin the field of ofher Group II kimoorlites at 

lower concentrations, at higher Nil concentrations they have lower Ta concentrations than other Group II Of 

Group I kimberlites. At low Nil concentrations, the Star kirrt>erlites are slightly enriched in Ta compared to 

the field of Group II kimberlites or Group I kimberlites (Figure 5.13c). Bolh the SwartrulJgens and Star 

kimberlites have higher UfTh ratios than the fields for either Groc.p I or Groc.p II kimbel1ites, and at high U 

contents both the Swartruggens and Star kimberlites are less enriched in Th than the other Group II or 

Group I kimberlites (Figum 5.13d). 

The Swartruggens kimllerlites trend towards higher concentrations of the LlLE than the Star kimberlites (e.g. 

Rb and Ba in Figure 5.13e). Both kiml:>erlltes show Ixoad positive cooelations between Rb and Ba (with 

considerable scatter), with the SI<w" kirrberlites being slightly enriched in Ba relative to the Swartruggens 

kimllerlltes for a given Rb concen.-ation. and strong positive correlations between Ce and Pb, with the 

Swartruggens kirrtlerlites being slightly enriched in Pb relative to the Star kimberlites for a given Ce 

concentration (Swarlruggens CelPb = 9.1 ± 2.3; Star CelPb = 15.0 ± 4.0; Figure 5.13f). The positive 

correlations Iletween Rb and Ba of the Swartruggens and St,.,. kimberlites crosscut the field of Group II 

kimllerlltes and the Swartruggens kimberlites extend to higher Rb and 8a concentrations than this field. The 

majority of samples from both Swartruggens and Star have Pb concentrations within the field of other Group 

II kimbe~ites and samples with lower Ce content have CelPb similar to this field. However the more 

enriched samples have higher Ce/Pb than the Group II kimberlite field, with elevated Pb conc&ntrations for a 

given Ce cootent. 
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Figurv 5.13 Varialkln in selected hO;j1I~d strength and large i(}f1 lithol'hil~ ~lements in the Swartr"gg",,~ .nd Sl.r 
kirrt>eri tw. Data SOUrces for Groop I and Group II kimberlite. as for Figura 5.11. 
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Primitive mantle oormalised ;"compatible trace element variation in rer>resentat;ve sanples from the 

SwartrLIggens and Star kimberlltes are shown in Figure 5.14 with fields for Sooth African Group II (Figure 

5.133) and Kimberley Group I (Figure 5. 13b) kirntJ.erlites shown for comparison Both the Swartruggens ood 

Star kimberlites show similar. sub parallel patterns. with sim<lar degrees of enrichment in the more 

i~atit>le As noted previously. the Swartruggens kimt>erlites are .slightly enriched relative to the Star 

kimberlites ood the other South African Group II kimberlites in the heavy REE The strong negative Sr and 

Rb E>o Tn U K T, ...., L, C&Pb Pr Sr Nd P Sr"n Hf Zr Eo Ti GdTb DyHo ErTmYb L" 

RbB, TI> U K T. Nb La CePb Pr Sr Nd P smHf Z, Eu Ti GHb DyHo E<TmYb Lu 

• Sw, rtrU<J(fl"' ki11 berlilo, 
o Sto r di'mond t~rou. ki mberlite, 
o SIO r E>o "0<1 Dyko 

III FiekJ of Souln AIr,,"" Group II k011l>eofile' 
{F;">Ch. Bel, ba"'. New Elaods. N .... lllr.ds) 

FiekJ of Gtoop I k0111><oo1 '~, from I(imb "'~y 

Figure 5.14 P'imitiv~ mantle normalised iocompOll;ibIe tr600~ ~lemert v"ri"lion in , ~ected repre,entative 'ampl ~. from 
the Swarlruggens and 5t,.. kimber'Ie,. Daill , QoUo"ce, for Group I aM Gr<>Up II kimberlite, a, lor F'>lure 5.1 1. prill11trve 
mantle val ..... , from Sun ~f)j McDonoug/1 (1989). 
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~tM 01 tMe Gro~p II ood Gro~p I kimberlit""" whereas tMe 5UbllJed l">enaliye W> _ Ta ooom at ies present in 

IMIl Swartr~ggllns, Star and other Gro~i) I! kirroenites are no! prese(l! in Grw" I kim'JCr;itos IFgure 5_14) 

Ti. al"id sligh! nega!'ve D-HI, anomalies present in wth Ihe SwartrLX]nens and Star k',m""rlitos arc a Icaturll 

The abundal"ICes 01 tMe mrxe incompatible elements in the Swartruggens ood Star k:mbert:tIlS 

(Swatrvmens Rb = 105to 420 limes primllve martie, Star Rb = 43 to 249 times pr:m h'1l mootle) largfOY 

wi Ihfi tlw ranne of oiller GrOUi) II kirr6er!ites I FinLXe 5,14 a) 

Swarlrug<]ens, Stll< al"id oiller Group II kim~rlites SOON similar, mo<ier8lcly sizod, K anomalies and have 

suppressed Rb relative to Ba, whereas Group I k:m'JCrlks show mJch strongar K anomalies coupled with 

slrol"l<] "egalive R~ alx:-rnalies, TMe slrong iJOsi:iye Pb al)Qmalies, wh';cl, are a Icature of both the 

Sww:ru[J\)ens and Slar kimbenites, a-e alw pres""t -n olher Sooth African Group II kimborl:tes Clut are 

a;,sel)( frCln Ihe Kimber1ey GrClJP I kirr6eriites 

AllilOunh II,... Swartruggoos Muil Dyke (not sMewn in Figure 5.14, for clarity) lies within IIle range of 

enricMmeilt shown by Group I: kim~erliles, IIle lack 01 Ti anomaly (FinLXe 55e) differeni;ates Ihe "rimilive 

mantle normaiis{;(1 patte<n 01 tilis dyke rrom those 01 eitMer the SOUlil African GrOUi) I or Group II kimben iles 
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Chapter 6 

Isotope geochemistry 

6.1 Introduction 

In the 1970s, the Sr aM Nd isotope characterislir;s of many soolhem African kimlNrlites were measured 

with the primary aim of obtaining age determinations (e,g. Berg and Allsopp. 1972. Ailsor>P and Barrett, 

1975, Barrett and Berg, 1975, Allsopp arid Kramers, 1977, Kramer-s, 1977). Following the pioneering work of 

Smith (1983a), radiogenic isotopes have sirICe been used ill attempts to uriderstand kimt>erlite petrogenesIs 

and constrain sOI)fce regioo chllfacteristtcs. Smith (1983a) observed that the two distinct petrographic 

groups of oouthern African kimbenites ("basaltic" arod "micaceous"; Wagner, 1914), can also be 

distinguished based on their Sf and Nd isolo r>t! comr><'silions, and further that the two groups have 

isotopir;alty distinct manUe source regions, Group I kimberlites (" Srf"Sr, • 0.7033·0.7049: " 'NdI'+4Nd; .. 

0,51271 - 0.51277) have a source in undifferentiated to slightly depleted mantle, commonly interpreted to be 

convecting upper mantle, whereas Group II kimOOr"lites ('" Srt"Sr, " 0,7074 _ 0,71 09, " ' Nd/ 'HNd, = 0.51208 _ 

0.51228) origill<3te from mantle which has develcped enriched 'Isotopic compositions over time, commonly 

interpreted to tle the lithosphere (Smith. 1983a). Sr and Nd Isotcpe data fa" sl.ites of samples from the same 

intrusion have also been used to constrain the effects of socondary r>r"ocesses such as assimilation of 

mantle lithosphere. cOlltami:mtiOll by crust and alteration on the isotopic characteristics of some kimbet1ites 

(e.g. Smith, 1983b: Fraser et al., 1985; Tainton. 1992). 

Mora rocen~y, the Hf isotope character or Some sa;thern African kimberlites has been determined. Nowell 

et "'/, (1999, 2(04) noted that whereas Gra;p II kimOOr"lites have Hf isotope signatures that cluster around 

the mantle array in Hf-Nd isotopic space, the Hf Isotope compositions 01 Group I kimberlites deviate 

signifICantly oolow the man~e array. These authors argued for a contribution from subducted oceanic crust 

at depths geater than the lithospheric mantle in the so <xce region of Group I kimberlHes, 

" Srt"Sr in the crust can 00 as high as 0.75 (Smith. 1983b and references therein: Barton et aI .. 1999). This 

is significantly higher than that 01 kimberlite magmas, and as Sr is ab lXldant in crustal rocks " Srf'Sr in 

kimberlltes may 00 affected by crustal assimilation, In addition, it was noted by Kirkley (1987) that 

kimberlites such as Swartruggens, which intrude thra;gh the Chun'",spocr\ dolomite have significantly 

higher " Srr"'Sr than those such as Star, which do not, Bcth '''Nd/'''Nd and 17°Hff"'Hf are typically slightly 

1000000er in the crust than in kimberlite magmas (e,g. Archean crust "'Hfl m Hf = 0,280 _ 0,281 5, '''Nd/'+4Nd = 

0.5101 - 0.5112; VervO<rl and Patchett, 19(6) and so assim~ation 01 crust may lower these ratios in the 

kimberlite magmas 
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The permeable and porous nature of kimberlites (e.9. Berg, 1994), combined with the mobility of both Rb 

and, to a tesser extent, Sr, renders their " Srt"Sr susceptible to post-emplacement atteration by meteoric 

~uids, Smith (19831» concluded that asshlilation of a few percent crust would onty affe-ct the Sr isotope 

composition of a kimberlite magma by a small amount (of the order of 0,05 percent), whereas alteration may 

substantially raise the "Srt'Sr ratios of kimberlltes (Kramers e/ al., 1981; Smith, 1983bj. In contrast to Rb 

and Sr, Sm, Nd, Lu and Hf are all immobile elements in the weathering environment, and thus their isotopic 

compositions should not be affected by grOU/ldwater infiltration. 

Due to the isotopic diversity 01 cratonic lithospheric mantle (e,g. Carlson, 1995; Pearson and Nowell, 2002; 

Pearson el aI,. 2003b), the assimitatioo of mantle material by the kimberlite magmas en roole to the surface 

may be less easity detected. However, cratCtlic lithosphere typically has "srt'Sr of the order 0.70 to 0.71, 

eNd of --40 to 0 (Pearson and Nowell, 2002; Pearson st ai, 2003b). Hf isotope compositions of continental 

lithospheric mantle are even less constrained, and a rarlge in ~Hf from -15 to +3800 has been recorded 

(Ionov and WeiSS, 2oo2~ Schmldberger e/ ai, 2002; Simon t'l ai., 2(02). 

Whole rock analyses of the Sr isotope cOfT'llOsition of four sarrples from the Swartruggens Main Dyke have 

yiefded a Wide variation In initial ratios (or Srf"'Sr, • 0.708 _ 0.71 09; Smith, 19831». Smith (1983b j, considered 

that this range may be due to afteration or contamination, but as Ihe sOlffiPles show!>d no petrographic 

eVidence of either of tht'se two factors. he also considered that the khlberlite may oot be isotop!cafly 

homogenous, 

The Swartruggens kHnbellite has previously been classified as a Group II kimbt'rlite (Smith el aI., 1985,,) 

Although classified as micaceous (e,g. Gumey arid Hatton, 1989), t;e Star kimberlite has not previously 

been classified according kl its Sr and Nd isotope corrposltion. A suite of s"mplt's from each of tht'se two 

kimbel1ites haye bet'n analysed for their Sr. Nd and Hf isotope compositi<;ms, wHh 3 principal ams in mind' 

1) To document the Sr, Nd and Hf iSotope characteristics of the Swartruggt'ns and Star kimberlites, and to 

assess the Yariation present at each locOlfity, both Within and between indiyidual dykes, 

2) To isolate, "s far as possible, the effects 01 contamination by crustal material and weathering, "nd so 

determine the isotopic characteristics of the prhlary kimberlite magmas and any primaty isotopic 

variations between individuill dykes, and between the two localities. 

3) By conslrainino the isotopic character 01 the respective kimberlite source regions, kl constrain the 

petrogenetic processes giving rise to Ihese two kmberlites and the likely physicaf location of tht' source 

regions (i,e. lithospheric vs, asthenospheric mantle). 

The Sr, Nd ald HI isotope cIlaracteristics of t;e Swartruggens and Star kimber~tes are documentt'd "nd 

described in this ch<lJ)tt'r. Points 2 and 3 above are considt'red further in Chaptt'r 7. 

The analyses were obtained using a Tht'rmoFill!ligan Nt'ptunt' Plasma Ionisation Multi-collector Mass 

Spectrometer at the Arthur Holmes Isotope GeoscierlCes LatJoratory, Department of Earth Sdences, 

University of Durham, Details of analytical techniques are reportt'd in Appendix 3. 
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6.1. 1 D~t~ present~tion 

Nd. Sr and HI analyses. together with 20 uncertainties, leo- the Swartruggens and Star kirrt>erlites are 

reported in Tables 6.1 and 6.2, respectively. Initial isotopic rstios have been calculated usill\l an age of 156 

Ma for the Swartruggens kimberlites (Smith elal. 1985a) snd of 124 Ma for the Star );imbet1ites (Macintyre 

and Dawson, 1976). It is lJI1Cflftain whethflf the Swartruggens larnprophyric MlJil Dyke is the same age as. 

or younger than, the Swartruggens kimberlite dykes (Smith et ai., 1985a), although lor compsratlve 

purposes an age 01 156 Ma has been used to caiculate the initial ratios IIiven in Table 6.1. 

w. , is a measure 01 the deviation 01 '''Nd/'''Nd from a hypothetical chondritic mantle at t'lme (7) snd is 

estimated as follows: 

{ "'Ndl'''Nd sample initisl ratio (7) 

" ' NdI"'Nd CHUR (7) 
,I} xl0' 

where CHUR is a cI10ndritic lfllorm res .... voir (DePaolo snd Wasserberg. 1976. O'Nlons et <J/. 1979). ~ ... is 

estimated in the same way. but with '''HU'''Hf substituted for '''NdI'''Nd. Foilowing Johnson and Beard 

(11193), the notation ~ is used to refer to the degree 01 ojspiscement 01 &,.. from the well·defilled mantle 

array in ~,...~"" space (4<1 = 1 .33t:",,'" 3.19; VflfVOort et al. 1999) 'j lustrated in Figure 6.5c. 

6.2 Isotope geochemistry of the Swartruggens kimberlite dykes and the Muil 

lamprophyre 

Six samples from the Swsrtruggens kimberlite dykes (2 Irom the Main Dyke, 2 from the Changehouse Dyke 

snd 2 from the South Fissure) have been analysed for their Sr, Nd and HI isotope compositions. Four 

ssmples from the Mu~ Ismprophyre have also been anslysed lor their Sr and Nd isotopic compositions. The 

data are reported in Tsble 6.1, snd seleded variations are shown in Figures 6.1 and 6.2. 

6.2.1 Neodymium and Strontium isotopes 

The Swsrtruggens kimberlite dykes collectively hsve restricted initial ' '''NdI'''Nd, ranging Irom 0.511825 :±: 

18 to 0.511855 ± 19. There is no significant variation in Nd isotope composition within indiv:dual dykes, wilh 

the Changehouse Dyke showing a rall\le in '''NdI'''Nd, lrom 0.511825 ± 18 to 0.511834 to 16 which 

encompasses the range of the South Fissure samples (Table 6.1). Although the errors on the Main Dyke Nd 

anslyses overlap those of these two dy);es. the Main Oyke has slightly higher initial "'NdI"' Nd (0.511851 ± 

19 to 0.511855 ± 19; Table 6.1). This is well ~Iustrated on a Sm·Nd isochron diagram (Figure 6. Is), where 

the South Fissure and Changehouse Dyke samples show a broed positive corr£Oatlon between "'Nd/'''Nd 

and wSmJ''''Nd which spp:oximstes to a theorelical 158 Ms isochroo. The Main Dyke samples define a 

sepsrate trend, also approximating to a theoretical 158 Ma isochron, but with a slight!]' hl(lher initial ratio. 

However. the Main and Choogehouse Dykes define a negative ceo-relation between initial ' '''NdI'''Nd and 

lINd (Figure 6. lb), with the more macrocrystic Changehouse Dyke having lower Nd concentrations coupled 

" 
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Tabl. 6.1 Whole rock isolq>e anaIy.e. cI tr., Sw<rtuggon. kimberlite dyke. 3I1d too Muil lam",ophyric dyi<e. M • 
more m~crocrystic, LM" Ie .. m~cracl)'<&. IroiUaf riOtlo. 3I1d, values calculated a.suming an age cJ 156 M~ (Smith, 
1985a). Subscripts: m .. measu.-ed, I .. initial, 0 .. pre'"n!. Soot (.matte81 lII1certail1tyj analyses are reported. Repeat 
""aty.". are r<!ported in Appoodi< 3; 20 l.Ocartainties include error em .tandard., .!artdard r<!producibility r" port<td in 
Appendix 3. 

~ 

! Chang"housft ! 
Dyk. , Matn Dyke Dyke South Fissure Mull Dykoo 
S.mpto HC~ HC010! NCOOS ~oo, JJG 3149 JJG 3U5 HC OOS HC 012 HC 014 HC 01S 

, Macro '" " " " '" " '" " " " 
I Rb ppm '" '" '" ,. m ,,, ~7,2 m '" 'w 
:Sr ppm 1398 '"' ", ,~ 2777 ~ ." no '" ~, 

: "RbI" Sr 0.53\lO13 0802208 0,5M923 0,5174W 0.224421 0.2an63 0.3O(l120 0.466739 0.~57626 0505202 
:"S'I"S'~ 0.709505 0.71141S 0.710331 0,Tl1~1~ 0.7Qe::W 0,703701 0,710463 O.7W~16 0.7094&7 0.709632 
: 2a uncortllinty 0.000012 0,000013 0.000014 0.000015 0.000014 0,000014 0,00001' 0,000016 O, OOOO I~ 0,000016 
, "S,I" Sr, 0.7oe:JIO 0,709&16 0.7Wll0 0.710447 0.707711 0.708003 0.7O'J797 0,7087e1 0,7oe230 0,70e429 

iSm ppm ~.O IH 12.4 14.1 ~, n.' 9.24 6." 6.02 
: Nd ppm , "' '" 95.2 '" '0; m 72.0 .M 45,e 
: .. 'S"......Hd 0.075331 0,071946 0,079313 0.Q7M6Q 0.QOO30' 0-078189 0,On~70 0,078945 0,07(!Q95 
1"'HdI"'Nd. 0.511~33 0.511~25 0,51190/; 0,~11915 0,~11914 0.~1190~ 0.512062 0.512~2 0.~12070 

I 2a u...,.rtainly 0.000019 0.000019 0,000018 0.000016 0,000019 O,OOOOle 0,000010 0,00001~ 0,000011 · 
'''NdI'''Nd, O.~I1S~~ 0.511 ~~1 0.~11a25 0.5111)34 0.511832 0.5tt~25 0.Ml~~2 0,~11971 0,~11990 

". -13.7~ -13.91 : ·1 • . 29 _1.,11 ·14,13 ·1 •. 30 _11.24 _I H-4 -11.09 

'" _IU7 -11,43i ·11.9~ -I t.T~ _I l.e2 ·11.95 ·s,as ·9,10 · ~,13 · 
.2a u""ortainty 0.36 

, 
0,37

j 

0 .• 0.32 0.37 0,3~ 0." 0,29 0,21 

Lu ppm 0,24 0,111 0.12 0.14 0.30 0.21 
HI ppm 303 • !>4: ~.ra , .• 9,21 M. 
" 'Lw"'HI 0,1lO3%7 0.0035.21 ' 0,002913 0.0020~7 0.004659 O.OO~j 

, mHII"'Hf~ 0.2~2241 0.~2170 0,2e21M 0.~197~ 0,2~22~7 O,~= · · 
2a unc.rtainly 0_ 0.000005 i OOOCOO5 0._ 0_ 0000005 · 
'''HfI117H~ 0.2~= 0,2Il2100! 0.2!l2112 0.2Il1970 0.2~2244 0.28223j · ~ • 

'- -13.7~ -21.27 
-18201 

-20,92 ·23,1 ' ·la,20 ·le,3. · · · ! 
-15.7' -17.79 -2.,~2 -1~,2. -1~,'3 • '.' , 

0.15 0.18 : 0.18 0.15 0.15 0.17 
• 

! <la uncortain!y 
~. _3. ~ 1 ·6, 1 ~ .- ·~.09 ·I2M ·2.n ·2.73 • · · . · . ~ ~~ 

D.cay constants us.d: Rb·Sr" 1 ,<12 x 10-": Sm-Nd .. 6.54 x 10'''; Lu_Hf" 1 ,876 x 10'''; 
CHUR: "'Ndl"'Nd • 0.512636; '" Sm/"'Nd • 0.1967; "'Hf/mHf .. 0.282172; 11O LuI"'Hf " 0.0332 

with sliQhtly lower initi~ isotopic ratirn.; and thus the variation in initial Nd ratio between these two dykes may 

be due to cantamirl(ltian by lithospheric moo~e, This aspect w~1 be discussed further in Chapter 1, 

Initial "'Srt""Sr in the Swartru(Xjens kimberlites la1Qes flom 0.707711 ± 14 to 0,110447± 15 and individual 

dykes show broad lal1g"s, with Ih<'l more macrocrystic samples fr= the Main Dyke and South Fissure 

having hioher "S,I"SI; than the less macrocrystic Sa""4lles fr= these dykes. The Main Dykfl shows a 

I""oe in "Srt""Sr; from 0.708310 ± 12 to 0.109500 ± '3 (T~l)Ie 6,1) ~r>d sample NC 005 from the 

Ch""oehousfl Dyke (with or Srt"Sr; " 0.709110 ± 14; T al)le 6.1) lies within this rang ... , wheleas sample NC 

007 (Changehouse Dyke) has the higher ratio 0( 0.710447 ± 15 (Table 6.1). The South Fissure has the 

lawest initial" Srt"Sr of lhe Swartruggens kimberlite dykes (0.107711 ± 14 to 0.108063 ± 14; Tool .. 6.1) 
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Collectively, the Swartruggens kiml>erlite dykes dafl1e a strong positive corretation on a Rb-Sr isochron 

diagram (FigUfe 5.1c), However, all the samples analysed have consistently higher measured " Srt'Sr than 

would be ex~cted for their " Rbr"Sr, if they ware to lit an isochron 01 156 Ma with an initial " Set'Sr 01 

0.705, as calcuiated by Smith al ai, (1gS5a) I-="Iowing analyses 01 phtogoplte separates from Swartruggens 

0.5'210 ,., 
0.512,5 , ... ,. 0 , , , 
0,51200 
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0,511~5 I'" 

'''' ~. 
0.51190 L-- 0-:;;/2 
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OW4 OWE; 0.078 ,= 

"'Sm' '''N,j 

0,7>20 '0 
r«: 00' tJ. 

• 0.7100 
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~ 
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0.7000 , 
'."12 '''' ... ---1 Q.7to;D __ _________ 

. -------0''''' 1..----;-, , 
0.20 DAB ~.~ O.M 
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'" 
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" 
0.511 ~5 
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0.5111!Q 
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0,7100 
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" '"'" 
0,005 0,010 0.015 0,020 

,,~ 

• 
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O.llOO5 0,0010 

1IS, 
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0,0)15 

,. Sooth Fi""" • 

• MuI OW. 

Figu,," 6,1 Vanalians in S, and. Nd 'solop" oomposi/.'",,,,, in lhe Swartrl!!/!loos ~imbenit~ dyk~s and the Muil 
lamprDphyre. Typical Nd 20 uncerlalnbes are shown by ~ mlr bar. , Sr 20 uncertainties are smaller than symW ,",ze. 
R~gr~s'-<ln lines are tha<lretcal "am,ons.t ndica(ed age •. 
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(Figure 6.1c). An errorchron can be dmwn thrrugh the Swartruggens kimberlite whole-rock smnp:es 

(exceptil)!; NC 007, Ch~ngehoose Dyke, with anomalously high " Srl"'Sr), but tr;,s yields an age 01 

~pproxima(ely 322 M~, more tha~ twice that calGlJlated by Sillith at Eli. (1985~) a AlIso~p and Barrett 

(1975). In oodition, there is a strong positive carelatioo between ''''Srl''·Sr; ood 11Sr (Fl!;ure B.1d) fo; these 

samples. These consistent trends, toget~er ,;it~ the I>l:'"ge within-dYKe va-iations, are dittiGlJlt to recol)Cile 

v.;tr. wima'Y iso(op~ heterogeneity. as suggested by Smilr. (1\!83b), eSP€'Cilly given that tlle;e is liltle 

variation in Nd ISO'ope composition fa a wide ,8:1ge in "Scf',oSr '0:- these samples (F'gure B.1e) The 

vmiation o~served is therefore conside,ed lo represent a mixing trend. eitile; due to assim;;at'oo 01 crust a 

.,teract;m wilh 0coondwaler. This <lS~ect will "" discussed in more deta;1 in Chapter 7 

The Muil Dyke salTlples shoo'.' no systematic va-ialiOO in '''Nd/''Nd~ with "'Srn/'''Nd ~nd . o clemly do not 

define a~y isochron (F'o;J ure 6.1a). However, age-co'reeling the Meil Dyke to 156 Ma yields substootially 

11ighe, initial '''NdI'''Nd ("NdI'''Nd, = 0.511971 ± 15 to 0.511 900 ~ 11: Table 6.1; Figure 6. la) for th,' 

dyke th~n for the Swmtru0gens kimt>erlite dykes The Muil DyKe C'OSS Cl;(S tile kimt;.enite dyke. ~nd 

the,dore cannot be older, ,1:ld thOJs the diffecence ;~ 'nlti;;j . "Nd/'''Nd 'ep",ted in T ab'e G. 1 iV1d illustrated in 

Fi0ure G.b ~nd b i. a minilTlum It will be >l:'"gued in tr.e ne,t chapter (hat the dittefence in Nd isotope 

compos'ltim t>etween the Muil Dyke and the Swa-tr:>ggens kimt>erli(e dykes cannot be prodeced by additioo 

d reascnable quootities 01 mootle or crustal material, and tile Meil Dyke is there'ore t>elieved to ori"in~te 

h:m a sou-ce tr.at IS isotopically distinct ffOill the SW~e ct the Swartrug<je~s kimberiites. The a~hanilic M:Jil 

DYKe sample (NC 008) has a Nd isctope comlX'"i(ioo w:thin the m:lge 0' the mocrocrystic smTlples. despite 

havin<j ~ conside;~biy hi]her absolOJle Nd conce~lr~tlon (F'o;Jure 6.1 b) 

Desplle havin<j subsl~ntiiliy higher 1'eNdI '''Nd :hoo the Swa,truggens klmbecUe dykes, tile Muil DyKe has 

"'Srt'Sr; of 0.708230 ~ 16 10 0.109797 -'- 14, witr.in the range of the kim~e~ite dykes. However. (r.ere is no 

consistent varialioo between measured "SrFSr and " RbFsl 0; liSr for the Meil Dyke, ood it ~ppea," lo 

be unrelated to the trends oose;ved within the Swmlregge~ . kiIT6eriite dykes (Figu,e B.1 c a:ld d). Tile Muil 

dyke show. ~ wide mnge in "s;l "s;, for ~ sma!1 v>lfi~t>:::on in E"", (Figure 6 1 d) and, as witr. :he Swmt'OJggen. 

klmberl:tes, the S, ;soto~e ccmposition of the Muil DyKe may have been contMl'nated to v...-iable deg,ees 

by C':JS: oc groond;'Iater. This aspect ",iii be dlscessed f:Jrther in Chapter 7 

6.2.2 Hafnium i$otopcs 

The m <jorily 01 the Swartru0gens kimber1He . ~mples show little rooge in in itioJ: ''"Hfi ," Hf, ~ro'n 0.2821 BO + 5 

(0 0.282244 ~ 4 (Table 6.1). Sample NC 007 ('rom tr.e Changer.oose Dyke), already noted to h8ve 

anom;>o:J. ly hi0h "Sr/'"Sr compmed to the oIher Swarhxjgens kiml>e1ite .~mples. Ims a much lowec 

"" Hf/"'Hf, of 0.231970 = 4 and. as discussed fl;nller in Chapter 7, is Hkely to have ~een significantly 

Gootaminated by crl;st 0; ~ou~dwater. The Soeth Fi ssure h8S the highe.t " ' Hfi'HHf, ct the Sw~rtruggens 

kimbe,l;te dykes. and the va',ation within th's dyke i. ",ilhin a·ml)1ic~1 error ("" HU"'Hf, = 0.232239 + 5 to 

0.282244 + 4; Table 6.1). The M~in Dyke shows a ml;cJl wider ral)!;e in "'Hf/"Hf; C "HII"' Hf; = 0.282160 = 
4 to 0.282230" 5: Table 6.1), which is si]nifica.,tly ge<ller than an;;jytic;;j error, ood Cilangehouse Dyke 

sample NC 005 lies ",,-thin this ,ange. Tile iess mau-OC'Ystic Main Dyke sampie (NC 006) h8S ~ simii;){ H' 



Univ
ers

ity
 of

  C
ap

e T
ow

n

isotopic cCI!TIIlositioo to the South Fiss...-e samples, and these three samptes collecti~ely scatter aroond a 

156 Ma reference line 00 a lu-Hf isachroo diagram (Figure 6,2a). The mco-e macrocrysti<; Main Dyke 

sample, together with sample NC DOS (Changehouse Dyke), lies sigrliftcantly below this line, There is a 

negajj~e correlation between 17"Hfl"'Hf, and tlHf for the Swartruggens kirrtlerlite dykes (excepting sample 

NC 007, Changehouse Dyke), suggesti~e of mixillg with a component slJCh as cootinental Cr1Jst, with lower 

Hf cootents and "'HfI1r°Hf, The broad negati~e correlation between (lilial "&1"'&, and E"" (Figure 6.2c), 

suggests thaI the same process has altered both the Sr and Hf isolope compositions of these samples. as 

will be considered further in Chapter 7, whereas c ... does not show any systematic variation wilh &H' (Figure 

6.2d). 

o 262:)() 02B2:)() ,., • '" , 50 ~. • ' . V 
0,2~220 0.26220 , 

0 " 0 , 
l· 

, 
0,262' 0 

t 
0.2a2'O • , 

~ 

I • , 
O.2~200 <00' 0.2~2O'J r He '" , , , , 
O.2a,oo O.2al9'.l ' . 

O.tO' am, OJ;()3 o.~ ,~ 0.' O. '5 "' o.~ 

'''-UI ""Hr '" 
." , 

" • v. r (~) ,. r ." v' "- • ,. , 
0 -. , c 

w' .~ J ." 
" ,. 

'" ocr j '" 00; , 
~ "" , 

•• 
O.r~ 0.709 0.7'0 ·'2.5 ·12.0 .1T.~ ·11 ,0 -1M 

" SrI"Sr, ,~ 

• Mtoin Dyl<o " Sou" F~.ur • 
... C~ongerH:>u"" Dyke ..,.. ,,~"'" "", ~"""'''"''', 

L ________ ""'·"'·~- .... ~"""", ... 

Figure 6.2 Variations", Hf isotope cOOJpOsMions in the Sw~rtre>ggen . klmt>e,lite ~k"'" 20- NUliyt>calllOCertaintle$ for 
Hf ore owox>mal~i>' ,ymbd .ize, 20- unc~rtaint ... lor Sr,.." smaller than ,ymbol size, typ;e.,1 20 U""'"'rLWtl'M for Nd 
shown by error bor. R"(lre •• Jon I ..... II; a theoreHcai isochron calouloted 01 156 Ma. Mart~e array ,hown in (d) from 
Vervl;>Or! et al. (W99). 

., 
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6.3 Isotope geochemistry of the Star kimberlite dykes 

Ten kirnbe~jte samplftS from Star (1 from the CI&wer Dyke, 2 from the WyMndsfootein Dyke, 2 from the 

East Star Dyke, 2 from the Byrnes Dyke and 2 from the Barren Dyke) warft analysed 101 their SI, Nd, and Hf 

isotope compositioos. The data are re~ed in Table 6.2, and selected variations are shown in Figures 6.3 

and 6,4. 

6.2.1 N"odymium and Strontium isotopes 

Initial '''NdJ' ''Nd for the Star di<Jrnondiferous kirPberlites range from 0,511997 ± 18 to 0.512040 " 10 (Table 

6.2). Howe~er, the Byrnes Dyke (both macrocrystic and less macrocrystic) ~nd Wynandsfontein Dyke (less 

Table S.2 Who .. rod< ioooope an;lly'es of !he Star kimberlite. Initial rat" . alld < vakle. <:alculated as5Urring M age of 
,24 Ma (Macioltyre arod Dawson, '976). MiG. micocOOlJS Barren Dyke, L, mIc· less rrlGa<:oou. Barroo Dyk~; M = 
maorocrys!ic, LM • le.s macrocrystic. Subscnpts; m = mea.ured, i = ir1i1i~1. 0 = Pfe.ent c3k:ul~ted. Best ($malle$t 
uncertainty) analy.es are reported, repeat anai)'ses are reported in Aflpendix 3; 2" oooartainti~. ",dude ~rror on 
. talldards, standard reproducil:>lity reported in Appendix 3. 

~--.- .. 
Ctow.r 

Byrnes Dyke I Dyke " .. Wynandsfont.ln Dyku Eut Stsr Dyka Barren Dyl<R 
mic I. mic 

Sampl. JJG 2B33 JJG 63W NC050 JJG &Ja2 JJG4570 SJH 30 SJH 79 SJH 78 NC O~, NC ~~4 

M""ro , 
'" '" " " " '" 

, " " 
~ 82.~ m ''" '" '"' 

,. m m ,. 00' 

" 
., 1073 2133 ,~, "" 1532 1 ,m 1924 ~, '" "Rbt'sr 0.2-10861 0.'93594 O.,e.!-1l49 0,162939 0,243M4 0.29!\/lTO I 0,'~'161 0.,e,202 0.~M361 0.3751100 

, "Srr"Sr. 0.7II7T92 0,TDe31~ 0,10TTO' 0.707T73 O.TOTT.l.4 0.TU8T11 ' 0.T0fl(I-I.3 0.TQ.32TT 0.TDe263 O.TOTMe 
0,()oc()13 1 

, 
2~ uncertainty 0,000013 0.1lOC(l16 0.0C0J1~ 0.000013 0.0000'4 O. ()()()(), 4 O.(,:X:<)1~; 0,1X1OJ,4 O.I)"JOOIS 

:"sl1"s~ 0.707367 0.7\')T976 0,7\')737e 0.70T48O 0,707304 0.70~18g! 0.TOe724 0.70TI/57: 0.TOT.j.{)7 0.T071M 

'm 11.4 1 T.O 15,6 ,2.4 ,M Ie, 1 1M ' 1H 9.25 

" '"' ,~ '" ,w ,. ,~ 137' '" ~75 

'''SrnI'''Hd 0,00-4~ 0.OOT31~ 0.066461 . O,OO650a 0,0&1589 0,OM2M 0,OM~7~ : 0,00-4051 0.004172 

"'NdI"'Nd,. O.5t2050 0.51209' 0,~'2094- 0, ~ 12006 0,~12()91 0. ~ 120T9 0.51200" 0.512125 D,~'2129 

1<> u"","rtaimy o,oooo, e 0.= 0.000010 0.000022 0,00C()11 0,000014 0.= O,OCOOO~ 0.000015 

"'NdI'''Nd, 0, ~ 1100T 0.512036 0.5t2040 O.~12012 O,~,= 0, ~ 1202fJ 0.512035,0.512Q73 0,~12077 

'- ·1 tAe "o.se -'0.~2 _11.1~ _10.&'! ·10.91 ·1 o.se I -~0.Q1 _9.93 

,~ -~.3g -5.63 -Mo ·9,11 -M9 .,e,83 -8.65 1 
_T.92 -7, ~4 

02" uncertainty 0.35 0, " 0., ~ ". 0.22 "' O. ,a 0, Ie 0.29 

I 

'" O.Og " .• o,oe 000 "~ 0.13 0.07 0.00 i 

• 1.19 ~,21 Me 5.~~ 6.46 ~.02 ,~ 2,52 

n't",,"'H! 0,010005 0.OOI~69 0.001&1, 0,001515 0,00139T 0.004456 0,002~ 0.003502 

"'HllmHf. 0,2e.:lroJ 0.2824119 0.2e24M 0.282H5 0.za24M 0,2~24e7 0.282fJTO 0.2~2~e 

2~ uooertainly 0.000003 0._ 0._ 0.cooo:J5 O,OO~ 0.OCOOO6 O.OCOOOT o.oooooa 

"'HI!'''H!, 0.21124T~ O,21l2~OO 0.21124/10 0,282~T2 O.Z82~B!I 0.2~247T 0.282~ 0.28= 

: .... 0 
-~,60 _to.01 ·~O,17 ·10,49 ·10,04 -,o,oe _T .13 -T,20 

',,," : _7. TT -1.40 -7.5g ·T,M -T.43 _T. T1 -4,63 -4.T5 

l~!~ uncertainly i 0,2~; 0." 0" 0.19 O. t3 0,22 0" 0.2~ : 

0. 113 ' O,~~ 0,61 ,. O,~, ". 2,7, 2.4a 

DoIcay constants used, Rb·Sr • 1.42 x 10.11 ; Sm·Nd ~ S.5<I x 10-"; Lu·Hf" 1.876 x 10'''; 
CHUR; '''NtII'''Nd .. 0,512638; "'Sm/,uNd '" O.I~£7; "'Hf!1nHf = 0.U2772; "'Lu/"'Hf. 0.0332 
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macroayslic) sa~les, ;r.d the less macrocrystic sa~le (SJH 30) from tl'e Easl Star Dyke, h,",e Nd 

isotope compositiors that show no '1aiat;on greater thac araylica error ('''Nd..'''·'Nel, = 0.512026 -I- 14 to 

0.512040 ± 10). nese samples define a t;.ro,;:j positive correlatioo wl,icl, approxim"tes a t~eoretic,,1 1 24 M~ 

reference lil".e (Ioolowing t~e K-Ar (13te obtainL'<i for :he Stm kimberlite by Mdrtyre ale D3wson, 1976) 01" a 

Sm-Ne isochron diagram (Figure 6,3a), The mocrocrystic sample (JJG 4570) fromlhe East Sia Dyke ~"s ~ 

slightly lower in;ti~1 "'Nd/"'Nd ('''Nd/'''Nd, = 0.512012 _ 22), alt~ough the analytic31 errOl or lI'is """'-llple is 

rel"tively la."\18 ane ovecl"ps the Im'ier end of the rar~e descritx.-"j "oo'le for the s~mpl"" that have similar 

"'Ndi""Ne: JJG 2833 (from t~e Clewer Dyke), also mBcroc:ystic, I:es outs;ce ~naytic<J1 errOl of lI'e 

s~mples with similar Nd isotopic compos; I'""s cc.-=ribed ~oove, with the lower '''Ndi''l'kl; or 0,51 1 997 1: 18 

(Table 6.2). There is 1".0 cOfrel~tion between initi31 "Nci'''Nd an liNd for t~e St,.; kimbe.-lite s~mp:es, 

although t~e twa macrocrystic s~mples with lower '''Nd(''Nd have lower Nd concentr~tians th~n those witl' '.' ' .. higher ~Nd/ Nc, (F:gure 6.3b), suggestirg th.."t their devi"tioo in Nd isotope composit>C<1 m~y be due in 

p~rt to cont~minat:on by lithospl'eric m3nUe Th's 3sp"ct will be discussed furt~er in CI'3pter 7 

ne B3rroo D/<.e I'as a conSiC€,-"bly ~i~her inid~1 '''Nd/'''Nd th..T the diarnondif.,.-ws dykes, anC there is 

no yariatior ~"'''te." thm an"lytic,j errOf between t~e tncaceoos ald less rri cacc.x>us Sa-llPIc.-.,; ('''Nci'''Nd, 

= 0.512073 ± 9 and 0.512077 J.. 15 raspectivay; Table 6.2). ~espi:e t~r differ""t Nd concer.tratiol".s (Figure 

6,3b) 

The cimnondilerous Star kimbe.-lite dykas show ~ v.ide range in Sr isotope cornpositi,,".s, considerably in 

" ~-excess of an~lyticai urlCe.cta'nty. will' llif31 "Sr( 'Sr varyir>g Irom 0.707304 ± 14 to 0.708724 ~ 14 (T~ble 

6.2) The Byrres "nd E"st Sta"" Dykes show wkJe , ... ,thir.-eykB r~r>ges in "Srt'Sr; ("Srf'Sr; = 0.707957 --: 15 

to 0.708724 - 14 an~ 0,707304 --: 14 to 0,708189 = 13 respectively, Table 6.2) ~ne the less macrocrysFc 

samples Irom e"ch 01 thc.'Se dykes have higher "Sr/'"Sr; thiln :he mare macrocrystic wmpies. There is also 

a wide ran~e in il".itial "Srt'Sr within t~e Wymlndsfontan Dyke ("Srt"Sr; ~ 0.707376 ~ 14 to 0.707976 ~ 

16), whch encompasses t~e ClewBr Dyke s~mple, allt"ou<;;h the tn1lcrocryst'c Wyralcsfontein Dyke sample 

lies , ... ithn t~e "'ege 01 the less macrocrystic s~mples from this dyke. ne Barren Dyke shows a smaller, but 

slill 9."e"ter lI'an aIl31yticai errC<", r"r>ge ir init;,,1 'rSci~'Sr than the di,m)oneifc.'fous kimberlite eykes, The 

micaceoos sample (Wit~l "Srt'Sr = D,7D7407 ± 14; Table 6,2) h"s the h>gher ratio ane lies wilhin lI'e r3nge 

of t~e diamondiferous kimberl'lte dykes, w~erBas t~e I""s micaceous sample ( ...... th "Srf"Sr; = 0.707183 = 
16; Table 6 2), 1'3S a Iowa initi.,"t "Srf's.- t~3n ;r.y of tl'e oll'er k;mberlite samples, 

Or " Rb-Sr isochron diagram, the samples with iowest measured "Srf"Sr (JJG 2833 from the Clewer 

Dyke, NC 050 arxl JJG 6362 fcom:he Wyn~r.ds'ontein Dyke, JJG 4570 from the E~st Stm Dyke) define a 

broad positive correl~tion ""~ d'Js:er "roond " :hc'-'Oretic~1 124 Ma isochroo (Ioilo ..... ing Maclrtyre ~nc 

Dawson, 1976), w~ere"s ~ ,. '" group 0' S>lmples have high" measu""J 'Sri Sr (JJG 6369 from the 

INynarxlsfonteir Dyke, SJH 30 from :he East Star Dyke an the Byrnes Dyke samples) anc ~Bvlate 

si!J1ificantly from t~;s tmr.d (Figure 6.3ci. Alt~ou-gh the Bmroo Dyke samples plol close to the ceferencB I:ne 

illustrated on Figure 6.3.c, they ~ave "Iready bc.uo ro:ec to be isotopicaoly dist'nct from lI'e ~i.,Tl\Ondiferou~ 

kimberlite dykes ..... 'th respect to tl'eir Nd isotope composition 3nc sl'oolc be considere<:; to be ur.'BI~ted :0 
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the diamoildiferous dykes, There is no colTelation between" Srt"Sr, aild IISr for the Star kimberlites (FigLJre 

6.&), ood the sOOlples with lower "Srf'Sr ood soowing similar initial ratios display a wide range in Sr 

coocerllration (Figure 6,3d). However the sOOlples with elevated " Srr"'Sr all have relatively hijJl Sr 

cCMltents. 
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Figure 6.3 Variations in St and Nd isoleopoo compo$i1ions in the Star klmb ~rlllo dykes, Typ".1 Nd .na~tica4 2" 
ur>CMainties shown by ~rr()l' b.r. , Sr 20 ur>Certaintie. "'" smaller than symbol ";Z9. R&\Ire.sion lloos rofleet theoretic.1 
illOChfDns calculated al 1~~ Ma, 
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There is no apparent correlation between EN<! and "SrrSr, for the Star kimberlite dykes (Figure 6.3e). The 

samples with alevated "Srt"Sr; (JJG 6369 from the Wynands/ontein Dyke, SJH 30 from the East Star Dyke 

and the Byrnes Dyke samples; Table 6_2; Figure 6.3b and c) hav~ similar g,..,. suggestill\! that these 

samples may have been affected by groundwater mov~ment which would affect their Sr, oot not disturb th~.­

Nd, isotope compositions, as will be discuss~d Ilrlher in Chapter 7. Th~ two samples wilh anomalously low 

~Nd (JJG 2833lrcm th~ Clewer Dyke and JJG 4570 lrom the East Star Dyke; Table 6.2, Figure 63a and b) 

have "Srf"Sr; within the more restricted range described above. II, as suggested above, the difference in 

Nd isotope composition 01 these two samples relative to"'e other Star diarnondiferous dykes is due partly to 

entrained lithospheric mantl~, this process does flO! appear to have si!}llificantly affect~d their Sr isotope 

compositions. This aspect will be discussed lurther in Chapter 7 Despite having significantly higher £,..; 

than the diarnondilerous kimbel1ite dykes, the Star Barren DYKe has "Srt'Sr; ratios that overlap those of the 

diamondilerous dykes. 

6.2.2 Hafnium isotopes 

The Star diamondilerous l<imberlit~ dykes show very little variation in initial 17"HII"'Hf, either within or 

between individual dykes. The Clew~r, Byrnes and Wynandsfonlein Dyke samples all have compositions 

within the rang~ of 0.282472 ± 5 to 0.282485 t 5 defined by fle East Star Dyke. TlJe rang~ shown by this 

dyke is slightly larger than analytical error, and the more macroc:rystic sample (JJG 4570) has a klwer initial 

17"HII"'Hf than the less macrocrystlc sampl~. The mac;rocrystic Clewer Dyke sample (JJG 2833) al so nas a 

r~latively low ''''HII'''Hf" but the I~ss macrocrystic samples SJH 79 (Bymes Dyke) am JJG 6369 

(Wynandslontein Dyke) have initial isotopic ratios within analytical error of the macrocrystic samples. On a 

Lu-HI isochron diagram. the Star diamoodilerous kirrbe~lte dykes show a broad positiv~ cor",lation, which 

corresponds well to a theoretical 124 Ma isochron (Figure 6.4a; loIlowing Maclrtyre and Dawson, 1976) 

There is no correlation between ''''HII'''Hf; and tlHI lor the Star diamondiferous kimberlite dykes (Figure 

6Ab): the Clewer Dyke has a sirrilar ''''Hfl'''Hf; despite having a much lower HI concentration than the East 

Star, Byrnes and Wynandsfortein dykes. 

As with Nd isotopes, the Barren Dyke sampl~s haVe much higher initial " "H(I"'HI than the other kimberlite 

dykes at Star ('''HII'''Hf; = 0.282560 ± 8 to 0.282564 ± 7; Table 6.2) and the variation between Ihe 

micac;eous and less micaceous samples is within analytical error. This dyke does not lie on the well-defined 

correlation of th~ other Star kimberliles on a Lu-Hf isocllron diagram (Figure 6.4a), and, despite its 

consjd~ral:Jly higher initial isotopic ratiO, has absolute HI concentrations within the range 01 these dykes 

(Fig,-,,~ B_4b) 

There is no obvious correlation between .... and " Srf"Sr; for the Star diamondilerous kirmerlite dykes, 

which show a wide range in " SrrSr, lor little change in 8H. (Figur~ 6.4c). However there is a weak positive 

correlation Ie.- these kimberlltes between .... and ..." with the macrocrystic sampl~s JJG 2833, JJG 4570, 

which have the lowest "''" also having low .... (Figure 6.4d). AltI\ougtl they do not Il'eally differ from the 

other Star klmberlil~s With respect to initial "SrI"'Sr, the Barran Dyke sampl~s have much hil}her initial .-...-
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and ENd than the c!iamondiferous kimoorlite dykes and, as discussed further in Chapter 7, are clearly derived 

from a source with an isotopically distillCt COfTlHlSitlon. 
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Figur. 8.4 Variooans in HI iSotope compol ition in !he Star kimberlite dykti5. Analytical 2" unc. rtainti n 10, HI ar. 
a>'Pfoximatety I Ymbol oi",", 2" urartainlieo lor 5r are omaller Ihan symtd oize, typical 2" uocertalntieo fc.- Nd shown 
by erl"Of l>ar. RlIgrenkln Ii"" reflects a lMo'titiCOll i$O<Ohron c""'uI~~d ~t 124 Ma. Montie array sr.>wn in (d) from 
VervoM et 81. (1999). 

6.4 Comparison in isotope geochemistry between SWartruggens, Star and other 

South African kimberlltes 

Figure 6.5a Illustrates the variation of initial E"", witl1 " Srr"'Sr; in the SwartruQgens and Star kimoorlites, witn 

fields 01 mi(\..Ocean ridge basalts (MORB), ocean istalld basalts (OtB) and southern African Group t and 

Grollp II kimbe~ite5. It is clear that both tne Swarifllgl;Jens and Star kimbenites fuillargeiy within the field lor 
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ot~er Group II kimberlites, with t~e Star kimberlite. having higher initial ENd (4)> = -9.39 ± 0.35 to -784 + 

0.29; Tab! ... 6.2) than tM Swartruggens kimberlites (£ .... "' -1195;; 0.34 to -11.37 = 0.36: Table 6. 1). Despite 

"'ther restricted irliti31 Nd isotope ratios, bot~ the Swsrtruggens and Star kimberlites show a wi"'" range in 

initial Sr isotope ratios {Swartruggens " Srt"'Sr, = 0.70771 1 ± 14 to 0.710447-,- 15; Stsr " Srf"Sr; 0.707183 + 

16 to 0.708724 = 14: Tables 6.1 and 6.2} and s IIlImber of tne SwartrllWens samples plot outsld ... Ihe field 

of GroL.p II kimberlites towards higher initial " Srr"'Sr at lower irlltial ENd . 

The Swsrtruggens snd Star kimberlites defil e sllb-parallel, sub-horizontsl trends 00 S plot of e.., versus 

" Srt"'Sr" with widely varying "Srf"Sr; for little dlange in ~". , wh icn, with tn ...... xception of the hiqt1 " Srf"Sr; 

Swart ruggens samples, lie within the field of otner South African Group II kimbertites (Figure 6.5 b). Th ... 

Swartrugge~s kirrbe~iles (with initisl~ .. ~ -24.92 +015 to -15.24 ± 0.15: Table 6.t) have lower St- . t~sn the 

Star kimbeliites (with i~itial £"' "' -7.8 ± 0.19 to -4.63 = 0.24: Tsble 6.2), w~ic~ slso overlap t~e range in £rt 

of Group I kimberiites. 

• SwartnJwens ki rrVrit •• 
+Swort,, ---", ,"" I Dyl<Q 

" Sri " Sr 

o Star d ""'""""i<-rout kl rnt>o>f. \es 
o Star s.,,,,,,, D,,!'Q 

, 

• Gr"'-'P II kl rnbo,j,tQ, 

" Gr"'-'P 1 ki rrt><~ iIe. 

(.) 

FiQur~ 6.5 Variation. in isol:>pic composioon in th" Swa~ruggeno ond Star kln'll:><orlite$ cOft'{hl red to other South Aftican 
Group I and GroI.{lII klm l>e<lite. an d oIher derived marl", rocl< • . Initial ratOO and , value. ore calculated a • • uming all"s 
of 1~ Ma lor Swart"-'W""" (Smith e/ rIi., 19858), and 124 Ma for Star (Maclntyr" atld Dowson, 1976). MORS and OIB 
fi slds ar~ present day, but th e small c:hange in Sr "ot;f~ c co fTT'Ooition over 150 Ma '" illustrated b>' the voclors lor 
evolution 01 primitive mantl<l3h-own on (a) and (b). The c:hange in HI and Nd isol:>pic compo.lt",n . ov..r 15!lMa is too 
. mail", be .eef'l. Mantl e ,.-ray 800Wn in (c) lrom v""""",rt "I 81. (1999). Data for MORB and OIB fi"lds from Patchell and 
Tatsu!l1Okl (1980), Patch ett (1003). StOl" et ~. (1006), S31t"" "nd Hart (1991 l. Chauval el al. (1992), S"lt"", (11:196). 
Salters and White (1998). NOW91 et aI. (1998). Data for Group I atld Group II kimberfte field, from Smith (1 983a atld b), 
Taln!Qn (t (04). Clark (19904). Nowell et ~I. (t 999 and 2004) 
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Figur~ 6.5 Continued. 

• SW3<1rL.\lQe", k_t~' 
I s""""'cweno l.Iu l Dyke 

eNd, 

o St" dialT1Orldifer"", k""""'~I€, 
o &ao- Bar"," Dyke 

• G/'t4l11 ~rnbenll€, 
Gfoup ,_,iles 

The variation of r", with 0,", for too Swartruggens ~nd Star kimbeo1ites is shown in Figure 6.5<:. The Star 

kirrt>erlites plot within the field 0/ Group II ~imberlites, whereas some of the Swartruggens sa~les trend to 

slightly lower <.., and " .... compositi<;ols than other Gra;p II kimbel-lites Group II kimberlites typically plot 

close 10 too mantle army defined by MORB and alB, where " .. = 1.330"," + 3.19 (Vervoort at ai., t999; 

Now~1 et ai, 1999); the Star kimberlites plot slightly above t~s array (with li.eH' E +0.61 to +2.71; Tat>e 6.2) 

and the Swartn.tggens kimberlltes plot below it (with litH, = -12.47 to -2.72; Tsble 6.1). Group I kimberlites 

ovetiap the OIB field, slightly below too mantle array, with higher "."'-' and slightly higher e"" than Gra;p II 

kimberlites 
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Chapter 7 

Petrogenesis 

7.1 Introduction 

Kimberlite-like magnas have beet1 produced. by some experimental workers. by small degrees of partial 

melting of a carbOllated garnet lherzolite (e.g. Dalton and Presnall, 1998). The Sr, Nd and Pb isotope 

systematics of both Gro~p I and Group II kimberlltes have been well studied (e,9. Smith. 1983a: Fraser and 

Hawkesworth, 1992) aI1d the more enridled isotopic ratios 01 Gr04' II kimber1ites have btlen inferred to 

reflect their source 11 the lithosph€ric mantlfl, whereas the less radiogenic IsotOpic ratios of Group I 

kimberlite" have been inferred to reflect their source in the convecting asthenosphere (Smith, 1983a). 

However, this hypothesis Is oot undisputed, aoo Ie Roex (1986) proposed that the Sr and Nd iSotope 

systematics, combined with the incompatible trace element ratios, of both Group I and Group II kimberlites 

do not preclude a plume-relaled origin for bolh groups in 100 sub-lithospheric mootlel! Group II kimbeMes 

are associated with a plume cootaillil1g significatlt recycled lithospheric material. In addition, the negative 

A"" signature of Groop I kimberlites, aOO the cootinulXn 01 HI isotope compositions betwe~ n Group I aOO 

Group II kimberlit""', has been ~oposed to reflect that the sOll'ce regions of both kimberlltes lie within the 

sub-lithospheric manUe, with a cootribUtir;o1 from a subducted slab compooent (Nowell fli aI, 1999,2003; 

Dowall el al., 2003a). The most radiogenic Os Isotope compositions of both Group I and Group II kimberlites 

are similar to those of ocean i" laOO basalts (Pearson fit al., 1995, 2003a), lending further support for an 

origin 01 both groups within the convecting astherlosphere. 

Due, in part, to the complications causoo by post-melting processes, such as lherzolite entrainment, crustaj 

contamination, alteratioo and crystallractionation, in ascertaining the nature o! primary kimberlite magmas 

(e.g. Mitchell, 1995), lew attempts tlave beerl made to quantitatively model too trace element signature 01 

kimberlite source regions To date only one major study, ttlat of Tainlon and McKenZie (1994), has 

attempted to characterise the SOll'ce region trace element concentrations of Group II kimberlites. Tainton 

and McKenzie (1994) constructed a detailed model of trace element behaviour during Group II kimberiite 

geIlesis, aOO calculated a sOll'Ce composition that i" strongly enriched in the more incompatible trace 

elements but depleted in the heavy REE relative to primitive mantle, for too New1ands, Sover-North, Soyer­

Doomkloof, Bellsbank and Flnsch Group II kimberlites. TOOy condud€d that such a composition requires a 

source which had undergone a depletion event, followed by metasomatism. and that the depleted signatll'e 

of the ~eavy REE coostrains the sollce of Group II klmberlltes to too lithosphere, in agreement with the 

hypothesis of Smith (1983a) but apparentr, in conflict with t~e recent HI and Os isotope st<..<lies of 

~imberlites (Nowell et a/., 1999. 2004; Pearson fI/ al .. 1995, 2oo3a; Dowall fI/ aI., 2003a). On the basis 01 
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cormined major and tn.ce element and Sr, Nd and Ph i,otwe d~ta, Fraser and Haw~eswcrth (,992) 

reached a similm conclusion to Taintcn and McKen,e (1\184) tor the orinin of Ihe Finsdl Group Ill<iml>erlite, 

~lIrolJgh their hypottlesis was based ."rimarily on isctopk: co~stfaints, following Smi~h (19834 Two rec.".,t 

stud··es, hI' Ie Roex et ai, (2003) and Harris et Ell. (2004), il~ve attempted to qu~ntify the source region tr2~e 

element chamcteristics of Grou~ I ~imberlite, (from tre Kim'",rley r.roup, and Ihe UintjiesIJer~ oll-~ralcn 

kimber1ile respeclively) Based 00 detailed :race element modelling, bolh stLXJies iiluslrated Ihat :he 50urce 

r","ions of ttlese Group I kimberlite, exhihit similar, de~leted tle~~y REE 5i[J1alure5 rei2ti~e to _~rimitive 

man:le and thus fdlowng ttle argument eX Tainton ~rd McKenzie (1994) descr;bed above, may also be 

Located wi:hir. the I;:hos~herj(; man~le. Howe~er, these authors argued that the source re£iOl'.s of the 

re5_~ec:i'{e kimberiites ~a'{e ar, over."rint of s:rong melasomatism by p:ume rela:ed fluids or me,h, ar,d :hus 

this hypot~esis is not in CO'1fiicl with too,e ~ased 00 isolopk: constraints de5(;ribed above 

Kimberliles ae permeable and thus h>£hly slJsceptible to aiteralion by per~olating groundwater (e_g_ Berg, 

1994). I~ mjditio~, due to :he!r rapid ascffit. :rey commonly ertmin and par tiaily a55imil~le mantle ~nd 

cru5:al ma:eflal :0 variable Qe~rees (e.g- C:em""t, 1982), These three _~rocesses, ~ogethft \'oith frJ~:ion~1 

crystall'sa:iOl'" may 5ubstantially a t..,.- :he geocilemical cemposition eX the prllnmy kim~rli~e magma (e.g, 

Mi:chell, 1995). In Sec:ior, 7.2, t~e effec', of eacll ot :rese I"'ocesses on kimber:i~e geochern'dry ',,; 

considered in detail wld ~pp:ied :0 t~e s.uites of sam."le' frem SwartrlJggens ~rd S'ar Witll :he ir.ten: ot 

isol~l;n~ close-Io-primary kimbe.-lite magma compcsitlor.s at eacil locality. Sim~le ~mlial meltinn modellin~ 

of these close-:o-primary kimbe.-lite m"(;mas i, ther, used to pace constra',n~s on Ille trace element 

r,eor;hemislry of Ihe resre~:ive sOUf~e reoOns. The ellec:" of variables SUCll ,,~ :he degree of par'ial 

melting, tre residLal source mir.eraIO£\, arxJ the role ~:~yed by residual ac~essory phases are cO'1sidered in 

Sec'ior. 7.4. Evaluatioo ot tre trace element signatlJres ot the SOurCe region, of t~e Sw"'tru~ge'1s and Star 

kiml>erli:e" together w,th :he<r Sr ard Nd. Jrd Ht '"o~o_~e compositiO'1s ."rovides, for eoc~ local ity, a wider 

~e,"pective tran any previous stlJdy of :re wllole-rock geochemistry of a 5-"1~le kimbe.-lite, from wlli~h 

ev'ldance for the cootribu:iO'1s made by Iltho,plerk: versus astilerO&_~ller:c mantle ~~n be drawn, This 

a5."ec: i, dIScussed in Sectk;n 7.7 

The _~rincipai aims of tll;S cha~ter are sun-marised as ;ollows; 

1) To assess the ettects 0; late-st"!;e processes SL.ch as alterJlior, crusta: ~ssimilalion, lllerz~lte 

entrainment and crystal Iractionatior. 00 tile m~or el(rnent, trace element and isotopk: ccmposi:ion of 

Ille Swar~nJ££en, and S:ar ~imberli:es 

2) To isolate these effects a~d :h~s establish the compositions of the close-to-primary kimbe~ ite magrn;l(s) 

ar.d 'he origir. of £eochemical '{ar;'a:ions ""tween and withi~ the indi~id~al dy~es a: eoch loca'ity, 

3) To l,se the close-to-."rlmary kimberlite magma ~omposi:iors to co~slrain the res_~ective source regio~ 

neochemistry, Ir,neralogy ar,d location (,'thosphere vs, aSltlenosphere) of the $wJrtrug£ffi, and Star 

kimberliles 

4) To evaluate t~e petrogB-1elic _~rocesses n'virg rise to tile Swartru[)£ens Muillampro."hyrk; dyke ;u1d its 

rel~tior.shi." 10 the kimberlite dy\<es, 
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7.2 Modification of primary kimberlite magmas 

1.2.1 Alleraliot! 

Petrographically it is evid&nl llist som& of th& sampl&s Irom both the Swarlruggens and Star krnberlites 

ha~& b&en affflCt&d by low tBrT1p9rature alteration; oll~ine is commorlly allered partially or wholly to 

serpentin&. and sometimes r&plac&d by calcit&; in more altered samples phlogopite is altered to cHorite; thin 

veins of secondary calcite cut through SOme samples. In identifying Ihe igneous processes that IIsve 

affected the primary magma compositions of the SWartruggens and SIar kimberlites, it is therefore important 

to consid&f th& &ffect Such alt&ration may haV& had on the geochemical composition of the samples studied. 

Lat&·stage, low t&mpttratur& alteration of Kimb&r1 rtes occurs in two ways: 

1 - the high volaine cont&nt of kimber1ite magmas concentrates inlo residual fluids during solidifLcalion, 

resulting in per~asi~e dflUteric alt&mtLon (Ie Ro&x et a/., 2()()3) or "automelasomatic serpentinisation" (Berg 

and Allsopp, 1972; Berg, 1994) and 

2 - post-solidification permealion of groundWater through the kimberlite (e,g. Berg and Allsopp, 1912). 

An important consequence of process (I) above is that, in a closed system, the alteration reactions are 

essenlially isochemical and tl"l.Js extensive serpenlinisation of primary minerals, and r&distributlon of the 

fiuid-mobile elements, may occur without changing the bulk rock composition. For &xampl&, Pric& et al. 

(2000) reported samples from the Jericho kimbOOii& in Canada with serpootLnis&d groundmass olivine, 

although ° isotope data preclude the involvement of m&teoric fiuids. In reality, howel'&r, some of th& 

primary volati e content of kimberlite magmas is beli&ved to b& lost, and thus SOITI& of the more fluid mobil& 

e!&ments may be leach&d. during emplacement. The perm&able and porous Ilature of kimber1it&s mak&s 

th&m highly susceptibte to the percolation of considerabl& quantities of groundwat&r (&.g. Berg, 1994). The 

effect of groundwater mo~ement on the geochemistry of the kimberlites will b& similar to that of the toss of 

magmatic water in leaching mobile elements, but in addition may &I&vate in the kimb&rtit&s th& 

concentrations of mobije elements that are present n high abundance in th& host rocks or groondwater 

The alteration of olivine to serpentine by a reaction such as the following 

2Mg,SiO. + 3HP = Mg,Si,O,{OH); + Mg(OHj, 

olivine + water '" serpentine + tlrucite 

releases Mg. some of which may b& l&ach&d from the kimb&rtites (&.g. Clement. 1982). The surrounding 

shales at Swartruggens and Star ar& 11490 poor (App&ndix 4), and so mobility of 11490 will result in a net loss 

from the kimber1ites. 111& abundance of Fe oxides with in and arol.l1d relic olivine macrocrysts sugg&st that at 

loost some of the F& releas&d during breakdown of olivine has tleen retained. Analysis of the country rocks 

indicate thai they contain F& in similar abundances to the kimberlites (Appendix 4), and tl"l.Js, &ven though 

the Fe concentrations in the kimberiites may be disturbed, the individual kimt>er1ite samples are I.I1Hkely to 

have consistently gaLnad or lost significant Fe. Despite the typically fluid·mobile behaviD\Jr of K, as a 
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stoichiornetric componeot of p'llcx;ooi'.e i~ will be stab:'ised to so,,"," e.tw1t by Ihe ooundanl pillogooi:e 

presen'. in bolh Ir,e Swanrurroens and Star kilnber:ites. HOWeYL>(, wr,ere pillcx;opi'.e has beer. altered 

cxte'lS',V~y 10 c~lorile (sucr, as i'l the Swar~rL.ggens Third Lease samples, Aopendix 1), K may be :nore 

susceptibk ~o leoching. AI,O, ar.d SiO, are !.'1lmob'e, IxII may beco.'1le enriched in the kilnberlites either 

direcdy, or relativ~y as a reseJ! of leachir~ of more :1looile ~emoots st.ch as Mg and K (Clem"",t, 1982), 

Due 10 I~e alteralion of cri: y'ne 10 serpentir.e, ar.d chloritisat 00 01 pillogoplte, samples thai ~ave in'.eracted 

'1l0re e"ersively with grOU'ldwaler may ~ave elevated LO!. Some autha-s ~ave used r,igil LOI as an 

ind:calor 01 allL>(alion Ie .g, Sweeney and 'Nir.ter, 1 ~9). althougr, care should be 'aker witr, t~is aoproac~ as 

primary kimberlile mailfnas are expected to have h>;;h volatile conr"",'s, ,...nich may be losl 10 variable 

exlen'.s duri'ln emplocernen'. Ie .g. Dawsor., 1 980) 

The concer.tra~ions of the irrl.'1lobile ~race ele.'1leots "'X;~ as I~e HFS dL1nwis and REE are 10~ susceptible 

to al~eration, whereas the abundaoces of tr.e .'1lore mobile LIL ele:nents may be disturbed II" p a r~icL.!ar Ba. 

which IS present in high coocentratioos in tr.e crest (Rudnick and Fountain, 1995), :nay become elevated in 

more a;tered kimberlites by percoia'ing grourdwaler, T~is dfect is difficult to distinguish from that of 

asSimllarion of crustal .'1laterial discussed in :nore delain in seclion 7.2.2 

The Nd and Hf isotope oomposiLoos of 'he kilntJerlites will remain undistu-bed by al~eration, as Sm, Nd, Lu 

and HI are immobile elemenls '111 Ir.e wealr.erin~ environment. However, Sr-bearir.g groundwater may have 

a cor.sidcrabk effect 011 Ihe " Srr'"Sr com;:-osit ior; 0: tI'.e kimberlites (e.g. Kramers 6/ aI., 1ge1: Smith, 

1983b) 

711. 1 The effect of altemtiOrJ 0" the S':mriruggem kimberlite dykes 

All the Swartruggoos sampl es ~ave suffered aiterat;oo of the primary mirerals 10 some ex'.ent, as described 

in Chapter 3 ne geocl'.emical effect of ~~·s alteratioo ;s illustrated :n Figr..re 7.1, He mai orily of 'J:e 

Swartruggens kimberli~e samples have MgO/S;O, g-ea'er than 0,54, and s~ow a :i:niled ranne of yariali<Y1 

bo'h in MgOISiO, and K,O, wb::~ Can readily be expl ained by smail deg-ees 01 "'erwli'.e enlrainmen'. 

frac~ionatio1 of oiivine sr.d phlogopl te, and passiuly assimilatio1 ol.'1linor amounts of Crt.st (Figure 7.1a). 

However, t~e Third Lease samples, 2 ssmoies :roo) II:e Soulr, Fissu-e (JJG 3145 sr.d.-'lO 3150), and 3 

sa:noies from I~e C~arlger,ouse Dyke INC 007, NC 009 and Sr 7) r.ave lower MnO/SiO, ratios, and COY,", a 

range in MgO/S;O, 'hat ce.noot read.iy be explained by reasonable a'1lOL.nts of assiml a'ion ()f froctiona~loo 

This raoge is coosistent w,th some MgO havir>;; beoo les-:;hed from the samples dL.e to .... earr,ering or 

~roL.lld .... ater move.'1lent, and 'hose samples witr, lowered MgOISiO, ratiOs are also depleted In K,O relative 

10 I~e leaSI al tered samples Even if the indiv>:Jua! dykes formi1g II'. .. Swar'.rugqens kirrberlite were for:ned 

from separate magmas w i~r, different ~'lgO/SiO" the ooserved withi1-dyke range is too Isr~e 10 be 

accourkd for by aw other I:k"y peocess. The Third Lease samp,es NC OO~ and NC 003 have suffered the 

most dcoirlior in MqO and K,O, ald this IS coosistem wi~r, the obsL1Vatioo ~hat these samples are t~e most 

altered pelronraphicaily (Ap;>el"di, ~). loo a!IL1'ed sa:nples do nol sl:ow a cons'lslenl '.rend of ir-.;reasi og LO! 

wi~h dccreasi'l~ rw,o/s':O, (Fig rxe 7.1b). However, I'. is notew()ftt:y Ir,<]' I~ose samples thar are ~he :nosl 

altered al l r.ave eleyated LOI relative to ,he less ai'.eroo sa'1lples 



Univ
ers

ity
 of

  C
ap

e T
ow

n

" 
• 

" "., 0.4 0.5 

MgOI SiO, 

" 

" , 
! " 9 

, 

" 

, • , ''f 
• , 
I , • , 
t <.~ 

L. " • 

"' "' " .• o. "" MgO! SiO, 

• Moin D)ol<e 

.a.Ch""90ho<J •• Dyko 
s.o;.J ._ ... """'''''_, 

...., .,...- ,..,. """""'-

.T"6 L •••• 
,. Soolll fi>.;uro 

0' 

Figurv 7.1 Too .ffact of altaration on the 1(,0 and LOI COrlCentfations ralah. to MIlO/SiO" and Sr isolope 
oomposi!ioM of the Swartruwe .... <lmbe rl~e dyk .... M*,," .lemont data for typ;caI crust from Rudnic. and FOUIltain 
(W93); mi<irlg para-n eters for Sr isotopa composition of the crust are given in Table 7.1, attar Smith (1983/)) ~nd 
rala ''''''' • • th are;". 

The LlL 1I1''''lfInts are v~riabl e in abundance in the Swartn,Jggen~ kimber1ltes (Figl.lre 5.4), allI10ugh there is 

a willi "defined pOSitiVI! correlation t>etween K and Rb, indiC<lting tMeir strong geochemical similarity (Figure 

5.4a). Thll ftuid mobility of Ba is rll~ecl!!d in the variable abuMarICe of late-stage barite in the groondmass 

01 some &amples (Mitchell, 1995). However, the concentrations of the LlL elements in the Swartruggens 

kimberHtes are high, and although absolute abundances 01 these elements should be treat.d with caution in 

evaluating petrogenetic processes. they may still yield Valuable infco-mation. 

It was noted in Chapter 6 that the Sr isotope compositions of tI1e Swartruggens samples define a positive 

correlatiCMl between " Srr"'Sr; aoo 11Sr, indicative of mixing with a component containing less abundant Sr, 

with higher " Srr"'Sr. than the kimberlite samples. Using the parameters of Smith {1983b), gjven in Table 

7.1, the effect of addition of up to 20% crust is illustrated in Figure 7.1 c. This clearly does not account for all 

the variation in initial " Sr!"'Sr even within individual dykes and addiliCMl of crust of this compoMion {300 

ppm Sr. "Srf"Sr .. 0.75: Smith. 1983b; Table 7.1) atso does not account for the obS61'1ed variation in 

absolute Sr concentration within individual dyklls. Thus the samptes with etevated Sr isotope compositions 
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are DelI&Ve(l to hIM'! su/ler~ some irIleractlQll Wilh woundwltler. However, the broad roegal iw c;orrelalim 01 

"Srl"sr, with '~U"'Hf, Is ""'!J9'!51 iw thal cm\aITI,nallon by crust has pl~ some rol& In erealirrg the 

observed ltoi<>pic vaflaDl In tho! SwartruggellS kilTt)erl\('!S, as w)1 be discussed fuMef In Sectim 7 2.3 Of 

the .af11)les with rn=I stIoogly eleY8ted '"'Sr""Sr r8llos INC 005 and NC 007 IrQm the CnangehouSl! Dyke, 

and NC 010 fTam IDe Mafl Dyl<e), only Ian1'le NC 007 apf"'3.rS 1(1 hll'le distu"bed majOl ftlftll'ef1l 

ab<Jndllf1Ges (Figure 7. 101 and b). 

7.2. f. 2 rll~ ""flets of "Iteration on the Slar kimberlilfl dykM 

AltnotJ!1' fresh oI"'ioo remains in several 01 the Slsr samples. ail tne samples nave t)e1lM eff9Ctad to some 

extent try IO'N remperalure aiteratim as <.!iSCUSSed In Chepter 3 ne geochemcal effect 01 tnis alteration IS 

illusts3led In FIQl1.e 72. The rrofor"oty 01 apl"ieoitlc kln-berllte sarJllles from Ster have MgOISl~ between 

approldmalely 0 5 and 0.8. and StlO'N variation in bOIh MgOISiO, and K,o COf\$iS\enI with ,mat degree.. of 

fract ior>atoon of o livine and phlogopile end 1Idd,Ilon of lherzolite, with possible small ernounll 01 addttion 01 

crust (FIgure 7 .20) To the hig. MgO side of this {rOUP, the mOO'! maCfocryslir: ,ample, IQI"m a trend of 

inCf6aSing MgOlSiO, wilh decreasing ~ coo\eflt consistent with enlrailment 01 mote substantial quaflllr;es 

oI lhen.oIrte. "" will be discussed il.rrtMr In seeton 7.2 4. T (I the tow MgO sid ... oIlhe dlagrem. a $ut>set of 

samples (JJG 6361A. SJfi 37. JJG 6361C, and JJG 6369 from tile Wynand~fontein Dyke: SJH 78 from too 

Byrnes Dyk&) form a trend or d""rnllSing MgO/Sl02 wllh decrea$ing K,o content JlJthough a portion of Ihis 

trend cou ld b(I attributed to assimilation of smail amounts of crust. or sma" degrees of phlogopi te 

fractionation. these processes cannot account lor the entire range in compositions These samples are 

the refore Inre,preted 10 nave suffered leElCll lrrg 01 botn ~ and K,O. The Barren Dyke slilfl1Pl8s <1'50 1811 on 

tnll lrfnd. ahhDugh, a.5 di5aJSSll(j in earlier cllaplers, Ih&y Bppear to be goeochemlceUy cflStWlct from tne 

"'hili" ",mber~le" m 51", (e.g. 10f Nd llnd Hl lsO!OPes; Table 6.2) and they sOOuld be C(lJlsldered $llparale1y. 

The Barren Dyke samples stuN no CXJn$1$1en1 wllh,n..oyk<! trend oIalternlion. 

The most altered Star krnbeo1ite 5IIf11)le, all GOIltlli'l hig! LOt (>15 Wl %: FrgUf& 7.21:1) Howev ..... other 

Sample', 8~eh as the aplla.nibc Byrnes Dyke samples which are considered leSS Bllered, also r;o:llaln hi\jh 

~Ol, Indicatin g Ih~t hi~h volaille r;o:ltent in kJmtle~ltn is root necessar11y indicative 01 h~Y allered $amples. 

The lIL elements are variatHe in abundence In the SIB( l<imberlites, suggestin~ some redistribution due 10 

lI1e movement 01 late·stage fluids thrwgh the rock. Hc.oIever. lhey a"B goeneralty present in hign 

concen1Fations IT able 5 2) <rod Ihus. although their absoh.lte concentrations ShlJukI be lIealed with caution in 

tIIIetuadng the petrogenesis dille Star klml>erltles. they may stnl yretd vatuable informetton 

A!J menlloned In Chapter 6, a rA.lmber of s.ample5 from SUr (JJG 6369 from the WyI"lal"ldSforueln Dyke. SJH 

30 from the East Star Dyke. 8f1d SJH 79 and SJH 76 from !he Byrnes Oyke)ltave elevated InfU I "Srt"sr 

,atIM . OOITlPBfed \00 10 re st of Ihl! iamples. yeI allow no vanation in Nd QI" HI i$OlOpe C(lJl1poaHlon These 

high " SrJ'OSr sa~es el have relatr.-e!y ~1{tI Sr r;o:ltoots and. with Ihe e~ception of sample SJH 79 (Byrnes 

Dyke) form ft Irend away from tne lower ' l Sr""Sr samples with high Sr CQI"1tent~ towards nigher .1Srt"'Sr and 
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Figuru 7.2 The eff..ct 01 altarati"" "" too K,O and LOI co"""'ntration. relat"a 10 MgOISio" ~ nd Sr isotope 
compositions of the StM kimberlite dykes. Major ele.ment data I", !y~~ 1 crust from Rudnick and Fountain (1995): mixing 
pa rametMs I", Sr ioobpe romposition 01 the crust"", given in Table 7.1, after Smith (19831l) and refe",,,,,,,, therein 

lower Sr <XlllCentratioos (Figure 7.2c). Using the mixjng parameters of Smith (1983b), giV8l1 in Table 7.1, the 

change in Sr abundallGe in these samples Is somewhat too large to be accounted lor merely by crustal 

assimilation (Figure 7.2c) and is better explained by alteration, slthough of these samples only SJH 78 

(Byrnes Dyke) api>ttars to have disturbed major element abundsnces (Figure 7.2a). In sddltion, as 

discussed in Sectioo 7.2.2, the HI and Nd isotope cOO1f1OsltionS of these samples do not appear to he 

affected by cruslal contamination. HCM'ever, absolute Sr abUndances, and isotor>" ratios, are highly variable 

in the crust (e.g. Barton, 1999), and thus it cannot be concluded th~t the higher "'SrI"'Sr samples have not 

been <Xlntaminated by crust with a lower Sr concentration and higher "Srl"'Sr than given in Table 7.1. 

7.2.2 Crustal contamination 

Aversge crustal material is typically enriched in SiO" AI,O, and Na,O, aroJ less enriched in MgO and K 

relative to kimberlite magmas. On thiS basis, Clement (1982) pfoposed the foliowing contamination index (C. 

I.) for identifying samples that have suffered extensive alteration aroJ crustal asslmilatioo; 

C.1. = SiD. + AI, O) + Nap 

M~ + 2K,0 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Clement (1982) notoo th<lt o~parently uncontetninalcd Group II kimb~rliles have coota rri nation ind<ces u~ to 

1.5. Since low temperature aiterafon may Cause the loss of MgO and K,O from the k.--nberlites and relatve 

enric rru ent 01 SiO, and AI,O" anb tile inliex doe~ not distinguish bdween Ihe two ","o<:esses. Crusta::y 

contaminateb kimberlite magmas also corrrnonly h<lv~ misL'd abundances of the heavy REE lie Roex et aI., 

2003), and coosequently lower GdiYb th<ln uncontanl"not~d kint wr'ites, I~ Ro~x et ,,1. (2003) discmded 

Group I ki rrtJ eriite 5.3mples with lorge positive Pb anomalies on Ih~ bas's of crustal cootam irmtion, although 

thi~ ap~rooch may not be valid for Grwp II k·.--n berlite~ as posili,~ Pb arw:.-nalies appem to be ubiquitous 

and Pb mncentrations in the crust (e·o RuJnick ano Fountain, 1995) ar~ similar to, or lower Ir.o'1f1, those of 

Gro,,~ II k;ntwrlite~ (Ihi~ stuliy; Ie Roex u~ublishL'd: Coetzee, unpublished; Fmser and Hawkesworth, 

1992: Tainton and M~Ken7ie. 1994) 

A~similation 01 Or-,lst may alter the ;,;otopic ratios cI: the k:mbe<Hes as bOtil "'Nd/"'Nd and ''''Hf/'''Hf me 

low..,- le.g. Smith, 19113b anb references therein: VelVoort and Patchett, 1900), wllereas "Sri"'Sr C<ln be 

cons xJ erably higher (Barton, 1999; Smith, 19B3/) and refer""~es there<n), in the cru~t limn in kimberlite 

magmas. Although all these mtkls me hig~y var'able in 'he crus!. ty~k:.31 values h<lve been used to ill ~t. ote 

the effects of crustal assi rri lal'on on the isotopic co~osition~ of the Swartrugoens kimberlites, onb are 

gi'{611 in Table 7 1 For Sr, the~e parameters are similar to '{alues rep()(ted fO" crust in the region (Smitr., 

1983b and references therein; Bmton et aI., '999). Hf isotope data for crust In 'he region 00 not ex;,;t and 

thu~, lor illustrahe purpose~, ood average value for Archaean crust has been used (Vervoort and Patchett, 

1996). 

Tabl~ 7.1 P.rameten u. ed" oru>IOlI ""imllotl<>n roodel •. Sr ~..-am eler> aHer Smith (19S:1t)) am ref.r.r<:e. th er.in; 
HI P' ",mete" Irom Vcrvoort ,.ld P,'chott (19')6) 

Cru$t , 
So (ppm) ~ , 
' ''St/' Sr 0.75 I 

HI (w<n) , 
" 'Hfi"'Hf O.2M l 

7.2.2. 1 The dfect of crustal assimilation on the SW[lriruggcns kimber/ill' dykes 

Sam~ies NC 001, NC 002, NC 003 (n-; rd Lea~eL NC 007, NC 009, SR 7 (Ch<lngehouse Dyke), JJG 3145 

JJG 315{) (South Fi~~LXe) h,we oontam:natkln inbkoes 0115 or greater (Table 4.1), and all ~hese samples 

h<lve already been not~d to h<l,'e been aflecteb by altElration (as mentioned in seelion 7.2.1) However, 

sample JJG 3150 (SWtll f;,;sure: Fioure 7.3) also show~ raised h~'wy REE abundowlces and a low GblYb., 

and may, in addition, be crustally conta rri nated. Raised he~vy REE "b ll'l dance~ are also a fea:ure of NC 

004 (',bin Dyke), despite the low", C.I of this ~"mp'~, There :~ no consistent treed 0' increasing S;O, 

cont""t with decr~asing GdlYb" ratio within the Sw"ftn1']gens kinu erlite dykes. i·l<>wever, this effect moy lie 

masked to som~ extent by lherzolite ~ntrainnlfflt or rrilCtional crystallisation (Seclklns 7,2.3 OWld 7.2.4) 

G;ven the high Zr and Hf concentratkln~ ill the continen'aI crust IZr - 100-200ppm; HI- 5~pm: Rubnick and 
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Fountain, 1995) the positi~e Zr-Hf anomalies shown by three 01 the sa~les with high cOnlaminatkm indices 

(JJG 3150 from the Sooth Fissure, NC 007 and SR 7 from the Changehouse Dyke), compared to the 

negative Zr-HI of uncontaminated sa-nples (e.g. Figure 73. Figure 5.5), may also be a feature of crustal 

contamination. Samples showing any 01 these features are excluded from further discussiOO of the 

petrogenesis 01 the Swartruggens kimberlite dykes. Nine of the nineteen Swartruggens hnber1ite samples 

are therelore discarded 00 the basis of crustal contamination/alteration. k; diSCUSSed in Chapter 5. sample 

NC 010 (Main Dyke) shows several leatl.l"es 00 a primitive mantle normalised diagram that are Momalous 

for the Swartruggens kimber-lites (strong negative U and P anomalies; depletion ill the heavy REE). and 

although these features are not readily attributable to crustal contamination. this sample is not believed to 

l>fI representative 01 the Swartruggens kimberlite geochemistry and its major and trace element 

geochemistry are not disrussed Il.I"ther_ 

~ c,,,,, • .,, ooo_ ed 
"""<'Ie (j JG 3150) 
TlA1o"",,. _" ~. 

---'-_.. ' 

Swartruggens 

South Fi •• ...-e 

,-
RbB. n U K T. Nb l> CoPh Pr Sf NO P SmHf Zr Eu Ti Go TbDyHo ErTmYb Lu 

Flgu,.. 7.3 Primitive mantle nC>l"rnalised iOCOO1patlb " elemenl paU"," " loc tho South Fissure samplas ( .. xcludillg 
~xc ... siv. ly _ath~",d sarJ'P " JJG 314~). $wartrugg .. ns. IIIu.tratiog the effects of crustat assim l atlon In t~rms of raised 
ncavy REE and Zr and HI ""'-"'dar-.;a •. PrimiUve mantla values from Sun aod McDonough (1989)_ 

It was mentioned ill section 7.2.1.1, and illustraled in Figl.l"e 7_1c. that although some 01 the range in Sr 

isot0r>e c0rJll0sitions 01 the Swartruggens kimberlite sa~les may be accounted for by alteration, some of 

the variation present may also be due to contamination by crust. This 'IS supported by the broad negative 

correlation between the initial Sr and Hf isotope ratios in the Swartruggens kimber-lites (Figl.l"e 7.4), with 

samples NC 005, NC 007 (Changehouse Dyke) and NC 010 (Main Dyke) having significantly lower initial 

" ' HU"'HI, combined with higher ~itial "Srr"'Sr, than the other tlvee Swartruggens samples. A mi~in Q 

cu-ve illustrating the effect 0/ assirmation 01 crust, uSllg the parameters gi.oo in Table 7.1. is illustrated in 

Figure 7.4, and it is clear !hat the .ariaJion in Sr and HI isotor>e composition of samples NC 007, NC 005 

"' 
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(CharJgehouse Dyke) <If'Id NC 010 (Main Dyke) show evidence of Se~ere crustal cootOO1inaliOl1 Of Ihese 

samples. NC ala and NC 007 were noted abo~e to have dist .... bed major and trace eI""""nt compositioos. 

Howe~er. tMre is no correlation t>etween Sr or Hf isotoj>e comj>Ositions of the Swartruggens kimberlites with 

Nd isotope compositioo (Figures 6.le and 6.2d) aoo therekce the Nd isotope compositions are believed not 

to be signifICantly affected by crustai contaminalioo. 

! r 
,. 0.2121 ,L 

, 
Q.2~20 

O,2B19 

. " l 

Figu,," 7,4 "'1'1fIlnHf, V~. "srrSr, lor !he SwartrUWGns kimba,llte <lykes. ilustratng the effect of crustal 
cont.min~tOn Errots are smaler than symbol size. Mixing ClJr\le calcul.ted using the paramet...-s for Grust givoo in 
Table 7.1, afulr Smith (19S3b) and V ...... oort "00 Palch~H (1996). 

7.2.2,2 The effect of crustal assimilation on the Star kimberlite dykes 

Applying Clement's (1982) contamination index, samples SJH 37, JJG 6361A. JJG 6361C and JJG 6369, ail 

from the Wynandsfontein Dyke, are contaminated, i.e. have C. I > 1.5. All of these s"lllpies were noted in 

section 7.2.1.2 to be altered. and their high contamination indices probably reflect, in large part, their 

lowered MgO contents due to alteration, However, some of the samples from other dykes (SJH 38 and SJH 

101 from the East Sur Dyke; SJH 80 from the Byrnes Dyke; Figure 7,5) show ele,ated heavy REE 

abuldance!I, and these samples may also t>e crustalry contaminated (following Ie Roox e/ ill .. 2003). 

Sample SJH 80 from the Byrnes Dyke in addition snows a posHive Zr·Hf anomaly when normalised to 

primilive mantle. compared to the negative anomalies shown by the uncontaminated samples from this dyke 

(FiglJl"e 7,5b), As discussed for the Swartruggens kimberlites, this featlXe may be due to crustai 

contamination. 

Although there is no consistent correlation between GdfYb and SiO, lor the Star kimbertites as a whole, this 

effect may be masked by the slightly rnfferent GdNb ratios of the iooividuai dykes coupled with variable 

• 
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Chapter 7 PetrogoflesiS 

1" Star 
Eost Star Dyke 

@ 

10 ~ 

RbB. Th U K Tat-.ll La CoPb Pr Sr N:l P Sm Hf Zr Eu Ti GdHD)lHo ErTmytl Lu 

Byr""" Dyk~ 

100 

Flgu .... 1.5 Primtllve mantle normalised irIcompatibie element patt<;rM for thG East Star ood ByrnGs DykG sampl~s. 
Star. "ustratlng the eflects of crLI$",1 assimilalbn in terms of rai$1Od ooaV)l REE and Zr arid HI abundances. Primitive 
mantl~ valuG" fr<>m Sun .nd McDonough <1(09). 

degrees of lherzolite entrainment and fractional Gtystallisation. All samples that may be Gtustally 

contaminated using any of th& aIlOY& criteria have been exctuded from further discussion of the Star 

kimberlite petrogenesis. Sewm of the Star kimberlite $arnpl&s (SJH 37. JJG 6361A, JJG 6361C and JJG 

6369 from the Wynandsfontein Dyke: SJH 38 and SJH 101 from the East Star Dyke; SJH 80 from the 

Byrnes Dyke) have been discarded OIl this basis. in addition to ssmple SJH 78, noted above to be Sltered. 

but without evid&nc;e of crustal contamination. 

It was conduded in Section 7.2.1.2. and illustrated in Figure 7.2c. thst the variation in initial " Srt'Sr within 

the Star kimberlite dykes is likely to be due primsrily to alteration, although crustal contamination may also 
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'" ... Mye elevated tl"le 'Sr, Sr ofs,gmples JJG 6369 W,'ynarldsfootetn Dyke), SJH 30 (E~st Star Dyke), SJH 79 

and SJH 78 (Byrnes Dyke), However, if these samp,es I"",e be"" crustJlly contaminJled, 't is not reilee'.sd 

in the<r Nd or Hf isotope cornposilion, ,inC!lthers is no ccyrelatioo be~ween Sr iso'.ope compositio'l J'ld Nd 

or Hf isotope corllposilio'l (Figures 6.3e and SAc), 

1,2.3 Peridotite entrainment 

Kirnbedites freqJentiy contain a su;~e 0/ macrocryst mir'Jefa's, wh iel1 may i'lCluds oliv':ne, phbgopite, garnet, 

ci"omite, clinop\-To,ene Jnd ortIlOpyroxene (e.g Clement et aL 1984), whicl, are commonly ~~r:bu~ed to 

disag[TegJted peridol!le entralned by the kimberlite magm8 en route to ~I,e sUJt~ce (e.g. Ie Roex &I al" 

20(3). In SJmples of 1x>~ll '.l1e Swurtrugge.,s and Star kimberlites, moc,'ocrysts of cWiv;ne and phlogopite ure 

prese'l' .. togelher Wi'.!l rate gJrne:. These macrocrysts have tl", typic&: rourtded. strained uppeJtunee 

eonsis:ent with a .enocrystic mantle or:gin 8nd therslore the Sw~r~r Jgg""s J 'ld S~ar kirrtJeri !les ure inferred 

to have entrained vari8t>e quantittes 01 peridotite en route to 1119 surt~ce, Macrocryst plmses Jre observed 

in tllin se,~ion to be present, in YElried propor~ion, :n all ~I"Ie kiml)erlite samples ar'IJ:ysed. and alUlOugll, J, fur 

as po",ible, m8crocrys~s wers removed prior ~o ~nalysis, smale< fragmenls 01 macrocrysts may hBve bee~ 

ir.:luded hl addiW"" SOOle minerals (parti::;ulurly or'.hopyroxene. wh;ch ,hows 8 reaction relBfooship w:th 

kimberlite (Mgma: SI,ee. 1985) =1' llave been J'3imiIJt8<J into '.he kirrtJerlite mag"'" ThJS the effee-,s 01 

IherzcW',te entra;nme.o~ 0f1 tl"le geochemist,' of Ule Jnulysed 'Jrnple, mu,t bs considemd in order to ISolate 

ciose-to-prima'y magma compositions 

Assim:lation of peridotite by the kimberiite magma -.ill incre~se ~I"Ie r-...lg# of tile kimberli,e, und ti,,, 

conce'l'Jalio'l' of certain cO!l1Jutil:He tr<lGe elsmen'.' 'UGh as NI. which are high in oliVine, orthopyroxene ~nd 

phlogopi'.s. Ir.:ompalible element cor.:e.'~ra::oos am ge.,erally low in g.grnet Iherzoli~es (e,g_ Gregoire e/ aI., 

20(3) compared ~o kirrtJeriite magmas, a,d therefore mant:e e.o~rai.oment w::: simp:y ptoduce a minor 

dilu~ion effect on tl'H concentrahoos in the kimt>erli~e magma, 

TI"Ie Nd and Sr iSotope composlt.,." 01 ~he contine.'~81Iithosphsric mantle am diverse. ,·';th ' .. , rar>gir>g from 

-55 to +40 (although twically belwee'l -50 8nd +10; Pearson 8nd Nowell, 2002, Pea,"oo ei ~J_, 200JlJ) und 

"Sri"'Sr rarrging between 0.702 and 0.78 (althoJgh tWically between 0,700 ~'ld 0,711: Pe~rson and 

Nowell. 2002; Pe,grson et &/" 20031» The HI isotope compOSIlH)f1S 8re even less const:alned, with [ " 

rJ'lging from -15 to +3800 (i0i10V ~nd Weiss, 2002: Scl,midberger &I al .. 2002: Sirna.o et aI., 2002). ThJS 

'.he effects of entr~",m""~ of pe<idotite by ~I,e kitrlJer!i:e magmas 8re difficult to quant;fy bas8<J on isolope 

compos,t\o~s aone 

7,2,3.1 Peridotite entrainmellt in fhe SViflrlWiJyens kimberlile dykes 

On a plot of Ce VS. TiO" the MJln Dyke samples delir'" ~ positive corre:wion. with the least macrocrystie 

s,gmple (NC 0(0) being the most errriciled (Figl,.O'e 7.6a). The varial'"", within tl"le dyke is consistent WiU, up 

to 30% dilJtion by a c"",,"ooent ",_lGh as peridotite, witl, a vBI)' :ow Ce coocentra~ion (<-3~ ppm) ~nd 

upproxi(Mtely 0.4 wt % TiO,_ If the wilhin dyke trer>ds sl"JOwn by the Main Dyke samples 0.' plots at: K<O VS. 

Ni, ",,0, vs, Ni ~nd N': VS. Sc are e.trap~Jted, Sucllthat the within dyke varia~;on from NC CI06 eonstilJtes 

'00 
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Figu,& 7.6 V.,iatioo diagrams iIIustr.tir>g tn.. GffllCt. of peridolit~ Mlrainmenl on th~ Swartruggen s kim berit~ dy'''''_ 
Ailered Changehouse Dyke S'itlJpi~. "r~ shown a. cr05S9S, sincG, with thG {l)(C~pt"'" of 1(,0, tn..r .t>undarIC9" 01 thG 
"",me",,, shown cb r>;lt ~ppe.r to be dislLJrbed. GL 1 is the cOffijXlsition 0/ a hypothetic. 1 average peridotite enirained by 
the Main dyk~, GL2 is th<l corrpo.~ion 01 a hypotnet'o:;al """ rag~ peridotite enlrai""d by the Char>iJ"OOuse Dyke Minerai 
composition foelds from Gregoire et aI. (2002"00 20(3). 

30% of B mixing line, the composition of the other end-mernber is -0.4 WI % TiO" -2110 ppm Ni, -1 wt 'k 

K,O and -2.5 wt % AI,O, (Figure 7.6). TNS is consi~tent with the end-member being a peridotite containing 

-10 wt 'k phlogopite (determined from the K,O concentration), -0.5 wt 0", garnet (determined from the AI,O, 

concentration) and a maximlIT1 of 68 % oli.irte (determined from the Ni concentrationl. The REE .ariation 

within the Main Dyke Can also be accoonted for by l.lP to 30% dilution by peridotite (Figure 7.1), and this 

agrees well with the observed macrocryst proportions in this dyke (Table 3. t). 

The Chanoehouse Dyke composition lies off the inferred mixing trend of the Main Dyke samples (Fi;lure 

7.6). On a plot 01 Ce . s. TiO" the composition of this dyke lies on a possible mixing lirte between the least 

macrocr),stic Main Dyke sample (NC 000) and a component that is Ge poor, but has a higher TiO, (- t wt 

'"' 
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%) t~an the aversge peridotite assimilsted by t~e Main Dyke. The Changehouse Dyke composition could 

thus be derived from addition 01 up to 50'''- of this more TiO,-rich peridotite to the least macrocrystic Main 

Dyke composition. If mixing lines are drawn 00 plots of AI,O, vs. Ni, K,O vs. Ni aoo N, vs. Sc, such that the 

Changehoose Dyke represents 50'\', addition of a com~ent to NC 000, then the composition 01 this 

com~ent is e><lrapolsted to be -35 wt % K20, - 2400 ppm Ni, - 3.5 wt % AI,O,. Assuming that the 

C~sngehoose Dyke snd t~e Main Dyke derived from the same parental magms. then the Changehoose 

Dyke must ~sve sssimiisted peridotite with sn sverage composition thst is higher in K,O, TiO, soo AI,O, 

than that assimilsted by the Msin Dyke, consistent with s grester proportion of p~logopite in t~e mineralogy. 

The REE concentrations in the C~angehoose Dyke are also consistent with addition of 50'!', peridotite to 

sample NC 006 from the Main Dyke (Figure 7.7). In addition, the Changehoose Dyke has slightly lower 

inltisl 1<>Ndl"' Nd coUpled with lower absolute Nd concentrstions than the Man Dyke (Figure 7.8). If this 

trend represents 50% sddition of peridotHe, then lor Sppm Nd (Gregoire et al., 2003) the average 

·"NdI' .... Nd of t~e peridotHe is -0.509 «(Nd ~ -33.9), willin the range of cratonic IHhosp/leric mantle 

(Pearson 0100 Nowe~, 2002). This argument is also III good agreement with t~e petrogrsp/l1C observation 

that the Changehouse Dyke contains up to 50'\'. m~crocrysts (Table 3.1). However, it cannot be confirmed 

that the Main and Changehouse Dykes were not formed from two distinct parentai magmas by this 

approach. This aspoct will be discussed in Section 7.5. 

Up to <0" frI.o1ionol ~1aI 1"'~" 

,. ... ..;::;:':'_~/;""' ... ofr ...., "',. 

_'''' " '" to"".,-, ho>(d", '" 
""""",I< • .." Of'" 

-" " '" . ",.,., - ,. ., . _ 'Ao·.' "' ... 

Swartruggens 

L. c< P, NO ~ ~ ~ Tb ~ ~ Er Tm Vb ~ 

• NC 00I:l ~ph;ntic ~~if1 Dyko 
DNC011 Main Dyke 
'I' J.)G 3149 Sootl Fi. >lXe 
t:J. NC 00l Co",'9O'I»u "" Dyk~ 

Figur~ 1.1 Coondrite normalisoo REE pattern. for the SWartrll!Jgens kirnl:>e~la dyke" re1<ltive to caicul~ted fields Qf 
up to JO"k and 50'" pt'ridotlte entranment lrom, and 4J to 20"", fractooaJ cryst"~ sation of olivirlG and phiogoplle by, te.. 
I""st m3G1ocrystic Main Dyke "~mpla (NC (06). AV!lffi!J'l l\a~y"~1 p"rida~t" cornpo~tion from Gr.g,"r. et al. (2003); 
Cl'<li"ldrile vafue, from Sllfl and McDanoll!J~ (1 9a9). 
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Cl\aplor 7 Potr_nosis 

Th~ major ~I~ment concentrations of the South Fissur~ samples cannot be aGGOlI'1ted for simply by 

entrainment of peridotite by the least mactocrystic Main dyke sample (Fi~ure 7.6) and the South Fissure is 

more enriched in the REE th"" the Msin Dyke, which is also not consisten t with dilution by peridotite (Fig.Jre 

7.7). However, the South Fissure has initial '<lNdI'''Nd similar to that of the Changehouse Dyke (Figure 

7.8), snd the effect of peridotite entrainment on the major and troce element abundances in this dyke may 

h<lve been masked to some extent by super;mposed fractional crystallisation, as will be discussed in more 

deta~ il) Section 7.2.4. The reQUired degree of addition of peridotite to creste the "'Nd/"'Nd of the South 

Fissure, mustrsted on Figure 7.8, is somewhat too high when compared with petrographic obselVations 

(Table 3.1), snd the degre~ of fraction of olivine and phlogopite fractionation (>30%) necessary to create the 

Nd concentration is too Isrge to be ressonable (e.g. Ni would be compl~tely remov ed). However the average 

compositioo of the peridotite entrained by the South Fissure is unconstrained, and i1 reality may have higher 

Nd content and lower '''Nd/'''Nd th<ln that entrsined by the Changehouse Dyke. The cratonic lithosphere 

typicslly has 'N. between from -SO snd +10 (Pesrson and Nowell, 2(02) ""d so soch a hypothesis is not 

unreasonable. 

Q.511~~ 

Q.511~ 

• 
1 0.511B4 

0.5 11 ~2 

0.511~O 
0.010 

11 Nd 

Swartruggens 

0.015 

• Mar, Dyke l' South Flo ..... 
.. C~ a_l!ou .. Dyk. .... .,....,. ~ .. ~",'=­-.,....... """ --,,,,, 

Figure 1,8 The eff.ct 01 perldotit. entrai"",..,,! on the Swartrvgg.M kimberl~. ~hs with respect kl their Nd ",olope 
composllons. Mixing line asst.mes a peridotite compos~ion with 5ppm Nd, " ' NdI "Nd • 0.509 (Pearson and Nowell, 
2002). 

7.2.3.2 Peridotite enlrainm8n! in th8 Star kimberlile dykes 

II the Barren Dyke is excluded, on a plot of AI,O, vs Ni the Star kimberlites show s distinct break in slope 

between the trends of th e more aphanitic ss~les and the more mscrocrystic samples at approximately 

1400ppm Ni (ssmple JJG 6382), consistent with addition of peridotite (Figure 7.9a). On a plot of Ce vs. TiO, 

(Figure 7.9b) the m8Qnitude of this dilution C<ln be estimated us ing the lever rule, as th e pr.dominsnt 

'" 
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Figure T.9 Variation diagrams illu.tr.ting the ~ff~ct. of f'Gridolit~ entrainment on the St., kim b<'rlile dyke" Gt. iherL j, 

the compo,;!;"" of a hypothetical aver"lle peridotite ~ntrainad ~y too ~imoorlite. con.i.ting dominantly of olivine, and 
cootanirlll approximately 5'r. p/1logopite. M;"" r. 1 oompositioo fiekl, from Greg<lire et a/. (2002 and 2(03). 

pendohtic mirlerals all have very low Ce conhmts. to be approximately 40%, which is in agreement with the 

observed proportionS 01 macrocrysts in the Star samples (Table 3.4). COI1sistent trends within the 

macrocrystic samples are also observed 011 plots of K,o vs. Ni and Sc VS. Ni (Figl.l<e 7.9.: and d), and il 

these trends are ex:trapoiated such that the variation within the macrocrystic samples represents up to 40% 

dilutiO'l by peridotite, then the peridotite contains -2 wt "h no" -0.7 wt"", AJ,O,. -0.5 wi·", K,O Md -2400 

ppm NI. The high Ni content 01 the propm;ed diluent suggests a dOminantly olivine composition, and the 

AJ,O, and K,O contents imply involvement 01 approximately 5% phlogoplte, broadly in agreement with the 

observed proportions of olivine and phlogopite in the macrocryst suite 01 the Star samples (Table 3.4). 
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As menr'onw in Chapter 6, the inTIa! ""Nd!'''Nd and '''Hli'''Hf 01 :he mme mocfocryst>C Star kiml)erl;te 

,smp:es Dfe lower than tho,e 0/ the less rYldcroc'yslic smnoles. Th,s va,iation can I)e aCOOl,nted 10' by 

app,ox'lmately 40% entrainment 01 peridotiTe w'th a '''Nd,I''Nd 01 0.5'05 (f", ~ -41 7) and "'Hli"'HI 01 

0.28225 ILr = -13.46), and Nd and HI concentr~lions 01 8 ppm and C.5 p'J1n resuectively. by the less 

mac'ocryshc sa-nnles {Figure 7,1 0), Thi, Nd i,otooe composition is with: n the ,~n~e 01 craton ic lithospneric 

mantle (pearson ~nd Noweil, 2(02), althougn the HI isotone COf11,JoSiTion is sli9'1tly lowe.- tnan vev'H)usly 

malysed lithosnhc.1c rmnlle (£w, > -15; lonov and 'Nff,ss, 2002: 5chmidberge, d aI., 2002; Simon et iii. , 

2002), However, ~s discussed above. tne c'atonic litnospheric m~ntle i, cleacly ext'emely iso:opically 

diverse and the mixing curve shown on Figu'e 7.10 is only iiicst'at've 

~.2B2~9 

, 
" 

~.~24B 

T 

~.2~24T 

~.2B245 

Star 

o 
~~~. ""r~";'" 
or.tr~ r"""n 

a.S1200 q;12~, 

~,~' "Nd; 

.\'~/f' .. ndsl0nl" ·, [>,'0 
A ~)Tn" [>,h 

l' E." $,", JY'e • C"""" J",. 

", I" . ',,,-, .". Figure 7.10 Variation of 'HfJ' Hf wl:h . "CS1 Nd. in the Si., ~il~I>. r1ite dyke, With r~t 10 I~r macro",,!", 
cOnt",,1 w,tn a nwn, Ii"" calcd"ted 10 repr~sent enlrdinment of 40'7~ of d ihcor",ic"' pN>$iite with " 'Hfi"'HI = 
o 23225 ''Nell ""Nd = 0.5' 05. Nurrt><:>r.s mfm ., ~', cnlrainn1cr.t ot p.r'>:r..tiie, See texi lor fur!her ~scuss'oo 

Tile nbsolute coocentr<!Tions 01 tM ~ RE E within til e macrocrystic Sta- kimberlite dykes lie wltnin me 'an~e of 

up to 40% OOditioo or aer'do;i;e to ;n6 mos~ enriCMed macroGrystic sample JJG 6362 (FiglTe 7,1'), Howevec, 

the va,ia:ion'" L",Ybo between tile indiv'dWI dykes, desc'ibod in Ch,'t,J~er 5. canno; be ~ccounted for sh lOly 

by dilution by peridotite ~rld mus~ be exulainod by another p'oceS$, This 1'0"11 be discussed rurther:n Sect,on 

7.5.2. 

The Barcen Oyke h~s been p'eviously idontHied as different to tne other Star kimberlite dykes based on ih 

considerably highec 1<'Ndi""Nd and ""Hf/"Hf initiJI 'atios (Table 6.2), which cannot I)e ""counted lor by 

addition of oer;dotite. It is also clear from Fgure 7.\1 tnat the miCaceous 5~mples do nol lie on the same 

10~ 
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Chapler 7 PetrD\jOnesi. 

trO!nds or pO!ridolllO! assimilation as the other Slar kimberlite sampes. However, despite having Nd <>'ld HI 

isotope comp<lsitions wilhin analytical error 01 the micaceous Barren Dyke, the less·micaceous samplO! liI!s 

an lhe IrO!nd or peridotlle assimilation at the diamondileroos kimberlite dykes, This may be due to O!xtrO!rne 

degret!S at ~idotite entrainment by tI1is sample, such that ilS whole rock geochO!misllY dominantly refl!!Cts 

that 01 the entrained peridotite 

'00 

1 0 ,.".,...., '"""., "'" I'm_ '" 
JJG ,,10, 

[JJJG""", Wynondo_ ""', 

t. JJG "'0 Eo&! SW ""', 

<> JJG "''' CIe','~ ""'"''-__ ~ 

Sla. 

~ Eu ~ Th ~ ~ Er ~ Yb Lu 

Figure 7.11 Chrm<1rit~ Mrm"[j..,,j REE ."';"(ion c>I tM Wyn~nd!Jont"n, E~"t !';t~r ~nd CI<m.". [)ykes rel~t",a t~ tre 
calculated field of 30 '1. peridotite entrainme'" by sample JJG 53!i2. Typical peMootite composition from G"'9"'ir~ e1 al 
{20m); C oor!drit~ value~ from Su-. aoo McDonoUgh (1989) 

7,2.4 Fractional crystallisation 

The effoct of olivine fractiooation OIl the major element abundances of the Swartruggens and Star kimbe~ite 

magmas will be a docrease in the MgO, FeO and SiO, contents of magmas, with consequent enrichment 01 

other maj,", oxides. Certain compatible elements such as Ni and Co, which partition strongly into olivine 

(Hart an<.! Dav;s, 1978) wil became depleted in the kimberlite magmas, whereas the concentrations of thO! 

incompatible elements wi! become relatively enrichO!d. SincO! phlagopite is the mast abundant phO!l1OCryst 

phase in these kimberlites it is also important to considO!r the effect of phlogopite fractionation on the 

kimberlHe magmas, This is 0/ particular importance, not only because phlogopite fractionation will decrease 

the MgO, Si02 and Ni cOllCentrations 01 the primary magma, but also because K is a stoichiometric 

corTIponlffit 0/, arid Ti substitutes lor AI in, phlOlJOPite (Deer ,,/ ai" 1998) and all the SWartruggO!ns arid Star 

kimberiito! samplO!S analysed display strong negative K and Ti anomallO!s on a primitive mantle IlOITTlalised 

incompat>blO! element diagram, as discussed In ChaptO!r 5 (FigurO!s 5.5 and 510), The effects 0/ fractional 

crystallisation within the kimberiito! dyke swam.., al Swartruggens and Star are discussed separatO!ly below, 

but as both kimberlito!s display similar neogative anomalies on a primitive mantle normalised diagram, the 

role of frachooal crystallisation on these anomalies will be discussed for both localities together in Section 

7.2.4.3. 

'"' 
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7.2.4.1 FmC/ional crystalliwtioo in the Swartruggens kimberlite dykes 

Allhough there is no oonsistent v",-iation between MgO and Ni '" the less macrocrystic Main Dyke samples, 

the South FisslJ(e samples form a trend of decreas:"g MgO arid Ni away trom the average less macrocryslic 

MaUl Dyke composition, with the less macrocrystic sample (JJG 3149) having a composition consistent wilh 

up to 10% fractionatiO'l of olivme ood p/llogopite in the r~tio 8;2 (Figure 7,12), The REE concentrations of 

the South Fissure are also consistent with L.P to 100", tractional crystallisation from the least macrocrystic 

MaOn Dyke sample (Figure 7.7). This is consistent with the observation that the South Fissure is 

petrogr~phically more ev~ved than the Main Dyke, as recorded in Chapter 3, oontaining more abundant 

diopside both ~s phenocrysts and a groondmas. p/lase, and the presence of possible sooidine in some 

South Fissure samples (A1I00, 1990). However, as mentioned above, the South Fissure samples do contain 

a proportion of mscrocrysts, and the Nd isotope composition 'os suggestive of peridotite entrainment to some 

extent (Figure 7.8). The more macrocrystic Main Dyke samples trerld to higher MgO arid Ni contents than 

the average less macrocrystic Main Dyke composition, consistent with peridotite entrainment as discussed 

211x>ve. Sample NC 005, the least EIItered sample from the Char.gehouse Dyke, does not have MgO Md NI 

contents cO'lsistent with peridotite entr~irvnent by the less macrocrystic samples, but has lower MgO for a 

given Ni concentration (FiglJ(e 1. I 2). However, it w~s rtOted above that the other three s~mples from this 

dyke are signifICantly 2IItered, and it i. lherefore likely thallhi . sample has EIIso experienced some loss of 

MgO, this effect h~ving been mssked On Fiqure 7.1 by the hig, MgO oontent of the sampie 

,= , - ---------------, 
Swartruggens 

• Mai n DyI<~ 
"' C~a_~oo>e Dyke 
,. Soutl Fi"",,, 

+ Altered ar cru.lal y 
cootarnim"ed .. ""'.,. 

""'" ,,..- ~"...""",.. ... ...., - ""'" "'""""~,'" 

Figur~ 7.12 Tho offect of fr~ctionation of c>Mne 2nd phbgopl e in tho Swartruggons kim!:J<lr.te dyKes. with rospact to 
the t MgO and Ni contents. Nt.mbors a1ono;l fractionation tr~oclory refer to the percentage of olivine and pIlOgopite 
fro.ctionat<ld in thol retio 6:2. Mlner~1 composition fields from GrO!la<ro et al. (200< ~nd 2003) . 

• 
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7.2.4.2 Fractional cryst311isatioo in the Star kimberlite dykes 

The effect of fractiooal crystElilisatioo of ~i~in<! and phlogopite OIl the MgO and Ni concentrations of the Star 

krnbertite dykes is illustrated in Figure 7.13_ From the macrocrystic sample with the lowest MgO Gootent 

(JJG 6362: Wynandsfontein Dyke), two trerid. <J peridotite entrainment are e~ident. witll the 

Wynaridsfontein Dyke samples defining a trend towards lower Ni COIlcentratioos at given MgO cootents than 

the macroctystic samples from the other Star di8mondiferoos kimberlite dykes. The 8phanitic Bymes Dyke 

samples defile a trend consistent with up to approximately 15% fractionation of ~i~ine and phlogopite in the 

pwpc.-tions 8;2 from s8mple JJG 6362. Howe~er the REE concentrations of the Bymes Dyke samples a.-e 

not consistent with 15% fraction8tion of ~ivile and phlogopite from sample JJG 6362. as discussed in 

Chapter 5. and for similar erJrichment in the light REE they are more enriched in the hea~y REE than JJG 

6362. This feallKe cannot be attributed to Iherz~ite entrainment as discussed 8oove, arid will be addressed 

further in Section 7.5. 

4000 
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, 
• ,= 
z 
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~""1ioo 
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. \\I)'n'lnd,lc<ltoi n Dyko 
A Byrne, D",e 
.a~_ Dy~~ 

T Eost Star Dyko 

• '""'"" 0",. 
-+-,oJ .., .. '" ""' ... ., 
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Figur'fl 7.13 The effect of 01ivi1e arid pIliogopile froclionalion iIlll1e Star kimber.te dykes. wllll re.;pect kl tIleIr MgO 
and Ni contents. Nl.mbers on fracti<>nation trajectory refer tJ percentage fraolionatioll of ~ivine,..--,j pt'iO<J<lpile in too 
rallo 8:2. Mineral rornpo~"on fields from Gr"\1'ire ef #1. (2002 arid 2(03) 

7.2.4.3 The ,,!fect of fractional crystallisation on primitive mantle normalised incompalibl" elements_ 

As phlogopite Iraction"tioo appear. to ha~e been relstively minor within the Swartruggens and Star 

kimberlite dykes, it is unlikely to account for the strong r1egati~e K anDl'1181ies present in all the samples on 

primitive mantle normalised diagrams (Figures 5.5 and 5.10). Figure 7.148 illustrate. the range in size of the 
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K anomalies (expressed as KIK' as described in Chapter 5), calculated with respect to Th and La (as Nb 

also partitions into phlogopite; e.g, Gregoire et al., 2(03), in the SwartrLtggens kimberlite samples, and a 

calculated curve for phlogopite fractionation lrom a thec.-etical magma displaying no K anomaly (i.e, 1</1(* = 

1), t>ut with Similar La and Th concentrations to those of t~e Swartruggens ~nd Star kimberlites. It is clear 

from tIlis diagram that to produce the rfjative depletion in K observed, 30-40%, and greater than 40%, 

i>hlogopHe fractionation is requ r ed by the Swartruggens ~nd Star kimberlite samples, respectively, The 

strong negative K 3Ilomalies of these s~mples ~re therefore concluded to be leatures of t~e primary 

kimberlite m~gm~s at each locality. However, ~s indicated by the GalcL1ated vectors on Figure 7.14a, small 

degrees (up to 10%) of fractionation and assimilatioo of phlogopite may account for some 01 the variability in 

size 01 the K anomai'les within the kimberlite samples from each locality, 

Ti substitutes lor AI in i>hlogopite (Deer et al., 1998) ~nd since all the kimberlite samples from both 

SwartrLtggens and Star d'tsplay strong negative Ti OIIlomalies on primitive mantle norlTl<llised incompatible 

element diag",ms (Figures 5.5 and 5, to), it is important to consider the role 01 phlogopite fractionation may 

have played in creating these anomalies. The magnitude 01 the Ti ~nomaly in the individual samples Irom 

Swartruggens and Star, expressed as TiITi' (as ooso:ii>ed in C~apter 5). is illust"'ted in Figure 7.14b, 

together with a fractionation curve illustrating the effect of i>hlogopite fractionation Irom a theoretical magma 

containing no Ti anomaly (i.e. T~Ti' = 1), and with Eu ood Gd alJund~nces s'rnilar to toose of the 

Swartruggens ~nd Star kimberlite samples, For simplicity, Ti has been assumed to be ~ stoichiometric 

cc.-npooent, constituting 1,5 wi % (8993 ppm. typical of SW<Jrtruggens and Star i>hlogopite; T~bles 3.2 ~nd 

3,6), of phlogopite. It is dear Irom Figure 7,14b that although small degrees 01 i>hlogopite fractionation may 

account for the variation in size of the Ti anomalies ~t each locality. phjogopite fractionation Irom a magma 

where Tim' = 1 cannot create Ti anomalies 01 the magnitude of those present in the Swartruggens and Star 

" 
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~o = 000 
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Figure 1.14 The .,rrect of phi"llopite fractiollat"'" On a thooreticai ma<;lma displaying tl<l K and Ti """"",lies on a 
pri rn tive mantle norrrclsed ' "xHTv atbie el€<rletll diagram (Kit<' = 1, TlITi' • 1), Numbcr~ on rraction a1iol1 1rajcctory 
reler b ~ceI11"g e phiogopite fracool1atlon, See text for further di:;cuSSKlI1, 
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~:mbe~ites. Sm,'! degrees of fractionatioo of a t:tanate I"'~se such "s ilmenite n'"y ,>CC«Jrt to< deo>etion in 

Ti trorr some rnl>grnas, ,,00 in sdGitioo wa~!<l cause relative dep'etiw in Nb "n(! T" since these elerroots 

partll'lon stroogly into tit"""tes (e g. Ryersw an(! l'iatsw, 1987, Green, 1995, l!mx!"ier el al.. 19')6, Foley 

et "1 .• 2000). However. in camrran witil atiler Gracp!1 ~tmbe.-lites (e.g. MItchell, 19')5), ilmenite was not 

olJserved in thin sections at the Sw~rlruggens ar St,.- ~imbe.-I~e sarr.ples aOO is oot ~oos:de.-ed I:k",y to 

have fr""tiooated from the resp8{;tive n'''gnas. Pillogooite 's also a host to Nb aOO Ta, i:>.JI par:ition 

~oefriLients for Nb into pt1logopite are relatively smail (af the order 01 0.15; L"ILul"ted trom rrine.-al dat~ in 

Gregoire et itl. 2002 and 20031 aOO thus phogopite tr~ct;an3t;an Cl!tkoat acco~nt to< these negative 

7.3 Compositions of Ihe close-la-primary kimberlite magmas 

Following the ex~lusian of all sarr.;>es oolieved to Ilave sufferoo "Jleration 0< crustal corlta'1lination, the 

LomrosiliOl1 of the ;xin'my kim!}erlile rr.~grr." at e,d1 !ocality shedd lie lJetweM the trends ct Iherzctite 

assirr.ilation ane fr""t ion,,1 cr)'stallis"lioo. This Gorl110sitioo is reasanably well defined fo< the Sll.­

~irrberlltes. as a distinct !}re~~ in slope 00 many di'>grmns (e.g Fig~res 7.G, 7.131. with the majority oflile 

macracrystic sampies treneir>g low~rds a peridatile cornpos;t'an and the aphanitic samp!es shawing trends 

consistent with fr~diooation of 01 ivine ,..,d phlogopite (Fig~re 7.1 3). The sarr;>e that best appro.im"tes tile 

close·to·;xirnary rn~grr.a corr.Dos,tion fo< the Star kimberlites is JJG 6362. trem tl,e Wyn~r.dsfont"n Dy~e 

Althol.lf1 this sample was olJserved to be ma~racrys.tic in thin Secl'lW (Appendix 2). the Qeocherr<;a! effecls 

of peridoti:e ""twinrr.ent in til,s cas.e <la not appear to Ilave been severe, perhaus due to lleterogeneity of 

the san'ple (see discussioo in Ch~pter 3) 

The Sw~rl'uggens kirr.berlite dykes ooh~ve less cooererlt!y as a Qro~p than the Star kirrber!::es, an<l thus 

an in<livi<lusl ;ximary kimooriite rragrra:s rnue diFncul1 to defir.e. However, lile Main Dyke s,.npies appear 

ta be tile ciosest in cornpositiw to a po-.nmy magn'a, w·,th lile Ch"r.geho..lse Dyke lJeir.g consistent witll 

addi:ion of lherzolite to lile least macrocrystic M"in Dyke samples (Figure 7.6), and the Socth Fisscre !}eing 

the n'ost evctved of the dykes, ,,00 showing :rends af fractiwat;w of aliv;ne and phlogapite aw"y fron' the 

B'Ienrge aphllnit'KO M"., Dyke cOl'1lpositian (F;g~re 7.(2). The Thir<l Lease samples are ex~~cded On the 

lJSSIS d alte.-atioo As there ,.-e na coherent trerlds ct fractional crystallisation witllin the Ma., Dyke, Ille 

least macracr)'SI'<; Main Dy~e s~m~e NC C06 has !}een ta~en to ",present tile COl'1lpOSition 01 S prim,.-), 

Svmrt"-lgIloos kirr.berlite magma. TIle possibility that :here rr.ay be more :hM 0"" pr ,nary magma 

cornp05ition at Swsrtr~ggens w>! 00 cwsidere<l la'er. 

Tile Swartruggens Md Star ~lose'lo-pr ,nary kirnlJert:te magn'~ cornposl'ions "re givp~o in T"ble 7.2 ~r.d 

illustrate<l in FigJre 7.15. The rr.ajOl e!em""t ~ornposi:ions of the two rnagn'"s are similar (Swaltrcggens 

MgO = 21.1 wi %. TiO, ~ 1.64 wt %, SiO, = 38.1 ,Nt %; Star MgO = 21.3 wi 'YO, TiO, = 1.31 wt 'to. S,'O, = 

36.2 w: 'YO; Tal>e 7.2). althc<.Jgh the Swartrt..gge,,-, clase-ta-;ximary kimberlite magma has a sig.o!fc~ntly 

higher K"O atld AI,O, ~o""ents (K,O = 6.64 wt %, AI"O, = 4.77 wt '!o; Table 7.2), ,.,d st:ghtiy lower CaO 

110 
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Table 7.2 CIose-I::J-pnmaoy magma compositions ot too SWartru~g...,. and Star kimberlite~. M"i'" oxide data in wt 'i. 
tr""" elem~ nl d2la in ppm. Sw.rtrugg~ n~ major ""<i troce element arld HI arld Nd isotope compositkln, ar~ from sample 
NC 006 IMain Dyka) Sr <Xlmpositkln from JJG3,49 (SWh Fi •• ur~ ). Star mopr and troca element arld Sr iootope 
compo.itions from ,ample JJG 5352 (Wynandsfootein Dyka), Nd and HI iootope <XlmpJ,itklM from satT(lle ~ 050 
(Wynando/Onlein Dyke). To ""ncentral""" may be slightly >OW, ooe I::J inc:omplate dissolutkln of ""rloin phase. prior to 
ICP-MS analyses, ""e Appendix 3 I", detal.; Mg# = otorric Mgi(Mg + Fe"'), I'oith Fe:,O:JF90· 0.<: InHiai iootopic m!iDs 
calculated usir>;) an age Qf 155 Ma for Swartruggans (Smith 91 N" 198~a) ond 124 Ma lor Star (Mclntyra and Dawoon, 
1976); < , alue. calculated a. d~s.a-iOOd in Sadi"" 6.1 1: 2cr uncertain/ias on is.oto a data are iven in bra",ets 

I ---
Sw.rtruggens Star I Swartruggens Star 

------ -_._-

'", •. , ~, ,~ 40.3 11.6 

no, ,~ 1.31 " 27.7 12.~ 

"'1,0, U7 3.16 " ~ ~ 

. Fe-O, a.88 9.23 '" m m 

"00 0.10 "" : HI a.63 6.14 

"" 21.1 21 .d '" ~.93 
,. 

0.0 ." 10.5 " ~.~ 33.6 

N~,O 0.21 0.21 " 7.89 7.39 

',0 '" 3.32 U ~, m 
p,o, , .• '.W " '" "" 
,", 0.04 0.2~ " 52.1 46.6 

NiO " , 0.1 ~ I " m '001 , .m 17.1
1 

, Cr,O, 0.23 0.3' i 23.6 

eo, " '1.76 '" 5.77 .~, , 
.- Tot.1 W< ffi).7 " '4.7 d.7 i 
. Mg~ 0.35 O.B~ " 1.74 .00 

'" 6.85 3,42 

.~ W, " " " O.~' , ,. '" " ,." 1.0, 
: C, 1419 '"' 'm 0.32 0.'2 , , 
00 00. N " 1.76 0.00 

" 00' 1401 '0 0.24 0.09' 

'" 40.6 ~ 

'" oo.e 7d.~ "sd'Sr, 0.707711 (14) 0.707476(13) 

eo m m "'Ndl"'Nd, 0.5113551'9) 0.5,2()38 (10) i 

" 1422 ,~, '- _11.37(0.25) -8.49 (0.13) I 

" 6.62 3.T~ "'Hfl"'~f, 0.2822~ (4) 0.282400 (8) , 
" 3452 ~o -l~.N(O.11) _7.5<) (Q.281 , 

content (CaO = B.S4 wt %; Table 7.1) than the Star close-to-prirnary magma (K,O = 3.32 wt %, AI,O,' 3.16 

wt %, CaO = 10.5wt 'A,; Table 7.2). 

These two dose-to-primary magnas diffe, from the close-to-prirnary Kimberley Group I kimbel1ite magna, 

as determined by Ie Roex et al. (2003), which has significantly higller MgO (26 - 27 wt %), arJd higher CaO 

(caO = -12 wt %), content. The Kimberley Group I kimberlite magma also Mas considerably lower SiO, (26-

27 WI %). K,O (-1 - 2 wt '!o) and sli\tlily lowe, AI,a, (-2.2 wt '!oj than, but a similar TiO, (1-2 wt %) 

'" 
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27 wt %), K,O (-t - 2 wt X) and sliglltly lower AlP, (-2,2 wt %) lI\Jn. but a sir'1ilar TiO, (1·2 w' '!o) 

concen!mtion to, the Swartruggens and Stac dose·to·vir'1ary kimberlite r'1agmas (Ie Roex et a/., 2003). The 

S',O" AI,O" aed MgO ConlC'fl~s 01 the Sw,.-truggens ood Slar dose·to·primary kimber.ite magmas ,.-e 

similac to ~ho~e determined experimentally by 0.3!0 1'7' melting d a carbonated gacnet lherzolite at 6 GPa 

(Dalton Jnd Pre~nall, ISSe), al~hougll tile SiO, con!ents are suggestive 01 a 1% melt, whereas tile MgO 

contents Jre con~idcrably lower tl,,,,-, !hose expcr,rrentally deterM eed at 1'10 meHieg (MgO = -2S wt %; 

DJlton and Presnall, 1998), and arc rrore consi~~ent with 0.3% rrcl!ing. A~ with !he Kimbc~ey Group I 

close·to·primary mJ9<llJ. both the SWJrtruggen~ and SI ,.- close-~o-prirrary kimbcrli~e msg'1a:; Ilave cao 

conten!s much lawer than the experimentally <ieterr'1ined rrells (CJO = 15 _ 18 wt %; Dalton Jr'Jd PresnJII, 

1998). However, tlle~e experiments used s!mting compositions that are anomalously CaO rich when 

compared '0 typ:cal CTJtonic pwido~ite. Tile Iligll Mg#s 01 the SwE>1ruggen~ and Star clo~e-to-primary 

kimberlite m<>gmas (Mg # = 0.85 lor botll m3<Jmas; Tallie 7,1) suggest eQuilibr8~ion again~t olivine with 

Fo_, .. (using an ~iv,ee-melt KOr"o~. ," of 0.36, Herzberg Jnd O'Hara, 2002), >Jigltly higller 'Ilan tlla! 0/ 

olivine:n garnet Iherzolites from the Kaapvaal Craton (Fo." .. ; Gregoire et 3/ .. 2(03) 

The close-to-primary SWarVuggens and Star kimbeni~e magr'1JS SllOW severJI W1H'lOrl features on a 

prim,tive mantle nOlmalised incQrrpatiIJle element diagarr (Figure 7.15) Both magrras are strongly 

enriched in ~he more ;ncotr(latibie ",ative to 'he less 'ncompatible elemenb, show ~;-l1iIJrly-s'ze<i ,;egJ'ive 

K, Ti ,..-,d Sr anomalies (Swartruggoos KlK· = 059, T,'Ti' =026, SflSf' = 0.41, StM KlK' = 0,10, T:m' = 

0.32, SrlSr· ~ 0.80), and subdued negJtive Nb, TJ and Hf Jrl<Jmalic~, Tilere i~ ~ome an alytical uncertainty 

on Ta concentralions <iue to ~he possible incomplete disso:u~ion of Ta bear';eg pha~e~ prior to ICP-MS 

<Ylalyses (see Appendix 3 fO<' de'ails) A positive Pb EIl10rraly is also prc:;ent in both clo~e_'o_prirrary 

magmJ~ (SWJrtrllfJ;Jens Pb/Pb' = 2.07; Stm Pb/Pb" = 2.19). The heavy REE me no~ably more enricl1e<i in 

the Sw;y~ruggens (GdlYb, = 6.9) ~Ilan ~he S!m (GdlYb" = 11.0) close-to-p-imary kimberlite msurra. For 

compa'isorl tile compo~itiCf1 01 the dose-to primmy Group I kimbeni~e magma 'rom Kimberley (Ie Roex et 

ai, 2(03) i~ also ~hawe on F:gure 7.11. The Kimbdey magrra also shows strong enrich moot ie the more 

Incompatible clements relat:ve ~o the less incompatible elemoo~s. althou,*, it is less et1{;ched ;n ~he fOlmer 

relative to the close-to-p'imary nHl{]mas a~ Swartruggen~ an d Star. Sir'1ilar negJ'ive Ti an<i Sr arlOmalies are 

<iisplayed by tile Kirrberley r'1agn\J, JI~hough no negative Jnomalie~ arc peesent for Nb 0( Ta, and J much 

I,.,-ger negative K Jeomaly;" vesent in the KirY'/Jerlcy r'1agrra tll<Yl eitllcr Ihe Sw,.-truggen~ or StJr close-to­

primJry mJgrrJ~, The Kimberley dose-to-prim,.-y magma also dil:'ers lrom the SwartruggC'flS Jnd Star 

c:ose-~o-prir'1"'Y r'1agma:; in havieg co posi!'"e Pb aJeorraly. 

The Swmtruggens close-to-primary ~imbe.-lite magma has considerab~ lowe, t.,." EIl1d t" ~h"fl tllat at Star 

(Swartruggens c:ose·t<>primary OM = -' 1 ,37 (i 0.25), '>t = -15.74 (= 0.11); Star close-to-prirrary t,,,, = 

11 37(~. 0.13); £"r= -7.W (+ 0.28). Table 7.2) The Sr isotope compo~ition~ 01 ~he SWJrtrulnens kimberli~es 

have c!early been s~rongly coetaminated either by wea'ilerieg or crusta< COlllil(llinatlon, as di~cussed ooove 

The closest to vimary initial "Sri"s,-- i~ inferred to be the lowest (JJG 314S, South Fi~~ure; Tab!e 6.1), as a 

mixing hnd ~awards highe, "SrI'S, i:; c'early evidcet (Figure 7.1). The iniL. "'Sr/"'Sr d the S~ar dose-'o­

primary kimberli~e magma (" Srr S,; = 0.707476 i 13; Toole 7.2) i~ slightly 'awe.- ~hEll1 that at SwartrU!¥Jens 
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"Srt""Sr; = 0,707711 ± 14; Table 7,1), However, the Swartruggens ratio c;Jnnot be confidently Ulferred to 

represent the trlJe primary magma compositions, arid the higher initial " srf"sr may in part reflect intrusion 

throogh the Chuniespoort dolomite (Kirkley, 1987) 

• 

•• 
~, 

~=~=~====~~CC~' .-0 RbBa To U K Ta~ l. C.P!J f'r Sr "'" ~ Sm~ Zr Eu TI GdTb D)iHo ErTmYb Lu 

• SwortrL>JQ<"' ~4o-priffiary 
krnt>e<ite rTlQoJIID 
L:S"" oI __ Lo_;<i_r k<mberl;'" 

malTJ1' 

• Primory G.."'4l1 K~ley 'irrbet\i\e 
_ II . R"","I &./" 2003) 
o lwo'_ TI I4troo bo, .. !:! froo, th o c.""rnI ffM 

IMarSh . "0 E,*', 19S4j 

Figuru 7,15 Primitive mantle oorrnali,~~ incompatble ~ "",,~ nt aburdaoces in the Swartruggens ~ St,.- cla, e-lO­
primary kimbe< i le magmas. The ct05e-to-primary magma at the Kimbel1ey GrOllP I kimberlte. (I<: Roe< el aJ., 2(03) and 
""w-Ti Karoo basa~s tram the Central Area (Marsh aoo Eal~,. 1B84) are shown ro< rornpa'ison. 

7.4 Source region characteristics 

The source trace element composition~ giving rise to the primary kiml>eliite magmas at Swartruggens and 

Star can lie estimated by using simple partial melting modelling. assuming sm;J1I degrees 01 non-modal 

equilibrium partial melting of a gamet lherzolite source, ;JS suggested t>y experimental work (e.g. Wy llie. 

1980; Dalton and Presnall, 1998; Ulmer and Sweeney, 2002), The calculated trace element concentrati ons 

in the source regions are model dependent, and affected by three principal unknowns 

1 _ the degree of partial meltirog giving rise to the kimberlite magmas; ;Jlthough known to 00 small to ;Jccount 

for tile enrichment in incompatible elements in the kimberlite magmas. it is UllCertain whether th e deg ee ot 

partial rTifflting i~ of the order 0.5%, or as much as 2% (Daitoo and Presnall, 199<1). The higher the degrees 

of partial melting. th e more enriched the source region rrtJst have ooen in the more incompatil>le trace 

,-" 
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2 - the 8ssumed presenoe "'ld proportions 01 mineral. in the .ourCe regions: the partition coefficients lor 

the heavy REE are 11igh in garnet (Table 7.4) and th'JS the amo"nt 01 resid'Jal garnet in the SOl:rce afler 

nlelting to a large extent controls the ooncentr8tio'1 01 the heavy REE in the kimberlite magnla, Tile nlOre 

residual garnet present in the soerce region, the more enric~ed the so'Jrce ml;st have been "1 the heavy 

REE The lig~t and middle REE partirion into clinop,'roxene, md t~us t~e o"c'Jlated light REE 

concO}r1trarions in the source regiOfl are partly depe;>dent on t~e ~ss'Jmed amO'Jnt 01 resid'Jal clinop\,Toxer>e, 

3 - the presence and role d'Jring meliing 01 acoessory phases such as phlogopite, and titanates SLX:h as 

·ilmen;te. lirldsleyite and reiile 

These three important yariables are addressed below 

7.4,2 The geochemical compositions of the kimberlite source regions at different degrees of partial 

melting, and the efleet of residual mineralogy 

The troce element COmpoSitions of the respective SO'JrCe regions of the Swartruggens and S~ar close-to­

primary kimberlite m~gm~s, calculated assuming 1% partial melting 01 a garnet II"nzoli~e source 'Jsing 

partition coe'ficients from a compilation in Spath et ill, (2001), and giyen in T~ble 7.4, ,..-e reported in Table 

7.5. Mineral proportions (Table 7.J) 01 the startl'lg source are typical of g8rnet lherzolite from the Kaap'Vaal 

cra'on (e.g. Gregoire et al" 21)03; Pearson and Nowell, 2002) 8nQ melt modes (Table 7.J) are those used by 

Ie Roe' et aI. (200J) for GrOl;p I kimber:ites, arid are Silllil,..- to t~ose determined e~perimentally by Walter 

(1998) fa- meltino of a dry garnet peridot;te at 7 GPa, 

r.blo 7,3 Modal prc.po1O::lr1S and rT"'t modes of fX'"'d-:JII~iC mlnor.l . (.fier Ie Roex et aJ .. 2DD3) "sed to mod," the 
""erce rC\l",", c:har.ct",i;tic:s 01 tile Swart,,-'J\)er1S and St", kll"t>erlrt,;s 

Phase Modal MoIlin,;! 

~ 
i prop<lrti "" prop<lrtion 
'Ivol. '!. ) 

'). ~' '" o rtl"JOp)' rox..n e 'J.28 'J.Oo 

ClinopyrQxmc 0.11 'J.G 

Gm""t U,'Jo< "' 

ChOmt"ite normaiised REE patterns far the Swartr'Jggens and Star ~;mb9flite source regians are s~own ;n 

Figure 7.16. A field or c81cJlated REE abmdwlCes in the source region is srlOwn roo e>lCh locality, to 

Iliestrate the effecls of vary;ng the degrees o~ pJrliai nl~ting betwe"" 0,5 and 2%, arid o~ viW"ying tile 

p'oporbon of gamet in the SOlJ"ce :>e~ween 2 and 6 voll;me %, The proportion of CliClOPyroxene is 'Vaned 

accordingly, s·Jc.~ t~~~ garnet + clinopyroxene" 15%. In ma~ing these calcJlations, it is evident that the 

effect on the cal cul8ted SOurCe composition 01 varying qUafltities 01 eli nopyrO~811e is minimal and i" m8.ked 

by the effeot of v~rying degrees of par'ial melting (Fig"re 7.16). 
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Tabl, 7.4 Partil~ coe~lcients for the incompatibl e e lemoot. in perid<>dtitic minerals used in parti .. melting nxxIellir.g. 
From a cOOlpilatioo in Spath 9/ "I .• (2001). 

Phase 

Olivine 0,,, 
CO, 
G~rn et 

Spirlei 

Phas. 

Olivine 
0,,, 
CO, 
Gam<lt 

Spinel 

.. , 
" 0.001 O,(X)l 0.001 0.001 0.001 0.001 0.001 

0,001 0.001 0.001 0, 00 1 0,001 0,001 0.001 

0,001 0.001 0.001 0,001 0,01 0,01 0,01 

0.001 0.001 0.001 0.00 1 0.001 0,001 0,001 

c, 0, 

0.001 0.001 

0.001 0.001 

0.05 0.00 

0,01 0.021 

" 0,001 0.001 0.001 0.001 

0.001 0.001 0.001 0.001 

O.OB 0.1 0.1~ 0.1 . 

0.021 0.054 0.001 0.OB7 

0.001 

0.001 

"' "' 0.001 0.001 0.001 0.001 0,001 0,001 0,001 0.01 0.01 0.01 0.01 0.01 0.01 0.01 ,. " 0.001 0,001 0,001 

0.001 0.01 0.01 

0.1. 0.2 0.2 

0.13 0.1 0.1 

0,01 0,01 0.01 

'" 0.001 

0.01 

O. 1 ~ 

" 0,01 

Ti Gd 
0,001 0.001 

0.1 0,016 

0.17 0.2 

0.1 0.1 

0.01 0.01 

Th 

0.001 

0,019 

0,.5 

'" om 

0.001 0.001 

0.0.. 0.0.2 

0,3 0,3 

09 1.4 
0.01 0.01 

" ,. 
0.001 0.001 0.001 0,001 

0,03 O.OJ O. I 

0,2~ 0.29 0.3 , , , 
0,01 0.01 0.Q1 

0.' 

" 
" 0,01 I 

Assumong the primary kimberlite magma was produclld by 1% partial melting and the SOl.l'ce contained 4 

volumB % rBsidual garnet, thB calculated sOI.I'ce for the Swartn.tggens kimberlite is erv-!ched to 

approximately 20 times chondnte in La and has heavy REE abundances ap~oximately 3 times chondrite, 

with LaNbn = 7.4 (FlgurB 7,lBa). However, h;ghBl" and klwer degrees of melting require a source which is 

more and less enriched in thB li!ilt REE respectively, with SOUrce region La = 32 time5 ~hondrite for 2% 

partial melting, and La = 13 times chondrite for 0.5% partial melting (Figure 7.16a). The heavy REE 

abl)ildar-.:es in thB calculated sOUrce vf'Jly with asst..rned mode of residl.lai garnet, and the calculated source 

contain"l1g 6 volumB % garnet is more enriched (Yb = 4 times chondfite), and 2 volume % garnet is less 

enriched (Yb" t.5 times chondrite), in the heavy REE (Figl.lre 7.16a), By varying tM B degrees of partial 

Tabt. 7.5 Calculated trace eloo1ent abmdaflCes (in ppm) 01 the Swartrulllens and star kim be rlite soorce regions 
assuming 1"0 non-modal partial meillng of a garnet therzofite source, With SO<Jrce mineralogy,..-,(j "",It mod"" given in 
Tabte 7.3 and partition coetfLCi e nts given in Toole 1.4, 

SWOlrtruggens Star I 

, 
" .. , 

37,9 

;T~ 034 

,- U 0.(19 

, M' 
Ta 0,07 

Nb 2.04 

1,51 

M' 
0.37 

0.' 

"" •. , 
1. ~1 

La •. 31 3.74 

c. Q.~ ~.Bl 

'Pb om 0,1\4 , 
IPr 1,21 1.011 

i Sr 33.4 56 

INd 5037 4.59 

, 

~ __ ~ ______ "'."-____ -""""O 

~~--- --------
f---____ l".w,.,""'"""",."'"' __ <'", •• ,'-__ 
'm 
"' U 

iEu 

" G' 

" G, 
" 
" 'Tm 

'" 
'" 

0.71 

0,33 

" 
0.21 

'00 
0,69 

0.11 

'.M 

0,11 

0,31 

•. " 
'" ON 

00 

0.23 

" 
O. 1 ~ 

'" 
0.41 

0.06;' 

0.2~ 

0." 
0,1;: 

0.02 

0.14 

0,02 
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melbng and the amount 0/ gamet in the source a rilnge in La/Yb, from 4.5 to 23 for tile source regiOIl of the 

Swartruggens klmberlites is established. It is of interest that the estimated source region for tile 

Swartruggens kimberlites lies within the compositional rallge of garnet Iherzdites frOOl tile Kilapvilal craton, 

as determined by Gregoire et aI., (2003), lying at mOre enriched end of tile spectrum. 

The REE cOIltent, nCO"malised to GOOndrite, of the mootle source region calculated to give rise to the Star 

primary kimberlite magna ''s ilustrated in Figllfe 7.1Gb, assumirlg 1% melting and 4% residual garnet. The 

cillculated soorce is enriched to approximately 17 times chol1drite in La, and has ilpproximately chon critic 

ablXldances of tile hea\iY REE (Figure 7, 16b), The range of possible SQlxce region compositions dependilg 

, ' 00 , 
~ 

~ 0 

< W 

• , 

Smc 

0.' 

" Co 

~ .. ~" ... Q' .,.,", ... 
" ~ 

""'1>'''' 
• """-'clod ." .>n,,, "= ''''" '" """.'".4>, ,,,,",,,,,' 0","", 

~."", 

,,, ..... """"'" ""...--riC» N 

~"'''' ... ........... "","" 

" 
Figure 7.16 em-rld",,1e normalised REE abwdances In the cab,jaled .ource regklns 0/ the Swmtrl.>]gerl' (a) and Slat 
(b) klmberlltes. The effect r;J Yariaille OOgr"" . of partial "",It~ rrOO1 0.5 to 2%, and varl"bIe volume of re"dual 9arnet In 
the soor<::ll between 2% aM 6% '" .hlwn by the ligrt ~ ",y aM dark grey r",kjs fat Swartruggens "nd Slat respOOlveIy. 
Fiekj~ lor K""pvaal lh:: rzolle~ Imm Gregoire et 1>1" (ZOO3); ch:Jndrita yalue~ Imm Sun and McDooough (' 989). 

nG 
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on the degree 01 partial melting and the abund"llCe 01 garnet in the source is also illustrated in Fig 7.16b; 

the light REE range from 12 to 27 times chondrite as degree 01 partial melting varies from 0.5% to 2%. and 

the ~eavy REE range /rom 0.5 to 1.4 times chondrite as resklual garnet varies lrom 2 to 6 volume %. Taking 

these tw-o variables together, the LalYb" ratio 01 the possible Star SOLJrce region varies from 10 to 54, wit~ 

LalYb,," 21 lor 1% melting of" source contairling 4 yolume % residLJaI g"rnet. The calculated REE range 

for t~e Star source region lies within the field 01 garnet l'l erzO!ites from t~e Kaapvaal craton (Gregoire 01 aI., 

2003: Figure 7. 16b). 

Tho calculatod Source regions 01 the SwErtruggcns ancl Star kimbcrlites show seyemlleatures in common 

,= 

, '00 , 
< 
! w , 
0 

" & 
o. , 

0.01 

,= 

• 
i 

'00 
< • '0 , , 
§ 
" 

0.' 

0.01 

Rb B1 Th U K Ta ~ L. CoPh p, Sf fId P $."1lHr lr E, TI GOTh DyHo ErTmYb Lu 

Star 

I

II "'~. oc-'"''''''''''' ~"bo,." 
,,- '" 

0"","",,,,, ..... ,"" ""' ".'" '" . "",~.".'" ."","",, "",no, 

Figure 7.17 Prlmltiye manUe r>orrnalisl'><J incompatible elemoot abund~oce, n the Gak:ulated source rag ","' ofl~ 
Sw~rlruggem (a) and Star (b) kimberlites. The effecl 01 ,arl~ble c\egrws of pa~ "",!tlng from 0.5 to zy" and ',,",Iab)" 
'IOlume uf residual garnet in the source between 2'h and C% Is .oown by the liQhl grey and dark grey fle<ls for 
SwartrUQQ<l'" "'Xl Star rBSpectiveiy. F .. d, for Kaapvaallher.coliles from Grego<ra 91 ai" (2003); primitive mantle ,alues 
irum &m and Mc[){)t1<lugh (1989). 
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witl, respect to ,heir incampatltlle trace element aburxia""es (Figure 1 1 T). Us'ng t.',e same ;>ara'T>e'e<s as 

'or t.,e RE" modelling (Tables 7.3 and 7.4), it is evident frern Figure 7.17 that bot'l soorce regions sl,CMI 

enriC'HJlffit in the more incompatibte etemenlS corrpared ta the less incompatibie elements, ·'Nllr. the he;:.vy 

REE being de;>leted, relative to >",im;tive 'N.nlle iSwar;ruggens Yb = 0.8 ,imes pri'nitive mantte; SIU Yb = 

0.4 times >",imilive mamie, 3ssuming 4 vo.ume % residual garneI). Modflf;:.tfjy SiZed neli31ive Ti md K 

anomat;es iSwartcuggens Hcri" = 0.4, KiK" = 0.6; Star nTi' = 0.5, KiK' = 0.3), and subdued neg~tive Sr 

anomaties are leaIl.res 01 I)oth so",,,,, regions. Tr.e negative Sr anomaly is siili . .,tly larger lor the 

Swartruggens source (SriSr' = 0.4 tr,an L.,e Stm soorce iSr!Sr' = 0.7). ,1l1hough Sr is ~ modemtely mabile 

fjement and its ;;,rmlysed 3burxiance sr,ould be ;cealed witr. Cllut;on. The St3r saurce region h~s 

suppressed Rb, Th and U r~lltive W Sa, and tics pattern is also evident, att"Ologr. tess pronour;;:ed, in the 

Swartruggens source iF>gure 7.17) SOlh Soorce regions s . .,ow subdued negative Nb-Ta anomalies 

(Swartruggens Lamb, ~ 2.20, Star Lamb, = 39) and less pronounced negative HI anomalies. T"e 

Swarnc.ggens and Star kin'beflite Soorce regions also bo&, S'lOW strong posit"'e PI) 3no!l18lies of simil;:'r 

size iSwartruggens Pb!PI)' = 2,3; Star PbiPb- = 2.0). The caJcu:ated source coonpos·,tons IC(' bot'l p,e 

Swarm,.ggens and Star kiml)eflites r:e witljn the field of anatysed garnet t',erzO:ites from tI,e Kaapvaal 

craton (Gregoire ef M, 2003, Figl.re 7.17), 

7.4.3 Residual accessory phases 

The above discussion assumes that the source regions of lI,e SW3r\rl'ligens and Star kiml.>e<lites consisted 

only 01 the m nerats oli,;ne, ortr.opyroxooe, ctirK)p,'roxene and garnet. S,nce none af tr,ese minerals I,ave 

vflfy ";gh partition coefficients for Ti, K, Nb (X Ta iTat>e 7.4) tr,e ,elative depletion in t"ese elements on a 

primitive manite normalised diagram in tr.e primary kin'berlite rTlaymas (Figure 7.15) at both localities are 

automatically translerred to Ihelr respective source regions, HOI'IIeve.-, it is passit>e ,hat minor res,dual 

accessory phases could cause tr,e obsflfved anomalies. For example, pl,logopite is ptesent in n-"1ny liarnel 

L.,erzolite xenol,th f"om I..,e Kaapvaal craton (e.g. Gregoire et M., 2002, 2003) and,,~ residual al'er melting 

coold give (Ise W a n-..1lima will, a neg;:.tive K an()lnaiy, Sir;;:e tr,e partit,on coefficients for Rb arid Ba in 

;.>hlogop:te are also r.·.gher than any allhe ot',er primary silicate phl1Ses (e.g. Gregoire et aL 2(02), residual 

;.>hlogop·,te could also aCCOlJlt for tr.e re:aI;ve depe:ion in RI) presenl in P,e ",imary rTlagma at Star, and, to 

a lesse.- extent, Swartruggens. A reSidual pr.ase suer. as rutile or S()lne otl,,,,,· titanale, ' ..... hich are also 

;>resent in some xenolith from tr,e Kaapvaal craton (e.g. Haggerty, 1983, Grelioire el 31., 2(02), could 

similarly cause re:ative depletion in Ti, Nb and T a in i! derivative melt 

K is a sto'c'lio.netric cC(!l;JOnent 01 ;>1,logo;;;te, witl' mantle phlogopites containinli app"oxin-"1'~Y 9 wt % K,O 

(e.g Gregoire vi Ii/., 2(02), T'le K contflflts 0\ melts in equilil",u", witl' residl.al phlogopile are therefore 

buffered by tr,e ;)hlaliopite, and wilt r""!lain at 3 constant concentratian which Is dependent only on tr,e 

relative prop",t;w a' pl'ioga;;;te entflflng t',e melt (Spat." ef M., 2001). Ii prJogopite ',as a melt made of 

between 50 and 70% iWass and Rogers, 19~O; Greenoug", 1988), tr.e melt in equiLbrium with residua: 

p'1logo~·te s'lQuld corM,in in excess of 4.5 wI. %, or 36 000 ppm K (Ie Roex et ~I .. 2(03). T..,e Swartruligoos 

and Star kirrberlites cwtain variabie K oouridances, wrjc" may part:y reftect tr,e mobili,y of this element 

Ilowever, all'lOugh the Swartruggens ""l1be.-liles .ene.-ally tall witr,in tr,e fi~d lor ""ssible equ·dil,..-atlon 
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Figuru 7.1e K C{ln"entr~ij""," in th: Swartr"9gen~ ~nd Star kirTberlite. relative to the fields 01 melts in equiliooum with 
residual pI1Jogopite and K-och\erite, after Spath fA al. 1200t) 

against residual phlogopite, the Star kiml>erlites do not contain sufficient K (Figure 7.18). Although the 

possibility relTl<l~s that there was residuat prj ogopite in the soorce after the Swartruggens kimi)eriite melt 

was extracted, some other process must be responSI~e for the K ~nd Rb depletion in the Star kimberlites 

tn addition, where~s early experimental evidence suggests that phlogopite may t>e sta~e durlng melting ~t 

pressures in excess 0/ 40 Kb depending on the relative abundar.ces of CO2 and H20 (e.g. Wendlandt and 

Eggler, 1980), mOre recent evidence suggests it is not stable during rneiHng of garnet peridojjje at pressures 

of greater than 4 - 5 GPa in the presence of CO, (Ulmer and Sweeney, 2002), rendering it unlikely that 

either the Swattruggens or Star kimberlites equilibrated against residual phlogopite. The Star kimberlite 

dykes cont~in enoogh K for K-richlerite to be a residual K-bearing phase in the source (Figure 7,18) 

However, K-richterite does not usually coexjst with g~rnet (Erlank et ai .. 1987). ~nd in ~d\lition. like 

phlogopite, is i)elieved to be unsta~e on the peridotite solidus at pressures of greater than 4 - 5 GPa in the 

presence of CO, (Ulmer and Sweeney, 2002). The observed relative depletion in K and Rb in the primary 

kimberlite magmas from both localities are therefore believed to be features of thel[ respective mantle 

source regioos. A simitar argument was put forward by Ie Roex ef ai. (2003), who attributed the much more 

prooolJllced negative K arid Rb anomalies in Group I kimber1ites to intrinsic features of their rmntle source 

reg;oo, 

Residual rutile in the source of island arc magmas has been proposed to explain the negative Nb ~nd T~ 

ancmalies observed in such magmas (e.g. Foley ood Wheller, 1990; Foley et aI., 1999). Since rutile is a 

common phase in metasomatised mantle xenoliths from the Kaapvaal o:aton (e,g, H~ggerty, 1983; Gregoire 

ef ai" 2002), it is concejv~ble that it may have give!l rise to the negative Ti ~nd coupled Nb and Ta 

anomalies observed in the Swartruggens and Star kimbel1ites. By extrapolatioo of adjacellt eletTl6llts on a 

primitive mantle normalised diagram it is estimated that for the source regioos of the Swartruggens and Star 

kimbenites to show no Ti anomaly they must contain approximately 1600 ppm Ti. Rutile consjsts of ~mQSt 
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100% TiO" Le. 599,500 ppm Ti, and thus the maximum amount of rutile that coold be prese<lt in the soorce 

regions is approximately 0.2%, assuming the entire Ti budget i5 a~commodated by rutile, 

Partition coefficients for Nb in rutile in the litemture are extremely vari~e (e,g. 16 to 30, Ryerson and 

Watson. 1987: 160, Boudin\er et fil, 1900), although they are alw20ys high, with Dt~Dr. ranging from 0,5 to 

0.8 (Green, 1995). The effect of small amounts «0.2 '!o) residual rutile on melts of a source where both 

EulTi, and LalNb, = 1. 20nd Eu and La contents are similar to those of the calculated source regions of the 

Swatruggens and Star kimberlites (T~e 7.5). are illustmted in Figure 7,19, A partition coefficient of Nb into 

rutile of 15 IlaS been used. estimated from mineral data til Grego<re af ~I. (2002) and Gregoire et ai, (2003), 

at the lower end of tile range of published values. It is clear that sm2lll degree (-1%) melts whi~h llave 

equilibrated ~ainst 0.1 to 0.2% residual rut'tie develop ELJ!Ti" and LalNb, similar to those of the 

SwaTtruggens aM Star kimberlites. Melts that have oot eqUilibrated against residual Tutile have much lower 

LaiNb" and EuiT\, than the kimberlites. Thus, from a geochemical perspective, it is possible that the 

negative Ti, Nb and Ta at)()ll1alies in tile Swartruggens ood Star kimbe~ite magmas were created by melting 

in the presen"" of residual rutile and are not features intrinsi~ to their respective source regions, However, 

there aTe three strong arguments against this scenario: 

1 - As mentioned above. the maximum rutile in the source before melting is 0.2%, if tile soorce regions are 

to haye no Ti anomaly. Therefore an extremely small melt mode (of the order 1.2%) for rutile would be 

reC?-.nred to leave even 0 1% Tutile in residual following a 1% melt extracl'lon. This seems unreasonable 

coosidering the metasomatic Ilalure of rut'j e (Yother titanate phases, aM their likely low melting 

temperatures compared to other peridotitic minerals. 

, , 
• ~ , 

, , , 
* 

Eu! Ti • 

• S'~"rt""""""" 1"-_,1",, 
OS"" <1On".-..Jlo,",,, '·n"'''.'''' 
Os .. , "_, OykO 

---'----

Figure 7,19 Calcu otod melling cllVes from 0 ~ource wtich dispays 1'10 Nb Qr TI "norl'12li~s relative b primtivo mantle 
{L".'Nb. = 1, EuiT ~ _ 1 I, GOntoil1lf"9 0.1'1 •. 0.15% all<! O,~'!. residual rutile. relatiYG to tm tlek]' of (he Sw>V1rl>J9Ol1" am 
Slar kimberlite •. 0,., rut,le.'melt is a"~url'16d to be 15 (calculotod from rrme<al data In Grogo're ~I ai __ 2002, 20031, 
NumberS on meltil'lg traicctorie, represent I"'rconl of p"rUal melUng, Soc to<t tor further discussion, 
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2 - Not only are t~.e relative deplet>::Jns ie Nb. Ta ~nd Ti of simil~r magl1itudes in the Swartruggens and Star 

klmberlites. h\Jt in many o::ler sautl-.ern Afric~n Gr()<Jp II KimlJerli:es as well (e.g. Tainton and McKenzie, 

1994: Ie Roex, unuub'ished: Coetwe. unpubll&.oed). Given t:le :leterogeneous distribution o~ rnctason",:ic 

uhases in Ir.e litlnsu.ler:c mantle, ~s delermined 'rom Xe!1Uit:1S in kirrtJer:ites (e.g. Grego'rre et Eli. 2002) it 

seems un:,ke,y that all Group II <imberliles origin"te from a sa.rrce containing no less than 0.1%, ~nd no 

more than 0.2%, rutile. 

3- ReI~tive depletion In Ti, Nb and Ta is also observed in t.le K~r(}{) and Lte!1deb flood h~salts (e.g. M~rsh 

and E~les, 1984: Figure 7,15), As tllese are clearly I~rge v<>ume melts, aiglled by some to be ot :;trOS.Jheric 

Origin (e.g Hawkesworth at~:, 1984), t.leSe we even more uniikely to have equilibrated aga"lst residual 

rUlile 

The par:ition codficitn: to: Ti in c:ioo~yrowne :ncre~ses cons~erat>y w:th the carbonate contoot of t:le me't 

,:Blundy and Dalton, 2000), and also increases with il1creasll'g "AI content (Hill el Eli. 2000), A:though it a'su 

decre"5es with increasing p",ssure (Adam and Green. 1994), ~s kirrtJerlite magmas :laVe higll carbonate 

contents it is in1Uortant to note t.lat it m~y he substanlially h;gher than t:lat .Ised in the above model (Table 

7.4), T:lUS it 's ~ossible hat, witI-. a hig.oer o~rtlt"'" coerric:ent to, Ti. residual clinou\'ru''-'f1e could generate a 

negative Ti anom"'y in ,'rmbfflite melts. Although a residual o,ioc p.lase the:efore seem unliKely to be 

res~ons;t>e for tile negat'~'e t': anom~lies 'elalive to primitive mante in the Swartruggens and Star 

"Imberlites, t~ coupled negative rJb and Ta are suggestive j:lat SUC.l a phase may .l~ve pI~yed a role:n t.le 

evolut'on 0':00 source reg,ons of 100 <imberlites, It IS thL"rcfore concluded chat the "egative Ti, rJb and T~ 

anom"iies presoot rl the Swartruggcns and Star, and other Grwp II, klmberlites are I'lkeiy to be features 

'I<1trinsic to tr.elr respective source "'gKms. T.lis theory is supoorted by too presence of strong 'lL"ogative T', 

8n d mo'e subd ued negative Nb-T a anomal ies in many of peridotite xoooliths from tile Kaauvaal craton (e,g, 

BD 2421, Figu:e 7.17; Gregoire &f "/, 200~) 

7.5 The origins of geochemical variation between the individual kimberlite dykes 

at Swartruggens and Star 

In t:le subsequent discussion and rnoceiling, the assumutioo ras been made that the GOmuositions of 

ir'ld'rvidual dykes coo be represe"ted by the sal~les analysed from the res.Jcctive dykes, It is rocogilSed 

that some might represent multoie ',ntrus;oos. but must show iai,oy reslricted 'anoes ',~ cornposit'Kln (as 

reported ill C.oapters 4, 5 a"d 6) 

7.5.2 Swartruggens kimberlite dykes 

It w~s illustrated in Section 7.2 th~t he gcoc.len~ cal vari81ion within tl-.e Swar.ruggens kimtcr:ite dykes 

could be prodllCed by reasonable amounts of peridotite entra:nnoem and ~ractional crystallisation frorn the 

least macrocryst,c Main Dyke s~mole. Ho"",ver, the oossibility that he individual dykes were formed from 

sepMate magmas s,"ouid be considered Too isotouic GOrn(Jositiuns Of the individual dykes are Similar, 

SlJ(.>oesting derivation ~rom the same source regioo, and t:lUS too only ot:ler possible source of v~riation 

12': 
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within the dykes is the degree of partial melting giving rise to the magm~s. The REE variation produced by 

v~riable degrees of parti~1 melting of the calculated source regioo for the Swartrugqens close-to-primary 

kimberlite magma (Tsb!e 7,5) is illustr~ted in Fig{Jre 7,20, For higher degrees of partial meltil1q too resultant 

magmas become I~ss emched in the light REE, whereas tower d~grees of partial melting result in ~ magma 

which is more enriched in the light REE, relative to chandrite (Figure 7.20). The heavy REE abundsnces ~re 

buffered by the residual garnet in the sour"" and remain fu irly const~nt for different degrees of p~rtial 

melting 

~ • C""""pnmorf 0_ -,= , • " JJG " ., . &o.-c1 ",,,,re . .,..,., , .'. N(: 005; c.-..r.,.t ..... "f"', ~", 

~-

! 
'00 '~ 

.-.~ ", 
~," .~ .-·T ___ .

y ....... - ,',"'-" 
'-- y ---~- , 

• '" ----L , '~.-'-. -c.- _. , 
• • • -p,"'"'-..... - '0< """",,,' .-. -~ 

Swartruggens 

"' 
___ L 

" " " ~ ~ " " '" ~ fu " '" '" c, 

Figur~ 7.20 The rarlge of chondrlle ronnalO>ed REE abundanoes, shown by AAaded field, produced by v,..-iai>le 
degrees of partial meltir>;l, belweoo 0,5 and 2'1. , of the Slllree reaion c" loulated to give ,ise to the Swartruggens ciose-­
to-primary ~Imbetlite magma by 1% melling, relative 10 the compo :li lions or ~ Swartruggens kimberlite dyke., 
Coondrlle values from Sun and Mc:DorI"'-'Jh 119!l~), 

Since the Swartruggoos kimberlite dykes show sub-parallel chondrite normalised REE patterns with similar 

LafYb,. variable degrees of partial melting carmot account for the variation observed between too individual 

dykes (Figure 7.20). Therefore, as discussed in Section 7.2, the Main Dyke is inferred to be the closest to 

the primary kimbet1ite magma, and the geochemical vsriation within this dyke is consistent with entrainment 

of up to 30% perklolile. The geochemical variation between the Main and Changehouse Dykes is concluded 

to be due to up to 50% peridotite entrairl/11ent by the latter, of a different average composition to that 

entrained by the Main Dyke, as discussed in Section 7.2.1.3. The South Fissur~ has a composition 

consistent with up to 10 % frEctiooation of olivine and phlogopite from the Main Dy~e, although the Nd 

isotope systematics ~Iso suggest some degree of peridotite entrainment by the former. The Third Lease 

samples are all altered to a considerable degree, and were discsrded in Section 7.2 However. these 

samples have simil~r concentrations of the immobile REE to the Main Dyke (Figure 5.2a and bj, and at the 

time of emplacement they may have represented close-la-primary magma compositions, 
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7.5.3 Star kimberlite dykes 

The r!iarnondiferous Star !<imber!ite dykes have ,,;mila! isotopic siyl1atures (T~ble 6.2). and are therefDre 

believed to Driginate f'Dr" the Sm"e s()IJrce region. However. ~IUlDU>*l the vari"tiDns in ab~ute rnajor mxJ 

t'ace eler"ent abundances Df the samples froll' the diall,or1diferous Stm kimberlite dykes are coosistent wilh 

reasonal~e degrees of Ih(f"70lite entrainll'ent (Y crystal froctionat:on, as (!iscusse<.! in Soc,ioo 7.2. the 

r!Jfe<e~e ,1 LaND., of the r!lfferent r!ykes. describe<! !n Chapter 5. is not accounted lor I)y these processes 

Inc'e"sed degrees of ~mtiEi rTlelting IDwers the LaNb, of the mil9lla. as the li>*lt REE become less 

enriched in resultwlt Il,ells, where"s the heavy REE abundances are Il'Jffered by the res;du~i garnet (F'gtJ'e 

7.21~). A r<ll1ge of oossible L",'Yb, Df -155 to -245 is J'o<.!ucer! in 111e1tS of :he calcul"ter! source Df ;he Slar 

dose-to-~rimary kirnbe(iite rm!\JfTla (reoooed ',n Table 7.5) I)y varyiny the degrees of omtial rTleHing between 

0.5% and 2% (Figure 7.21). A rTlelting curve S<lowing the change in L,,'Yb, with Ce fDr oartial melts of the 

source 9vi~g rise to the ciose-to-Vimary Star !<iml;-erlite m~[1m1 is illustrate<! in Fig 7.~11). an<.! il is eviden' 

that the Star kimbe<1ite samoles plol close to this cur,'e, with devi"toos in Ce content eithe' si(!e consistent 

with small r!eg'ees of: Jeri(!otite entrainme~ arl(! fract'o,wl c'yst"iiisatiDn as discussoc in Section 7.2 

Wlmreas Ihe Wynan(!sfonlein arl(! East Star Dy~e samples have LalYb, consistent w,th approximately 0.8-

1.3°", meHi"'J of Ihis SOl"ce. tile Byrnes and Clew.,.- Dyke smTlJles have :owe.- LaiYb. coosistent with sliGhtly 

h;g-.e.- deg-ees (15 - 2.2",) ~artial meiting Df :his SD'J'Ge (F Ig<Jre 7 .21 b). 

The (!·:arrpndife.-ous Star ~imlJeflite (!y~es me therefore believe<! to orl9':nate lrom the Sifile source reoion 

m){! to represent a continuum of SI"11<111 de[1ees of paetial me't l1g, from the lowe.- (!egree melts of the 

vVyr ... "dsro(lleirl c"ld E~&t St~r Dykes tu t11~ sliyhtly hiyher d€gre~ melts of the Byrnes and Cle"lHe.- Dykes. 

Furiller ~ariation between the dykes is est~b:;shed by entrainment of pwi(!o;ite (doll1inoot wiUlin the East 

Star Dyke) and fraction<ll cryst"liis"tiDn Df olivine and JhlDgoJite (d(6)linant with;n Ihe Bymes Dyke). wit~ 

samples from the vVynandsfontein m){! Clewer Dykes representing closes -lo-prill1ary 111"g111<1 COll1pos·,tions 

(Figure 7,21 b). 

It w"s illustra:er! in section 7.2 that the composition Df the Barren Dyke canoot be Jro(!uced I)y addition of 

peri(!oti'e or fractional crystallisalbn frOll1 Ule other kill1beriite r!ykes at Slar. In addition. the Nr! and Hf 

isolope compositions of this dyke are sign'iicantly more radiogenic than the oiller kimber lite (!ykes, 

coof:rmir>g derivation frarTl a geoci1erTlicaily dis;inc! soorCe regoo. 

Folio,,'-"g the exper ment,,1 work of Herzberg (1992) which ill ustrated :he pressu'e sensitiVity Df the relative 

prDpo'tions of garnet arl(! clino~yroxene enler'lG the melt durir>g ~artialll1e1ting of game: ~eri<!otite. an<.! the 

consequent chanGe 'n CaO/(CaO + AI,O,) 01 mel" produced at different tyessures. Sweeney and ',',',n;ar 

(1999) suggested that the de~th of orioin of ~imlJerlites c..~n lle estimate<.! from their whole-roc~ CaOI(C~O , 

AI,O,). Aoplying :his rnetho<.! to the Star kimberiiles, ;he diatn<)f"i(! llearing (!ykes are ca'cula,e<! ;0 Dr;gin"te 

"I a JreSSure of a~prox;,--"at~y 13 GPa (Figuce 7.n). The Bar'flIl Dyke sarTlJ'es have" rTll;ch lower 

CaO,'(CaIJ + AI,O,) tl18n ,he oUler Star kimbe(lites. 3nd are calculated to originate at lower oreSSureS of 

apJroxirnately 4-7 GPa (Figure 7.22). Although thf'"'e is a considerat>e rooge in CaOi(CaO + AI,O,) with:n 

the diarTlond',ferous and the barren kimlJerlite dykes (Figu'e 7.~2), an<! thus these pressure estimates are 
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Figure 7 .21 I~I The 'or>g e of chandrile normalised REE abunMr>ees, "hown by ,haded fleld, prodL>Ced by vanabi<l 
d<>g ' ees of partial meKir(J, ootween 0.5 m>d 20/0, "'lhe ..oorce ' ''!ion calculated to give [i"e to the Star dose-to-primary 
kimoorile '""9"'" by 1',," melling, rei<lUve to too cx::rnp<l'"tiD,,, or lhe star Kimt>erlite dyke"_ Ghondrite val ue" from Sun 
" nd McDooo<J~h 11009)_ 

(b) Melting ""rve OIustr~tir>g the rh>rl\Je:'-' La!Y!on with Ce for different <leg''''' melts from the sou,ca 
",,"';on calcui<Jted to gi"e rI .... l<>p lhe Star clo.e-to-primo'Y kimberlIe magma by 1',. melting, r<>i "ti "" to lhe CtlrnpGsiOOns 
olin.. SI"r kimoor1ite d',+\6 ' . The ,haded field show, an arr"Y of r<l,si bie primary melts prod\.IcGd by 1 - 2'% rrellir>g of 
(his sourw. 
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not wetl constrained, this observation is interesting because it illustrates that oot only does the Barren Dyke 

have a different &O(Jrce region to the other kimberlite dykes at Star, oot also that it CM"iginated from pressures 

ootside the diamond stability field. The relatively shallow origin of the 8arren Dyke thus offers a ptausible 

explanat'on for the absence of diamonds in this kimberlite dyka, 
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FiIlur~ 7.22 C"Oi(C~O + A.I,O,) r'dtios of tile Swartrl.9gen< aM Star diarroMlferous kinoor ites and the St, r tJa.rrm 
Dyke Jlu:;lraloo as ~n indi:atDr Qf melt segregation dep:h, after Sweeney and Wr1ter (1999), Tha low CaO'(CaO + 
Al,o,) Qf (he Barren Dyke suggest. an Dr'>;lin GCtsidG the diomond <tability "eld. 

7.6 The origin of the Swartruggens Muil Dyke 

Several lines of evidence, sllOnmaise<J below, suggest that the Swartruggens Muu Dyke is unrelated to the 

Kimberlite dykes: 

• Petrog-aphically, the Mu~ Dyke IS very different to the kimberlite dykes and is claSSified as a 

IlfTlj)"ophyre. Although macrocrystic in places, the macrocrysts are all ~ivine, and these d ivines are 

euhedral, unlike the rounded macrocrysts in the kimberlite dykes 

The Muil Dyke has different major and trace element composition, with consideretJly higher SiD" AI,O, 

al1d Na,O, and lower K,O and CO, than the kimberlite dykes, for a similar MgO content (Table 4.1) 

Despite the higher SiD, content, incompatible element concentrations me much lower in the Muil Dyke 

[h,m the klmbe~ite dykes, and thus this dyke cannot haYe evolved from the primary kimberlite magma, 

The differences in major element composition cannot either be explained by peridotite entrainment by, 

or crustal cont8mination of, the j)"ima-y kimberlite magma, and the Muil Dyke dis~ays strong within 

dyke trends towards of ~ivine accumulation that are unrelaled to the trel1ds of the kimberlite dykes 

(Figure 7.23), 

'" 
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F;Qur~ 7.23 no, ,,"_ Ce in thG Muil Dyke co"Varad to too SwartrUQlIGn, kimberl~e". illustratin~ thai; this dy\<e is 
unrelated I::J the kimberlite djikes 

• Although LalYbo are slightly lower in lhe Muil Dyke (LalYb, = 72,5 ± 3.0) than in the Swartrt.lggens 

close-to-prim<Yy kirTberlile magma (LalYb" = 105; Table 1.2), the Muil Dyke composition cannot I:>e 

prodlJCed by higher degrees of melting of th e source region o~ the Swartruggens kirTt>erlito magmas To 

prodlJCe a melt with La concentrations similar 10 those of the Muil Dyke requires approximately 10% 

partial melting of the calculated source for the kimberlite dykes, and as the heavy REt:: abundances in 

the melt are buffered by residual gamet, slICh a melt woold haYe a very low LaiYb" of 12.5. 

• The chondrite normalised REE pattem of the Muil Dyke canrJOt be produced by a secorld batch of 

melting of the kimberlite source re!>iOn after a 1% melt has been extracted, Although a 1 to 2% melt of 

the depleted source could account for the light REE ablllldances, as mentioned above the heavy REE 

ablllldances in the melt are buffered by the residual garnet and remain a factor of wo times chondrite 

too high (Figure 7.24) 
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Figu", 7_24 Chor><Jrite oormalised REE abcnd"""" s of t"" &OO'C6 for tM SWOOJU;lgen:l kimberlles afler" 1% melt 
MS been removed, and the co"""sitklns Qf suttsequent -'0 arld 2% me"" of thi. SQurce relatIVe tJ the oom >",.,t.", of 
too Swariruyy""s Muil Dyke. Chondrite val ue3 from Sun am McD:>nough (WS9)_ 
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• In addition to being less ooricbed in tbe 'lIlcompalitll~ trz~e elements than th~ Swmtr~gg""s kirT'.berli:e 

dyl;es, the prirril:ve rrJntle [)(Jrrrd',sed sig[)at~'e of the Muil Dyke also d',ffers from those oi the 

k':mbe,lite dykes in having no Ti arJOrTlaly (Figum 5.5)_ Sino:.;e this a[)(Jmzly is believed :0 be a ,oorce 

region fe"~Jre of the kimberlit~ dykGS (see above) thG Muil Dyke rr.~st originate ~rom a soorce :bat is 

geoc.ilemicdly distinct frc.-n the kirT'.berlite S(Ju'~e mgions 

• The M~il Dyke has a co[)S',derably higher initial""Ndi '''Nd raho (with minin'lJm -X'Ndi '''Nd, I 0.511&71 

± 15 to 0,511990' :!: 11, Table G.i) than th~ Swart,uggens ciose-to-prin'ary kin'befiite magnlJ 

("Ndi"'Nd = 0'.511855 ~ 19; TJble G,I), arld :here~ore r"ust hzve an isotopically distinct so~rce 

region. The d':fferooce in Nd iso!ope cc.-npositioo is lXllikely to be due to p~ridoti:e ootraimr.ent, as this 

process appears to have lowefed, rather th,., rJised, the "'Ndi '''Nd, rafroli in the rwre mscroc,ystc 

kimb...-lite sam~es (Figure 7.8)_ 

Since !he M~II Dyke is rIOt S hnberlite, !he hig!l contanirllltion irJdicGS (following ClerT'.ent, 1982) o~ the Muil 

Dyke san'ples reported 11 TJble 4,1 de irrele~ant. arld it is conside,ed thzt c,ustai contaminaton is unllke~ 

,0 hJve severely affected the whole-rock g~OGhemistry of the Muil Dyke to 'he sa:ne extem as the kimberlite 

samples. M ,~or Jrld trace ~Ie"-nenls within '_h~ dyke lam coherent t,eClds (Figures 7.23, 7.25, 4,1 and 5. 1 ~), 

wilh the mom macroeryslic s;Jm~Gs having compositions cOIlsis:oot with up '0 30% oliv ill e addition :0 'be 

most MOO and Ni 'ich aphaniti~ sar,,~e (NC 008), and sam~e JJG 3141 hsving a COmpOli'!ion consis!ent 

';,; th 20'% olivine fractionz:;on from NC 008 {Figure 7.251_ On a plot of MgO vs, Ni, the ,rend of ol':vine 

a~~um~iation within :he ma~roc'Ys'.ic samples is slig,tly displaced from that of olivine rractiorlJ,ion wi,hin the 

aphan;frc samples, possibly due to tbe loss of SC<lle MgO subsequenllo th~ s~,penlinisatioo of Ihe olivir.e 

rr.acroc'Ysts_ Tbe trend of oli'/ine, rather than pe<idotite, en"Jinn1em is ~onsistent with th~ pe,rogrJphi~ 

observadon tbat d ivine is !he cllliy n'scroc.ryst phase in ,he Muil Dyke sarnplGs (Tab:e 2.1). Together wi:h 

'be apparently ~'tls!rainec. elJbed"~i natLTe of the olivine ma(;fO<;'Ys,", this suggest.; thst the MUll Dyke 

represents a pa,tial olivine cum~1ate, ratber than hJ'/ing enlfain~d PG~dolite en roule to the %Tface in a 

similJr ",anner to the kimberlite dykes 

3[1()0 -----.-----------, 

2GOO 
• A~honi'i<: r~cil Dyke 
C Mxrocry,tic ~u.1 Dy<e i '"00 

z 
'= 
me 

e 

Figure 7,25 The v.';etlOn in MgO and Ni cuncootfation, in Ihe r~l'il Dyke rei.We to trood, of ol ,;ne acccnlJ lation and 
li'oci'O'lolion Number, f~f", to j)Cfcentage ol ';ne f,,,,,tionalUl_ 
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The strong eru-ichment in the more incompalilJle elements relative to the less incompatible elements in tne 

Muil Dyke (Figure 5.5), suggests tllat it is a low degree partiaj melt. However, due 10 its barrerl nature, there 

is no reasoo to conclude tnat it originated in tne garnet stability fIeld. Figure 7.26 shows, for illustration, 

calculated source region compositions assuming for the 3% partial meltirlg in tne garnet arid spinel stability 

fields, The SOUrCe mineral proportions ood melt modes used are tne same as for calculating tne h nbenite 

SOUrce region characteristics, (Tables 7.3 and 7.4) but witn spilel substItuted for garnet for melt ing 11 tne 

spinel stooility fieJd The two calculated source compositions nave essentially the same abundances of all 

elements except tne heavy REEs: a source located 11 the spinel stab~ity field would be more depleted in the 

heavy REE (Lu = -0.12 times primitive manti,,). wh"r"a~ a ~(}urc" located within the garnet stabl i1y field 

would be less dejJIeted in the neavy REE (Lu = -0.4 times primitive mantle; Figure 726) 

,~ 

" " • @ , 
" ~ 
e w 
it , 
8 
" 

.""""", h Sw .... ,"..,on. _""_ 
• S"""'" h "'" I 0)'<' 13'!o "",j fl\l " 
II" m,,' ,,....., iooIdJ 
o Scuce fOf "'"I O)'<e (3',; mel'ong m 
.,..,., .. ,~',ty_l 

Figure 7.26 C.lculailld abundaoces 01 the illCOmpailble elamenls. relativ . to primilivo mantI<> , in tho pcssiblo SOUfCO 
,egio"" of the Swartrugyens Muil Dyke asslllrillg 3'1. me""," in the »amet and spinel slability ~ek:Js. See lext for IlIIthe( 
c\lsClJssion, Partition ooeff"''''nts givon In Ta~ o 7.4; pdmltivo "",ntl •• aluo. from Sun and McDonough (19891 

Both calculated source regions are enriched in 100 more illCOmpatible elements relative to the less 

incompatble elements relative to primitive mantle (Rb = -4.5 time primitive mantle) and show rather sillilar 

primitive mantle normalised patterns to the Swartruggens kimberlite dykes, with moderate negative K 

anomalies artd Sa be ing slightly enriched relati.e to Rb, The calCUlated Muil Dyke source region also shows 

a negative Sr ooom al y artd slight relative depletiOO irl Nb and Ta, although these features are not so strongly 

derllled 8S in the kimberlite source region. Two marked differences between the Mull Dyke source ood tne 

kimberlite source region are evident from Figure 7.26: too absence of a negative Ti anom al y in the Muil 
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Dyke source re<ioo and the relative emicmoect ot the heavy REE i" the kirrberlite source regioo relative to 

the Muil Dyke source region, wheth...- the I~tt...- is located within tr.e spi,," or garnet stability fields 

7.7 Location of the source regions: lithospheric vs. asthenospheric contributions 

Detailed petrogera~tic modelling of trace element booaviour ruring l<imner1ite petroger.e5is has revealed that 

the swrce regior.s or both Groop I and Group II krn:~erlites are likely to 00 located ""'thin the :ithosphere 

(e,g_ Tainton ?nd McKenzie. 1994: Ie Roex ef 111 .. 2003)_ Taintor and McKenzie (1994) calculated a source 

'or Group II ~imberlites tMt is d~!eted i" the heavy REE relative to primitive mantle, ~espite be:ng stcor.gly 

enriched in the mlYe 'ncomp<ltiole elements, They proposed that such a signature reQuired a ~epletioc 

event and sunseQuent metasomatism and that the source 'or these kimb!'>"l'ies must be located I<oithin the 

lithuspheric, rather thar coovecticg asthecuspheric, mantle flY the depleted signature to be preserved_ Ie 

Roex el aI., (2003) and Harris et 11/. (2004) reached a ,om'lar cocdusion foliuwing detailed troce eleme"t 

modelling 0' the ;Jetrugeresis 0' the Kimberley groop, and the Uintjiesberg Groop I kim:~erl'tes, respectively 

The incon~atible trace element '~tio, of the GroUJ i klmbe'l:tes (e_g. NbiU, Ce/Pb) are similar to those of 

ucea" island :~asalts (OIB), a"d on this :~asis these authlYs corICluded that the soorce region5 ut Groop I 

kimberl,tes had been strongly metasonmtised by piume reia:ed melts or ~u·Kls. The hY>"ltr.eses 01 Taictoo 

and McKen7ie (1994). and Ie Roex et ai, (2003) ~rd HEnis at ~/. (2004) are in good 8g-eemer.t with Sr, Nd 

and Pb iwtope ~ata, which suggest ac ancient er"'ched soorce for Group II ~imberl"tes an~ a sl'ghtly 

~epleted source lor Groop I kimberlites, implying a majlY co"trioution from the und...-IYlcg, convecf:ng 

mactle to the iatter 

Hf isotope systematics provide ac alternative approach tu determcing the location ot kimb...-lite 500rce 

regioos_ Nuwell el al_ (1999) ;Jroposed a sub-lithospheric origlc for both groops, o?sed on their r.egative lHw 

sigratures, w!'<d\ they interpreted to reflect a su::,ducted siab comporent tu the source r"\lion at depths 

g-eat...- than the lithospheric m~ntle. IIlthou[fl this was later revised on the basIs of mlYe data tu a;J;Jly unly 

tu Groop I ~rnn...-lites (Nowe'l 01 aI_, 2004) aIld Dowall at ~I. (2003a) cor.sider that the cor.tinuum in Hf 

',sutope curllpus:tions t>etwee" Group I w,d Group !I kirrber:i:es is not supportive uf co"O'ietely sepamte 

Source r"\lions for the two groups, The same cor'dusion W8S drawn by Pearsoc "t al. (1005, 2003a) based 

on Os isotope dat~, v.tlich 5Llpport ar' astr.enosphe.-icorigill flY both Group I m'd Group II ~im:~erlites, 

After cmeful selection of the close-to-primary I<imbe<lite m?Qmas ~t Swartruggells and St~r, the calculated 

ircompatible tmce e:ement compositioC5 oltMr re5pective soorce comp05itiOllS are reported in Table 7.5 

The dichotomy 0' 50urce enr'dl ment relative tu prim:tive mantle, ~'lscu5sed oolow, (F ;gJre 7. ~ 1) r~quires at 

least a two·stage evolution of the 500rce region. Together I<oith the close-to-p'imary Sr, Nd and Hf isotope 

mtios of these kimt>erli:es a numner of lines uf evidecce are provide~, discussed beluw, that both the 

SwaWurmer-s w,d Star kimbe<li:es have or':gins I<oithin metasomatised contnental lithuspheric malltle. The 
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geochemical compositioos 01 the respective soorce regions do not require a Gontrilxition from tile sub­

lithospheric mantie. 

100~~----------------------------~-
po (a) 

30 

~ 20 
~ 
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c • C 
c " .. L r: _ 0 

" 
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Uth:J8!>h~r'" 
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iI--Swartru~ge n o 

::l Star 
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I_ Swart fU\l~ens 
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Figure 7.27 SeI~"led Incornpatil>le tr.Ga el<Hnent ratlu~ in the SwartflJQQe~" arid Star kimb9rlit ... relali-.-e kJ the r",ld of 
astheoospI1."'" melts. D~ta fur MORB aod alB from Hof,wmn of al. (1985): Grott;l I kimberlit~" from 18 Roox ,,{ al 
(2'003); Karou basalts from M.r~ arid Eae" (1984): cootinentel cru~t from Rudnio:::k arid Fountain (1995). 

The heavy REE in the Calculated sOUrCe regions of both the Star and Swartruggens kimberlites are depleted 

relative to primitive mantle, with maximJm depletion of 0.7 and 0.5 times primitivB mantle ror Star and 

Swartruggens, respectively, in the presel)Ce of 4 vd ume % residll8.l garnet (Figure 7.17). This infBrrBd 

depl etion suggests that the sOllrce regions of both localities had prBviously undergone rnBlt extraction, in 

'" 
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~greement v.ith tile concl~si\YlS dmw~ by Taintcm ar.d McKen7ie (~994) fOf th~ suurce reg'ons of other 

so"them Atrican Group II kim"enites TI'e 1''9h Mg# of The Swartruygens ~nG Sim close-to-primary 

k;mbenile ma<jIllas (Mg If = 0,85 fur "Olh m~yrms; Tajle 7.2) re(luire e(IUili,'Jraton ~g~'nst 11igll y magnesian 

res "-,"al '" iv'ne, willl Fo_ u ~~ (using an olivine-melt ~ c"C.'hO of ° .36, Henberg mIG O'Hm'3, 2002), consister.t 

, • .,.;th Geriv~tiu" from a refractOf)', p1ev>oosly depleted, mantle so~rce 

Sub-li,llOsplle(K; melts (mid-ocean ridge jasalts and OIB) have ~ limited range uf NJiU of 37 1. 10, and 

Ce/P,'J of ~5 ~ ',0 (HoIman1 et ai" 1986), I'''here~s Groop I k,mbe,tTes, :hought to carry a pl~me signal"re, 

have NjiU and Ce/Pb which fall with'on IIlis range (Ie Roex vi ai., 2003), joth the S' .... artrugge1s (avemge 

NblU = 18_53 1. 2.~; CeiPb = 9.8 T 2.3) ant: Star (average N"/U = 24.8 ~ 5.91, CeiPb = 159:!: 4,09) 

kir"benites Imve conside","ly lower ratios for these elemer.ts (F9Jre 7,27). S~~les ,,"-,speeted to have 

s"ffereG cr~stal conlmninatioo or altersticm have already been discarded (Sections 7.2 1 snd 7.2.2)_ and 

add:t:on of minor amounts of typical cootinootal crust (N"iU = 7-',0, Ce/Pb = 3-4.5; Ruer.ick and Four.tain, 

1995) coold r.ot accour.t for the deviatioo of tile Swartruggens and Star kimjerlites frem trose or 

asthenospheric melts; aed'tioo of the o.'de.- or 50% crus, woold be required an" such a large q~antity woold 

have a no:iceat>e e/foct on the majo.' and lrace element ajun"ances of the kimbe.-lites, Tile Swarlruggens 

ane Star ,;mtJerlites are therefore irJer.'ec 10 have SO"rce reyions that are geochernically cist:nct rron, tile 

source 01 mid-ocean ridge ,'Jasalls (MORB), OIB and G-uup I kimberlites It is of significance that NblU and 

Ce/Pb in the Kacoo flood jasalts, arg~ed ,'Jy some to Imve a Suurce in the sub-co~tiner.tal iitrospheric 

mar.!le (e.g Ha'.'lkesworth et ai., 1984). silow a sir"ilar ra~ye to the Swartruggens and Star ,imberiites 

W"J"-e 7."27; Marsh and [osles, 1Y84) 

Both the Swartruggens ~n" S:m I'ave enriched init",1 Sr ar.d NG isotope ",I;os (Figure 7.28aj, req":ring a 

soorce thst has been isolsted fn;.--" the cor.vocting mantle for seme tir"e. The Hf isotope cempositiuns of 

joth these kimjerlites lie close to the mootle array ane thus GO not pro,;de ~ny further coostra,r.ts 

The simplest coocept mJdeJ is that the source regioos of these kir"berlites are luc~ted within ,he sub, 

cuntinental lilhuspheric mantle, witil nO coot,;"ution from the sub-lithospheric mantle, Aro alternative 

Ilyputhesis is that IIle kim"erlites are rel~led to .~I"me upwenng. ' • ..-here the so".'ce of ,"~me material is 

recycled or de ""i""ted sub cor.til6lltal lithospheri<: m31tle (e,g_ McKerni" and O'Nions, 1983; Ie Ruex_ 

1 986). It is not possible to unequivocally cule wt this latter alte"'~tive, t;.u I it is notewo.'thy IImt such extreme 

S.c and Nd isotope and trace element ratios as Trose present in tre kim,'Jenite magmas llave nut yet beer. 

recognisec in the ocean jasins surroonemg sootre.cn Africa_ Consequently, a mocel wllereby these two 

Group II kimberlites are derived from witl'in tI'e s""-cont,nentailitilOspl'eric mantle;s favoure" 

Howeve.c_ wrereas the My# of the kim"erlde rm1gl1>as ~nd REE of :he calc"l~te" sOOrce -egions require a 

previously de;>eted soorce, the irlCempaTible element enrichment of the calc~lateG so~rce regions (Fig"re 

7.1 7) requires a s",'Jseq~ent metasomatK: ever.t Model Nd enrichment ages. calculated relstive to "epleted 

m~ntle and "sing Tile Sm.'Nd of the estimated source reg:oos (Tat>e 7.4) s~'Jgest that tllis enr.crrllenl 

occ"rre" at ~ rr> nir'lum of 1 Ga, and 's tms ur.lik .. y to be related 10 Mesozoic pl"me upwelling. Therefore it 

'" 
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is beHeyed that the trace element and is%pic characteristics of the Swartruggens and Star kimberlites 

reflect those of the sub-Gondwana lithospheric mantle, metasomatised prior to the Meso:wic break-up of the 

Sl..\ler-continent. Howeyer, the superposition of Mesozo:C plume-related metasoma:ism on 3 mOre oocient 

metasomatic signature is not precluded. 

" 
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Figu,g 7.23 Variatoos'" iSotop <o composition of tho mconIam\naled SWartruggens and Star kimbe<1iles, Irli~aI rat'"" 
and, values lor Swartrllggens oro oalcul ated assuming an age o/,~ M~, arid lor Star a.ouming an a9" 0/ 128 Ma. 
MORB and OIB fields are prasant day, but tho ..-nail change ~ed oy the eyo"'",n 01 Pfimit;yc moot" 0'0,'50 Ma 
I. soown I:>j a . ector on (a), .ector is \00 sma l to soo ~n (b), Mantic ...-ray , hewn in (e) from \lelVoort et ai, (' 999). Oata 
for MORB and OlB field s from Patchetl and Tatsumoto (1900), Patchett ('003), Slil~ e/ a/. 1'9861, Salt~ and Hart 
1'99'), eh'''Nal et a/. (1 9921, Salt~ '" and White (1998), Nowd ef al. (1 9!l81, SaJers 1'006), Oata for Group I and Group 
II kimbe~lteslieids from Smith (1903a and b), Tap on l100~), Clark (1994), Nowell et al. 11999 arid 20(4), 
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......... "' ... ,."' .. ""'''''11''''',., 7, 187-214. 

New 

Lri .... I .... "l'Iit" ... from 
reference to the rare earth elements. 

140 



Univ
ers

ity
 of

  C
ap

e T
ow

n

.. , ............. y.,. and an 

from 

saturated 

as an Indicatlor nAt'~hAmir.l'Il processes in 

InAI'kirrlhArlit~I!::· A "'"''''''\l'n,:".,..i,,, window to 

n:::lrTlrlrlnlr'ln UI~Mll3en olivine and """, ........ Earth and tJl;;,nAT;;rv 

Mantle. 

141 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Le 

(1 
4521-4540. 

nrAl::AFVAri in nl:::lllmnlnnl:: 

Kon1atlltes. InU,mRI of "liHI'l,nnl/J':J:Ir'!SlI R'A"'~U~I"I~f'I 

JmEt-aSlsoc:iatE:Id IItr=<lm'Slfir. m=<lnml~l:: of Phanerozoic Journal of 

and ,"' .. ,.,' ..... lItI .... 
Town. 

new 

and 

Honours 

and derived 
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t"nnnrni<!Ol<!Ol<ir.n on 

Ie 

Ie 

Ie 

Nature 301, LLi:l'-L..J 

624. 
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P. D.& 

rAl'1linn,::I1 \I~~r'<:I!rlnn of 

of and related 

a crustal 

1'I ... ,., ... "lnn in 
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Nd l~nrlnnA ... "" ....... "'.,..t;.,"" 

."'.""""'" and arcs : 

on mantle evolution. 

mantle 

A. 

A olat1e-tectorlic and I-'IBlnel'arv sr.IAnt~A 

..... "'''' ... '''. G. R. 
and 

""rrllr~n Cretaceous 
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Journal 

3733. 

""",.nn, .. r P. 

Journal 

P. J. (1 Journal of ';lI'II'llnnl/C!II"'::Il ,",1"''''''''121 

the northern 

and source 

constraints from a 
21 53. 

and ae~)le(I~(J 

crust: 
3717-

l".nntlnl'!;nt~1 alkaline \I,..I,· .. nliC!rn 

trace "'1"'lm",,-" 
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.1 

The localities 

were cOllectea 

mantle room COllecltlon 

Table A1.1 Localities of the 

1 

in n .. n"",,"" are r""nnM'£.t1 in 

Helam mine in 

Town. 

18 level 

19 

21 

21 

16 level 

3 

14 

19 

19 

21 

16 

6 

21 level 

Unknown 

16 level 

cross-cut 39 

cross-cut 39 

cross-cut 32 

0 

cross-cut 57 

cross-cut 32 

cross-cut 11 

Zone 3 

1 

cross-cut 32 

centre 

cross-cut 9 

.1. 

2002. 

main sub 

Edward main sub 
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The nctrnrlrar\hv 

that are than 2mm in 

set in a finer 

Texture: 

calcite 

ADlllSnllllX 1 

in 

anhedral and 

in 

to 2mm in size that are oellleVtm to have 

with 

.. ",,.,,''1 .... 1'\ in 

one m~lr.rnlr.rv'!::t 

in 

the mineral nn:::lI!::A!:: rcnnrr •• n in 

volume nnl~nrlr.n.'''''T'''' in a fine-

1mm to the 

the 

to 5mm in 

altered to "hl"'"ill"" in 

1/ 
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AD~IBnlllllt1 

to to 0.2mm in 

OBI,OV.SKIl:B and ...... (~"IUI ... to-0.1mm in are n .. "".,,,,,.u as ac~::es,sol'Y 

Texture: -10 in a to 

-10 volume 

"""f"f'(,It'ru,C!tc! constitute the are 

as rounded 

is not 

The vast m.::l,inf'ltv C!:::IlmnIIA are OnlOCCJone. occurs as or 

up to 1.5mm in cores than 

:::IIT"'I"An n:::lI"TI:::IIIIV or to 

conlstitlJtes :::Inlr'lrn'lIim,:::Itl'!,lv 10 the nn,,,nl'l,t'nJ'C!T as to 

to2mm in 

The fine-medium 

up to 0.5mm in 

to 0.1 mm in size are ., .... ".H .... <>I'I the the 

are SUlJ-Dara 

in 

in size and as an 

and acc:essiory 

a 

the 

to the 
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of are and 

m'::'l"rt'I,I'n,'!:ItCl: are 

Thick 

are common around 

I'nl'l"l .... ,nnlv occurs as Aln'1n:::l11A 1'!J'V!:III:::IICl: in 

rounded 

of the 

PnlOgclPII:e OTIl'''~lrn ... 'n/'''''''' to I"l"Iln"I1'A 

common but not nAI"Vl:lICl,IVA 

h.::..,rii .. ,n is common and 

is common in 

around is 

"n ... nn .... ""''''''.: in Cl:""''I''InIAare ,n ... co.-"" to 

of 

to 2mm in 

occurs most I"nl'l"l .... ,nnl\l as 

has been !:IAV'ArA'lv is 

not nArVs:!l;:IVA 

occurs 

as and in total 

.hh.",rir'",,1 or euhedral OlopSI,oe, 

oxides are aS~iociatEld scattered 

in size from than 1 mm to Bmm and 

n""'I"I"I"'Cl: of remain in 

some of the m'::'l'"n,I'I'\J'!:IYCl: aUnnl,ATAIV altered to Cl:"..'nAI"ItinIA calcite. 

brown reaction 

of and occurs as ,nn""",."" or to 3mm in 
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some are n<>.'tI",llu .... "' ... ,I .. t,"'1 

are common. 

Texture: 1\.11", ..... ""'..,,, ... 

An[l8ncllx 1 

occurs as 

are 

one OIOIPsllae nn~ann"''''I,c>r was nl·"~A"',I<'1'I in 

or 

""".n ... "o D'iolJlsidle is rare 

-10 -10 

It is 

is rare. 

5 

nn."nt'l,l"l"\j' .. rl<i: in a 

and ",nl .. _I .. ",1 1mm to 7mm in and 

olivine m"" ..... r' ... r\J' .. t .. 

occurs as Ihh,Arlr'~1 to l:lInl .... rl .. l:lIl up to 6mm In 

..... "', ..... " ....... ,·."t." are ooticallV 

t"'t,F<>& ..... i,"hl,nn"nit, .. are common. 

1'\" .. ,1'11 ...... is common. 

An .. '''' ... ,' .. , .. in are 

in 
n ........ ,.,."' ... , • ."y." aPlpeclr to be fr .... h.a .. 

is common. 

to 1mm in 

are ........ "'''1,,,,' .. 1\1 OCII~IClI'IJOCIU 

to 

darker 

lV'.v .. lr.. are 

from 

as 

v 
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amounts 

mmin 

1mm to 5mm In 

..... "',,.. ...... ,.. .... , .. t,, are 

.,.""',' .... "'1 are 

than to 

-1 

are 

1mm in is 

in to 

1 the 

in a 

the 

pnlogcJpllte I'Tll:I"lrn"lrv~'r!:i: in 

are OloDSloe. are -1mm in 

that 

as a 

the 

are 

of the 

11..11..11 ......... extinction 

a 
rims 

form 

in It consists 

The 
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Texture: I\JI"'.""~'I"",.I.,,+i;1" volume volume ...... ,~ ... .., ........ ".,.t" in a 

rims surround the 

2mm in size. 

is a minor amount 

are """"""" .. " 

common, and show 

is 

"'''''n"" ... are nmnn,nnlro::l 

...... c"'.o; ... r .. ~n II10nn,I"I"'" are common 

'n ... I ........ .,,'" is 

are common, 

of InflCU·C!f.IrI"1 carbonate. 

m"I"r't:1>t"n/CltTCIt and 15 

in 

been some rep,lacement 

Fe-Ti oxides are common 

which from 2mm to 4mm in size. are "." ...... '" and have 

to 

in size . 

been 

VII 



Univ
ers

ity
 of

  C
ap

e T
ow

n

.. ru:ln"... are some are 

ron,.,,.,,,,,,, ,:"'n,,":"'~ to been tom 

sw:"rm,,,1/,, .. n,, sample rI .... ''fintiinn .. 

show 

and 

are ",hln"",""'il',," are and r.nI'11lTlnnlv occur as 

the phlogc:>pi1te nlnRrlnr.,rv!lO:rl': 

rims t ... t'~~f'l»rripnlOaC:>Pllre are common. are is not 
common or n .... ln/<:l,Qi\J' .... 

most which 

rims. is 

mm. and is also in mm are 

the and r.nI'11lTlnnIV aISSOCI81[e with the of 

Texture: """' ... r ...... "', .. "tC! and nr.II'VQJ!IO: in a medium 

The ", .. ,r .. "".., a of ohlloolooi!te 

in this are in size 

<1mm to 

with fractures. There some 

of the olivine fractures and around 

surround some 

some to 

and 

are also 

are phlogc)pite. are 

others some the ",rlllnn,"'''U'IA 

n""I""n/""'" but is not common. 
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1""""'''';''''.''' almost 

,O" .. "'t ....... 'lnl"l'OQ()Pite. and some 

mmin are common 

Texture: unlnrnv, 15 

bands -75mm into two 

is 

mm to -Bmm. 

common. ..... ... ,n.nrnu/n ~lt"'l'"~titln 

is made up 

is 

All are pmogc)plte. It occurs most 

to 1.5mm In 

in 

tetr'aferrilJlhlo,oOl)ite and 

nt'lrTl""~'" is t"nl"l"lnIFI"'I'!I'I nriml~rilv 

common 

constitute 

to 

occurs as to 

but 

rn",,.rr,,.,,,,,,,,r,,, are 

and are .-li."t", ..... .-I 

in up 

in size is also 
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mJ:ll'rn,I"ru'l'UlIO: in a 

a I tIlli::UlVtlll v to J:llir,nm:Ant 

l:'InnlRn['l'Il relic 

ammo 
DnlloaOIDltE~S are tnl'TImlnnllv nll!::trlli"tAn 

the relic 

All 

tAtlr::ltlurllnl'll,nnt'\nll'jQ are common. 

1"J:lI'1II'1IMII'I in 

... u"",.", .. the 

or are 

and fAI: .. tl\l'AI\I are "' .. nlnn" 

the is I"n,mn,ncu.t'! nloQotllte, up to in size. 

occurs as 

the olivine mAl'!rnl'!ru!::t!:: 

1 

nu:ll'!rnll'!N'!::t!:: in a 

matrix 

in to 

It occurs 

to 

the 

the 

are 

are 

x 
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Anr .... nrliy 1 

,. .. ",1'111"1,1'1 in 1mm to constitute 

are altered to Cl:.eo.r'n.eo.'''Itin",. and some 

have 

are and a 

around most of 

is 

2mm t04mm. cores, which are darker in 

than the ::Ilt".r:::lI'lnn to 

as~>oc!latEla with the more ::Ilt~,rAr! rims of the 

IUU.'U;:'C extinction 

and occurs as 

seen. 

one side it is and not 

up to 

a vein 1mm 

and constitutes less than the 

in are scattered 

-25 

.... ~ ..... n, ... n"Cl:r .. in this """nn.", are 

to .. ""rn.eo.,ntirIA and 

in from 1mm to 

are common. 

to 

.... hln .. il'A is not 

....hlnl"ll'''" DlioP~liae occurs as 

one olivine 

1mm in size. and 

mm in 

OOC)OIt'B. which rAn,nA~ 

and sometimes ... ,.,. .... nl,.,.'''''1\1 

.. ""I"1" ... ;n in the 

'nl'lI'I"I ..... ' ... '~rn"n::;;I1' .. is rare 

is n""',Cl:,,"'''It 

been 
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have thin dark 

"''''.'n'';' ..... ''''lt.'.I" 0.1 mm r:lm~elv assiocilatEld with some 

Qllnl"ltl" more than cores, and 

nn."nn,t'ru'Qr", In this "'l:II'TI",IID are nhlnn,,,"""" Most the r.ru'CO:f:::!IICO: are 

are 1-2mm in 0.5mm wide. 

l:Ilh~ .. ""llinn to in 

,.. .. "'..::t"",'..:: have thin rims of t .. t .. !:lIf.,. ..... iolhlo!t:lot'ite. 

in n""""'Alnt in the section. 

2mmin 

Groundmass: 

is with coarser 

and aC(:esf~ory aOcitite 

or ",,1'110, .... ,., COlnOletelv 

and "' .. ' ........ '1TI 

-40 volume 

<1 mm to -7mm. 

torn 

to ,..nlnl'l1l .. in some of 

htll..nr,RI to 

0.5mm to -1 mm in size. nc:n.rSICO: are 

in 

oxides 

,,", ..... 1'1 .. ,,,,,, and 

and 

1mm 

1-

of the 

The 

no 
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.... w ... 'm'fK" .... ,. sample rlAl'llN'ir,tlnrlilll 

to or to 1mm in 

are cornol,etellv ",If",,.,, • .ri 

of occurs as or 

to 1.5mm In 

Groundmass 

The 

Texture: 

are "'v'r"'n~"',"'I" ~1f"',I'"AI"I 

in 

to 0.2mm in 

~""'nnl,'" in a 

-1 mm to 5mm. t-'nIOQC)DIt:e If' ... mn .. i ..... '" 

It"' .. ~ti ... " to ... l"Iln""',,, 

tetl;afc:trriphloglopite are common. 

, ....... v;:!".. ",'lffln,,",,,,1"" and are 

are ohl,oollDite. 

"'n .. ',.. ..... ,'''' • ., are 

are 

to 

to 

,nl'llm~.~", is made from pmOQC)Plte. "r","'lnn,in, .. ntl" 

to 

as 

in 

as t'l1C!,r"rAIIA f"lrvl':lrl'lll': 

0.1 mm in size are 

is n .... '., .... "t as an ac(:essoIY 
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Texture: 1\J!<:I'I'rt\t'""""tit' I',nnt~in 

with 

<1mm to 5mm. 

are ~nl""'t1f'~1 

from 

the 

the 

size. 

are 

-10 volume % ntl~~nn!r.ru'~t~ in a medium 

M<:I,I'r",.I'n,'",t", occur in two f11~,tlnl~t in 

to 

are 

remain in some mj:!lr.ril"l'I'r\J'Ci!tCi! 

in 

m<:l,t'rr't'n,'Ci!f"" have 

tetlrafIElrri!DhIOg!ODite. and some are '''''" ..... ,'' 

kink h~r'l1iru' are common, and some 

,1"I1"I ... n"<:II1 nhln,nn.",it.. which r~nnR!,; to in 

some are n:=U'1I:::1IIV 

1mmin 

occurs nrll'linnlTlI 

in 

the Innlm~*Ci!"" of the Ci!<:II,nnllA 

-10 

and occurs as anhedral to 

in 

to 6mm in 

in 

the 

strain 

the 
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this which occurs as 

Ihn,rl'lilnl:ll'A ClIIUI-/:=iIUC:: constitutes l:Inl'\rn,Yin'll:l1,,,,IV 

most i"nITlmlnnllv to 1mm in 

Groundmass 

and Onl004l011:e are mU'\lIOIr'l:IlC! in occurs nrllm""n, as an 

or occ:;aSlon:al 

in 

or 

oaclDllte occurs most I"'I"Ilmn,nn 

to 0.3mm in size. A 

in to 

to It 

towards the contact. The """" .................. ".,t., are 

~ ~e 

<0.1mm to m~lrnln to -0.2mm 

the m~lt"I"rll'nl!:!f!l< in !:!~ITlnIA are 0.5 to 5mm 

!:!AI'nAlntirliR and in most cases ,,,,,,'n,,, ... , .. ,,,, 

logopite around m~lt"I"r\t"n.I!:!t!:: are common. Chlnnnnit .. 

2mm to 4mm in are common around the OnIOQ4lDI1:e 

are in all the 

C!l:Il'I"Inl!A are nhlnnl"lni1tA 

nnt"rv!:l,T!:l 1", .... "" ..... """" have thin 

the Inn,,...,,,,,,,,, in 

I~s. 

as 

some are 

are nAI'\Ar::::I1 IhhiAl'lr~1 and in 

tetlrarE~rrIIOnloa(lDI1:e. and some 

between -0.1 and 0.2mm on coarse, 

towards 

tAtl'l:if"~l"ril'lhlc,aol>me in 
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coarser t"'tr·~fiCI.l" .. iM."lt'liI't ..... "itA is rare TnlA,s:;!"r,"! 

int~'l"cot'iti~1 rn~tA .. i~1 and nl"!lrTAlf'" 0.1 

and occurs as InnAnr'RI '~"V"""'''' <0.1 mm in 

is 

in size. 

oxides to 0.1 mm in size occur the 

Texture: -10 -10 ... nr'V~nl""'" in a 

and to in ml'llc'TIr.n.rsrs are ,. ... ,,, IIIV cot .. ~~in"M'I 

60% of the nn' ...... n ... rvcor suite of this "'''''''TIn" .. as euhedral 

that 0.5 to 1mm in 

nnr'n,,,,,.,,, are rimmed 

in 

to 

<0.1 mm in size are ",,..,,,HAI"Al"I 

All 

are 

-20 

O::Rn1nl"" are 

"''''''''nnl",t",hJ ''''It ..... :.11 to O::""I'nA,nllrl"" 

has ,.nITlnIA'",I\< ""'IT .. n~n to .... , ..... """1., The 

to 1mm in 

... nj'C!r~lco of pnlogclpilte and "!~"'lnll'l'" to 0.3mm 

sanidine is 

Minor amounts 

..... ~ ..... n, ... nj'co'co and -15 nnr·nt",.", in a 

cut the 

in size from 2mm to 

some 
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"'">.,, .. , .. are 

Texture: 

All the m!:lI"l''' .... I'\J·!:I:f!:l: 

mmin 

The nh~~nnt"rv'~f 

1.5mm in 

the 

or 

can seen. 

is 1"1'1, ........ ,', .. "',1"1 to 2mm in 

lopsld1e, which 

which 

thin 

occurs as 

to 1mm in 

occurs as a 

are 

to 

to 

interstitial 

common around 

the 

in 

and 

loolool1te and dlOIJsidle, 

,hA,elriCIIl diolDsicle and !:I:!:I",ll'1lr,A 

nrirn:=.c~ .. olivine is 

in a nnl'!_nlr:::l 

and around 

sanidine 

some 

to 

-10 

to 

The 

to 2mm in size. All the are 

Inn,,",n,'tA ,""t'lA'\"'I"."c.f .. occur as to 

occur in "' ... ' ...... 11';" 

and UIUIJli:IlI<11I:' 

in 

in size. UIOIOSICle occurs in 

The rAn'll:liru'l 

in minor amounts 
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2mmin 

to 0.5mm in 

to O.4mm in 

"' .... .."to:.;.",. -20 

to 1mm. 

to 5mm in 

m .. '''' .. ..,''''I''\,''''t''' have 

is "' ......... ,.".,., ... rII to 

cornol,etellv AltArl=l11 to ", ... 'n .. ,n.'"'''' Phln,nnr\itA 

and is nr~,rlnl'TIinIAnj~lv l"',nmnn!~AI1 

with -5 

size 

-10 

n ..... rinrTlin"'nthl as 

is f'ntTlnl'i!:l:l',ri of 

I"AI'I,.nl"t\wn in 

or 

...... """'.v to ., ..... n .... 'ti 

IhhAl1r'J::I1 or to 1.5mm in 

or "''''.''''''.' ... 

is 

to 

as 

AnC\l"'n/!:l:f!:l: in ........ _,.", ..... , 

with 

constitutes 

in 

to 3mm in 

the 
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the 

Texture: f'n",r"""h, n""':n"'r"'~I'" f'nn,tJ::lirlinl'l 

in 

in 

is ................. ,""''''.1'1 

2mm in 

DnlOCl4JDll[e occurs ..... in"' .... il" 

CltJ::l",iriirIA as 

occurs as "l~I'L.UI,"" nleeClies 

-10 

as ,1'\1'\, .. 1'1 .... 1 to 

occur 

to 

as Cl!vlvUI,CIII 

....... ,''''t''''J" -1 mm in 

the 

to Bmm 

with 

to 

The 

to 1.5mm in 

in 

constitute J::In,,,·n'lfim,J::Itll:l.lv 20% 

to 0.1mm in are the 

mmin is 

onIOQC:>011[8 in 

IJ::I 1"1"1 nrt'lnhVf A are .. ""n, ..... rt~.1'1 in .2. 
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Cao 
NazO 

KzO 
Total 

M# 

SI 

TI 

AI 

Fe 

Mn 

SIOz 

T10z 
AlzO, 

FeO" 

MnO 

CaO 

NazO 

KzO 
Total 

M 

SI 

TI 

AI 

Fe 

Mn 

Ca 
Na 

K 

Sum 

42.3 

1.65 

13.0 

4.76 

0.02 

24.7 

0.02 

0.23 

10.8 

97.5 

0.91 

5.889 

0.173 

2.133 

0.554 

0.002 

5.129 

0.003 

0.063 

1.915 

15.86 

NC010 

38.2 

1.88 

11.5 

8.13 

0.06 

24.1 

0.00 

0.21 

11.8 

95.9 

0.86 

5.595 

0.207 

1.990 

0.996 

0.007 

5.276 

0.001 

0.060 

2.202 

16.33 

kimberlite 
= total iron as 

calculated on the basis of 220. 

42.3 

1.64 

12.0 

5.19 

0.02 

23.9 

0.01 

0.30 

10.2 

95.6 

0.90 

1.57 

12.4 

4.94 

0.05 

25.1 

0.02 

0.19 

10.2 

95.8 

0.91 

43.1 

1.76 

11.1 

4.80 

0.02 

24.8 

0.03 

0.20 

9.81 

95.6 

0.91 

42.4 

1.54 

7.97 

9.24 

0.Q7 

24.2 

0.09 

0.12 

9.06 

94.7 

0.84 

Atomic ro rtlons calculated on the basis of 220 

42.2 

1.43 

12.6 

4.90 

0.04 

24.4 

0.01 

0.19 

10.4 

96.2 

0.91 

6.000 5.845 6.079 6.179 5.939 

0.175 0.168 0.187 0.168 0.152 

2.013 

0.616 

0.003 

5.044 
0.002 

0.083 

1.846 

15.78 

Main 

2.079 

0.586 

0.006 

5.309 

0.003 

0.051 

1.852 

15.90 

NC010 NC010 

42.2 

1.60 

12.2 

4.95 

0.01 

25.1 

0.08 

0.18 

10.7 

97.1 

0.91 

42.1 

1.79 

12.5 

4.33 

0.03 

24.2 

0.03 

0.12 

10.5 

95.6 

0.92 

1.851 

0.586 

0.003 

5.209 

0.004 

0.055 

1.765 

15.72 

NC010 

41.5 

1.65 

12.3 

5.53 

0.06 

25.3 

0.03 

0.13 

10.8 

97.3 

0.90 

1.368 

1.125 

0.008 

5.249 

0.013 

0.033 

1.682 

15.83 

NC010 

41.6 

1.69 

11.3 

6.57 

0.04 

25.5 

0.03 

0.13 

10.5 

97.4 

0.89 

2.096 

0.577 

0.004 

5.129 

0.001 

0.051 

1.874 

Ncooa 

40.1 

1.63 

14.4 

4.27 

0.02 

25.3 

0.08 

0.25 

11.1 

97.2 

0.92 

Atomic ro rtlons calculated on the basis of 220 

5.908 5.951 5.823 5.863 5.627 

0.188 

2.019 

0.579 

0.001 

5.242 

0.011 

0.049 

1.919 

15.90 

0.191 

2.087 

0.512 

0.003 

5.103 

0.005 

0.033 

1.894 

15.78 

0.174 

2.042 

0.649 

0.007 

5.295 

0.005 

0.036 

1.935 

15.97 

0.179 

1.877 

0.774 

0.005 

5.352 

0.005 

0.035 

1.892 

15.98 

0.172 

2.378 

0.501 

0.002 

5.290 

0.012 

0.069 

1.990 

16.04 

NC010 

41.8 

1.88 

12.4 

4.46 

0.06 

23.9 

0.02 

0.24 

10.1 

94.8 

0.91 

5.954 

0.202 

2.080 

0.532 

0.007 

5.078 

0.003 

0.067 

1.828 

Ncooa 

42.5 

2.05 

10.2 

5.56 

0.08 

24.5 

0.14 

0.24 

8.72 

94.0 

0.90 

6.096 

0.221 

1.730 

0.670 

0.010 

5.240 

0.022 

0.066 

1.596 

15.65 

= 

NC010 

macrlm 

41.0 

2.06 

8.19 

10.5 

0.08 

24.6 

0.12 

0.25 

10.2 

96.9 

0.82 

5.936 

0.224 

1.400 

1.270 

0.010 

5.306 

0.019 

0.069 

1.881 

16.11 

Ncooa 

40.5 

1.82 

12.1 

4.57 

0.00 

24.5 

0.05 

0.15 

9.62 

93.3 

0.91 

5.873 

0.199 

2.060 

0.554 

0.000 

5.293 

0.007 

0.042 

1.780 

15.81 

xx 
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Table A1.2 Continued. 

Mull D ke 

NC012 NC 012 NC012 NC012 NC012 

Ion hi 

SI02 41.0 39.4 37.8 39.8 39.3 40.1 

TI~ 1.92 1.47 3.87 3.74 3.33 3.75 3.41 3.05 

Alzo, 12.9 11.8 11.9 12.0 11.9 12.7 11.3 10.2 

FeO" 4.45 5.65 7.42 8.25 7.76 7.06 7.14 9.67 

MnO 0.06 0.04 0.05 0.07 0.04 0.05 0.09 0.09 

24.6 23.0 22.0 21.5 23.6 22.6 23.9 21.6 

CaO 0.02 0.09 0.10 0.04 0.02 0.12 0.10 4.06 

NaJO 0.24 0.11 0.15 0.14 0.21 0.16 0.16 0.66 

~O 9.94 10.9 8.96 9.06 8.59 9.57 8.55 5.85 

Total 95.1 92.5 92.7 92.6 95.2 95.6 93.9 95.3 

M# 0.92 0.89 0.85 0.84 0.86 0.86 0.87 0.82 

Atomic ro rtlons calculated on the basis of 220 

SI 5.830 5.853 5.681 5.640 5.728 5.679 5.724 5.807 

TI 0.206 0.164 0.432 0.419 0.360 0.405 0.373 0.332 

AI 2.159 2.059 2.072 2.107 2.011 2.147 1.935 1.748 

Fe 0.529 0.702 0.920 1.030 0.933 0.847 0.870 1.171 

Mn 0.007 0.005 0.007 0.009 0.005 0.006 0.011 0.011 

5.217 5.103 4.855 4.791 5.047 4.643 5.191 4.654 

Ca 0.002 0.015 0.015 0.006 0.003 0.018 0.015 0.629 

Na 0.068 0.031 0.044 0.041 0.058 0.044 0.045 0.186 

K 1.803 2.072 1.696 1.725 1.575 1.752 1.588 1.082 

Sum 15.82 16.00 15.72 15.77 15.72 15.74 15.75 15.62 
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HC 001; Third Leos. rOY-21m'" 
O\i~ne macroc.ry.m IrC c~Ie<" y r~ plaUld by 
cakit~ . Gtoo..n:i'1ass is pred"""n.ntly r>"Dgopit~ 
("",,,,dy chklriti • ..d ) 'l'rKt calc, e 

He 003; Third Lc. _. FOV -2Crr.-n 
Olivine mocrocryst" are complet~ly rq' ac:xod by 
calal~ . G,ourtn~ .. is p.-adorr" n..,tly phlogopi!<o 
(, c~crc~ d-jc.ritioe<, and inte'slitial calc·te 

HC GOO; Main Dy' " FOV-2Jmm 
Small tragm""t" of oI~'irc m~crocryst' ar e 
rq>laccd by cal<c~ P~09Oon. naceoc",.t. ace 
optic;l l y zcncd . ..-ith dark~ r C<lreS than nms 
Groondma" i, p-r..:o""'ina.,tC/ phklgopit. 

NC 002; Third L~a.e rOY-2Onm 
()ivin~ m;>crOCf) o\S arc ccrnpl"'dy rq>l<ccod ty 
cal<cit~ . Grourtna" GOO.i,j,; oredominantly ,>' 
pnrtially chklriti",c f>'1 ogoptl~. ~nd c.'!k:it • . 

HC~; ~ain Dyk~ rOY-',5,olm 
M the oi lline rr=rnay' !'-; orc CC<llplct ~ y 
.crp~ntini,~d ""d omall~r hagn""t' are 
replau.d by cadie. lCround""" predcmiM'1ty 
compnsad ~ phkl,opi:e 

NC 010; Main Dyk • . fOV-21Xnm 
m~One macro,"!st, are cOrf'll'leIe~ "plau.Q by 
calatc. with >O!r' e 1 ~ locer --, ....,t b-y phbgop~ ot 
01 M 1 PhlogOfile r'HlCrocryslS are hiJhly 
strained Groun<:lma.s IS pr..oorr;nU'(ly 
phlogop~e 

Plate A1.1 f'hot.:micrograph. 01 th e ~'\·Iartrllooen. km berl ~e and r/oJil Innp-rophyrc ",,,r rl~. F,]Y = fi~l~ CO .,;~W () 
~1 ~ oIi";ne m~"'o T1st; f-'11. M = pillogopd~ mocrocryst 

XXII 
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NC Off; Main D~ke, FOV-15rM' 
F:agmenl; 01 divinG mac,ocrysts or~ con,.,',~t~ ly 

r~~ """~ by ""leite. Phlcgupite rnacrocrysts are 
rrac;"",d a"r>:J cleav"7' p"""" ond inf. ed by 
calQle. Groondmass is Wdom..,,,,,tly pHogopite 

JJG 3143. Main Dyke. FOV -15mm 
Olivirlf' mOCfocrysl, or~ C<><TVI ~t"y r~pta<;"d by 
""Iae Grouo;:lmass p/lOllop t~ 3i'lI1"'d ard 
ab<oro1.1nt int"",tltiol ""Icit~ occurS . , ;L.tl-p~r~I"" 
band , 

NC 005; Ch . ng~holJSe Dyke . FOV -15""" 
CHilli"" mac~o"'y;ls are altered to serpenti"" w-.::t 
p<lrtially "'pi"""," l>y CillQla G,uu,ldmass 
con.i . t, p' .. do."in"ntly of a igred pt,ogopite ~nd 
inte"liti~1 calcite 

SR 6; Moin Dyk~. FO'I -10",", 
Th ~ c>ivi"" macrocry;.; a,e C<J"".,rely ,e~aced 
lJy ""lQt~ witn a"ocIol~d opaqll!' oxoo , 
Groundmas; is p,ed>rnin~ntly ~tlogcpite and 
""bt~ 

Hon. 95-4; Main Dyl:~. FOV -;;C'f1m 
~illine """,,,cry;!;, alte ,~d to ""'p~ntin ~ on~ 

p3rtially '~~m'~d ~y ""Iclt~ , r~ .. ae In a 
pred OO'i nanl~ prjogopHe gruund""" Sa",pIe 
has a slreng fabric 

NC 007; Cha"9~hous~ Dyke. FOV -2Omm 
The obundont 01" ..,. macroc,),""s a.-e all altered 
to '~'P""I",~. 1V~11 I",i"", paoial '"~"""'n",nl by 
ca k:~e Many 0 the m, Cloe,!;!S a, .. 
d"aggregaled ir~u ,,""'d,~1 fmg """'" <1rml in 
srze 

Plate A1.f 
serpent ..,., 

Cuntinued. FOV - fiekj or lliew CM M - oiilline macrocryst Ph. M • pM ogopHe macro"rySl: Serp -

X!\I" 
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~C 009: Changeh<>u"", Dv~~, F()V -l5mm 
Till; aI:lur<lani oli ,'"",,, m X:-D<".ry>I' "ro ccn~ lete y 
'IIItereo to ser""ntin" c< rer>acod by c.alcilo 
]mundon~5> W(""' rlS "barldarrl pMogopite witll 
;"txxdin~t" ~",b", ard ji :"si:\<' 

.JJG 31~9, Soul~ Fi,,,,,,c FOV -l50nm 
': INne onacrocry ~s ...-, (cmolete~ replaced bji 
c_,bl~ The g'ouncm';s " p",don-; nantly 
p,logop l e .,;tt ~I, e o>~s "bundant 
I~rou;t.x( tl-.. =npl. 

.JG 3150, South FissJ .... re'v -15mm 
OIi.in ~ macrD<"I)'~s , '" <::<l1Jlletely r"Plac,;,d bl 
c,"cile am S(mctimoo I'Her pl-jogopit. 
G<ouoon ... " ;,; txtr""""~ allered aoo conlain:, 
aoondant calcite Sld "pac Je o.ides 

Pate A1.1 
Sf' rp<O nti "" 

SR 7; Ch~"9"hous" Dyke FOV -15mm 
~ounded OINitl€ l~aGfocrysts, shov.ing a wKle 
ong" in ,iz,,_ ~,,' ~ bunddnt and ar~ mmplet~ly 

,ltGr~d to ""roent"", Groundmass IS 
orec!om'rn.ntly pI'Oogopite, \'';tI1 subof<j nate 
,,,kite a 1d ninor doops;de 

.JJG 3145; South Fi ssure, FOV -2Omm 
M<>croC1'ist PO'" Olivine rnacroc;rysl> ~ '" 
c()Onpletely repJacej by r.al"te and CGmmon~ 
hgmont~d, Tho ,.-morxlmas" is doninated by 
r-hlogapite and t~trd~"'p~~te 

.J.JG 31.8; South f i&sur<!, FOV -20mm 
OIi~ine macrocryst' are completely replac.ed oy 
",*-"e, The groon~ n~" W(,,,,ts prodomrnant~ 
of phk>gopote A "rgG crustal >enolith is present 
Till; s""'ple becomes more ap/1ooi1ic towards 
tfle top n ,hi comer, c",se 10 the oy<. mar~in 
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NC 003; MLJiI Dyke. FOV ~3Gn.n 
M"crocrysl poor. Rare oIlV1ne macrocrysts ...-e 
comp lootely altered to serpenti"" Abund onl 
ph~e and dklp~ide phfo nor.ryst. n a 
groundn,,"ss of , . n>1:"", d opsMe 000 
phklgopite 

NC Of~; Muil Dy~e. FOV ~30ml11 
Su!J>eorai divine mam>erysts "'" r~ele~ 
allered 10 s.erpent" e and p"rti" ceplace<f by 
pIlklgop 'e , Lath_ . h"f"'d phkogopile pIl erlOrJysts 
re.ide in a p<edr>minantly . anid in e !JrCur'Jdm~s. 

SIl 9; Muil Dyke. FOV -3Gmlll 
Euhedr;,l to subhedr;,l 0,,,,,,,, macrocrysts are 
replaco>d by ""Uta ""th serpentina ~ k>ng 
lTacture. fhe gro,"-":;"ass i • • acular ,..,d hne_ 
Qrainoo, with a 110w textures which bend around 
lhe macrocryst. 

NC 012; MuH Dyke, fO. -3COml 
to""",~ macror.ry,t<;, with ",-,bhedr,,1 ol ivine 
mocrocrvst, compl-3t ~. ~ Iterf(j to s.erpentine 
,..,d parti.lly replace<! tor pM:'!iOpite arc<md the 
rm s Abur<f>Vi plk<;lopite ,.-.,:j diDP",de 
phenocrysts 

NC 015; Mu;1 Dyke. =0\' ~30m " 

Olivine macrocrym a'a olt .. ed con'opI etely 
serpentine ;><1 d parli~ I'" '.,pac. j by phi"9"P'te 
L~h_sh;,ped pher\oorlS:' of ph Oq cpite . 00 
diopside ,..-e .bund.nt 

JJG 3141: Muil Dyke FCV~30r.m 
All olivi"" ;, lepl"""" 'I cald.t~ Phkogopite 
pll enocrysls ar~ h M , but ,:ro<JOOnass IS 
se.er£ly aitered aOO c:>nta ,," a)oodanl ,;,IOlle 
.nd DP"'lue oxrd~s 

Plal£ AU toolinued FOV. fi~ ld of vi~w: 01. M = "Ni"" m.cmcryst; Ph, M = phbJ(pi',e Clac:>ocrySt: Serp • 
rerpenlr.e: S· ,"nld",,: Ph p. ph o Qwite ph..--.ocrvst 
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The are .. "'''' .......... 11 in A2.1. are 

were COllectea 

2002. The Barren were CQllectea 

exact other are 

Table A2.1 Localities of the Star sarnpl.~s 

Texture: 1\II"', ........ , .... "',"'ti... ... ..... ' .. talln'''',., -30 volume % rn"" ... ,.,. ..... n"",t .. ... 1" .. " .... ' ........ , .... '" in a 

far the most in is forms 

and I" ........ ,.,.+i •• 
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ml'll"'rn,I"N'<:IJ<:I are 

to in size constitute 

........ <:> ..... " in 

size. In 

are common 

of the 

Ph,l:In"'I"'f\j'lIlttc! are rare in 

are 

... "'" .... ,.",.. ... " .. , suite is 

is ...... 'nn .... .,.,' .... 

are 

in the 

to 

some 

with 

are pnIOQC)OltI8. 

ADtlenclix 2 Star 

are 

to 1mm in and "''' ... '''tit' the 

In euhedral to in 

of the 

in 

the of the ..... """' .. ".t"n,'C!fC! 

is 

C!1"I,,,nllC'C! and extensive 

'Ha,nn"" are PhI1oQc)pite, r~lnninn 

rims 

there are small remnants 

to 5mm in size. The 

in are 

which is altered to 

is in 

,"'h,on.',", to 
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ADrlElnClllX 2 Star 

to in "oF'nol"l'I",," is also and opaque 

Texture: I"nl"lt!:llini .. ,,. - volume m::;lr.rrlr.n,'l'I:f~ and -5 % in a 

Olivine 

... It,,,, .. ,,,.t'I to .... n.nnj' .. 

into several "'rnl: ..... "'r fr'!:Inrn"'ntc! mmin 

to 1mm in 

calcite occurs 

to ""kl", .. i.,o 

0.1mm in are 

Texture: ~n"'rl':"'lv m::.l"r.'V"'rlll':til" 

Bmmin 

are l""'I"I"Il"I"lnnlv n,l:Irii;::.lIv .. "" ......... ">T,, .. 

nr",C!oln, in 

in this 

as rounded !:InlnA""!:I1 

"""" ....... with 

the pmogl)pl1te 1TI.:lII"lrl'\l",n/ .. 'fC! 

C!!:II"I"Inllo which is anhedral 

It occurs n ..... nn'm." as 

to in 

of 

....... "'/C!fC! are some are 

in 

in 

and .... "' ... "1 .... , ....... ,''''''' ... '''. to 

-40% m::l,I"I'''.,..N'l':J .. which up to Bmm in with -1 

and m!:l' ..... I'I'I' ..... n.,l'I:tl'l: up to 

in to 2mm and 
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the m.:o .... r" .... n""'. 

The ... hl""."" ... it ... ""' • .:o ..... ·" .... 'n'""'''' 

occurs in 

The 

the 

Groundmass 

The 

to 0.5mm in 

scattered 

Texture: 1IJI.:ol"rnl"ru",til" 

volume % n ...... nf'.I"n,Ioc:tClt 

5mm n'~.rniCor ... r 

of 

in are 

to 

occurs 

the 

the 

and I'nrnm,nnlv 

anhedral 

are 

1'Ip1"1I:I1l1l11A 2 Star 

the 

lr.h:::Inl"lllnn common, and 

to 1.5mm in are 

to olivine 

to 1 mm in size 3 

in or 

to more 

is altered to 

and oxides to mmin are 

to 8mm in with -10 

", ... "n""" I"' ... nu~lnC! a 

rna,,. .. "',.. .... ,,,,t suite is to 5mm in 

altered to 

some are 

to 1mm in are 

of the 

to 2mm in The 

and of the 

to 1.5mm in size. of the 

I'nlnrlllR A few 
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occurs 

in 

mmin are 

nnln ..... ",nI1r", in 

the 

Texture: 1I1I .... 1'I"'.''''t'''',lu n-,,,, ... ," ........ ,,,,,.t'i... ...,,, .... "'; ... ; 

is 

were 

The ........ ",."' .......... '" 

torn 

ApjllenClIIX 2 Star 

to in some of which 

is nrAnnlTlln,:::Inl!1V '"'''''',''' 

Ihh,Anr':::I1 to 

of the and "'''''~'4''''''' oxides 

-1 

all is ,.~rnnIArAlv 

are common around the 

as subhedral or l'IninAr'l"l'II r.ru'!I;:Jl'Il!I;: 

most 1"'.nITlI'I'lnnIV occurs as 

to 

to 

to 

of the 

the 

kink 

of the pnu)goplte nh'l'Inrlr.n.rli:rli: weak 

t""t""'I'oOl,rrlr,nll"lll'1n'''''t ... are common. 

of of PtllClOOIPlte to in -15% 

as subordinate 

nl"lrn:::l!~li: consists chlorite and i ... t",.r.,titi",,1 

the in to 

-5 nhll'lnrlr.nlli:rli:inaTlnf~.mIAnllll 
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Smm in 

All 

in 

Texture: 

to -5mm in 

are 

is 

Anl1.Anrllly 2 Star 

is ............... ,"."'''1 to 

further repllacE,me,nt 

to 1.5mm in are 

"""r"''''r1nn and with some .... ,"\1.,.,:.,<> 

is most 1"'1"IFnm,nnl to 1mm 

in to O.5mm in 

to in The 

and .... al\'uOClJ. 

in the 

volume m<:l,,.. .. n, ....... ' ... t .. and -10 nnl:l!nnlr.ru'l'I:Tl'I: in a 

as and 

alteration to 

SA,rn".,ntilni~l:lltil'ln occurs more "".v"",.'v,","v 

OnlOtllOollte ..... <:I ... " ....... 'nJlll:lt .. are 

Ihho",rlr::lll to 

with 

Onl'OtlC)Olte. in 

some 

to O.2mm in and int~ ..... titi<:ll 

cores than 

,nn,,,,",,,,, to 

and 

to 2mm in 

and show 

to -1 mm in size. 

up to in 

to 

the 
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of the 

the 

of the 

subhedral nlCllr,n"",I(,'ICII mmin 

An~OAMIIl! 2 Star 

to O.1mm in 

is also ... r."",., .. ,. 

are 

Texture: 1UI~l"rn,l"n/·~til" -20 rn,..,,.-n,l"'n/"'T'" with -5 volume nt" .. ~nl"l, ... n,'c>rc> in a 

is ,...nnnnrl~At1 of 

0.3mm in size. All the olivine rn"'''rn'''nJc>tc> nAr'tIAllv altered to "'.'''· ... o'~tin.A 

and 

The 

size constitutes -2 

0.1 mm to 0.5mm in 

the 

U~'::II\.II.IOCI oxides 

around the 

Texture: ~n.::lr"'ICIIhl 

in 

the 

~nh,"'rlr~1 and f'nnnmt\n 

nhlnnlr'lniltA ITIAl"lrnl"lru~lt~ are nAr'ti~llv r., .... n/c,.·' .. 

"n ... "",,,'f'\'"'''''' in 

to 1mm in 

... "".T.""I\. or cornolletellv 

as or 

to O.1mm in the 

volume mAll"rn,f'ru'~f~ with -10 

of the m~l"rnl"n/'",t is I"'I">.n .. urI"''''." in 

The m::!,lnrltv 

ranges to 

around the rims 

occurs as 

have of 

I"n/"".::II'" that 

to 1mm in 

from 

of 

with 

t08mm 

around 

",It".r!:llt·;nn to 

Il'Il"rnr.ru .. r.. are cornoletelv 
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some QAr'n"""Itin,,,, 

are OnIOO()Olte. 

darker cores rims. 

The 

in 

to are scattered 

is a 

J:lIIt.:I,I"Ari I"nrnnl,lOItAII\, to QAr'nAIr'ltil"'" 

I-In'" ... ,. .... I"\.,''',''' are not common in 

volume 

to 

to 

in 

but 

in 

occurs as 

occurs as 

in 

Ann, .. nti'lv 2 Star sample deS4::r1ptlons 

less 

to 

to 

than 

to 

are 

to 

are 

...... , ....... :;. as 

-5 volume "'n ...... ,.., ........ ·"',., in a 

the ..... "", ... rM' ....... ""'t'" 

are all 

thin rims 

are all 

fractures. Some 

remain. 
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Apll18ndliX 2 Star 

occurs as 

' ... 11'............. onlOOlooltes are 

-0.1mm to 0.2mm in 

size. carbonate is abundant and minor interstitial 

VLI,a'-l""'; oxides <0.1 mm in are 

m.::a ... rn,I'nJ'c:tc: and 10 

in a medium to 

is 

than 

are tv[li~llIv 

are some 

All to to 1mm in are .. 1 ............ .,.11 

.:.It..r.::ai'inn to 

and to 

calcite c:",'n ... ,tln.. is also n .. ., ...... ,t to 0.1mm in 

are common 

Texture: 1111"' ...... " ... "',":"" ... -25 vol ume % m':'I'rnl"ru'"u~ -10 volume % '''-'''''''''''' in a 

the m.:."r'''''I'''\lC:f to 10mm in 
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2 Star 

are to around cores are 

of 

some 

and some are to 

is 1mmin 

with 

of in 

to 1.5mm. occur as 

from 

or 

The 

0.2mm in 

of 

0.2mm in is nr"''''''''nT in 

as "' .... 1 ....... 1,."'1 

and are 

Ph'lIInnl"lI"\I!ltt n ..... ,.. ..... (1 

,..,..,'\,,,,,,, in 

is 1"" .... 11'"1.·"'1 to and forms to 

In"nnll'",,<1:1 have thin rims 

constitute the n"I.:ainriru 

to 

amounts. in are common 

-10 volume 

to 6mm in of the n"I.:at"rnt"rv:!::t 

the ml:lr.rnr.rv!<I:If suite is r.nr"nr·I~f:!ln occurs 

to -2mm in size. 

are nhln",\n 

............ ,/C!tC! are 

the have thin rims 

or Inn,Rnl'RI and reach 1 mm in size. 

darker cores than and thin 

tetl~afE~rriiDhJoa()Dit:e are common. 
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interstitial 

Texture: li:!no .... ""h, 

-10 

weak 

or 

also 

0.1mm in 

and Fe-Ti 

-15 volume 

is rn.TUT11nn,,, 

" .. "nor\" is common and the nhllnn,l'\nit~ 1T1J::III"lrnl"n/ll:FlI: 

2mm in 

AD!:lendiix 2 Star 

1 

as 

as Int~~r~t!ltl::::l1 ,.." .. t""ri .. 1 

up to 0.1mm in are common 

are fr .. t',..,,"~n""rI 

a 

are 1I"\1F' ..... ""'" 

of 

calcite. 

occurs as to 

-1 

in 

mm in are 

to 

an 
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Anr.l8nllllx 2 Star 

Texture: II.II"",...",.,.,,, .. tll" with -10 nt'>'"n.n,l"r", .. to:. in a tln •• _n,F':"r"'OI'l 

are rnrnnl,RfAIV .:.Ito,"".rl 

constitutes 

size. All 

are 

Inrl,I'n':"u, .... lIn.~'".:.,I.. are SU[lI-DSlran 

to in 

is not nArV:::U:l:IVA 

with 

with calcite. 

some are rimmed 

a the 

to 3mm in 

and show kink 

The entire this ",,,,.,,nl'o is rl'll'l"lnl'iC:II:.rl of nl'llnn,r\nllrA 

to 1.5mm in 

which occurs as 

are common 

to 

the 

Anl'll'''''rc:r~ are .............. ,"1' 

in size and as ,nr" .... n'IrU:lI1 m.:.' .... ' .. 1 

oxides mmin 

size 

cores rims. 

amounts of int .... c:titi.:.1 

the 0:.':""1'11<:11 

-5 

m.:., ......... , ... I'\J' .. , suite is 1' .... ''I''Inl'ic:II:lti 

-5mm in size. All the olivine m.:.' ..... .., .... ru'c:tc: are 

are 1.ii::I1\.illt:l. Phllnn,nniirA constitutes -1 

Most of the 

of the 

J:lIlt,.rJ:llI'lnn to I"'n .... rl1'<> 

mJ:ll,Nt1II"1"V'!i:tllt has occurred. 

in 

are also 

with 

the 

to 

nn~.nnil'rVC:'l': in a fine-

to 

as 

some the 
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APllienOIiX 2 Star 

this co.:orr,nl'" The Innnnl',,,, nlnArlr.nIN!C:lt!C: are 

or cores than 

the OnIOOI)OIl:e nl ...... ".nl"'n.'COltco are 

onloo()Olte. which occurs as 

Calcite constitutes the remainder 

to 

int"rc:titil:ll material 

InU:U''':filfll:ll ..: ... ,n ... !nfll"l'" constitutes and Ti- oxides mmln 

occur 

Texture: IU ........... , ....... ,"'t 

volume 

are 

show distinct 

also as n."',,.. .... ', .. 

Ti to 0.1mm in 

with an .:onln.:orm 

are fr.:o' ....... ".nt'.n 

well defined the 

a matrix 

this ,.. ..... " ..... 

-1 mm in size. 

15 

nnr'",vim.:o' .... lu 20 

to 1mm in suite. 

are altered to 

to 

in Il'\hIAt1r~1 to 

of 

occurs as lath 

are common 

with some 

of the onIOOI::lOI1:e ... ,"'''' ........ ' .... ""t., 

............... extinction Is common. 

or 

the 

but 

interstitiall'::Ar'nAlntInIA U'I..Iii:1I.1ue Fe-
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Texture: UllOll~rn~l"\Jdi~ 

~nlTlmlnnll\l l'IiQtl'lrt~,l'I or ... ,,''''"','', .. ''''''' tr:l'lnrnAl1ltAl'I 

An"I~I'\J'QfC. are rare in this QllOlIl'nnllA 

-2 

to 1 mm in size. 

mmin is 

and some are 

the 

is common. 

~llOlI"lnIAare 

% 

are 

ADl'lilenllllX 2 Star 

-5 in a 

10QIODilte with lesser olivine. The 

occurs as 

with -5 

as 

the ,.. ... " .. " ... 

occurs as 

with 

to 1mm in 

., .... 'n .... 'ti .... l ... with 

and aC(:essorv 

the 

the 

to 1.5mm in size and are ~nn'lml'lnl\l AvtAn~~i~,I\I Q!'rllOllil'lAl'I 

and kink 
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r\Pp'enllllX 2 Star 

All are nnlnn,nnlllA 0.5mm to 1.5mm in are 
,hhAnrJ:lI to 

Groundmass 

The which occurs as r:rvl'i:Tl'Ill'i: that 

0.1 to 0.5mm in in a matrix 

, ... rI,"""' .... is in size. Two 

cut the C:J:lI'I"InIIA mm in are 

Texture: ."."',. .. "1'..,.,<> ..... ... ,., ... t"';I1",; ...... -30 m:::ll~rt"I~n.'c:tc: with -5 in a 

size 

the ml:ll~rt'\'~I"\J'c:, is occurs as 

J:llfjl:llI"Al'I to C:RI"nRII"ITII'1IA 

is ... ,., ..... n.'i"' .. to -1.5mm in size 

are undulose 

entire suite "' ..... , ,,,,·jn... as r:nl'l"lrrlnnlv lath-

from 0.5mm to -1 .2mm in 

to in 

with ........ " •••• '" also occurs as 

to I',,,,,,,,m, aS~IOCilatela with 

IIJI"'''''''''''''''I'''''- with -30 volume mJ:l~lI"n,~ru'c:tc: in an inb~r!:;titiJ:lI matrix r:nl"ltJ:lllnlrll'l fTlir:rnnI1Arlnc:rvsts 
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The m::lr.rnr.ru!Ol:1 suite 

to 7mm. All the 

rims are r:nrnm,nnll\l 

"'s'''''v undulose AWln,.1r .... n 

No 

Groundmass 

around 

amounts 

scattered 

the 

to -O.5mm in 

element "'n':>I"'~<:"'" 

AnnAnn,iy 2 Star 

is r.nl'nnlric:o".'; rounded which in 

are 

to 

or 

n ... """,il' .. ITI::Ir.lrnr.lnJC:OllS, constitute 

and are subhedral or l'IInnlAI'U'l'IIl 

The ",nln"""",'lr .. ,..rn,.. .... ,,,,.,,, are strained 

to 1mm in 

the .. ..,.,."" ..... ,,,,,1,, altered nature 

have been become 

pnlogc)pl1te is !OI:AV'AI"A,IV "'!hlnrlti~:A'; 

to O.1mm in are 

ml'llfV\" .... "~fI"" olivine and nn,,\nil'A in the kimberlite 

are rAnnri •• ,; in A2.2 A2.3 res~)ectively 
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Sample JJG 2833 

Desert tlon 01 mac 1 co 

SI~ 

TI~ 

AlzOs 

CrzO, 

FeO'" 

MnO 

CaO 

NIO 

Total 

Fo cont 

SI 

TI 

AI 

Cr 

Fe 

Mn 
Mg 
C. 
NI 

40.5 

0.00 

0.00 

0.02 

7.15 

0.09 

50.9 

0.01 

0.42 

99.0 

0.93 

0.992 

0.000 

0.000 

0.000 

0.147 

0.002 

1.858 

0.000 

O.OOS 

3.008 

JJG 6360 

An",Anriii" 2 Star 

element of olivine m",,,,m,"'nJ, .. t .. 

Inl\l ..... ;III\, of Town. 01 ::: mac =: m""l"rn.· .... '.:t· 
nn.TII'\'''' for these anal ses have been 

JJG4570 JJG 4570 JJG 4570 JJG 4570 

01 ma4 co 

JJG 2833 

01 mac8co 

JJG4570 

01 mac 1 co 01 mac 7 co 01 mac 7 rim 01 mac8co 01 mac S rlm 

40.5 

0.00 

0.00 

0.06 

11.2 

0.28 

48.1 

0.03 

0.02 

100.2 

0.90 

0.997 

0.000 

0.000 

0.001 

0.231 

0.006 

1.767 

0.001 

0.000 

JJG 6361 

41.2 

0.01 

0.00 

0.01 

8.34 

0.10 

49.6 

0.01 

0.43 

99.7 

0.92 

41.3 

0.00 

0.00 

0.03 

6.16 

0.07 

52.2 

0.01 

0.40 

100.2 

0.94 

41.4 

0.00 

0.00 

0.01 

7.04 

0.09 

51.2 

0.00 

0.42 

100.2 

0.94 

Atomic ro rUons based on 40 

1.006 0.994 1.002 

0.000 

0.000 

0.000 

0.170 

0.002 

1.805 

0.000 

0.008 

0.000 

0.000 

0.001 

0.124 

0.002 

1.S77 

0.000 

0.008 

3.005 

0.000 

0.000 

0.000 

0.142 

0.002 

1.844 

0.000 

0.008 

2.998 

Barren 

40.7 

0.00 

0.00 

0.01 

7.05 

0.07 

51.3 

0.01 

0.40 

99.5 

0.94 

0.992 

0.000 

0.000 

0.000 

0.144 

0.001 

1.863 

0.000 

0.008 

JJG 6362 JJG 6363 NCOM NC OM 

40.6 

0.00 

0.00 

0.04 

10.4 

0.12 

48.0 

0.02 

0.49 

99.7 

0.90 

1.003 

0.000 

0.000 

0.001 

0.215 

0.002 

1.765 

0.001 

0.010 

2.996 

NCOM 

40.1 

0.00 

0.00 

0.03 

10.4 

0.12 

48.8 

0.03 

0.49 

99.9 

0.90 

0.989 

0.000 

0.000 

0.001 

0.215 

0.003 

1.794 

0.001 

0.010 

3.011 

NCOM 

Descrl tlon 01 mac 1 co 01 mac 1 rim 01 mac 5 co 01 mac 5 rlm 01 mac 3 co 01 mac 3 rim 01 mac 8 co 01 mac 8 rim 

SI~ 41.5 40.4 40.7 40.9 40.9 41.0 41.4 41.2 

TI~ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

AlzO, 

CrzO, 

FeO'" 

MnO 

MaO 
CaO 

NIO 

Total 

Fo cont. 

SI 

TI 

AI 

Cr 

Fe 

Mn 
Mg 
C. 
NI 

Sum 

0.00 

0.06 

8.04 

0.09 

50.8 

0.05 

0.42 

101.0 

0.93 

1.000 

0.000 

0.000 

0.001 

0.162 

0.002 

1.825 

0.001 

0.008 

2.999 

0.00 

0.05 

7.92 

0.10 

50.5 

0.03 

0.42 

99.4 

0.93 

0.991 

0.000 

0.000 

0.001 

0.162 

0.002 

1.844 

0.001 

0.008 

3.009 

0.00 

0.03 

9.38 

0.10 

49.5 

0.02 

0.39 

100.1 

0.91 

0.00 

0.02 

9.21 

0.13 

49.0 

0.01 

0.38 

99.7 

0.91 

0.00 

0.07 

7.86 

0.10 

50.4 

0.06 

0.41 

99.8 

0.93 

Atomic ro rtlons based on 40 

0.998 1.004 0.998 

0.000 0.000 

0.000 

0.001 

0.192 

0.002 

1.806 

0.001 

0.008 

3.004 

0.000 

0.000 

0.189 

0.003 

1.792 

0.000 

0.008 

2.998 

0.000 

0.001 

0.160 

0.002 

1.831 

0.002 

0.008 

3.002 

0.00 

0.08 

7.97 

0.11 

49.8 

0.07 

0.39 

99.4 

0.93 

1.004 

0.000 

0.000 

0.001 

0.183 

0.002 

1.816 

0.002 

0.008 

2.998 

0.00 

0.05 

7.04 

0.10 

50.8 

0.04 

0.42 

99.8 

0.93 

1.004 

0.000 

0.000 

0.001 

0.143 

0.002 

1.836 

0.001 

0.008 

2.995 

0.00 

0.04 

7.10 

0.08 

51.0 

0.03 

0.42 

99.8 

0.93 

1.001 

0.000 

0.000 

0.001 

0.144 

0.002 

1.843 

0.001 

0.008 

2.999 
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./I "r"''''''llv 2 Star 

Table A2.3 m .. ',. ..... '·"I" • ., in the Star kimberlite 
an electron ..... 1,· ..... ,"''''1....,. """',.. ..... ,,.""~t, FeO" = total iron as 

= atomic have been calculated 
on the bash of 220. 

IDyke Clewer East Star 
1!Ii: .. mnlA JJG 2833 JJG 2833 SJH39 SJH39 JJG 4570 JJG4570 SJH 30 

Description Phiog mac 1 Phlogmac2 Phiogmac3 Phiog mac 4 Phloamac5 Phloamac6 Phlog mac 7 

SI02 42.6 39.2 40.6 40.E 41.9 31.1 40.6 

TlOz 1.50 2.08 1.87 2.01 1.66 1.69 1.71 

AlaO, 12.1 12.6 13.9 13.5 13.5 12.1 14.8 

FeO'" 4.63 5.16 4.07 5.52 4.65 7.10 4.81 

MnO 0.04 0.03 0.05 0.06 0.01 0.05 0.03 

IMgO 22.8 23.8 21.4 21.2 21.6 21.4 24.8 

CaO 0.09 0.02 0.01 0.03 0.03 0.01 0.02 

NaaO 0.21 0.11 0.11 0.09 0.23 0.14 0.23 

KaO 9.88 9.53 10.1 10.5 10.3 10.0 9.64 

Total 94.5 92.6 92.1 93.6 93.9 90.8 96.7 

Mati 0.91 0.90 0.91 0.88 0.90 0.86 0.91 

Atomic proportions calculated on the basis of 220 

SI 6.062 5.753 5.933 5.902 6.022 5.720 5.611 

TI 0.161 0.229 0.206 0.226 0.179 0.193 0.186 

AI 2.137 2.187 2.389 2.322 2.285 2.282 2.434 

Fe 0.552 0.633 0.498 0.671 0.580 0.901 0.562 

Mn 0.004 0.003 0.006 0.008 0.002 0.006 0.004 

Mg 4.846 5.199 4.655 4.591 4.627 4.850 5.175 

Ca 0.013 0.004 0.012 O.OOli 0.005 0.001 0.004 

Na 0.013 0.047 0.049 0.025 0.063 0.042 0.062 

K 1.795 1.186 1.886 1.943 1.890 1.939 1.119 

Sum 15.64 15.84 15.63 15.69 15.63 15.94 15.82 

Dyke Eaat Star 
.... ... ,.." ...... 

SJH 30 SJH79 SJH79 SJH79 SJH79 SJH79 SJH79 

Description Phloamac8 Phloamac9 Phloa mac 10 Phloa mac 11 rim Phloa mac 12 Phloa mac 13 Phlog mac 14 

SI02 42.4 41.4 41.2 46.1 39.0 43.1 40.0 

TIOz 1.72 1.57 1.57 0.33 1.94 0.40 1.61 

AlzO. 13.6 13.3 12.5 0.83 13.1 13.0 11.9 

FeO 5.46 5.08 5.58 15.4 4.89 2.81 5.25 

MnO 0.03 0.03 0.03 0.15 0.05 0.01 0.05 

IMgO 24.3 25.0 24.9 23.6 24.8 26.8 25.1 

CaO 0.13 0.03 0.03 0.12 0.02 0.01 0.06 

NazO 0.14 0.19 0.26 0.13 0.15 0.16 0.29 

KaO 9.80 10.4 10.4 8.40 10.2 10.7 10.7 

Total 97.6 91.0 96.4 95.7 94.2 96.9 95.0 

Mgt 0.90 0.91 0.90 0.75 0.91 0.95 0.90 

Atomic proportions calculated on the basis of 220 

SI 5.813 5.794 5.826 6.887 5.656 5.959 5.765 

TI 0.179 0.165 0.166 0.037 0.212 0.041 0.181 

AI 2.226 2.199 2.083 0.145 2.231 2.123 2.027 

Fe 0.632 0.595 0.660 1.902 0.593 0.325 0.633 

Mn 0.004 0.003 0.004 0.019 0.006 0.001 0.006 

iMg 5.017 5.224 5.248 5.184 5.354 5.522 5.398 

Ca 0.019 0.005 0.005 0.020 0.003 0.001 0.009 

Na 0.038 0.052 0.071 0.039 0.043 0.044 0.081 

K 1.733 1.859 1.870 1.582 1.882 1.888 1.964 

Sum 15.721 15.897 15.936 15.814 15.979 15.904 16.063 
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JJG 2833; Clewer DykOL FOV -2Cmm 
Mamx:rysl<: Oliyi,," Mcro:rysls aro; I~sh . 
~ Ithoogh cOI~Y ~ .. " ented. Ground'nl ss is 
pr.d"""'n ...... tly phkl gopite "il~. "ulnrdinote 
oI"oe 0"" calLita 

SJH 37; Wyn~oodonl<-In Oyloe FOV -' 5mm 
Sp"""y m.cfoc.rystic. Olivir ~ Inacrocrl"\' ,.-~ 
rorm elely replaced by cal:ire Gr0<1I1dm". 
conl"n. -eQual Dfopo1i,n, ,I ""t>go~te ""j 
inte"titial ""lcit._ .... illl ""..-.doct oo~ o<ides 

JJG 6361C; Wyn~oo$fon"'in Dyke FOV 
-20m",. Macrocry,bc. OIiv n-l m~crocy;" are 
COI,,:>letely re"aced b, oa lei"' . '0,1;.0 cC'rlt"'''' • 
large ,.,,,,,lith of 'iner_grair ed diop;ide It:;h 
kimberlite {outlil",d " ,,-i,e; Gr[IJnd",~,s 

oom"""W phklgopite an, ca~o te 

Pial<! A2.1 P\xltomcngmpt • of Ihe etM kim""r~ te ; amples 
phklgopHe macrocryst 

JJG 2637; Clewe- Dyke. FJ. -~rJmm 
Mac,oeryslic. Oh ne macrc c~ sts ~ re col"Pietely 
s. rpentin;""d ~ n, Ihe =j:"-;I>< ar~ "o"central"" 
irHo one ~al1d. Gr::<_mdm"'; :::<150;t. jYimarily of 
ph~opite with laoser ""Idle, rod .J! " "e 

JJG 6361A: V/ynandslo<lt~ir Dyke FOV 
-'Urrm. Mocrocy;tic. O"il'l: T acrocry,," ar. 
compl"'e~ repl.lCed b)" (~Ici.a. Phklgopite 
"",<;I'OL'Y,t, are partiol. ,h,-"d to ot>orite 
Grool1dl""," i. pr.dorno-n:N .lh"gorile and 
calcite 

JJG 6369; "'~nandstJr"'''in 011<e. FOV 
-zOm",_ SIJ~",e~ macr,.::), >:>0 .. \11 of the olivine 
macrocry"s ,,~ 00 ~ P""' ) ~ Itere<i 10 
,erll""1tine, I";th partial r~pI~o.-r"'"t ~) c~hte 
GrO<lndm,," dcm"al1tly =Hi·;-o of "'>ogoplte 
with il1torsti1' .. 1 calcite ""d .e'p.rtil~ 

xuv 
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SJ H 36: East St., Dyke, F':V -2Drnrn 
Maam:ry,tic Ol"i.,., n ocraerysts ar~ fresh 
a lt f"Qu gh c011mo"y h'.J">entad, bc1 I'oith 
saroe"ti"", aklnQ f'"G', ICC'. G.-oundma" " 
domina,-t~ p111oQoOC~ 1"11 interstitial ""pont" .. " 
. ,-,1 ""lcite 

SJH 80; Eut Star Dyke roy -2')mm 
Sp . r",ly mao'ocry.h: ,:qi.ine macrocry;ts ar~ 
complw. y altere~ -.0 ""rroer,t''>O, GroundmaS' 
coo , i. t, pre(!crninanti)' ct oI1klgop4e, I'oitr lessel 
s<orpcnti "s<od oIivin~ in " ~ inte .. t"ia l m .. rix 01 
cabte a m $erpentir>e 

SJH n; Eni St.rr Dyke. 'OV -2Gmrn 
Macrocrys.tk: [)I ";,,., n",craery,t, ",e .,ntirely 
anered to ,erpe"ti,.., G'oundmass con,ists 
<Iominantly of pl1k:>gooite ~ d, s~oor"ir''''e ca"*,, 

SJH 104; East Star Dyke rov -2C'mm 
Macrm:ry,tic, Qivine rn .",ocrl' . t, a r~ corn pl~t" f 
'~rp<O"ti"'",,d, ;o,ith part .. f",ther r~ac"",,,nt b, 
calcite Grourdm", coosiSb pr. naril'/ d 
phklgopite with subordinate calcite 

SJH 79: East Star Dyk~, FOV -20mm 
Sp",",,~ m<>eraerystiG, Olivine macrocry. ts are 
entir"y altered to ,erpenline The majority 0' th~ 
groun~ma ,. i, phklgopil~, with ""bordinate 
oaioite 

SJH 77: East Star Dyk~, FOV -2Drnm 
SparSC'ly m. "'ocryslic Sm~1 Iragnconts a' 
01""" macrocrysls aro cotro'etely aneroo te 
,erpent;"", ;o,itl1 pMiaI r~ac",ne~, by oaloit~. 

GIO<J r>lrn." dorri"""t~ oon~s of phklgo r<t~ 
a nd calcite 
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NC 051; B~rr~n Oyk~. FOY -201'1m 
Mocrocry' bc. moine macrOCl),sls are pa1i"l~ 
altered to se rpe rl ine GrO<.Odm .. , cor1>iSls 
dominantly or phOgojlle ""th Ole,.jitia' 
,erpentine,.."J subord n ate ca t ne 

• 
• 

, 
"" 

NC 053; Barr<m Dyk~ FOV -;>Orr.." 
Macmcrystic_ Olivine 11""WClysh are frash, with 
only rriroor a l e ration 10 serpentine. GrO<X>dmaos 
CDr,,".t . predoillinarltly ot phk>gopile with 
int",,!i!i . , ,erpentin" . no sutx:<dinate cal cile 

NC 052; Barren Dyke FOY -2Dmm. 
Mocrc>cry*::. Ol;~ ne 1'1acrocry.t. ore p...tialiy 
altered 10 serpentine. The grounclmass consist" 
primarily of phlogopite I'oith . uI:>ordnate 
im erot itlal "''P''r>I ;r>e an" mirm cal:::tle 

NC OM; Barr~n Oy\<~. FOV -2[)mm 
Coarsely l'lacrocrystic. Olivi ne rr.acroct)'sts are 
fresh and commonly fragmented. Groundn",» 
cont. in o -40'1-;, pHe>gopte in "., inter.Wai mat,,, 
of predominantly >erpentine and d1 lo"te 
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Appendix 3 

Sample preparation and analytical techniques 

A3.1 Electron microprobe analyses 

All the mineral compositions reported in Chapter 3 were determined from polished 30 IJm thick thin sections 

on a Cameca Camebax 4 channel electron microprobe at the Department of Geological Sciences, 

University of Cape Town. An accelerating voltage of 15kV and a beam current of 15nA were used. TLAP 

(Na, Mg, Si, AI), liF (200) (Fe. Ni) and PET (Ca, Ti, K, Cr) analYSing crystals were used to detect X-ray 

emissions from analyte elements. Counting times were 10s at peak and background positions, except Ni, for 

which the counting time was 30s. Online data reduction was carried out according to the PAP procedure. 

A3.2 Powdering 

.. Each sample was split into small (-5cm) pieces and weathered surfaces were removed using a 

hydraulic splitter, and subsequently jaw-crushed into <1cm chips. 

.. The jaw-crushed samples were hand picked to avoid mantle and crustal xenoliths and xenocrysts. 

excessive alteration and secondary veins. 

.. Only fresh, visibly uncontaminated, sample was then powdered in a carbon steel Sieb swing mill for 1 

minute. 

.. As a test of the repeatability of the picking and subsequent analytical procedures, sample NC 008 was 

hand-picked twice, to form two batches of visibly uncontaminated sample: NC 008a and NC 008b. These 

two batches were treated as separate samples throughout all analytical procedures. 

A3.3 Major element analyses 

The concentrations of a range of major oxides in the Swartruggens and Star samples were determined 

using X-ray fluorescence spectrometry. and CO2 concentrations were determined using a Karbonat Bomb 

as described below. 

A3.3.1 X-Ray Fluorescence Spectrometry (XRF) 

.. Approximately 2g of powdered sample were placed into porcelain crucibles and the exact weight 

recorded. 

.. To determine the weight percentage of H20. present in the samples. the crucibles containing sample 

were left to dry in an oven at 110°C overnight, and subsequently weighed again. 

.. Overnight the samples were then roasted at 850°C and reweighed to determine the weight percentage 

lost on ignition (LOI). 
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Appendix 3 Analytical techniques 

" Fusion discs were prepared using precisely 0.7g of roasted sample and 6g of a Li2B40 1 and LiB02 flux, 

using a Claisse fluxy. 

" Prior to analysis, the samples were stored in a dessicator. 

The concentrations of the major elements in the samples were determined by XRF spectrometry using a 

Mo-Sc X-ray tube in a Philips X'Unique wavelength dispersive spectrometer at the University of Cape Town. 

A low dilution fusion technique was used. Analytical errors and detection limits are similar to those reported 

by Ie Roex at al. (1981) and Willis (1999). Comparative analyses of the two batches of sample NC 008, 

prepared and analysed as separate samples are reported in Table A3.1. 

Table A3.1 Comparison of the major element data (in wt 'Yo) obtained from two separately prepared batches of sample 
NC 008, from the Swartruggens Muil Dyke. FeO'" '" total Iron; H20+ '" LOI - CO2; Mg# ::: atomic Mg/{Mg + Fe2+). 

Sample NC008a NC008b 

SI02 40.7 41.1 

TI02 2.10 2.10 

AI201l 7.03 7.10 

FeO· 10.2 10.3 

MnO 0.14 0.14 

MgO 16.3 16.3 

CaO 8.53 8.32 

Na20 1.30 1.40 

KzO 2.01 2.07 

P20S 0.82 0.82 

SO:s 0.29 0.29 

NIO 0.04 0.05 

Cr20:s 0.15 0.14 

H2O· 4.91 4.68 

LOI 4.89 4.90 

Total 99.4 99.7 

CO2 0.78 0.59 

H20+ 4.11 4.31 

Mati 0.79 0.79 

A3.3.2 Karbonat bombe 

The Karbonat Bombe is a simple instrument used for determining CO2 concentrations of samples. It consists 

of a plexiglass cylinder, containing a small plastic bucket, with a manometer attached to the screw-on lid. 

The instrument and technique are described by Birch (1981). 

" To calibrate the instrument, 1 g pure CaCOs was placed in the plexiglass cylinder, and 5ml concentrated 

HCI was poured into the small bucket. The bucket was then placed into the cylinder and the lid screwed on 

tightly. The cylinder was subsequently shaken to allow the acid to come into contact with the CaCOs. Once 
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Appendix 3 Analytical techniques 

the entire CaCOa sample had reacted with the acid (1 to 2 minutes). a reading was taken from the 

manometer. This was repeated using 0.5g CaCOa• and the resulting calibration is illustrated in Figure A3.1. 

Separate calibrations were necessary for Swartruggens and Star as the analyses were carried out on 

different occasions. 

II 3-5g of sample powder was then weighed and placed in the cylinder, and concentrated HCI was added 

as described above. The manometer reading was taken and the calibration lines illustrated in Figure A3.1 

were used to determine the CaCOa concentration of the sample. 

D CO2 contents of the samples were then determined using stoichiometry. 

II The instrument was thoroughly cleaned between analyses, and standards of 1 g pure CaCOa were run 

after every 5 samples. 

For samples containing greater than 5% CaCOa, the precision of this technique is approximately 2%, and for 

samples containing less than 5% CaCOa precision is lower than 4% (Birch, 1981). 

200 200 

(a) Swartruggens (b) Star 

150 150 

'I:" I ~ 100 100 
0.. 0.. 

50 50 

y::: 150x y::: 156x 

0
0 0.2 0.4 0.6 0.8 1.2 00 0.2 0.4 0.6 0.8 1.2 

CaC03 (g) CaC03 (Ill 

Figure A3.1 Calibration curves, calculated from standard data. for the pressure reading on the manometer relative to 
the CaC03 content of the samples for the Karbonat bombe for a) the Swartruggens samples, and b) the Star samples. 
Two curves are necessary as the samples from the two localities were analysed on different days. 

A3.4 Trace element analyses 

The concentrations of 32 trace elements in the Swartruggens and Star samples were determined using 

inductively coupled plasma mass spectrometry (ICP-MS). and of 12 trace elements using XRF 

spectrometry, at the University of Cape Town. 

Al.4.1 X-ray fluorescence Spectrometry (XRf) 

II Using boric acid as a backing, 6g of the powdered samples were pressed into briquettes under a 10-ton 

press. 

II Trace element concentrations were determined using a Philips X' Unique wavelength dispersive 

spectrometer, at the University of Cape Town. An Au tube was used to determine the concentrations of Zn, 
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Cu, Ni, Cu, Co, Cr and V, and a Rh tube to determine the concentrations of Nb, Zr, Y, Sr, Rb and U in the 

samples. Analytical errors and detection limits are similar to those reported by Ie Roex at a/. (1981) and 

Willis (1999). Calculated UCT data for the mafic standard JB-1, from Willis (1999), together with errors and 

lower limits of detection are reported in Table A3.2. Recommended values from Govindaraju (1989) are 

reported for comparison. 

Table A3.2 Comparison of UCT data for the mafic standard J8-1 (Willis, 1999) with recommended values from 
Govindaraju (1989) ; Data' 1 1 LLD I r't f d t . In ppm. 0 = o error' = ower Iml 0 e action. 

Sample UCT 10 LLD Recommended 

Zn 84 0.4 0.9 83.0 

Cu 55 0.5 1.1 56.3 

NI 139 0.7 1 139 

Co 37 0.9 2.3 38.7 

Cr 406 1.5 2.0 469 

V 193 1.4 3.0 212 

Nb 28 0.2 0.5 35 

Zr 152 0.2 0.4 143 

Y 24 0.2 0.6 24.0 

Sr 444 0.3 0.5 435 

Rb 39 0.2 0.6 41 

U 2.3 0.4 1.2 1.7 

For comparison, the trace element concentrations, determined by XRF, of the two batches of sample NC 

008, prepared and analysed independently are reported in Table A3.3. 

Table A3.3 Comparison of the trace element data (in ppm) obtained by XRF from two separately prepared batches of 
sample NC 008, from the Swartruggens M '1 D k UI JYI e. 

Sample NC 008a NC 008b 

Zn 92.8 92.5 

Cu 86.6 87.8 

NI 451 430 

Co 67.7 65.6 

Cr 1039 943 

V 320 317 

Nb 82 82 

Zr 247 249 

Y 12.2 12.1 

Sr 915 904 

Rb 97 97 

U 3.1 3.6 
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Appendix 3 Analytical techniques 

Al.4.2 Inductively Coupled Plasma Mass Spectrometry (ICP·MS) 

II 50 mg of powdered sample were weighed and dissolved in Teflon beakers using the procedure outlined 

in Table A3.4. 

Table A3.4 Outline of the dissolution procedure prior to ICP-MS analyses. ·Stock solution contains 5% HN03 
an d 10 b R Rh I d Bllm I ta d rd pPI e nan ema s n a s. 

Reagent Volume (mls) Action 

4 HF: 1 HN03 4 Beakers sealed and placed on hotplate for 2 days to 
allow sample to digest. Sample dried down. 

Conc. HN03 2 Samples dissolved and dried down on hotplate. 

Conc. HN03 2 Samples dissolved and dried down on hotplate. 
Beakers removed from hotplate. 

Stock solution* 4 
Samples and stock solution thoroughly mixed in 

ultrasonic bath for one hour. 

II 50ml solutions were prepared by further dilution of the samples to 1000 times with the stock solution 

(containing 5% HN03 and 10 ppb Re, Rh, In and Bi internal standards). One drop of HF was added to keep 

Ta in solution for the duration of the analyses. 

ICP-MS analyses of 32 trace element analyses were carried out using a Perkin-Elmer ELAN 6000 ICP-MS 

using multi element artificial standards. Total procedural blanks (TPB) were run with each batch of 

Table A3.5 Average of analyses (In ppm) of total procedural blanks run with each batch of Swartruggens and Star 
samples. 

TPB TPB 

Sc 0.0139 Nd 0.0012 

V 0.0020 Sm 0.0004 

Cr 0.0908 Eu 0.0002 

Co 0.0036 Gd 0.0004 

NI 0.0139 Tb 0.0001 

Cu 0.0245 Oy 0.0003 

Rb 0.0022 Ho 0.0001 

Sr 0.0177 Er 0.0001 

Y 0.0010 Tm 0.0001 

Zr 0.0176 Yb 0.0001 

Nb 0.0008 Lu 0.0001 

Cs 0.0005 Hf 0.0047 

Ba 0.0523 Ta 0.0121 

La 0.0016 Pb 0.1570 

Ce 0.0025 Th 0.0017 

Pr 0.0003 U 0.0001 
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Appendix 3 Analytical techniques 

Swartruggens and Star samples, and the average of these is reported in Table A3.5. With the exception of 

Tat internal repeat analyses of the international standard BHVO-1 have a relative standard deviation of 

better than 3% (Table A3.6). The relative standard deviation for Ta is 3.5%. The current in-house UCT 

average is compared with average BHVO-1 standard data for each batch of Swartruggens and Star sample 

analyses in Table A3.6. For comparison the recommended BHVO-1 values of Govindaraju (1994) are 

included. 

Table A3.e Average analyses In ppm of the Intematlonal standard BHVO-1 obtained during each analytical session. 
The current UCT In house average and recommended values are reported for comparison. ,. Recommended values are 
from Govindaraju (1994); values In brackets are from Chazey III at al. (2003). n = number of analyses; RSD = relative 
standard deviation. 

This work Current UCT In house Recommended· 

Averaae %RSD Averaae %RSD 

Sc 32 0.01 30.2 3.74 31.8 

V 330 0.01 322 3.51 317 

Cr 309 0.01 286 6.84 289 

Co 45.0 0.01 45.1 2.68 45 

NI 124 0.01 117 4.65 121 

Cu 145 0.01 142 2.85 136 

Rb 9.33 0.01 9.54 3.40 11 (9.3) 

Sr 403 0.01 400 3.10 403 

Y 24.0 0.01 24.4 2.58 27.6 (24.4) 

Zr 171 0.01 172 3.56 179 (172) 

Nb 19.9 0.01 19.0 3.91 19 

C. 0.10 0.29 0.10 7.71 0.13 

Ba 128 0.01 130 2.22 139 

La 14.8 0.01 15.0 2.21 15.8 

C. 37.5 0.01 37.7 1.68 39 

Pr 5.15 0.01 5.23 2.38 5.7 

Nd 24.4 0.01 24.5 1.85 25.2 

8m 5.84 0.01 5.90 2.82 6.2 

Eu 1.97 0.00 2.00 2.71 2.06 

Gd 6.51 0.01 6.02 3.35 6.4 

Tb 0.95 0.00 0.88 3.07 0.96 

Dy 5.23 0.00 5.01 2.33 5.2 

Ho 0.94 0.00 0.92 2.68 0.99 

Er 2.41 0.00 2.37 2.51 2.4 

Tm 0.32 0.03 0.31 2.97 0.33 

Yb 1.89 0.00 1.85 2.51 2.02 

Lu 0.27 0.04 0.26 2.96 0.29 

Hf 4.06 0.01 4.11 3.99 4.38 

Ta 1.53 0.00 1.18 6.81 1.23 

Pb 2.19 0.00 2.17 5.92 2.6 (2.2) 

Til 1.24 0.00 1.25 2.61 1.08 (1.22) 

U 0.44 0.02 0.45 3.52 0.42 
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Appendix 3 Analytical techniques 

The ICP-MS data obtained by two separately prepared batches of sample NC 008 are reported in Table 

A3.7. 

Table A3.1 Comparison of the trace element data in ppm obtained by ICP-MS from two separately prepared batches 
of sample NC OOS, from the Swartruggen M 'j D k S UI lYle. 

Sample NC-OOSa NC-OOSb 

Sc 23.1 22.9 

V 272 275 

Cr 314 2S9 

Co 52.7 52.3 

NI 341 333 

Cu 95.S 97.0 

Rb 97.S 99.0 

Sr 940 936 

Y 10.4 10.3 

Zr 222 225 

Nb 84.7 86.0 

Cs 7.41 8.17 

Ba 1690 1759 

La 89.2 88.7 

Ce 179 179 

PI' 19.5 19.4 

Nd 72.0 71.8 

Sm 9.24 9.24 

Eu 2.27 2.28 

Gd 5.71 5.75 

Tb 0.63 0.65 

Dy 2.62 2.58 

Ho 0.43 0.43 

Er 1.04 1.03 

Tm 0.14 0.14 

Yb 0.84 0.83 

Lu 0.11 0.11 

Hf 5.39 5.43 

Ta 3.85 3.89 

Pb 16.3 15.6 

Th 10.8 10.5 

U 2.73 2.58 

For comparison of the two techniques, certain trace elements (Cu, Ni, Cr, V, Nb, Zr, Y, Sr, Rb, U) were 

analysed by both ICP-MS and XRF. For most elements the two techniques produce data that are in good 

agreement with each other. However, although Nb data obtained by XRF and ICP-MS are comparable for 

the Swartruggens samples (Figure A3.2a), a subset of samples have higher measured Nb concentrations 
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when analysed by XRF relative to ICP-MS (Figure A3.2b). Samples SJH 37, JJG 6369, JJG 6362 from the 

Wynandsfontein Dyke and JJG 4570 and SJH 101 from the East Star Dyke are most affected. This is 

probably due to incomplete dissolution of Nb bearing phases during preparation of the samples for ICP-MS 

analyses and Nb data obtained by XRF are therefore preferred and are reported in Chapter 5. Since Ta 

shows similar geochemical behaviour to Nb. it is likely that Ta data obtained by ICP-MS for the above 

mentioned samples are also low. 

400 250 

(a) Swartruggens (b) Star y=x 

300 y::::x 200 

I I So 
..Q ..Q 
Z 200 z 150 en en 
:::e :::e 
d.. d.. 
~ ~ 

100 100 

300 400 250 

XRF Nb (ppm) XRF Nb (ppm) 

Figure Al.2 Comparison of the Nb data obtained by XRF and ICP-MS In (a) the Swartruggens and (b) the Star 
samples. A subset of samples from Star have lower measured Nb contents when analysed by ICP-MS relative to XRF. 

A3.5 Sr, Nd and Hf isotope determinations 

Samples were prepared for Sr isotope analysis in the Department of Geological Sciences, University of 

Cape Town. Hf and Nd sample preparation and all analyses were carried out at the Arthur Holmes Isotope 

Geosciences laboratory, Department of Earth Sciences, University of Durham. 

Al.S.1 Sample dissolution 

Strontium 

100mg of each sample was weighed out and dissolved in Teflon beakers using the procedure outlined in 

TableA3.8. 

Once the samples were dissolved in 1 ml 2.5M HCI they were transferred to centrifuge tubes and centrifuged 

for approximately 15 minutes to separate any undissolved sample prior to loading onto the columns. 0.5ml 

of the solution was then loaded onto primary cation exchange columns following the method of Hart and 
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Table A3.e Dissolution procedure prior to Sr separation. 

Reagent Volume (mls) Action 

4 HF: 1 HN03 4 Beaker sealed and placed on hotplate for 2 days to 
allow sample to digest. Sample dried down. 

S.2M HCI 4 Sample dissolved and dried down 

S.2M HCI 4 Sample dissolved and dried down 

2.SM HCI 1 Sample dissolved. 

Brookes (1977) outlined in Table A3.9. The columns are 19cm in height and O.Scm in diameter, and contain 

Dowex AG SOWX-8 (200-400 mesh) resin. 

Table A3.9 Separation procedure for Sr using primary cation exchange columns. 

Reagent Volume (mls) Action Elements Eluted 

2.SM HCI (Sample) O.S Loaded and eluted 

2.SM HCI 1 Eluted 

2.SM HCI 1 Eluted Bulk of sample 

2.SM HCI 1 Eluted 

2.SM HCI 23 Eluted 

2.SM HCI 8.S Collected Sr 

Hafnium and Neodymium 

Full details of the dissolution and chemical separation procedures used at Durham University are reported in 

Dowallet al. (2003b) and only summarised below. 

Table A3.10 Procedure for the dissolution of silicate minerals. 

Reagent Volume (mls) Action 

iSM HN03 1 Beakers sealed and placed on hotplate at 120°C for 

29MHF 4 
24-48hrs. 
Sample dried down at <100°C until almost dry. 
Beakers sealed and placed on hotplate at 100C 

iSM HN03 1 overnight. 
Sample dried down at <100°C 
Beakers sealed and placed on hotplate at 100°C 

12M HCI 2 overnight. 
Sample dried down at <100°C 

1MHCI 1 Beakers sealed. 
Samples warmed on hotplate for 30mins. 
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Approxlmatley 0.1 grams of each sample was dissolved In Teflon beakers for Hf and Nd analyses using the 

procedure outlined in Table A3.1 O. 

Once samples were dissolved In 1 ml of 1 M HCI they were transferred to centrifuge tubes and centrifuged at 

5000rpm for 15mins to remove any un-dissolved sample residue prior to loading on the 151 stage column. 

Separation of Nd and Hf for mass spectrometric analYSis was achieved using a two-column procedure as 

outlined in Tables A3.11 and A3.12. 

Table Al.11 Separation procedure for Hf and Nd using the 151 stage cation exchange columns. 

Reagent Volume (mls) Action Elements Eluted 

1 M HCI (Sample) 1 
Loaded and Hf + other HFSE and 11 period 
collected transition elements 

1M HCI-1M HF 3 Collected Hf + other HFSE and 1'" period 
transition elements 

1M HCI-1M HF 13 Eluted Rb + bulk of sample 

2.5M HCI 14 Eluted Sr + other alkaline elements 

2M HN03 10 Eluted Removes Ba 

6MHCI 12 Collected Nd + other REE 

The first 4mls collected from the 181 stage column (Table A3.11) were dried down and re-dissolved in 1 ml of 

0.26M H2S04 - 5% H20 2 prior to loading on the 2nd column. The Nd fractions were dried down and 

dissolved in 1 ml 3% HN03 ready for mass spectrometric analysis. 

Table Al.12 Separation procedure for Hf and TI on the 2nd stage anion exchange column. 

Reagent Volume (mls) Action Elements Eluted 

0.26M H2S04 - 5% H20 2 1 Loaded and eluted Ti 

0.26M H2S04 - 5% H20 2 4 Eluted Ti 

1M HF -2M HCI 5 Collected Hf+Zr 

The Hf fractions collected from the second stage anion exchange column (Table A3.12) were dried down on 

a hotplate at 100°C until the bulk of the solution had evaporated. The hotplate was then increased to 230°C 

to evaporate residual concentrated H2S04, The samples were then re-dissolved in 1ml of 3% HN03 -

O.04%HF ready for mass spectrometric analysis. 
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A3.5.2 Mass Spectrometry 

All samples were analysed at the Arthur Holmes Isotope Geosciences Laboratory, Department of Earth 

Sciences, University of Durham, using a ThermoFinnigan Neptune Plasma Ionisation Multi-collector Mass 

Spectrometer (PIMMS). Details of the Durham Neptune and its long-term performance can be found in 

Nowell et al. (2003). Specific details of the analytical methods for each element are given below. 

Strontium: 

Sample introduction 

Samples, dissolved in 1 ml of 3% HN03, were naturally aspirated using an Elemental Scientific Inc (ESI) 

PFA50 microflow nebuliser, operating at an uptake rate of approximately 75J,J1 min,i, coupled to an ESI dual 

cylonic-Scott Double Pass spraychamber. 

Washout 

Each analysis was followed by a minimum 5 minute washout with 3% HNOs and until 88Sr intensity levels 

out at <4mV. A 10J,J1 aliquot of Iso-propyl Alcohol (IPA) was used if III'Sr intensity not reduced to <4mVwith 

3% HN03. 

Cup configuraion 

Cups were configured for analyses as reported in Table A3.13. 

Table A3.13 Cup configurations for Sr isotope analyses. Isotopes in italics were monitored for interference corrections 
on Sr. 

low 4 low 3 low 2 low 1 Axial High 1 High 2 
82Kr 83

Kr 
84Sr 85Rb IIf'Sr 87Sr 88Sr 

Method 

1 block of 50 cycles, 4 second integration time per cycle. All cup efficiencies set at 1. Mass bias correction 

with 88Srf6Sr::::: 8.375209 (equivalent to 86Srf8Sr::::: 0.1194), applying an exponential law. 82Kr or 83Kr and 

85Rb used for corrections of 84Kr and 86Kr and 87Rb on 84Sr• 86Sr and 87Sr respectively using the method 

outlined in Nowell et al. (2003). 

Hafnium 

Sample introduction 

Samples, dissolved in 1ml of 3% HN03 - 0.04%HF, were naturally aspirated using a CETAC Aridus 

desolvating nebuliser with uptake rate of approximately 80J,J1 min,1. 

Washout 

Each analysis was followed by a minimum 5 minute washout with 3%HN03 - 0.04%HF and until 180Hf 

intensity levels out at <2mV. 2 minute IPA washout was also used to dry-out the spraychamber and 

desolvation membrane if 180Hf intensity not reduced to <2mV with 3% HN03 - 0.04% HF. 
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Appendix 3 Analytical techniques 

Cup configuration 

Cups were configured for analyses as reported In Table A3.14 

Table Al.14 Cup configuration for Hf isotope analyses. Isotopes In italics were monitored for interference corrections 
on Hf. 

Low 4 Low 3 Low 2 Low 1 Axial High 1 High 2 High 3 

172Yb 173Yb 175Lu 116Hf 177Hf 176Hf 179Hf 18°Hf 

Method 

1 block of 50 cycles, 4 second integration time per cycle. All cup efficiencies set at 1. Mass bias correction 

with 179Hf/177Hf :: 0.7325, applying an exponential law. 172Yb or 173yb and 175Lu used for the off-line 

correction of 176yb and 116Lu on 176Hf respectively using the procedure outlined in Nowell and Parrish (2001) 

Neodymium: 

Sample introduction 

Samples. dissolved in 1 ml of 3% HN03• were naturally aspirated using an ESI PFA50 microflow nebuliser. 

operating at an uptake rate of approximately 751-11 min-1
, coupled to an ESI dual cylonic-Scott Double Pass 

spraychamber. 

Washout 

Each analysis followed by a minimum 5min washout with 3% HN03• 

Cup configuration 

Cups were configured for analyses as reported in Table A3.15. 

Table A3.15 Cup configuration for Nd isotope analyses. Isotopes in italics were monitored for Interference corrections 
onNd 

Low 4 Low 3 Low 2 Low 1 Axial High 1 Hlgh2 High 3 High 4 
142Nd 143Nd 144Nd 145Nd 146Nd f47Sm .146Nd 149Sm 150Nd 

Method 

1 block of 50 cycles. 4 second integration time per cycle. All cup efficiencies set at 1. Mass bias correction 

with 146Nd/145Nd :: 2.071943 (equivalent to the more commonly used 146Nd/144Nd of 0.7219). applying an 

exponential law. 147Sm and 149Sm used for the off-line correction of 144Sm, 148Sm and 150Sm on 144Nd. 146Nd 

and 150Nd respectively using the procedure outlined in Nowell and Parrish (2001) 

Standards and Instrument reproducibility 

Appropriate isotopic standards were run repeatedly at the beginning of each analytical session, prior to 

running any samples, and at regular intervals throughout the session to check for instrument reproducibility 
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Appendix 3 Analytical techniques 

and any sample memory effects. Standards used were NBS 987, J&M and JMC 475 for Sr, Nd and Hf 

respectively. Table A3.16 gives the accepted ratios for each of the isotopic standards. 

Table A3.16 Accepted values for isotopic standards. • value equivalent to a La Jolla International Nd standard value of 
0.51186 

Standard Ratio Accepted value Reference 

NBS 987 87Srf 6Sr 0.71024 Thirlwall (1991) 

J&M 143Nd/144Nd 0.511110* Nowell at al. (in press) 

JMC475 176Hf/177Hf 0.28216 Nowell at al. (1998) 

Since the Nd isotopic composition of the samples was determined from a total REE cut from the 1st column, 

Ce and Sm, which both have atomic interferences on Nd, are present in the sample. No correction was 

made for Ce but it was essential to correct for 144Sm, 148Sm and 150Sm on 144Nd, 148Nd and 150Nd, 

respectively. All atomic interference corrections were done using the method of Nowell and Parrish (2001). 

To assess the accuracy of the Sm correction algorithm Sm-doped J&M standards were run, in addition to 

pure J&M standards. 

Average values for isotopic standards measured during each analytical session are reported in Table A3 .17. 

All sample isotope data reported in Chapter 6 has been normalised using the accepted standard values and 

the average values measured during the relevant analytical session. 

Table Al.17 Average ratios for Isotopic standards analysed during each analytical session ... includes both pure and 
Sm-doped standards 

Standard and date Average 2SE n 

NBS 987 Sr: 

09/07/03 0.710266 0.000009 11 
12/08/03 0.710264 0.000010 9 

*J&M Nd: 

03/02/03 0.511095 0.000013 9 

22107/03 0.511103 0.000007 7 

JMC475 Hf: 

02/01/03 0.282144 0.000003 7 

23/07/03 0.282145 0.000002 10 
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Appendix 4 

Country rock analyses 

Samples of the host shales of the Swartruggens and Star kimberlites were analysed for their major element 

(by XRF) and trace element (by XRF and ICP-MS) concentrations as described in Appendix 3. Data are 

reported in Table A4.1. 

Table A4.1 Major and trace element abundances of the host shales of the Swartruggens and Star klmbertites. Major 
oxide data in wt %. trace element data in ppm. ** = trace elements analysed by XRF, all other trace elements analysed 
by ICP-MS 

Swartruggens Star Swartruggens Star 

Si02 60.9 57.7 Sr 153 280 

TIOz 0.60 0.68 Cs 11.2 14.2 

Alz03 20.3 15.2 Ba 493 859 

Fez03 7.45 6.57 Pb 31.1 31.0 

MnO 0.03 0.11 Y 21.5 23.0 

MgO 2.03 5.36 Zr 172 191 

CaO 0.40 1.69 Nb"'* 17.0 44.6 

NCi20 0.47 1.55 Hf 4.75 6.14 

i<20 3.01 3.94 Ta 1.87 1.44 

PzOs 0.09 0.18 Th 22.3 13.3 

S03 b.d. 0.02 U 4.72 4.22 

NIO 0,01 0.01 La 38.6 35.5 

CrZ03 0.01 0.01 Ce 80.4 71.1 

H2O' 0.27 1.88 Pr 8.48 8.40 

LOI 3.92 4.56 Nd 31.1 32.2 

Total 99.4 99.4 Sm 5.35 5.95 

Eu 1.02 1.20 

Sc 12.6 12.6 Gd 4.50 5.10 

V 97.5 145 Tb 0.67 0.78 

Cr** 119 62.2 Oy 3.99 4.34 

Co 14.4 15.0 Ho 0.81 0.83 

NI"'* 56.6 54.9 Er 2.29 2.14 

Cu 38.5 44.4 Tm 0.36 0.29 

Zn"'* 93.8 111 Yb 2.39 1.77 

Rb 166 175.7 Lu 0.37 0.27 
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