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central part of tne Au, area. Witnin the Tsirub larm, m~laquartzitcs occur southeast of Tsirub 

South plug and northeast or Tsirub dyke The T,irub gn~"se, arC common in th~ central pan of 

the farm 

Th~ T,irub intru,ion, li~ on a roughly N1\E-SSW lineament that coold be projected towards 

Dl~k~r Willem. No mdcpcn<knt radiomC1ric" age, hme ocen dctermined for tilcse minor llItrusj'es 

and so their temporal relation'hip "ith any ~r the recognised alkaline 19n~OU' C\ ems. Inentioned 

previously, ha, y~t to be e'tahlished. The p,)%ihle relationship hetween the T,irub intru'lOn, and 

tn~ ijolitic m~mbers of Dlchr Willem carhonati\<: will be discussed in thi~ study Field pidurc, 

of the Tsirub North and South plugs are shown in Figs. 2.3 to 2.5. 

7 
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CHAPTER 3 

PEl ROGRAI'HY AND MINERAL CHEMISTRY 

J.l lntrodu~tiou 

Cominc"lai alk.,]mc n>k:Ulic rock> weh a, b."anilC illU] ncpilch"ilC arC "'"dlly c];'"ifkxi b) Ih,'" 

hulk ~h"m"try in the ahsence of c()~n;e, easily recoglli7.uhle mined. (e.g. Le Maitre. 2002). 

PhcnOCl'ysl phases are dominated hy OilVille and clinopyroxene, hut the domInant gmundrnass 

lend, to he mIcrocrystalline and therefore optically indeterTl1lnable. 

Intrusions ,tudled lTlchltlc a dyke (Lirub <Iyke) cropping (Jul next 10 the Lirub fannhousc and 

lwo plug" T ,irub )loflh plug (intruding a grmutic countf, roc"-) and Tsirub South plug, th.lt OCCUI 

in the NE Conler and southem hound"r) orlhe Tsirub farm. rcspecti,e1y. The Tsirub Nonb plug 

is further subdi\'idcd, On the b~sis of gwcbcmistry JS documented in Ch~pteJ' 4. into an outer 

WnC (Tsirub North (omer) plug) ~nd an inner ZOne (Tsirub North (illlleI) plug) (Fig. J. 1)- Two 

samples. AN-016 ~nd A"-Ol'l. fl'om th~ Tsirub "orth plug show geochem'Slly that is dist'n~t 

from oolh Ihe T,irub North (ouln) plug .1Jld T";rub )Jor,h (innel') plug. ~s discu<se<i in Ih~ next 

chapkr. ~nd for thi, l'eolSOn the~c two 'ample' are treolted 'epal'ateiy_ All the indiviciual <ample< 

wcre cx~m",~d lor thea pctmgraphy (pre<.enled in Append,x A) mid a summary of the 

petmgraphy "f each] nlru<lon is pre'enleci helow _ Selected mineral, w~re analysed for their major 

cl ':ment compo,iti"ns_ I'he pl1mgraphy together with m] nel'.ll chemistry will th~n be u <eci lr> in fer 

the condillons of fraCli"llJl nystall]7atinn as to what m]n~rals ciommaled the fra~tional 

cl'y,t;Jilization prrx:C% durmg the retmgcncsis "fthese magma' 

J.2 Prlrography 

[n lhe fidd. lhe T,irub mtnl>wn, "II di'pl"y vcry darlL oulcrop' with wc~thcring surfaccs (sec 

Appendix A r"r w-ordinates ofintiividual sampling sile,). Rock ,url1lCe, arC rclali\Tly ,moulh 

anti rdlcel lh~ "phanilic n"lur~. e.~ccpl '" hcs-c occa,ion"l iCl,ic xcnolith, made up of felt! spar and 

lighl anti darlL gr~en clinopyroxene ,Iud the ['chef. Frc,hly broken I'ock ,ul'lilce8 ~I'e sub­

conchoidal ami wlours range lImn hluish 10 gre~nish d~rk gray (,~e Fig. 2.5). The xcnoliths tend 

10 be paler oolollrcci occau,c of lhe,,' ~o"rsc'· mid more klJ'Patruc natu['c. 

9 
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Inner 70ncs 

All samples had nonnal thin s~ctions prepared, w,th Ihe following sy,tematlc de'Cl'iption ba,ed 

on mIcroscopy. Sample numbers of rocks are gi'ell in 'quare brackcts. Photomicrographs of 

indIvidual ,amples are pres~nted in Appendix A and repl'esentative petrographic features are 

shown in Fig,. 3.2 to 3.12. 

32 1 Isiruh dyke 

[AN-OOIJ 

The Tsirub dyke IS spar,ely porphyritic to microJX1lllhyntic wilh olivine and rar~ dinopyrox~ne 

piJenocrysts/micropiJcnocry,t, set in a very line-gramed groundmass of clinopyroxene. olivine, 

mmor Fe-Ti oxides and scattered Se\:ondary pleochroic brown amphibole . Amphilx>le does not 

awcar 10 replace ~ither olivine 01' cJillOp}TOXene and is interprcted to ha\'c formcd as result or 

readion hetween '1 siJuh rocks and dculOric fluids. Anhcdral to rarely subhcdral or cuhcdral 

oltvine phenocrysts ( - 10 ,0\.°;", hy ,isual cstimatlOn) dommate over dirKlpYToxene 

microplJeTlocrysts « 2 vol.%), and vary in length betwe~n 0.5 and HI mm (Fig. 3.2al. Rare 

ClinoPYToxene micmphenocryst, mea,ure 0.5 - 1.5 mm in ,ize and some show lOllIng. 

10 
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Fig. 3.2. (,,) AX_Of! I." Anhedral olivine (ol) ph"l>OCl)o;t w;lh aile"";on rim. and cracks. l'idd oh ,~W '" 2.5 
mm across. lImkr rhine llOi"T,,"d h)\hl. Ill) A,V_004." Euhe,lml oliv!II" rhenouy" {<,nlre} in a tin .. 
graLned grouodm."ss of ohYlnc. cI]1~lryr'''''''e and opaque h-T, oxicks. j<,dd of Y,e'" is 1 mm ocros,: 
under plane pol"m",il'ght. 

J.~.2 r,irub North (OUler] plug 

[AN-OIlJ, A:-.I-()(l4. AN-OOS, AN-006, Ar-.-OJ 2, AN·O 14 and A\J-OI5] 

The lsilub Not1h (OUler) plug'" mlcTOJXl'l'hyntic to rarely pnrphyritic In texture. (lhvm~ IS Ihe 

dominant. and somdinws the (mly. lTIlcrophcnocryst pha&e (2 • 5 ,·ot.'!·;') measunng 0.3 - 1.4 mm 

in si7e. In le,m" of crystal habit" the majority of olivine microphell()cr)'sts are anhedral, few are 

,"lmedral and rarely cllhcdral (Fig. 3.2b). Olivine micmphenocrysts are corrunonly rimmed by, [)I' 

wmplctcly altered to, scrpcntme (Fig:. 3.3) aud a few di,piay compositional .lDnmg: with darkel' 

rims Ihan COres (under crossed polars). 

Clinopyroxene occurs in less~r proportIOn, In the phenocryst assemhlage « I - 2.5 \01.'1.), but is 

more abundant in the gmundmass. Clinopyroxene nllcmpilenocrysts arc normally cream to light 

bmwn. elongatc (with typical length of -Imm) ~nd anhedral (Fig. 3.3), but rare subhedral and 

euhe<lral cry"lals werc also observcd (Fig. 3.4a). [hese are relatively low In \olume « 3 ,01.%). 

:-.Ionnal compositional zoning occurs in some euhedral phenocrysts (rig 3.4a) with the exccption 

of few anhedral or subhe<lral crystals 'Which display seClor zonmg. Clinopyroxene 

microphenocrysts often occur in radiating cillste" (Fig. 3Ab). lhc fine grained groundmass is 

made up of (in order of increa,ing abundance) clinopyroxeru., Fe-Ti oxides, olivill~ and 

secondary gCTIeration brown secondary amphibole. A ,ingle sampl~ (Al\-0l2) contains vesicle< 

corutitlLting < 0.5% b)' yolum~. 

" 
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Fi/!,. ~.3. (al A V-O iJ: Oli\jnc (oj) and clinopyroxene (cr") microphenocry<;\s emboJded III " fine gnimxj 
groundm"" of clinop)Toxene.. (>[laqlle Fe-Ti oxides, olklDc, and secondary amphibole. Note the euho:dral 
olivine ml~Tt>ph..:nO"ry't (top hili), Field of vi..w i, 1.5 mTll aCm'~: plane·polanscd li;tbt (b) AN-013: 
Serp<:n\11lC rim, and cmcks on ,ubhedral olivine microphenocry,\~, Field of vicv. is 1.8 lIUll "cm,,: under 
planc-polari,()(j light. 

Fig. 3.4. (al AN-003: tubedral clinopyroxene micwphcnO<-T)':>t ,howing compositional zOning. held of 
\ jew i, Q,8 mill aero,,: cm"ed polan (il) A,""-003, Clustcro ofmdiatlng anhedral eI""gate clmopyroxene 
micTophcnocrym. Field ot'viev. is lA Tn aero,,; undcr plane-polarISed light 

FelSIC .~cnolith, « 2 vol.%1 con5isting of alkali fcld'par and light am! dark gr'-'en clinopyro,"ne 

oCCur in thi, plug. lm"maimnalion is marked ",jlh light and dark green clinopyroxene5 confined 

to the margins, with their p",mati~ hahit, alil,'lled toward8 the feldspar filling the centre. 

3.2.3 T>.irub North (inner) plug 

r AN-007, At\-OO7A, Al\-OO8, AN-009, AK-01 O. ,'1,"-01 1. M,-017 and M,-018] 

The petrography of the inner £one of Tsiruh \I()]th plug is characterised by a microporphyritic to 

rarely porphyritic texture with olivine being the dominant, and sometimes the only, 

microphenocryst phase. The majorily ofoli\·ine microphenocrysts (0.3 _ .5 mm in ,i£e and I - 3 

12 
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vol.%) arc ~nh~dral and f~" are suhhedral or euhedr~l (Fi~, .. . 5). A few oh\"i'\e micl'Opllenocty,t, 

,how pctw):raphic eviden~e ofyoning with darke, rims jh~n corc, (FIg. 3.5b). 'I11C1"I.'a, ~ fc,," are 

partially or completely rcplacc<l by ,c'T'entinc. Chnop)'Tuxer><: miLTopheno<:rysb (IU - 2.U tntn in 

,izc and <': J \'01.%) "r~ rare, wllh a fe" displaying <e~tor 70ning (,Pif(. 3.ba). Together "illl 

din"pymxcne, Fc-Ti oxides, olivine and sec(ltI(\ary b'own amphlbok (F ig. 3.bb) mft"c lip thc 

fine ;,Tained groundmas<. 

A single ,pmd-hcftnng; ultram"fi~ xen"lith comprisin,g abundant oliVine, suhotdinMe 

clinopyroxcnc ~n<l mmor spinel ,)C~ur< in sample AN-OI7 (Fif(. 3.7). felsic xeooliths, simll~J' to 

thc OnC, ob'el'ved in the T'irob North (outer) plug. but highcr in ahun<laacc (- 4 vol.%) occur in 

this plu): and arc comp<"ed of feldspar ~nd light alid dft]" grcen diIlopyroxenc, Thc con,tituent 

feld'par nystal, ,how 'imple twinning;. Clinopyro~~'11C cryswl, ~rc mo,tly c{)nJined to the 

margin, and fe" are poikilitically cado,c<l within the IMgcr feld,p,m (Figs. 3.~ and 3,9). 

l il:. 3.5. (a) A/\··(If 8: ruhedr,,1 olivine micrDpl\enocr~-s.t showing compositionJI zonin~, l'ield of view i< 2 
mm aero,,,, (h) Un(b crtl,"cd pol,m. 

"""', er""""d f',lan;. ~:=::':':'~;.::b;ro:w:"~':m~":b'~OO::::,:::~:",q"'tlli~~ (s~rp) and 
opaqu~ re-Ti "X](\c" that form pan of th~ grmmdma« SU]1e, Fi~ld of mm 11<'=': plam: 
polan.cd lighl . 

" 
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vol.%) are anhedral ~nd f~w ~re subhedral or euhedral (Fig 3.51. A few olivine micropheno"rysts 

show pt;trographic ~ ... i,knc~ of Loning with darkcr rims (h~n corcs (Fig, 3.5b), whereas a f~w ar~ 

panially or completely replac~d by se'1"'ntine. Clinopyrox~n~ mlcrophnlOcrysts (0,3 - 2.0 nun in 

SilC and < I yol.%) arc FJre, with a fcw displaying sedor ;.uning (Fig. 3.6a). Tog~thcr wnh 

clinopyroxcnc, Fc-Ti oxid~s, olivine ~nd secondary brown ~mphibolc (Fig, 3.6h) mak~ up th~ 

fine gramoo groundma,,-,. 

A sing.k spinel·bearing ultramafic xenolith comprising abundant olivine, suhmdinattl 

dinopyroxenc and minor spinel occurs in sample Ar----OI7 (Fig, 3.7) FelSIC xenoliths, similar to 

th~ OlW' obsc-ned in (he Tsirub North (outer) plug, hut higller in abundance (- 4 \'01.%) ,,,,cur in 

this plllg and ar~ compos~d of klol,par and light and dark green clinoPYl'Oxenes, The constituent 

feldspar crystals show simpk twinning. Clinopyl'O~~n~ crystals are mostly confined to the 

margins and few are poikilitically enclosed "ithintk larger fdolspars (Figs. 3,1\ and 3.9). 

t 'ig. 3.5. (a) AN-O / 11: Eul""Jral oli"ine microph~nocrYSI showing: compo>ition"i ,onins. Field of \'iew is 2 
mm across. (hl U"d~,. crossed poiJrs. 

opaque Fe-"!"i oxide< h 
polari""d light 

13 
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.";j!.. 3.7. ("I,1N_0I7: IJII'i<TTl"r,c ,,,,,,Iilh cmTlpri,in~ "hvmc (oil. dinup)~u,cn" (cpx) and noin"r ,pm"l 
(sp) r",m Ib .. ' I'",,,b "urth (in!lCt") plug, Note th"t the UP""lU" spmd crystals fill the "pac"" bet"'ccn ull "inc 
"00 clinopywxcnc crystal; rld,i uj'y",,,, '" 3,0 mm "CW,", (b) Under cw,sed polars 

Hg. 3.9. (a) A1V_(!O 7 A: Clinopymxene cry,tals poikilil1c" lIy endused wi Ihin a lar,:er 01 koli tddspar field 
or ,i"", is 2,0 mtn aeru'" (b) U nd~,- c",",cd l>ui",", 

In addition to showing "imtl~r p<:lrogmp/ly with the TSlrub North (inn. r) plug. ,amplcs 1\1\-016 

and A N-O I [) Jium the T siruh North plug also c,m,i,t, ,,(' few euhedral oli"lfle mi~mphen,,~ry'ts 

(FI.,,3,lO). 
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rig .... 10. (aJ AIV..(J 16: r uhedrRI ohiT1C ml~TOphCIJooc"TY,t (bottom leftl set in iJ tine grained gmundmffi' 
Nme the; men,l(y of "iter"li"n on "livi!.:. Field of vi",,· is 2.n mm ,lero". (h) Under cro"ed polar, . 

3.2.4 r,;ruh South plug 

[AN-Oli. A.'l-022, AN-On and AI\-0241 

The Tsirub South plug is microporphyrib~ consisting oj" olivine and rare ciinop)Toxene 

microphcnocr)"sts set m a fine grRinect groundm"". Oli~inc microphenocry,ts. 0 . .1 - 1.1 mm in 

diameter. constitute less than I ~ol.% ofthc rod., arC lno,lIy anhedralllllt a fev. are suhhedral in 

habit (rig. 3. 11) and zoned. !.ike in thc sample. irom thc T,irub "orth plug. som" ohvme 

microphcno~rysts are rimmed. or c("lmpleteiy rcplaccd. by '~TJlcntme ",hil" b~'oundma", olivil"-"S 

Clinopyw~cn~ « 0.5 vol % an'! "" I mm in length) i, less abundant 1ll the nllcmphenocryst 

as,,,mblagc but i, more pmnoUJ)ced in the groutKlrnass . The nHDoril y oj" the microphcn'lery,ts are 

,mhedral and elongate in sh~p" (~Ig . 3.12al. hut rc,,· ""hib'l suhhedral cry'tal habit,_ A few 

ciinop}T0xene microphcnocrysts display nmmal compositional ~OOlllg with darker rims than 

cor~s_ Clinopyroxcne. OJ:'''qoc FL~ Ti oxides, ohvine and 'ecpndary hrown amph1bole (Fig. 3 12b) 

make up (he gwuruim",,_ Minor felsic :<enoliths ~iT1lil"r to thosc oj" the Tsirub '\forth plug, hut 

smRller In size. OCCur in a I~w samples_ 

In summary, the "hiruh intlusionii arC \-cry similar in their petrography rhe small difference 

bc\"c<:1l these inltusions is the highcr abundance of fel,ic xenoliths in the Tsirub North (illl1er) 

plug and theIr absencc in the Tsiruh dyke. Another jeaNre that disring:ui,hcs Ihc Tsirub .'lorth 

(!nller) plug from the other T,irub intrusion, is the occurrencc of a single ullramalic :<cnolith in 

sRmple AN-On. 

15 
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Fig. 3.11. (oJ, 1.\'_021: Subhed,"1 and "11hc,!,-,,1 ,,!i,inc mi~,-oph~IK-.:;ry'l" 11' " fir><: gramcd woundma" of 
cliIlOpyrtl.~",,", oli,ine ",I{i opaque Fe-'li o.~ides. Field of view i, l.S nun aero,,, cro" ..J poian . (b) .'1:\-
023: \1ooerately altered .ubbe<irai "'i"ille micropheJlocrysts. Fiel,; of vj"" i, 1.0 Ollll across, pl ane 
polari,ed light 

Fig. 3.12. (al AS_Olf: Anhc<lnol. clongak diD""PYHl.~~1lC mi~roph~'lli><'Ty'l ami ,erpentine (scrp), Ficld of 
vie" " 1.4 lInn ''''rtlS>, l'i,turc I"ken wl{1cr crossed polan. (b) A,\ -02.1: Em,,", socond",y "mphilxllc ami 
opaque Fe-Ti [lxid., form pall of the matri" a"~mbla~_ 1lI1{ier pi . ne-pnla","<:! light. Field of vi ew is 2 

mm "~Tt"". 

J.J l\Iin~ral Chemistry 

Electron microprobe analyses werc condoctcd on SC1cdCd pnmur) mineral rila>cs from seleded 

,amples (Tsiroh dyke: Al\-OOI: Tsirub "'orlh (inn~r) plug: AN-Om, A'I-005, At, -013 and Al\-

015; TSlrub Norlh (inn~r) plug: AN-007, Al\-OO7A, AK-OOfl and AN-On; T,irub SOUtJl plug: 

Al\ -(21), o,'~'Tating Coooilions t"r tl..., eie.;tron micmpmb~ ar~ reported in Appendix B, sectIOn 

B,J. IndivIdual analyses are reported in Appendix C Table. C.2 and C.J . and repre.elltative 

allalys~, ar~ gi~en In Tables 3.1 to 3.5 , M~jor element eOllljXlsition" of r e-Ti oxides, ultramafic 

xenolith phase, (olivine. ciinop}Tmcnc and spinel) and Icbic .wnolith phase, (fcl,hp~r and 

dlllOpymxene) were ~Iso analysed. 

16 
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,.1,1 Q)ivin~ 

Olivine analyse, are reponed in rahle J.I and end·memhers are illustrated in Fig. 3.13. 

The T,imh dyke ,how, relatively pri mitive pIJen()C])"st 01 i"ine c()mpositi",,, (h:'39"""") compared 

to thc Tsirub )<orth plug tlml T,jrub South plug, and has ,lightly more Mg-];ch !j'oundma" 

oli,jn~s (FOo].,,) (Table 3.1; Fig. 3.13a). KiO ~on~entration' are high (e.g. ro-iO = 1l.34 - 1l.40 

WI.%) in holh phenocryst and grouncimass oli,incs. CaO corKTntration of olivin~ phmocry'l 

cores (o.m - 0.11 W\.'7;') are low and are similar 10 thaI oftk groundmass oli,."...." (Table 3.1). 

Following Roeder and I'mslie (IYJO), the partition coefficimt for F~-Mg c,"changc bdwccn 

olivine and melt defined as Kn Fc·", is 1l.31l 0.03. This is illustrated in Fig. 3.14 where thc most 

magnesium-rich ()]ivine pherlOCrysts or microphe[)()Crysts cores from ~a~h sample ar~ ploltcd. 

Oli, inc phmocry,t core" (rom lhe Ts]ruh dyke h""e equilihrium compositions (Fig. 3. 14). 

f.) h'cb dyke 

~ 

~ 

CO G· 

" " 
':0) Tk,' "",]., ("'''' ') """" 

w 
()OJ • 

Co 'X; 
" " 

Ie) T"",, N<m I,rn;r) p'cQ 

C C 

0' ,~ 

F, . ----'-D 

" " 

~ (I'kro;'"""""",,,,' ""' .. 

., (Moor",'",''''''''''] ,.m, 

Fi~. 3.13. CO"'p<JSili(lIl of oli"inc rl"'n')<;Ty'l/mi~Topbc''''''T)',t and grollndma" olivine from s~lec{ed 
i",irub ,"mple" 
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''''''VUe>, p = pntmocrvsl or tnlcrClphencJcryst gm = ~\)'UU'Jllll"'''', Fo 

41.31 41.51 41.43 41.53 

0,01 0.03 0.00 0.01 0.01 0.00 0.07 0.04 0.05 0.03 0.04 0.05 0.04 

0.03 0.02 0.04 0.Q3 0.02 0.02 0.Q7 0.01 0.03 0.03 0.05 0.04 0.03 0.05 0.06 0.01 

0.03 0.01 0.03 0.02 0.01 0.02 0.02 0.03 0.02 0.04 0.03 0.03 0.02 0.04 0.04 0.04 

8.92 10.60 10.78 9.78 11.34 8.86 9.25 14.64 14.37 14.11 13.81 16.16 16.53 13.52 14.32 14.20 

0.13 0.13 0.14 0.11 0.15 0.13 0.13 0.24 0.27 0.25 0.21 0.33 0.32 0.23 0.24 0.23 

47.87 47.07 46.50 47.35 46.37 47.54 47.57 43.22 43.45 43.48 43.93 42.44 41.55 44.40 43.52 43.70 

0.10 0.09 0.09 0.11 0.11 0.10 0.11 0.40 0.39 0.35 0.28 0.35 0.36 0.29 0.32 0.37 

0.37 0.35 0.35 0.39 0.34 0.40 0.38 0.15 0.17 0.15 0.17 0.15 0.14 0.18 0.15 0.14 

99.60 100.28 99.67 99.55 99.89 99.20 99.18 100.32 100.29 99.81 99.68 100.31 100.29 100.26 100.13 100.26 

90.3 90.5 88.8 88.5 89.6 88.0 90.5 90.2 84.0 84.4 84.6 85.0 82.4 81.7 85.4 84.4 84.6 

9.8 9.5 11.2 1l.5 10.4 12.1 9.5 9.8 16.0 15.6 15.4 15.0 17.6 18.2 14.6 15.6 15.4 

Table 3.1. Continued. 
Tsirub South In 

AN-021 

0.03 0.01 0.02 0.04 

0.02 0.04 0.02 0.01 0.04 0.02 0.02 

0.03 0.05 0.01 0.02 0.01 0.02 

15.96 13.89 13.92 7.79 22.80 22.96 20.03 

0.30 0.26 0.20 0.11 0.74 0.78 0.54 

42.10 43.78 44.01 48.72 36.91 37.46 40.35 

CaO 0.28 0.38 0.31 0.23 0.05 0.48 0.44 0.33 

NiO 0.14 0.11 0.17 0.24 0.36 0.08 0.07 0.09 

tal 100.15 100.58 100.00 100.22 99.24 101.10 101.61 101.79 

84.2 82.5 84.9 84.9 91.8 74.3 74.4 78.2 

15.8 17.5 15.1 15.1 8.2 25.7 25.6 2l.8 

18 



Univ
ers

ity
 of

 C
ap

e T
ow

n

0.3 

Q) 
c 
:~ 
(5 

'0 0.2 ~ 
~ 

0) 

:2 
Qj 
LL 
u 
·E 
.9 0.1 '" • AN-017 

00 0.2 0.4 0.6 0.8 

atomic Fe/Mg of rock 

ratio of olivine ph1en()crystlmlcrop.hellO(:ryst cores with atomic 
rocks. Note that cores from each 
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content 

core = 

same is true 
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WL'~';') al1d ,hghtly nigh'" CaO wncCnLmtiolU, (0.33 0.43,,1.%). Oli'lIlc mlcrophenocry't h~' 

compo'itiol1 oul ,,1' cquihbnum (Fig. 3.14). 

Clil1opyroxel1c comp<JSllwns arC fCp<)[tcd in Table 3.2 alld uc classifierl. hase,1 on 'v\onmoto 

(1988), in Figs. 3.15 10 3.IS. 

The TSlrub dyk~ has ullZonerl clUIOPYf()Xene pnel1ocry'ts with CaO-rich c"re compo:<illOns of 

WO"_50En"-41FS<)_L2 ~nd rim comp<nition, of Wo,,,En<l-,,Fs., (Table 3.2: Fig. 3.15). TiO, 

~onc~nlTaliom ar~ high (Ti02 - 2.27 - 2.77 w1.~'c.) a feature comm"n in clirKlpymxenc:< of sihca 

undersMur~ted albJine roch (Aoki and Kushiro, 19li8). Ai20, conknls ,>try hcl",~cn 4.24 and 

7.3S ,,1.%. ~a/l content is moderate (Na,O = (Uti - O.ti7 \H.%). FoUo",mg MomnOio (InS) 

dassificati"n. the eli nopyroxel1e, are diopside:< (Fig. 3.15). 

We 

;0 "" Phenocryst cores 
• I" Phenocryst rims L~ 

"'-'lite 

" 
0 
Fo 

" ~ 

~9"00 ;" 

" 
, 

Eo • "tat,' • Fo 

"" 
Fil-: .. 'US. C"noF'oS11ion "r clinOl'yroHt\~ phenocryst (C"-Mg:-F~) cor", and rim, rrom ,'irub dyke. 
(,la,sificali(Jl1 i, aCl;onlil1g to M orimolo (j %R). 

At T,irub ~orth, clinopyroxen~ mlcrophenocryst cores from the outer plug (Wo'17 .. ~)En"-4,F'H~]J) 

and inner plug (WO.,-4,EI41.<4Fs'i_d ar~ similar in comp"sition to tho,e in tl", T mub dyk~ (Tahk 

~ .2). "li~!'()pher\(lCf)'St ~ore, show mnilar compositi"ns to that of rim' {~.g. ouler plug, e()l\:: CaO 

= 2:l.0~ wl.~'·. and rim: CaO - 23.14 ,,1.%: inner plug, c"r~: CaO = 23.03 ",L%, ami rim: CaO ­

D .14 wI. %}. The ouler plug and Ihe inn~r phlg have grOUl1dmas:< clinopyroxene wmposiliom 01 

'" 
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I ahl~ ,1.1. RCprc'C'111""ve clmopy,-mcnc 'll1"'Y"" (in wi ~.~) hn'" ,elCCLed I ,irub SM!lpl", Ablw-cv", 11(m,: 
r - phcn"cr)'~I, ~'ll' - w-<)uncim"", "-" - ,,,~ dClCCled) Elld_member, '" leul" Ic(1 Hccordmg lO MorillK~" ie' 
" I (19~R) 

',;r.o!!.,." " ,Cr.h ~,,". (o.,,'r) "" ~ 

I A~-OOI A~_rn1 ,,1\'-001 A "--fI1.) A"_~II 

Ic?re) r l,'!.nL P ___ ~j"0") P.('u&.... £ ls.."'''£).JlJ!!~~L ~Ll: Ho>o") pf,'!!l}L ~l' .. '" corel "" 
S~), 4~.24 4~.~-I 4~.lo "'.11 4UO 4.<.70 ".2~ 47..'14 44.1" 42.41 4.<.~.1 4U! 4'.1 ~ -l.1.D6 

'11<), "," c,;1 2 .c~ 
, ~, ". , ' !iU 277 2.(,1 l.i~ 475 5.,1 2,0i1 '" 2,[,4 j I') 

AI.O, 4.24 'M 4.02 '-.1i '" "" H~ 4.i4 '.9.1 9.12 4 __ 17 L7i 4." H.1 

Cr,C), l,11 UJI 'J.:)) ,," ".'-1 ",U2 U. I" ",n "Ul U.)O ",01 U-'" ".!\ UN 

,~ '. S.ll 1.5.1 '.10 5.67 " 5" " 7i o i' '.5" 714 7.1i 6."" 6.28 "~ 
"nO ,,, U.,)<J ,,~ um ".11 ",Il' U.l~ ".11 H.W U.<)9 ,), I ~ um ",<)9 U.II 

\1.,-0 14 .1~ 14.-''' 1·1..1" 12.!" 1-1.1'1 14.1~ 14..1-' 14.41 12.1.1 11.".1 1.1."9 IOu PS6 11..19 

C>0 2'-"2 CJ.7" n76 !l,il! n.7" ) .'.)7 !,,7U II '2 n,,£ 23.1< ,',.97 c),;'" nn i e. "'-' 

\",0 0.17 iU6 OJ6 u.67 iD7 ,," u.J1 iI.41 u.l4 iI.11 0.75 uAO iI.Y, u.71 

Y,O IWI 'WI U.UI , U.1I O,M U.UI ,W2 U-';<} OW UN 

1(,,,1 1'):).4) 1';<}.44 1(.0),41 w,% 100.1" 1(.oJ..\! I(.oU(J W-''') l (.o),!] loom "".07 W,% 99"" 1(.0),00 

" '" "' " 11,7 '" 1~.7 I 1.2 ILl 12 ~ 1.).2 I!A 1O.~ Ifi.4 14.1 ,,, 41J ILl 4U -'KI 41J 4u.! 1U 1lh -'6,1 J1, ; 39.1 4il~ 1''0 , ~ )5, I 

II'() 4R.1 '" 4~.4 10.' 4~.' '4.'.1 HI 17.1 1~.1 " 
, 4.'.1 40.! 41'.4 IO.R 

",oI~: Wo (C",Si,Oo) - II)()*C"-/("I>-""C"-+l.:F~) ",hcr~ l.:F~ - F~"-+F~' -+-"1n; En (M!;1Si,O.) -
)1)()'Mg/(Mg I Ca Il.:F~): rs (F~,Si,od - )00* l.:r,,'(Mg I Ca' l.:F~). 

TI132C d ale ollilnue 
T ,;,.10 ~<rtlo ';.""'1 ,I,. T,;,"h~ .. LIo ,-, 

AS_im A~-,-,)7A A~_M AN-OI7 A~_O"I 

m , , ''''K' - '"'''' lin] \ 

s;o, 'M 47\0 4.'.14 Il.i' 11.02 • " 48.i~ 4R.2' '~.RR 10.21 I 1J)4 48.41 40.42 11.11 

L 10, ),G' '" );<1 IN 1.1 , '" 1.71 I." ,~ '" '-"~ ,m " '! U·' I.~' 

.~I,O, !.2 , '.2" !.<I 1.02 1,24 '" VOl 6.!3 '.1 i 4.4,. 'M '.00 \.4~ '00 
l'r,O, O,:~ "W O.C~ ".il<> ii, I, 0.'0 u.<7 i\14 u.93 04, 0.1 ~ U02 0,0) 

,~ 1.46 1.2\ 1..<4 UI 'OO ,,20 ,.08 ," 1.'.11 I." '-21 o.lfi 7.116 ~.5~ 

\lrlO 0.1.1 iI.1U 0.il7 u."" 0.21 u.1.l u.lO 0.17 " 0.12 u.II u. lO il.!-' u .I! 

\11'0 1 1.20 "<)1 14'>7 1.'.41 1·,..'7 14.1') 1 Ul 1 ',11 IH1 14.11 14.41 14. " n.20 1<.11 

C~ 2.1.10 2.1.!fi 2.1 __ ," 2.1..1.1 "-1.10 22.02 : I.~" "1..'" 22.00 "I ')'I 22..1~ 2U2 ".1.50 2.1.'10 

~'.p " U,;·' u.J o U.ColS 0." "." I). , CO 1.11 ,!.'~ U_'l U."G ,). ) I U. ' 3 

K,Q "' ~.fil n.~1 ~.Ol 0.01 n.~ 1 <).14 0,0.' ~.O! 0.fi2 n.oJ '.00 .00 n.ol 

1 "", 1(0),)' 100 II '00. lOOm 100,)2 ",,~ ." 'I'J, I') "".GI 'I'J,:,,! w," lW/o '10. ,~ 1(.o)M 

" i" 11.8 ~.5 ".5 11.6 ,. 1,>.7 '" "' " IUA liW 11.3 " " 41." ~0.2 42.7 4.1.4 41.2 4.1.0 41.0 41.2 4".2 4.l.9 ", 4il.i JU 42.0 

~:. .,<7.9 1i.u 47.1 17.1 4).' 4'.2 W.3 47.4 ·1~,! 4),1 .7.1 -19,1 1".-1 RU -

Wo." "En,.."rs II.I~ Qnd WO"Ell<O.4,rS9.11, rcspccti "cly. TiO, contcnts Qrc high, with thc corcs 

from lhe ouler plug showing higher TiO, conlenl (2J,4 - 4.75 WI.%) (ha" Ihose from lhe inner 

plug (TiO,.= 1.15 - 2.23 wt.%) TiO, increase< wilh decreusing .VI"O for bolh se(s of sum pIes 

(Tuhle 3.2). Minophenonyst< lrom lhe oUler plug and inner plug show u w,de rung~ of AI20, 

2l 
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concentration (4.1 '-) 7.93 "I.~". for ""ter plug and 1.()2 

concentrations are modcrate and are nol distingu"hahl~ from those of grou,Jdma<s 

clinop)TOxen~' (e,g. outer plug Na,l) ~ 0.3(, wl."'. - 0.5-1- "I.~,;, for microphenocry,\s and OAO 

0.75 ,,1.'\-. lor groundma>s clinopyrox~n~s), ChnoPYrDxenc oompoSltions tor microphcnocry,l 

eor~' and Tllns and groundmass clmopyroxcncs arc plotted m Fi,:s -'.16 and -'.17 and arc all 

diopsidic (Mori moto. 198 8). 

We We 

~ ~ Microphenocryst cores , • " , 0 Microphenocryst rims 

'"~ .. 10 Groundmass 
~ 

'" 0 

, 
'" 

F, 

Fi:,:. J. 1 n. CpmpasilHJllS "r dillupyroxenc (CJ·\lj1.-I'c) microl'h~'\(>CTY"1 cm,-S and rims. and !-",,>unJma",s 
cI LOOp},'Oxene from TSlTllb 1< onh (oUler) plug, ClassLjicaliml IS accordmg to Monmoto (1988), 

The Tsirub South plug has clll\opyro~ene nucropherK>Cryst core composihor" of WO,qQFnl' 

"Fs,_" (Table 3,2). simllar to those oflhe n,mh l\onh plug. TiO, (1,82 - ,114 \"t.'7o). AI,o, 

(1.66 - ~A8 ,,1.%) aIld Na,O (0.46 -0.53 "'1%) concentrations (oflbe cores) arc "milarto tho'e 

of the Tsirub l\onh plug and nirub dyke. rollowing Morimoto's (I %<J) cla~sificahot) these 

clinopyroxenes are also diopside, (Fig. 3,1 R). 
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Microphenocryst cores 

Microphenocryst rims 

Groundmass 

Fig. 3.17. Coonposi{ion, of clinopyroxene (Ca-Mg-l'e) microphenocryS! co ... " .nd ri m,. anti groundma,-, 
clinopyroxene from T,i",b 1\" (M1h (inner) plug Cla'.,i/,icatiool i, accortiin~ [0 )"IOl"imoto (I 9RR). 

Wo 

~ 
it 45 

1<1 

E' ')L-'C""C~;;;;C'"',Cc,,,--'--CO""rl"'C'CO"'i'C,-~\' F' 
50 " 

Microphenocryst cores 

. ';g. J. 18. C'""iX'Sill"!l of dinop,Tox<:n~ (e" \lg· ~d l1l,crophcnoer)",! e,-.-es I'e." T",,,b Sllmh ph'g, 
Cla"ific.1Lon i, .ccordLl,g to Mo,-imolo (I ~~R) 

:u., Fe-"!i ,,~ides 

The "nalys<:J F<:-Ti oxid" pr~,~ul~J III Tabk 3 3 ar,'/i-om lh~ Tsirub Korlh (inn~r) plllg auu ,'r~ 

taken 10 he representali\e of Fe-Ti o~ides from the Tsirub ",trusion,. Also reponed in Table ~.~ 

is the Fe,O., content estimated on the basis of stoichiometry assuming 32 oxygens and following 

LJm<lp (19S7). The Fe-Ti <lxides are lilan<lmagnelile in comp<lsilion anu c(~lsi'l of h'gh lotal FeO 

((,7,05 - 7(1.26 ,,"(,'Yoj and moderate TiO, (20,9(1 - 22.57 ,,1.'%.) contents. Calculated Fe/l) 

c<lnlem i, 25,24 - 2').45 WL%) Crable J.3). MgO and AI,O, C<ln~entral'ons are ~.~S - J.% w\.% 

and 0.22 - 0.7~ WL%, respectively. The analysed oxides contain a limileu range nf MnO ~ontent 

(1.00 - 1.14,,1.%) 

2J 
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rable 3.3. f{c-r .. ~,,,mat;ve fe-Ti oxide, analy;;es hum the Tsirub ~onh (inner) plug. Fd)' TL1"~,,,m, the 
"mt\u"l of tot.! m""ured reo fe,O, cakulal~d according to Droop (l9K7) 01\ the h"" of ,1oich;omdTY 
"""m"'~.il On~e"S A,hb,."viar;'"l" c ~ cakul,ted 

l ... Ti Qxid .. 

AI\·flI7 

S;O, ~.I)4 0.117 O.l~ 

no· 2l.!Z 20,q~ .'-'.j' 

AlP, ~.26 1!.22 11.71 

Cr,o, 0.14 IUt 0,09 

l'cO' ,9.44 "~.26 00.115 
,,~ 1.I~) 1.112 , 

" MgO J.73 3,J! 1,9(, 

C.O 0.1i fl,ll ~ . .lO 

Toul "',-"2 %.Z" %.01 

toP" n.9j ,'HI 7.,.24 

roO .. 44.29 41.76 44.34 

J3,4 UltramaJk xmohth 

Th~ singk mantle xenolith found in .'~mple Ar\-Oli lrom th" TSlTub Korth (inn~r) plug i, a 

wcrhiilc, comprisi n g 01 ivi ,Ie. clinopyroxene and minor 'pmd. Allaly,~s uf tbe constituent pha.'es 

ar~ prcsentoo in T~hJe 1,.. ~nd their re'p~ctivc md-m~mbcr, ar~ sbown in Fig. 3.1'), Olivine i., 

rdatlvely iron·ricb (00,2.J4) with low ~iO content 01iO- 0,10: Table 3,4), CaO concentraTion 

r~ngc., I>\:nveen ll.15 and n.20 wl.%. The dinoPJrux~ne, are diopside (Wo4J.,sEn41_ehll) and 

h~ve low Ti02 conlent (0,')4 - 1.1)9 v..-t.%), rais~d AI,O, (6.21 - 6.68 WI,'.·.,) and moderale ~a,() 

concentrations ((1.80 - 0,89 wl.%). Th~ spind is a bercynite having high AI,O.\ (48.8') - 54.97 

v.I.'.!''') and FeO content, (24.81 _. :11.90 wl.%) and mutkml~ /I.lgO concenlf~tion.'(1301 - 15.97 

WI. '!·o). er20., content i, low (1 ,65 4,21 "I. ~';'). 

'1.3.5 Fdsic xmuljth 

Analy,es of kldspar and dinopyruxme making up Ihe felsic xenoliths from til<: TSIl\,b Korth 

(inner) plug ar~ r"portcd in Tabk 3.5 and tlw minerals are cJ~s.,ifjcd in Fig. :1.20. Fe,O, content 

of clinopyroxm~s pn"mt~d in Table 3,5 is calculated on the hasi_ of 6 oxygens Jullo"ing Druup 

(Inn Th e analy",,1 Iddspars ar~ alkali fcJdspun (A'l(;An)\7)Ah,.\_,_,). A _ingle feldspar Ii-om 

sampk A~-()()8 (Orw\b,,) sbows anom~IOll.'ly high ~a,O contellt of 7.~ 1 v.1.%. F~O ami MgO 

content, ar~ low ami ar~ 0,84 - 1.8,,1.%, and 0,01 - 0.05 \\1.%. re_pectivdy. 

24 
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Tahle .'.4. R,p,"";c,,{a{ivc analy,c, of olivine. clinopymxcne and 'pinel {hac make up {he ultramafic 
xC"lOlilh 1I0'I,d in ""'plc AK-OI7 tram Ihe Tsimb Korth (inn~rJ plug.. Ahbre\"ialiom: p - phenocrysI, gm 
- gmundma". "- " - nol dd~CI,d_ ."d c = ca:cubledl_ Clinopyroxene end-member, are c"icubt.d 
["llowing M ormwto (I 9~~)_ r ,-0' rcp,",cnb m,-a,ur,d {otol f e. fc,O, .nd f ,-0 conc~ntratiom of spinel 
arc cal~ulakd on tlw hoa,i, of _, 0 oxy! c,~, following. Droop (I n7J_ 

01;';", Cl;n" '''"'''0<' S oi.d 

A~~lI7 ·\N_Ol7 n_Ol7 

:;,0, J"')O 4~.44 !-9m 40 'j SiU, ,1''<i4 4Q.J.I 4~, 9J 4~ 'i'J SlO, o 0) G,~5 OG, 11.14 

H" G.III 11.11.1 lUI I T;o, I_III 11').1 1.<1" 1.11.' TiO, I_51 O.~" O.Kl ~n 

AU), 0_01 O.~I ~_Ol .-IJ,o. 6.6(1 G_:!1 6.51 G,Gg AI,O, -ViM 54m H~l 4'i.'iR 

Crp, "0> ~.II) (",,0. ll.l ) II.IIIi 11.0, 11.Ii'J (",,0, 'UI ,.66 1.1» '_5., 

C~ 2 •. 11 ,-"!Ii 24.~0 23.3, FoO 6_2' (dO 6.64 6_,4 h,V' :!".II 14.~ I 21.67 ,1.'1(1 

~!"O O.!-I ~.J7 OJJ ~ )·1 ~l"O " " CW 0, I , ",C MM, O'-,~ I G,15 O.!! 11.·,~9 

\!1I0 ') '" J6.6R In. I ') .17..1, M"o I'. 'i 11.61 1.1.76 11_70 ~1,.o 14.90 (j. "7 I 5.115 13m 
c., 11.15 II.:!II 0.1 ~ ~_II C~ :!I.~:! :!:!_W n 77 :!UI no 0_01 C" 0.112 

-~,O 0.11 ~.lU O,I~ cu ~iU 

N>,O 11--'-1 II.RII 1I.!1 II.W) 

,," 0_0, ~JIl om ~JIl 

T,,,,,I 101 77 1111 " 10 I_W 1111.75 T,)j.u W.~9 9~.31 W.7l ,,".I~ T",al WW WS, 100.51 '1".64 

C, 7). J "., )),1 74.1 r. 111.9 10') II.' " 
, ro,"-'" 1I _R 1 ~_74 11.29 12 __ 1.1 

Co 26.7 26_g '"1 21.9 Ell 41.6 4L2 41.4 41.6 FcOc 18_53 logS lUI 20.62 
Wo 47.J 47.Q ",I 47 ·1 

Clinopyroxene: 

Olivine: 

Fig. 3.19. ('ompo,ilion of 01 iv;n" and cl intlpymx~ne (Ca-~l~-Fe) {ilat m"ke up th~ uln"m,,!!, "~nolilh 
h",[oo by ,"mpic A '1·0 I 7 from T,iTUb North (in"".-) plug_ ClinoPJ,'o,,~t\~ cla"ij!cation i, accordin~ 10 
l\h111TTXlhl (I n~)_ 

The light grcen clilloP)-T()~ en~' are .-ariab Ie in ()"'po,iti()n enriched in CaO rontent (W'4Q.,ET41_ 

'bfs,_w) and ha,c moderate 10 elevated NalO concemration' (0.:15 - 3_19 wt.%j. AI,O) c()ntent IS 

low (0.24 - 0,38 v,t, %) (Table 3_5 j, I 'hese light green cl in()pymx ene' (excepting a single crystal j 

ar~ diopsidcs (Morimoto, J9~~), I'he d~rk green clin()pj-Toxene' are enriched in FeO and haw 

high l\a,O C()ntent (7.:11 10_~9 Wl.%j imlicating a sib'IliJicanl aegmne ~()mp()nem 
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Tablr 3.5. RepresentatIve analyse, "I" I"eld'par "nd c!"\(}pyruxe",, (in "1. ~ .)lhal ma~e up Ih~ f~ls,c xenolith (",m ,ekct~d ,"mpl~' hom th~ Tmub North 
) II ~"d·m"'nbe" ,lee aner M""m(~O ,'J ul (19RR). fe.O\ calculal~d on Ih~ hasi' or~ oxygen' rolloWlll~ Droop (1987), Symbol: ' -" -

" 

<>.(\! 11.115 (\.!)! 11.1 'J Lli Iql (U~ 11.5' 11.51 .1.21 4.0(\ l.l4 

II.U? I ~ 6.' 11.,9 1 Q 2_' U.3! 0.27 U.J6 1127 O.UI o ! I O.oJ 0,"') 

002 0,17 fi,Ol "' om 
1.28 0.'); UI 11.'4 9.611 4.Il2 '.'14 5.9' 5.21 1,.69 1".45 IXA4 
(\.U] II.I~ 11.1(\ (\.,] O.I~ 0.1 J O.Ll 0.12 U.1J 

U.UI "' U.UJ 12.Q7 I <,W I J.n 16,13 Ij,p ~,<l 0,4~ l,85 

0 00 WOl lJ." nSI 2l.J8 lJ.lO 11I.9~ ".64- 1.70 

1.16 1.7(\ I.76 7.21 l.l" 0.5J U.7U 0.'2 lI.n 7.5,] 0% w.~" 

I.1.Q' 11.29 13.1(\ 1,-'7 , " U.OI IWI U,UI "00 O,ut O,fil om U,OI 

IOO.JO '00. IOO,jJ 'A. 'I) 'fJ.'I) 1IX1.fi~ 'lUI 99.76 II~I.()(\ 99.511 "M IO<HXI IIXI.Ol 

ow " " 9,9 % S,4 J<, I 46,1. ll.2 

n6 l),9 l4,6 52,4 46.l ~, 41.4 45.J ~, 'J. , 2".9 2!.7 

774 "6,1 7$.4 47,r, 4' .0 4'-7 4".7 hi 4{\.9 '1.2 24.1. 211.1 

77.2 %, 9J,0 94,1 94.1 4' .! .'1.6 l6, I 

" 
, \fi J.I 5.1 '" .11.(\ 6ii." 7Lo 

I.' 0' 
" 

0,,\ "' " I" 2.1 

N,~c: feld'par end-Inc",hd.·" An - n - I ) lllld Or(KAISi,O,) - lOO'KICa+Na+K). 
Clillopyrux""e end-m~mber< (arkr \-[ori",oto eI aI., 1988): Wo (Ca,Si,L\) whcr~ ~e - 1'e'-+1'">+-\-ill; Ell (/>.lg,Si,O,) 
lOO·Mg,'(\.ig-'-Ca-l-~P~): F, (Mg,Si,o,) ~ loo> l.:l'e (MgICal l.:fe). CliIlOPJTO"""~ 'Ii' for sodi~ dillOpjTO~e",,' () (Wo. Ell, h) -
1 OO'(Ca+]\,1 b>+F~'-)i('" g-'-Ca+Fc" + 2Na). J d (NaAISi,O,)/Ae (Na F~" Si,O,) ~ (Alil'e' ')'( 1 OO'2Na)/( Mg I Ca . I'e" I ma). 

26 



Univ
ers

ity
 of

 C
ap

e T
ow

n

, 
Jc L _ 

a (Wa, En, F'I 

~I >jht 9'_ J ,,''''V'u . ... , 
• 0"" ';' '''''' 01""",,0'''''. ----

, 
_ -----.l A~ 

l i,. 3,Z(l. Compo,ition of tdd'pJ[ (,.J"OO clinopyro;wllC (bJ th'l mJkc up thc !Cbic ~e"olilh, nom T,,,ub 
Nonh (inn.,) plug, Clinopyro.,cnc. (h,,( plot in (he ()u,d field (i,c, light !,,,,'cn dinop)Io.,cnc1 on lhe ()-Jd­
Ac di"!,,,,,m in (hJ mc funh'T ~bssijicd on the \\o-cll-h di"~TJm in kJ, Clinory[()~cne cI,,""ir,~aljoll " 
occording to Mocimoto (1 ~g~). 

(Q26_pJd,Ae,I_12). Ti02 is elevawd (3.21 - 4,77 W1,~/o) and AI10) is ,'ery low (0_3 I - OAO \01_%: 

Table 3.5), Calculated Fe/J., c()ntent (calcul~led on tbe basis of6 oxygens) is bigb (J 5_112 - 20,3H 

Wl.~'.) (Table 3.5), Acc()rding to Morimoto (I<.JHH) classification these are aegil'ine-augites (Fig, 

3.20), 
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CHAPTER 4 

MAJOR EL.l',MEN r GEOCHEMISTRY 

4.1 Introduction 

A suite of 23 samples fi-om T';l1Ih hav~ be~ll dlldlysw ji)r major dmncnl oxides by X-ray 

lluofc>cmcc (XRf) technique a, described in Appendix R s~cli(1n B.2. It should be nokd lhat 

thc felsic "enolith, mentioned in th~ previous chapl'" w"'"c wm<wcc! Ii-om the ,ample, before 

an~lysis, This chapTeJ pre'ents the description of th~ major d=~nt g",x;h~mi,(ry l'or the Tsirub 

intrusion" rhe major e1em~nts wo::re analy,~d in onkr to dctcnninc major clement variations 

within ~ach T sirub ;nlru,jon and to dClcnninc vari~lioll> her-veen tbe nimh intru,ion,_ The majf1r 

dorrmml g~(}chcJm>(ry. in conjunction with petrograpbic obser"~liolls, w.,lllh~ll be lls~d to mak" 

mfcrCTI~c> ClJI (he cxtt"nt of fractional crystalliHlioll with particular ~mplM"s on the mineral, 

1m "hed in (he frll<:lional cry,(al!ization process during the di ffur~lllidtion "rthe T mub magmas. 

R~,ullS or lh~ major clcmcnt analysc, arc rcported in Table 4.1 and also shown on a tmal alkali­

",h~a diagram in Fig. 4.1 (An an~lysis of tile felsic country rock, SiO, = 6ll.ll wt%, intruded by 

thc nirub :\oIth plug is presented in Appendix Cl .. ( he data were r~~akulal~d on a volalilc frec 

h~,i, before plotling fig. 4.1 In calculating th~ :Vlg"_ re)xln",-I in TabJ~ 4.1, a value of 0.2 wa, 

~,suilled for fel0.\lfeO ratio (e.g. I~ Roe" el al., 1990: Spalh e/ al., 2(01). Data for 

S~h"arlcbel'g ncphclinite (Spriggs, 19l1ll) from south"", )lamibia and Erongo basanite, and 

lepltrilcs (Trumhull et aI., 20(3) from north,,~sl )lamibia arc al,o plotted On Fig. 4.1 for 

eompafl'on. 

The hirub roch are cias,ified basal on L~ Mmtre's (2002) total alkali "ilic~ di~gralH (fig. 4. I) 

~nd in conjunction WitJllheir CIPW norm values (in lh~ ~asc ofTsirub l\ortb (outer) plug). CIPW 

nonn vullle, are rep<:llted in App~ndi~ C, Tabl~ C.l. n,C Tsirub dyke, Tsirub ~ortb (lllJler) plug, 

and 'j',irub South plug"ll plolin th<o j,)iJLlc (- ncphclinilc) ficld. Samples A"-016 and Ar--.-019 

from lh~ Tsirub )lorlh plug ~lso plot ~, ncphclinites. These two samples are trealed s~pill'atdy 
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LOI 

Total 

ICP-MS: 

Sc 
Ni 

Cr 

Co 

V 
Cu 

Zn 

Rb 

Sr 

Cs 
Ba 

y 

Zr 

Nb* 

Hf 

Ta 
Pb 
Th 

U 

La 

Ce 

Pr 

Nd 

Sm 
Eu 
Gd 

Tb 

Ho 

Er 

Tm 
Yb 
Lu 

"au,v".,'" All Fe as 

Tsirub North (outer) 

AN-004 AN-OOS AN-006 AN-On AN-013 AN-014 AN-OlS 
39.4 41.3 41.4 41.0 39.8 38.7 40.4 41.6 40.2 

2.83 3.45 3.33 3.39 4,68 4.81 3.42 3.23 3.44 

11.7 

11.6 

0.20 
12.0 
11.2 
4.48 

1.86 

1.42 

0.37 

2.07 

99.11 

0.71 

16.7 
309 
393 
44.6 
183 

39.1 
84.9 

57.8 
1260 
1.14 
934 

26.0 
402 

201 
8.85 
13.9 

4.41 

10.3 

2.88 

85.2 
167 

18.8 
70.4 
10.8 
3.27 

8.80 
1.14 
5.64 
1.02 

2.46 
0.32 
1.92 
0.28 

12.2 

11.8 

0.19 
9.43 
11.2 
4.38 

1.42 

1.03 

0.31 

12.2 

11.7 

0.18 
9.22 
10.9 
5.30 

1.11 

1.07 

0.31 

12.7 

12.0 

0.19 
9.63 
12.1 
4.19 

1.67 

1.11 

0.28 

10.6 

13.9 

0.17 
9.47 
11.1 
3.84 

3.89 

1.27 

0.17 

10.1 

14.0 

0.16 
9.25 
11.0 
2.94 

1.26 

1.06 

0.96 

12.2 

11.8 

0.18 
9.37 
11.5 
4.69 

1.06 

1.05 

0.31 

11.7 

11.3 

0.18 
8.70 
14.6 
2.16 

0.64 

1.12 

0.40 

12.1 

11.7 

0.19 
9.40 
11.3 
4.62 

1.42 

1.03 

0.21 

2.34 2.24 2.14 0.42 5.07 3.23 3.74 3.33 

99.05 98.97 100.37 99.25 99.24 99.27 99.36 98.99 

0.65 0.65 0.65 0.61 0.61 0.65 0.64 0.65 

21.8 22.0 22.3 23.5 24.3 23.2 20.2 20.6 

134 131 131 123 130 134 135 140 

233 225 233 302 350 245 236 249 

42.2 41.8 42.0 51.9 53.7 42.9 43.3 44.1 

243 224 247 288 226 251 252 252 
53.6 39.5 50.9 69.6 67.1 51.1 53.2 54.9 

86.6 87.4 85.3 93.0 102 87.0 88.3 88.0 

85.5 64.2 62.6 112.7 50.3 75.9 64.3 III 
909 917 1155 1059 1957 1004 965 921 

1.11 1.22 1.06 1.06 2.08 1.15 0.97 1.21 

1094 1101 1109 1559 1531 1062 1071 1084 

24.2 25.1 25.5 22.3 \9.2 23.3 21.8 24.4 

407 398 395 449 444 404 400 400 

171 173 171 170 152 169 170 169 
9.53 9.25 9.23 11.1 11.2 9.59 9.34 9.19 
12.3 12.2 12.1 11.7 11.3 12.2 12.2 10.7 

4.07 4.66 4.33 1.07 8.20 3.18 3.07 3.46 

9.05 9.06 8.78 7.66 5.80 8.03 7.40 8.20 

1.93 1.92 1.95 1.89 1.85 1.47 1.48 1.62 

58.6 60.2 61.0 67.0 51.8 59.4 58.3 59.2 
117 117 120 148 116 117 115 116 

13.2 13.0 13.1 17.5 13.9 13.0 12.7 12.0 

50.9 50.1 50.6 67.8 54.6 49.9 48.6 47.3 
8.44 8.38 8.44 10.3 8.73 8.53 8.19 7.84 
2.59 2.63 2.61 3.02 2.50 2.59 2.53 2.61 

7.27 7.38 7.40 8.10 6.60 7.10 6.92 6.98 

0.99 1.00 1.01 1.02 0.87 0.98 0.94 0.93 

5.12 5.22 5.24 4.94 4.21 4.98 4.82 4.77 

0.95 0.99 1.00 0.89 0.76 0.94 0.91 0.86 

2.34 2.43 2.49 2.16 1.82 2.30 2.20 2.24 
0.33 0.34 0.34 0.28 0.24 0.32 0.31 0.29 

1.90 2.01 2.04 1.68 1.48 1.93 1.80 1.84 

0.28 0.30 0.31 0.24 0.21 0.28 0.26 0.26 

byXRF. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Table 4.1. '""V:UUllU ....... 

LOI 

Total 

ICP-MS: 

Sc 

Ni 

Cr 

Co 

V 

Cu 

Zn 

Rb 

Sf 
Cs 

Ba 

y 

Zr 

Nb* 

Hf 

Ta 

Pb 

Th 

U 

La 

Ce 

Pr 

Nd 
Sm 
Eu 

Gd 

Tb 

Dy 

Ho 

Er 
Tm 

Yb 

Lu 

AN-007 

39.9 

2.56 

12.4 

11.8 

0.22 
9.25 
12.6 

4.94 

2.18 

2.25 

0.43 

38.9 

2.51 

11.8 

11.6 

0.21 
9.54 
12.8 
4.19 

1.86 

2.47 

0.51 

39.8 

2.42 

11.8 

11.4 

0.21 
8.93 
12.5 
5.06 

1.51 

2.43 

0.32 

40.3 

12.1 

11.4 

0.21 
9.22 
12.7 
5.39 

1.45 

2.37 

0.22 

38.7 

2.47 

12.4 

11.6 

0.20 
9.34 
12.6 
4.91 

2.12 

2.30 

0.34 

39.6 

2.52 

11.9 

11.6 

0.21 
9.51 
12.9 
4.45 

1.97 

2.46 

0.35 

39.3 

2.51 

11.8 

11.6 

0.21 
8.93 
12.4 
4.95 

2.68 

2.43 

0.35 

39.6 

2.48 

12.1 

11.6 

0.21 
8.97 
12.5 
5.01 

2.00 

2.25 

0.16 

2.32 2.76 2.56 1.76 3.05 2.37 2.42 2.27 

100.83 99.06 98.93 99.55 100.08 99.88 99.70 99.06 

0.65 0.66 0.65 

17.3 18.8 18.5 
129 130 129 
194 193 182 
38.4 38.6 38.5 
187 190 185 
47.0 47.6 42.3 
91.5 92.1 91.4 

56.8 42.3 57.6 
1879 1976 1935 
1.03 0.95 1.18 
1353 1442 1311 

37.8 38.0 37.1 
469 451 444 
267 245 246 
9.32 9.01 8.84 
14.9 14.1 13.6 
6.58 4.39 3.44 
18.7 17.7 18.3 
3.93 3.80 3.96 

148 147 147 
278 278 280 
31.6 31.6 31.5 
114 113 113 
15.8 16.1 15.9 
4.63 4.60 4.62 
12.2 11.9 12.0 
1.57 1.57 1.55 
7.70 7.63 7.57 
1.41 1.40 1.40 

3.45 3.42 3.37 
0.48 0.47 0.47 
2.83 2.83 2.80 
0.42 0.42 0.42 

0.65 0.65 0.66 0.64 

19.2 18.9 18.8 17.9 
132 128 129 133 
187 175 184 191 
38.7 38.5 38.6 39.1 
185 179 201 187 
47.8 47.0 43.4 42.2 
91.6 82.6 91.5 91.9 

56.2 54.6 47.4 45.1 
1883 1842 1937 1932 
1.13 1.09 0.87 0.86 
1392 963 1199 1298 

36.5 36.6 37.3 39.4 
440 450 454 435 
239 247 251 251 
8.76 8.79 9.13 8.72 
13.3 13.8 14.1 12.8 
4.11 6.83 7.23 3.50 
18.1 18.6 18.3 17.5 
4.07 3.06 4.05 4.03 

146 150 148 145 
277 283 281 271 
30.9 31.9 31.8 29.7 
III 114 114 111 
15.6 16.0 16.2 15.3 
4.46 4.50 4.60 4.55 
11.7 12.0 12.1 11.7 
1.53 1.53 1.57 1.46 
7.54 7.41 7.62 7.37 
1.38 1.36 1.39 1.33 

3.31 3.32 3.39 3.36 
0.47 0.46 0.47 0.44 
2.78 2.73 2.77 2.74 
0.42 0.41 0.41 0.38 

0.64 

19.2 
135 
197 
39.9 
210 
45.8 
91.4 

45.7 
1910 
0.98 
1472 

41.0 
445 
250 
9.02 
13.6 
5.62 
17.7 
4.10 

145 
271 
29.6 
110 
15.4 
4.57 
11.8 
1.48 
7.50 
1.36 

3.49 
0.47 
2.84 
0.40 

39.5 

3.73 

11.3 

12.8 

0.18 
9.48 
11.5 
4.83 

1.87 

1.54 

0.18 

2.34 

99.18 

0.63 

22.4 
125 
252 
49.2 
267 
59.9 
88.5 

53.8 
1347 
1.05 
1477 

27.2 
402 
184 
9.37 
10.4 
4.60 
10.6 
3.20 

92.8 

186 
20.3 
78.4 
11.3 
3.37 
8.66 
1.06 
5.37 
0.96 

2.38 
0.31 
1.92 
0.26 

40.1 

2.99 

12.8 

12.1 

0.19 
9.89 
11.8 
5.22 

1.84 

1.81 

0.10 

1.76 

100.51 

0.66 

20.4 
119 
214 
44.6 
225 
62.4 
85.4 

78.8 
1461 
1.02 
1365 

29.4 
375 
184 
7.88 
9.69 
5.96 
13.0 
3.05 

105 
198 
20.6 
77.4 

11.2 

3.36 
8.61 
1.11 

5.62 
1.00 

2.53 
0.33 
2.07 
0.29 
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Table 4.1. Continued. 

Tsirub South plug 

AN-021 AN-022 AN-023 AN-024 

39.0 39.4 38.9 39.1 

Ti02 3.30 3.25 3.36 3.26 

12.3 12.3 12.7 12.2 

12.6 12.5 12.7 12.4 

MnO 0.21 0.21 0.21 0.21 

8.87 9.05 9.04 9.13 

CaO 12.1 12.1 12.8 12.4 

4.81 5.12 4.76 4.30 

2.45 2.55 2.86 2.48 

l.59 l.55 l.58 l.62 

0.29 0.15 0.10 0.17 

LOI 1.93 1.43 1.69 2.33 

Total 99.30 99.58 100.79 99.67 

Mg# 0.62 0.63 0.62 0.63 

ICP-MS: 
Sc 19.7 19.1 18.9 19.0 

Ni 105 108 107 105 

Cr 168 172 162 166 

Co 42.3 43.0 42.3 42.0 

V 221 225 217 220 

Cu 46.1 47.2 42.1 45.1 

Zn 87.4 86.6 85.8 87.8 

Rb 55.7 61.5 66.5 69.5 

Sr 1359 1374 1383 1455 

Cs 1.32 0.86 1.07 1.20 

Ba 1160 1223 1148 1I16 

Y 31.4 32.1 30.9 31.1 

Zr 406 410 399 397 

Nb* 205 220 209 206 

Hf 9.16 8.88 8.83 8.78 

Ta 12.7 12.9 12.5 12.3 

Pb 3.39 1.04 3.04 3.65 

Th 11.2 12.0 11.3 11.3 

U 2.70 2.45 2.78 2.24 

La 95.4 100 96.1 96.2 

Ce 179 190 180 181 

Pr 18.8 19.9 18.9 19.0 

Nd 72.3 76.9 73.5 73.2 

Sm 11.3 11.7 11.1 11.3 

Eu 3.44 3.62 3.47 3.52 

Gd 9.20 9.29 9.15 9.10 

Th 1.16 1.19 1.17 1.16 

6.01 6.12 5.89 6.01 

Ho 1.09 1.08 1.08 1.06 

Er 2.68 2.72 2.64 2.68 

Tm 0.35 0.36 0.34 0.35 

Yb 2.16 2.22 2.11 2.17 

Lu 0.30 0.31 0.29 0.30 
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~ 0 

" 0 , 
" • 0 , 
ro 
Z 

15 

10 -

5 

o 

loidite 

_L_ 

40 

m trachydacite 
,0''''''':' 

rhyolite 

, 
basalt 

50 60 

Si02 (wt.%) 

* TSirub dyke 
o TSirub North (outer) plug 
• TSirub North (inner) plug 
/::, Tsirub South plug 
X AN-016 and AN-019 

Fill:. 4.1. Tolal alkali-."i lica c ia,"i ficallOll diagmlll r or Tmun plug, and dyk~ ("~". I., ~ 1 ai lc", 2(02). Ilala 
for Ihe S"hwar/~r,.,,-g n~'T'h"li"il ~ (SN) i, from SpriAA" (\ n fi), Fran!," hfl."anik an,1 kl'hrik" (EfiT) fr01l1 
lrumlJ.ujj era!. (2003). 

hom lhi, point Jorward h""au,,, they are gcodenllcally dislioct e.g. s~e Fig 4.2;';, and 5.2, !i-om 

the (}uler and inner plug _,amrl~,_ riot. entire samples from 'biruh North (mll~r) plug (excepting 

AN-014) plrH in the hasanileile)lhrile !ide!. Sample AN-014 plot, on lh~ boundary het,,~ell [he 

ha.,anile':le)lhrile Jield and Jlicrohasalt field owing Eo its \"" tOlal alkali content of2.g0 \\,L'/o. To 

iJmtify i r the T,imh Korth (olLler) pIll],': ,ample:; an:; ha,anite, or tcphlite, their nmmdti, ~ oli vin" 

values wcr" u,ed. A~wrding to Le Maitre (2()02), basdnite, have'~ 10 \\'1.% nonnative olivinc 

"hereas tephlites are delin"d hy < 10 ,,1.% normative olivine. Therc!(lTc, on the basis of their 

high llormallve ohvinc value. (10.2 - 14.6 "'1.%: Tabk C.I, App~nJix C) '~Illplcs frolll the 

Tsirub Nonh (olLt~r) plug ~I'e dassifi~d ~s ba,anites_ All th~ T'iruh ,,~mple8, except AN-1l12 and 

AN-1l14, h~v~ high normative ll~phelin~ yalu~" (ll{ - 24 W1.%). Samples A;'HII2 (n~ - J I w1.%) 
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,mu AN-OI4 (n~ - 7 w1.'%) ar~ anomalolls. ha,mg significantiy lClWCI nClrmativ~ ncplwlinc 

vailles. 

In compari<CIn to thc Schw~r7eherg Ilephdilllie. the Tsiruh samples haye higher tolal alkali 

con!ents bUI cClmp~mhk SiOl cOlltell1 (Fig. 4. I). On the s~me dIagram (Fig. 4. I) the T ,imh N onh 

(ouler) plug plot within lhe tidd udineu by the Emngo brl,allile, alld lephnlc, (Trumbull cl al., 

2001). Th~ T,irub dyke, Lirub Norlh (inner) plug. sample, AN-OI6 and AN-OI9 and Tsirub 

South plug will he referred 10 '" nephdinil~s wh~reas lhc TSlrub Norlh (ouler) plug will be 

referred \() a, ha,anile,. 

Th~ varialions of scl.xtoo majClr ~kmcnts wilh MgO content as ~n ilKiex of differentiation are 

shClwn In Fig. 4.2 wh~re lhe dala was r~calcula1Cd on ~ volatile fi'ce hasis hefore plotting. MgO. 

and nClt SiOl, \\'~s chosen as an index of differemialion hecause il is a much more sellsiti,e 

indic~lOr of degree of evolution of hasaltic rocks compared 10 Sir), (Fiuon el ai., I 'Nt). Dala I()r 

Schwarzeherg nephdinile (Spriggs. l<)~R) I;-om soulhern Namibia i, al,,) plolled on Fig 4.21(" 

companson. 

The Tsimh dyke shows the mosl pnmiliye MgO conknt (12.0 "1.~Io) alld ::V1g# (0.71) (Mg#­

atomic Mg/(Mg Fe"); assuming Fe,Ov'FeO = 0.2) among lh~ Lirub inlrusions. TiO, conknll' 

relatively high (2.~~ "1.%)_ which is t}Vical oj" Ilepheliniks (L~ Bn" I')S7). CaO conlenl oj" lh~ 

T"rub dyke i, high (112 wl.%) and l' similar 10 lhm Oilhc Tsirub Norlh (outer) plllg (Fig. 4.2c). 

1',0, cOllcentratiOIl (1.42 \\\.0/0) i, mou.,,-ak (Fig. 4.2g) wh~r~a, K,O (1.8() wl.%) conlml l' 

rdativdy low. 

Al Tsirub North. lhc Clukr plug (c.g. \1g# - 0.61 - 0.65) ~nd tilC iruwr plllg (Mg# - 0.64 - 0.66) 

show, Iimiled intcrnal wrialiClns in Mg/i crable 4.1). SiO, concentratiCln is low and it mnges 

bnwccn 38.7 and 41.6 wt.% for tilC baSatlJle samplcs and helween 3~.7 and 40.3 wt.~', fOJ the 

nephdinile samples. CaO is positively co]'rci~tcd with MgO in bolh lhe ollter plug and inner plug 

(CrtO - 12.4 - 12.9 \\ 1.'}O and MgO - 8.93 - 9.54 v.i. ~',) wilh the outer plug (M gO - 9. n - 9.61 

\\1'}O) extending to lower CaO content (10.,) - 12.1 "1.%) (Fig. 4.2e). S~ml'l~ AN-OI4 j"rom the 

outcr plug is displaced tCI relalivciy lower MgO content (8.70 wl.'Yo) ~nd much higher CaO 

conccnU'~tion (14.6 \\1.%). The anomalous hehaviour of this sample i, also ret1~ct ed ill its 

elcvated LOl value (3.74 "1.'%) The HUler plug is readily distll1guishahk from the outer plug 

(Ti02 ~ -' 2-' ~nd -,,45 wt'!/, and 1',0, = l.m - 1.27" 1.%) hy iI, rdali,ely low.,,- TiO, wnlenl 

J3 
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r ig. 4.2. V"ri"tioo, or ",k~lcd '''''.inc clemen" ,,-ilh r,-"f'CCi I(} M~(), a, an i"dex of ditfcrentiali(}[\, Ln 
T,mlb rocks. The gray fields rep'"""! S~hw"rzck-rg ncphdinlLC Jala (Sr."i!ll". j9R~J_ Sym\xlh arc a, ill 
[ig. 4. 1. 

(2.42 - 2.56 wt.~',) and higher PIO, C(lncentrallol1 (2.25 

concentration' are high and overlap hetween the lwo set, or samples (AI,O, - j 1,7 -12.7 w1.% 

and i'e,Oj = 11.7 - 12_0 wl.~. lin outer piu!;, AhO, - 11.7 - 12.7 ,,1.% and fC20, - 11.7 - 12.0 

wI.'70 f(}r Inner plug) (Tahle 4.1; Fig, 4.~c and d). Samples AN-006 and AN-012 from the Oliler 

plug ar~ displac~d 10 rda Ii, ely high TiO, and Fc,O J contents (Al" -006: Ti(h - 4.68 wt. % and 
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HI;. 4.2. ConlinLlcd. 

FC10J - 139 ",1.'10: A1\'-012: Ti01 - 4.81 ",l.% and 14.0 wL%) and Jo"cr Aba] concentration, 

(AbO, - 10.6 "1.~" fOf A~-()()6 and IO.! wi.'h. fol' A~-()12). The anomalou> he lluvioUI oftilC'C 

two >ample, i, cot),i,tent with their greater abundance of much altered olivine lIlicropheoocry,ts 

(see Appendix A) and elevated LOI value (5J)7 wl_'ioj in tile case of ,ample AI"·OI2. AltilOugh 

the inner plug (K,O = 1.'15 - 2_()~ wL%j lacks any CO]Teiatiol1 bdw~et) K20 and MgO, the outer 

plug with K;P - OJ,,, - 1.67 wt,'(O display, a ,errttere<! IXI,iri\"e correlation between K20 and 

MgO (fig. 4.2i). In addition 10 sho"it)[\ a))omalom riO,. AJ,OJ and FC10, conccoU'aliom. ,ample 

A:-<-OO6 from the outer plug is abo lll,placed 10 higher K,D conlenl (3.89 "1.%). 

Sampl~s Ar-,,-OI6 and AN-OI9 ji'om th~ 'lsimb ~olihplug haw SiO, ~nd K,O conknts (SiO, = 

39.5 - 40.1 \\'1.% and K,O = l.g4 - 1.87 wt.%) "mllar to thm llfth~ T<irub r-"",ih (inner) plug 

wher"a< th~ir CaO abunrlan~~s (AN-Ol(>: II 5 w1.%: A"l-019: 11.8 \\'1.%) ar~ similar to that or 

tl'" Tsirub r-" "'ih (llut~r) plug. 1',0, c{ll1c~ntr"tilln' (1.54 - l.g I w1.~/o) j<lr the,~ tWll >ample, ar~ 

int~rm~diate lretwe~n tire r<lrub r-" "'ih (oUl~r) plug and r,imb ~llrth (inner) plug (ri g. 4.2g). 

The T,irub Soulh plug -rno", a limilcd range in major clrn~nl COmp0,ilion and lhe four 

nephdmile ,ample, form a cluster (e.g.lvlgO ~ ~.~7 - Y. 13 \\'1.%) (Fig. 4.2). SiO, conlenl (38.9-

39.4 wl.°l,,) and TiO, conlcnl (3.25 - 3.36 \\"1.%) of this plug arc ,imilar 10 lhal of lilc T"rub 

~llfth (iImer) plug aod T,iroh t"orth (oUler) plug. respectively. CaO Clll)(;eoU'alion is high: a 

fcalUrc characteristic of oepheJioilic rocks (e.g. Le Bas. I YH7). 10 cllmpari&ll 0 to the othcl' T ,irob 

inlru,ioos the T>il'ub Sotllil plug shm", slightly higher rep) Cllotent> (12,4 - 12.7 wt.%). AtO, 

CDocentmtioo is Iligh (12.1 - 12.H \\'1.'1'0) whereas the 1'20~ content (1.55 - 1.62 \\'1.%) i, simila[ to 
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(ULE) among I~ j,iruh nq>hcljnite, and ba'"nil~' The gray field rcprc'~tlt< SchwJrze~rg ""phelinite 
data (SprIggs. 1%8). S~mhol' arc os in Fi~. 5.1, 

La, Th and C conc entr~tl()n' ofsampks A'I_OI6 (J\,h - l~() ppm and Th = H).I> ppm} and AN-

019 (\Ih - 185 ppm ~ntl Th - 13.0 ppm) ~rc simil~rto those of the T.iruh dyke and TSlruh South 

plug. Ba COnlm! lor these (WO sample., i., high (1477 ppm und 13(>5 ppm). 
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Table 5.1. trace element ratios and average tnc:onmaltl trace """'.lU"'JlU ratios for Tsirub 
samples. Subscript N denotes el- m;; normalised (values from Sun and McDonough, 1989). 

Tsirub dyke Tsirub North (outer) plug 

AN-OOI AN-003 AN-004 AN-OOS AN-006 AN-012 AN-013 AN-014 AN-OIS Average + s.d 

Zr/Nb 2.00 2.38 2.30 2.31 2.63 2.92 2.39 2.36 2.37 2.46 ± 0.21 

NbfTa 14.4 13.9 14.1 14.1 14.6 13.4 13.9 13.9 15.8 14.2 ± 0.74 

LaINb 0.42 0.34 0.35 0.36 0.39 0.34 0.35 0.34 0.35 0.35 ± 0.02 

BalNb 4.65 6.41 6.36 6.50 9.14 10.1 6.29 6.32 6.41 7.19 ± 1.51 

Ce/Pb 37.9 28.9 25.1 27.7 138* 14.1 * 36.8 37.4 33.6 31.6 ± 5.09 

I~~~ 
31.9 22.1 21.5 21.4 28.6 25.1 22.1 23.2 23.1 23.4 ± 2.43 

5.08 4.48 4.64 4.67 4.19 3.83 4.50 4.59 4.87 4.47 ± .032 

Tsirub North (inner) plug 

AN-007 AN-007A AN-OOS 

ZrlNb 1.76 1.84 1.80 

NbfTa 17.9 17.3 18.1 

LaINb 0.55 0.60 0.60 

BaINb 5.07 5.88 5.33 

Ce/Pb 42.3 63.4 81.5 

(LaIYb)N 37.4 37.3 37.8 

LalSm~ 6.04 5.90 5.97 

AN-016 and AN-OI9 

AN-016 AN-019 Average + s.d 

ZrlNb 2.19 2.04 2.11 ± 0.11 

NbfTa 17.6 19.0 18.3 ± 0.98 

LaINb 0.50 0.57 0.54 ± 0.05 

BaINb 8.04 7.41 7.72 ± 0.44 

Ce/Pb 40.5 33.2 36.8 ± 5.14 

(LaIYb~ 34.7 36.3 35.5 ± 1.16 

(LalSm)N 5.28 6.05 5.67 ± 0.54 

* Note that ",alll1l."'~'" 
the average because 
from Tsirub South 

ratio 

1 

AN-009 AN-OIO AN-OIl AN-OI7 AN-OIS Average + s.d 

1.84 1.82 1.81 1.73 1.78 1.80 ± 0.04 

18.0 17.9 17.8 19.6 18.4 18.1 ± 0.66 

0.61 0.61 0.59 0.58 0.58 0.59 ± 0.02 

5.83 3.89 4.77 5.16 5.88 5.23 ± 0.68 

67.5 41.4 38.9 77.3 48.3 57.6 ± 15.9 

37.5 39.4 38.3 38.0 36.7 37.8 ± 0.75 

6.01 6.04 5.88 6.13 6.10 6.01 ± 0.08 

Tsirub South plug 

AN-021 AN-022 AN-023 AN-024 Average + s.d 

1.98 1.86 1.91 1.92 1.92 ± 0.05 

16.2 17.0 16.7 16.7 16.7 ± 0.34 

0.47 0.46 0.46 0.47 0.46 ± 0.01 

5.65 5.55 5.48 5.41 5.53 ± 0.10 

53.0 183* 59.3 49.6 53.9 ± 4.90 

31.7 32.5 32.6 31.8 32.1 ± 0.46 

5.46 5.55 5.61 5.51 5.54 ± 0.06 

plug are excluded in .... a.J ..... u .• au.lll'; 

the average Ce/Pb because it 
Table 4. 

Also AN-022 

to 
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Fig. 5.3. Selected incompJtible tr>c~ elem~m rallO' for ') ,iru b ,"mple" Symbol, arc", m hg. , , 

Sompics "'\1-01(, (Ba/Kb = H.1l4) and "'''-IlJ') (8a/l\b -7.41) have , lightly highn B",'\lb raliu> 

than The rsomb Nm1h (r>Uter) plug and T<lruh \forth (inn~T) plug. Tl""r L"il\b "nd Zr .... \lb ralw, 

(La/Nb - 0.54 j 0.0.' and h iNb = 2.11 -'- (I,ll) are illtennuhalc bc("t:cn lh(), ~ or Ihe T" rub 

North (outer) plug utili himh 1\"l1h (mner) plug (Tahle 5.1 , Fig. 5,3a and hl 

Llke.he Tsirub dyke a'm ~~mr l es AI\-OI6 and AN-019, the T,iruh South plug ,how, La/Nb ralio 

(0.4(' .L (I_Ill) 1ll1e,meci,ate oolween (he !sirub l\orth (<Juler) plug alw Tsirub Korth (ilmcr) phlg 

(Fig_ 5.3al_ The T<iruh South plug ha, a limitnl nmgc of BaiNb (5.41 - 5.65) and Zr/Nb rat ios 

(1.92 = (1.05). Tl", most striking gooch<.'mical f~dturcs for this plug are the const~l1t Th/La (0_12) 

and Th/Nh ratIos (OJ)(i)_ ~h/lJ mt;o (72.8 89.S) and Cc/Pb ratio (53.9 = 4.9) ~rc high (Su~ ~nd 

M~Donough. In9). 
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Table 6.1. Measured and initial whole rock Sr and Nd 
and Nd m= 

on in-run statistics and 
of the ratio. 

Tsirub South plug 

AN-OOI AN-004 AN-60S AN-on AN-022 

Rb(ppm) 57.8 64.2 62.6 56.2 47.4 78.8 55.7 61.5 

Sf (ppm) 1260 917 1155 1883 1937 1461 1359 1374 

Rb/Sr 0.05 0.07 0.05 0.03 0.02 0.05 0.04 0.04 
87Rb;S6Sr 0.133 0.202 0.157 0.086 0.071 0.156 0.119 0.129 

0.703505 0.704039 0.704550 0.703512 0.703513 0.703455 0.703506 0.703695 

2(1 error 16 IS 25 22 24 24 9 54 
87Sr;S6Sr, 0.703412 0.703898 0.704441 0.703452 0.703463 0.703346 0.703423 0.703605 

Sm(ppm) IO.S 8.38 8.44 15.6 162 11.2 11.3 11.7 

Nd(ppm) 70.4 50.1 50.6 111 114 77.4 72.2 76.9 

SmlNd 0.15 0.17 0.17 0.14 0.14 0.14 0.16 0.15 
147Sm/144Nd 0.092 0.101 0.100 0.085 0.086 0.087 0.094 0.092 
143NdI!44Ndm 0.512786 0.512779 0.512814 0.512751 0.512759 0.512804 0.512805 0.512796 

2(1 error 22 14 20 10 16 24 12 7 
143NdI!44Nd, 0.512756 0.512747 0.512781 0.512724 0.512732 0.512776 0.512775 0.512767 

(ENd)o 2.88 2.76 3.43 2.20 2.36 3.24 3.26 3.09 

(ENd), 3.54 3.36 4.03 2.90 3.06 3.93 3.91 3.75 

A = 1.42 X and for Sm-Nd = 6.54 x 
0.512638 and 0.1967 

pla:natLon is 

same 

to 
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changed "itocr by alteration (q~, sampk' AN-()Oc:,. Ar---()12 and Ar---()14) or cnl,tal a,,,mLlat;on. 

Se~ondary alt~ration in the T51rub r--onh (outer) plug" ~"idellc~d by '~q",mine that partiall y or 

"umplt-tel y rqllac~, oliYlll~, The elTect or all~ration and crustal cOlltamillation Oll the compO.'lt;Oll 

oftlw T,irub rocks j, di.,ellooed [urlher III Ih~ nC.~l ehaplcr, 

0513 

0.5128 

0,5126 

o 51?4 

ooct""" Ahoan , 

* r~rtb ~.,.ke 

o hw North '",\;:<1 rI-';l 
• I ~U> Nort' '~"",j ~ uo 
:, 1 ~ w8oothP4l 

X AN""~ ond AN_01~ 

EMI 

Fiji.. 6.1. Illitial "<d-Sr i''''''IJe r",io correlation diagram for rk T'irub samples "' 4Q M a. HE - Rul ~ Earth. 
Anal}1i,"1 ClTOC b"r, ar~ ,IKlWll and repr~senl 20' .... " errors, The compo,itions of th~ hypoth~ic"1 
maml~ ["-Servoi" (lII\IU, EMI ""d EMIl) are from Zindler and Hart (I nti) and Har! (I 9S8). Da," f'" 
Dick",' \I,.'ill~m carbooatite (DC) i, from Coo!>"r ""d Reid (1998). Schwarzeberg nephelini!e (SN) from 
Spriggs (I Q8S). "<umaqualand melil itire.' (l\M) from Janney d al. (2002), Frongo basoni!e,-rephrite, 
(EUT) Irom Trumbull ci al. (2003). ","!hern Africfin kimberlites from Sprigg, (1nR): Davies ," al. 
(2001): Coe (2004): ,,'owe(l eI al. (2004); He,,~er an.! Ie R'">e' (200~). MOHR d.t. is fcom 7indlcr all<! 
Han (I n~) and ref~T~'I1"~'" [her~~n: HC~~lcr and Palli,lcr (1 ~R9); .. \llherr et nl, (I Y90): 1)""'0 <'I ai, (J 941); 
Ie R""x eI ai, (1942): Sdlllling <'I nl, (1'I92): Mahoney", al. (1992): Volker e, al. (1993); .I"nncy "Ial. 
(2(]<)5): ~ a,nCi er al. (Z()(}/i), Field ror 0I1l induu~ ua'a from S[ Hd~,," (Ch"jl~'y eral .. I %Y). Cap" V..-de 
(Da,ics Nal .. 14HY), Trislan d" C,mh" (1e It""x eral" J4'1t)), In""~~,,ibk (Cliff et nl .. IY9J). Azores 
(Dayic, er nl., 1 %Y; \>,'ldom e, ai" 1 Y97). Comore, Archipelago (Splith er ai" I Y%; Cia» "nd Gold'telll. 
1997: CIa" CI ~I .. I ~98), Conary I,bnd, (Thoma, el ai" 199~). Trind"d~ (Sid,,,,l eJ aL 20(0). Martin Voz 
(Siebel CI al .. 2(00), and Samoa i,land (Workman CI al., 2(04). 
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0.705 0.51285 
(a) (b) 

Tsirub North (outer) plug Tsirub North plug 

0.7045 

0 120 0.5128 120 

* 0.704 

I::,. 0.51275 

0.7035 • xl::,. * 

6*10"' 8*10"' 0.001 0.0012 0.01 0.015 0.02 0.025 

1/Sr 1/Nd 

the Tsirub error bars 
are errors. 6.1. 
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, 
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~ f ' " m ;\ ... • '0000 , , ; , 
~N_012_ . , ~N_012 

• •• .e e 
:lW ,~ '00 .~ .. e '00 .00 ~ ,~ .00 ~<U .. , .& .00 

Zr (ppm) Zr (ppm) 

'" .0000 
~NH" 

"-
(,) (01 

~"_oo., 

~"-u'" 
, 

;00 :lUUUU 

, 
" , " • " 6 ~ 00 X " 20000 0 " , " l- • " '0 " X * , 

•• " " 
c 

W •• ., • 10000 
" X 

.! 
, 

.0 n 1 OU 
~ ~~, 

, -, 
150 '00 'W '00 '00 m 

Nb (ppm) Nb (ppm) 

* T~"ub d)'kc , Tsirub North (outer) plU9 

• T",ub NQrlh (inner) F>ug 
T~irub S<Juth plJg 

X AN-016 and AN-{)19 

Fig. 7. 1. Variali"", of 'elecled high ly m(~)ik illC!""palLblc trace elements wi lh immobile lnCOmpdlible 
(race eien",m, or comparable degree or 1nconLpatibilily_ 

Tb~ pr~s~n~c of lb~ fdsk xmoliths comprising "lbli fc!dspm' "nd dinopyroA~llC in 5Om~ of lh~ 

Tsiruh mtrusions induding lh~ Tsirub l\orth (inner) piug, ", l'cpol1cd in Clwplcr 3, indic"lC 

interaction of lh~ p"r~ntal Tlwgrrws with tile continent.} crust shortly prior to cruption. i !owevcr, 

the "i:>scnce of a positive Pb atlOnlaiy suggest, that the m1<lUlll of felsic contincnt"! crust 

a_"imilated hy thc parcntal magma_' w"s >mall (Pantcr <'1 aI" ~()()(); Ie Rocx <'I ClI., 20(1)­

Addition"lly, thc occurr~nec of "nul1rmmlic xcnolith in thc T,iruh l\orth (imcr) plug suggcsts 

rapid "sccnd "II rOIll(' to the 'Ul'facc, and thcref",~ limitcd tllne intcraction of the host magma 

with thc surrounding colllincnlal crust. 
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* Tsirub dyke 
Tsirlll North (oute') plug 

cooeo 
• T sirlll North (inner) plug 
2:. TSlrlll South pl'lQ 
X AN-016 aCid AN-OI9 

0 

" 0 ,ooeo 
" 

'ooeo 

"''' La (ppm) 

Fig. 7.3. Varial;OTl diaWam or K "l'>O'lS La ,howing- field . of melt ' in equilibri um with resi,iuai phlo~"O)llle 
and amp)n!:>o Ie (aficr Spalh ('t aI., 200 I) 

7, i.l -' ('ons/rains on rh,' Jcgr(,'< o/pur/w/ melling 

T () q lIJnli!"". llw d~~rces (1f part ial melting for the T~ltub Intru~jon, and 10 cv allwtc if lh~ T ,iruh 

mlrU'l<JllS (e,,~epl (he Tsirub North (inller) plug) are related to a common man(Jc ,,,uree by 

v~riablc degree, ufparliui mdlmg, constrain~d forward j{E)i modelling approach w~s follov,cd. 

REE modelling wa, C(){l{]udcd u,mg modal harch mdting e<.jl1ation of Shaw (I <)70) presented in 

equation 7.1, parlitlOll wdlicicnls reported in Tahl~ 7.1 and starting and melt modes given in 

rable 7.2. The REE modelling wa, undertaken to tc,t ii)r the pre<ffice of game! or spinel 111 the 

source i.e. depth of melling. The ~ompo<ition of the pr~dided source is calculated from the 

rsil1.lb dyke (AN-OOI) a>suming 3 ~';, oj pani"l melting. Sample .\)\-001 (l\1g# = 0.71. -"i = 3()9 

ppm and Cr - 393 ppm) wa, d)(),cn oceau,e it ,how, dose-to-primary compo,itions in terms of 

its Mgt" -"i and Cr con\ent, among the T ,iruh intru,jO!l;j a, mentioned previously. 

(7.1 ) 

Wher~ C, = concentration of trace element in the melt 

Co- concentration oftra~e clenlent in the ,our~c 

F - dcgre~s "fpartiai melting 

o ~ hulk partition coefficient calculated fi-om the proportions of the pha,c> 1cJlm 
the ,ouree at the time of melt ,~p"""ti"n 

'8 
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Tahir 7.1. Partil,o" C<l<:mciL~I' u,e,1 in p"r1MI n relerence, 
therein 

~.OOI o ooc6 o.rm 0.01 O.~t ~m ~.~, e , U.I .' O. ". o. , 
e 00 ' 000' 0.001 0.001 ow, 000' '"' ~.~, ~.~, ~.~j UiXlI M'I om 
e 00 ' " 00' 0.001 OWt ow, ow, 0"' 000' ~.~L ~.~I ~.oL 0.00 1 0.01 
1\ < O.OJ o OJ 1.16 "' o ' ow o "' ~,01 ~.II ~.176 0.142 0, 

, 
'00' 0.00 1 

~.Ol 0.01 0.01 , I'.U){, (O.Ulg (0.0" 00" ~.U) ~.m "' 0.' 
e, 0.'. ~. I) ~.n (0.' IU< "' o , ~.2~ "' "' 0.' 
e, 0.' 0 .. " "' o , ".I, ". " 1.-1 , , , 
~.Ol 0.01 0.001 O.~j ~.OOI ~.OOI ~ 00 I j ~.Ol ~MJ ~.Ul um om 

Tabl. 7.2. 'vIooal mineralogy used in comtrJined forward mood" allel' W".S" and lI.ogeJ1; (1%0). 
Gn"t,nOllgh ( 1 980) and Johnson el ,,/. (1990). Ahbre\;ialion,;, 01" - oTthop}-Toxen~_ Cpx - clinop)-Toxmle. 
an,1 Amph - amphibole. 

UIi" Xle 

urx 
Cph 

(i,m" 
SpUl,j 

Am h 

(ilm,t (5"', 1 ' "",01., I (;""'" 11~'o) Ihm('"," I Sp...,1 (r'i) n"~,,, .. c 
,t"";,,~ mod, Mel, ",,>de 1~I"Lj" ",,,Ie ~tel. m,,<i" I S"'''";'' ,m"le Melt ",,;c' 

0.5-' 0.05 ~.lJ O.~\ ~.s' ~.~\ 

0.22 0.05 ~.2? O.~\ ~.22 U.IO 
0.1, 0.]4 ~.l9 0 . .14 ~.I~ U __ '! 
O.~, 000 ~.Ol 000 

~.m M2 
0.~5 0.50 ~.OJ O.j~ ~.~5 e~ 

Re,u It, of m()del mell' calcu bled Ii-om a garn~t-h~arin B ,"mrc~ (contai nL ng 5% gamel) arC ,ho,,"n 

in Fig. 7.4 tO~dhcr wilh the COlllp<.lSlIi<'n or tlw pr~uicted ")ul'c~ l'h~ pr~dicted garod-bearing 

,ourc~ is ~nnch~d in lh~ light REI' relati\'~ to the h~avy IHY (~.g. La -- I~ timc, chondritc and 

Yb J lime>. chooorilc). It " ~kar that model melt, cakulated from" 'ource containing 5~;' 

rc,t([ual gam~l dosely rl"~mhk the ob,er.cd Rtf comp<:"ition, in T'lruh S<:mth plug and 

samples A:--./-016 and A:--./-01 'J Ii-om the r~imh Nonh plug. QLlWllitotively, th~ n'roh &luth plug 

and sample, AN-OIG and AN-OI9Ii'()]11 the r,iruh North plug could have form~d h~:2 _ l"~ of 

pwtia! melting of a similar ,ourcc 10 lh"t gi,ing n,C 10 the Tsiruh dyke. However> obser.·~d 

heavy RI'I' comjXl>itions in the Tsirob l\orth (ollter) plug cannOl he ""collnl~d It)!· in thi, moud 

(FiB· 7.4a) I'ven a 'mall amount of gam~t (as 101,1, as 1% g>U"oclj canoot oc<:ounl for the h~avy 

R 1-:1' comjXl.,itions in lhe Tsirob :--./o11h (ower) pIli);. 

Llk~ garnel, spinel is a comfll(ln uwer maJJlIc alnminons mineral and it, rol~ in the sOllrce Or the 

T simh la\'a, is e\"aillated by conducting Ion", ard RI'I' pal'tiaimelting muddling on spinel-beariog 
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1 C·, 

'---L 
~'"''" -. o 

L. C. f'r Md 

.---.- o 
"".". ---. 

La Co P, Nd 

. - -. -
o ---. 

---------. 
o ---. 

(.) ""'" ""'rth (". «) Ok", 

."'.!·O garnet 

---.---.- - -. o 
o 

SIn Eu Gd Tb Dy Ho Er Tm Yb lu 

---------. 
---. ---.-- .-

fb) AN G'f ' ''' ,\N-019 

5~··;, gamel 

0- _ .----. o 

Sm Eu Gd ]l) Dy Ho 5' Ttn Vb W 

--------. 
o ---. ---.---.- - - -. -0--

o 

, 
Stn Eu Gd TO Dy Ho E, Ttn Vb l' 

Fij!.. 7.4. ChonJrite normali,~J RET' )\a[(erm for partL') tm)(lel melt' of "n amphih-olc karin!, &,,-,,el 
Iherzolile eom'Lning 5% g.met. Source eomllO'LlLOll e.leulale!1 hy .",umin!, AN.OOJ (hom "iTUh J}h) 
i, de"v~d h,-]% meltin~ The 'haded fields "'p""em the oh,erved range of RET' ~ompo'Lli,'n, in T"ruh 
r",," O_e_ T<irUM J}h. _"'",pie, AN·01~ "n!1 A'-<-019 .• nd T,iruh &,,,Ih pI,,!,). Ikgrc'-'S ofp"rti"lmcllill!, 
(%F) arc in percenl a11d "T~ in ,Icp_' "f 1%. Partilion ~"dji~ic~I' are [wm Spiilh N al. (2001) anu 
rc]"renc'-'S Ihereill_ Sla,1ing ""U meli mode,",-c from W"SS ""U Roger, (1980). Greenough (1')88) and 
]"hn"ln N "I. (19'90) and "'" ''-1'O<1<-xl in Table 7.2. Chon<lnte ooflllali,mg values are Irom Sun and 
Mdlonough (I 9R9J-
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Fig. 7.5. Ch"ndrilc nonnalj,",i f{H-: p.IILTIl, [<>r m()(ld p"Tliai m"Jl~ "r an "mphibok-lx"rinl; ,pinel 
lhcrmlilC ,,",ree containing 1% ,pinel. Souro~ com!''',ili'''' ",""lot""i by a""lllDg AK-00J (Ii-om T'irub 
dy,c) i, denvexi by 3'/; melling. 'lbe ,1" .. 01",,1 [,elds rcpm;cnl Ih~ Ob'~TVUI rongc of REE compositiom. 
Porti!ion cocfjic;cm,. -,!Orting and melt mooe." and chondrit" nOfmali-,ing valu~, or" a, in rig. 7.4_ 

n 



Univ
ers

ity
 of

 C
ap

e T
ow

n

on trace n''''_''.~ 

can 

was as a stCIICJtllOlmc~trJlC 

is 

a 

is 

can 

'-'vu ... v' ...... ,,, to 

p 

pn~Qlc{e:a source was ..... """un"' .... 



Univ
ers

ity
 of

 C
ap

e T
ow

n

! • • 
~ 

! , , 
" 

------- --, 
('1 T"'-tl ~h ("-'Of) 

'" 0 I \ 
,00 • • • • • • "'-' -. .- , 

• • 
• • '" , • • 

• , 00_ 
• • >"Ia ... t~ 

\~ . '\ • • •• • 
'" • • • • • .-.-. 

'" • 
• 
\ 

.- ... -, 
• 

• • • '. •• • I 
~ 

RbB.. Th U T,Nb K CO GcPb Pr & Nd P S," Hf lr Eu i GllH DyHo ErTnlib Lu 

,~ ,----------

'00 

Ibl!\N _0'6 .n~ AN'()19 

,(:'i _/~C-\,/i • -. • 'r, ~"­. - . C.W.te<t 

~ 

• 

'. . .-. 

~------------------";O';';"';;O;""'~"";;;;;;:;:;;:J 
,-. Q O~"",,·..,-

... _. ' \ • + + oIe· ,lot 
V • 

• 
• / 

• • 

• \+,,'-h, 
• 

+ .-. • • 
\ 

• 
'. • • . .. 

RbB. To U 1. No K Lo Gc PO Pr Sr Nd r SInH! Zr E" Ti GllH C>jHo ErTmYb I " 

Fig. 7.6. l'rimilive rrumlk nonnali""d in(Ompalibl~ lrace d~ment pattem, tor model. non-modal 
eqmlibrium bm~h mel" (solid corde.,) or an amrhihoie-be'rin~ 'pinellberzolite. The patterns with "p"!! 
cin,h's repre,ent the average of observed ~ol1lpo,i'iQ"'. Sr>urre oompo,ilion calculated hy assuming AN-
001 (from Tsirub d~ke) is derived b~ 3% melling excep, ror K whe", the primili'T m"11lie 11onnali,e<l K 
cOtlcentratioo was assumed 10 be intenncdiale b<-1wecn Nb '11d La_ K for lh~ model md" was lreakd ." 
'Ioiohiomdrio comtimeTll of ampbibole (K,O - 1.02 wl.%,) us ing ,he apf'Coaoh or (irt>C11ough (I98R) 
PArlilion oodli oienh slarling and melt modes, are '" in Fig_ 7.4. I'nrnili \'e rnanlk nonnaii SlTlg ".iue, are 
rrom Sun and MdlooQugh (1984). 

model melt, is also ,imilar 10 the oh,crv~tl K anomaly. confirming the likely impOltance of 

amphibole m the SOllrce orlhe T"mb llllmsions. 
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FiJ!;. 1.8. Variatio", of "<biU "nd Ceil'b ralio, "ilh '\Ih and Ce conc~ntra(iOn5_ Al", ,)xm11 "r~ Geld. 
dellneatmg the rang~' of NlvU and (,,,il'h vaiu-." ~'p<:Cled In magmas gellerakd linn ,uh-lithospkric 
sourc", (Hofini!.llTl eI III .. 19S6). Data for Dicke. \>"ilkm c~rOO"Jlile (DC) from Cooper and Reid (l~g). 
"10fl.H and om linin liofmann c/ al. (19M) "11(1 rckr~"ce' lhere11'. c(>ntinental cr",! fwrn Taylor "nd 
"kLCl]Mn (I 9R 1 and 19S5): WeaYel and T an",y (1984); Rudnick and FouTlam (1995). Symbol! are " ' ill 
Fig:. /.7. 

Ho]inann et al. (1986) ha\'~ constr~ined l'\hiU and ('e.'Pb ralio, oj' MORB and OlB sarnpkd from 

,ub-lith(),ph.,,-i~ >()ur~~s (wn'.-ccting ~,lh~rI(lspheric mnntle or mantic plumes) 10 be 47 + 10 and 

25 = 1 0, r~,pcni\'dy, Figur~ 7.8 pl'es~nt' compam.on oj' Nb· U and Cc.'Pb ratio, het\',~~n ,uh­

I itho'pheric melt, an~ Tsiruh intrusions. For compari.,on purpo,e" the Dicker WilleIn carhonatik 

(('(lOper aml Reid. 1998) that is sp~tially relmed to the T,iruh intrusions IS also plOllcti on Fig 7.8. 

It is cle~r that the Tsirub rocks h,,\"~ slightly high." Nb''U and Ce. Pb ratios lhan sub-lithospheric 

mdts. ,ugge,ting that lhcir sour,,~ is geoche'TIlcally distinct li'om thaI 01" the sub-1ithosph~ri c 

m~ntle-derived MORB and OlB. Mor~o\"er, the Sr and Nd i"otop,~ composilion of the SCLM 

beneath south~m Alr,~a has b~~"tl det~rm;ned from ultramalic "cnoliths (McllL.ics and Murthy. 

19~()h; Kramers ct 11/.,1981; Richardson CI aI., 19~5; Jones, 1987; Ha"k"swonh Clilt., I<;<)Oa) 
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mcluding xenoliths hosted in Gibeon kimberlites from southcllll\amibia (Jones, 19S7; Davies <:/ 

ai., 2(01), These iwtope data are comp~red to th~t of the TsiJub inuusions in fig, 7,9, In 

comp~J'ison 10 the SCI ,\1 (that plots in the depicted quadrant), the Tsirub rocks sl1(}w slightly 

lower initial r\d i,,,tope ratio, but similar Sr i,,,tope rati"s. The fact that th~", n",k< have much 

lower imtial r\d i,,,tope ratio, than t\1(}se "f:vfORH (e ,g , Altherr ('t al.. 19'90; Ie Roex ('I al.. 19<)2. 

Volker el ul., 1993; Jann~y el al.. 200S) (Fig.7,9) gcncrally a~~cptc<l to havc 'mnplcd th~ 

astheno'phLTC (c.g. Ie Roux, eI aI" 2002h) providc lurthLT support lor an ongin within th~ SCLM. 

06132 

0 " '" , , , , 
0,' 12' 

0,5124 

-
EMI E .. " 

* hn.tl cyke 
• T,.n.tl ~"h (inner) ~ u~ 

'" T""" Soo,h "Xl 
X AN-016on-:lMl--019 

Fig, 7.9 Imti"l."d,Sr i",~opc r.ti" com;\JlioTl Jia~'l'am for the T'irub rocks. Br: - Bulk E"rlh. AnJlj~ical 
error D"r, "r" ,b;,.v,'n ""d rqJrl;senl ~(J"",. ,..-ron;, Abo ,h"wn ar~ field, rq: • .-csenling is{)(opic COTllp<>,ilion 
of ,ub-colltillellmllith<hpb;;ri~ m"ntJ" (S(~LMl ix'llC"lh ",,"Ihen> Arn~3 (\!cll/,i" and MUr1hy. 1'180h: 
Kromer, et al., lygL Rid",rdsoll e/ ai" 1%5; JOllC'. 1'187; Ha",-kc,wor1h "I al., 1990": Davic' ('t "I., 
2()()1). DJta sources for TTlMU, E-"11 ""d EMIL Dicke.,- Wilkm ~"rh<Hl"lilc (DC). S-d"","ucbcrg 
ncphclinite (S:>Il. NJmaqu"Iand meli1itit~' (:>I\f), Erongo bJs"nite,-t")Jhrites (E1H), .outhern African 
kimherlilo<, \lORB and om are 3S in fig~, I. 
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,.~,pecti~~ position;; of lh~ two h01Spob ar~ marked hy the numlx;", "long Ihe diswnlinl.ou, e<JIW, In 10 
Ma illl .. ,'ai;; (oner H"rln"tiy "".1 Ie Ihx;x, 19~5: k fI.",;x, 19~6), I'hG rn"l' i, [rom R~id eI al. (l'i'/D), 
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Fig. 7.11. Comparison of T'imb rocks to Dicker W;llem carbollatite (DC) (Cooper ond Reid. 1998) and 
Schwaruberg nepr...linite (SN) (Sprjgg.<, 1 %8) in t~rn" of th~ir incompatihle l".~~ elemen l r.'"" 
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APPENDI X A 

I'ET1WGI{AI'HIC Di-'.SCRII'TIONS 

AI\' -00 I: Spar",) y r(lrj)h",ili~ oli .inc lll.'phdinilc 

This ,ampk " " 'par,ely p<)]l'hyritic. to microp0'l'hyritic rock wllh olivine and ram 

clill()pyro"~n~ pl...,no,;ryslslmicrophello<:rysb set in a rille-grained grmmcimus>, Anh~Jral to 

rarely "uhh~dr~l ()livin~ pheno"ry'''/min()ph~no''rysts ar" 0.5 - 2.0 mm in ,;z", "011S1itut" - 10 

voL% of the rock. Thin brown alteration rims surround most oij,ine cl)'srals (Fig. A.I), Rare 

clinopyroxene crystals « 2 voL%). measul'e 0.5 -1,5 mill in size. Some crystals show simple to 

complex zoning with darker rims than corcs and many have sic\c texture corcs. The fine grained 

grnuncima" IS made up of "li'HIe. clinopyroxene. minor re-Ti oxides atod scattered pleochroic 

brown 'econum), amphibole aggregates. 

A.2 · ... iruh North (oUler) plug 

AN-003: micrnron,h;Titi~ hasanite 

This ,ample is a mi~rop')'l'hyritic rock with microphenoc,ysts of olivine and clinopyroxene set in 

a very fine grained groundmass. Anhedral lo rarely subh~drnl and euhcdrnl ohvinc 

microphcnocrysts. 0.3 -1.4 mm in SlZC. con,litule -5 vol. ~·;, "r!hc rock, and m~ny are rinuncd by 

scrpcn!inc ai!crati"n rims. El"ngat~, 0.3 -lmm long, anh~dral to rarely ,"bh~dral, clinopyro"~ne 

micrnphe",,,,TYs!s ~onstitute -2 vol.% "fthe roc~ and sometimes occur in radiating clusters (Fig. 
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Fi!l;. A.2 (01 A,"UI03, Clustcrs of elongate ciinop)1'oxcne (cpx) micl'Ophe[I{)Cryst;; f'icld of vicw i, 1.4 mm 
ficr"". (ll) Under ~T",scd polan; . 

• 1 compMed of dinopyro~ene '"needlc,"cnd",ed within feld'par 
(fld): uncle, c,,,,,ed pola". Field of "'CW i, I mm "cm's. (b) AX-OO.;: Alt~",d onhcdml .nd sublledral 
01 i "inc micmph~nnerysls. nol~ til<' .inglc dongale clillUp)-rox~n<: mlcrophenoeryst (lOp left). Field of "icw 
is 1 mm acros~. picture t"k;,n under cr""ed pula". 

Fig . . \.4 (al ;1!'i_006, Vcr) all~r~d "nhedml olivine mieropl",nocrys[' ~nd"",,,,1 in brown alt~ntlion nms. 
Ull(l~r plane polarized light field of \lew i, 2.5 mm acr"". (h) At'i_Oll, Vel)' altered olivinc 
micl'Ol'ilclloct'J',I" lI"te lh~ sut>h"drJI ol",in~ mlcop]l<'nneryst m Ill<' C~nlr~. und ... T pbnc polari7ed h"ht. 
fi~ld of,-;c" i, 1.2 mm acroSS. 

v 
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FIg .. \5 (a) A,\_OIJ: T'uhcdral .nd .nl>c<iml olivine ami clinop}Towne (light hrown) microph~llOCrym 
~mb~'(ldcd in • fioc gr.im;d grollndmo" of clinopyrQxen~. ± 1'0:-Ti ox ide; and 'ecolldary amph l bole (dork 
brown). Ulld~r plane polari7.ed ligh!. r,eld of vicw i~ 1.5 mm "oro". (b) Ln(kr oro,,~'d pol.",. 

Fig. A.6 (0) A! .. '_OI4: Anh~dr.l dinll'}TO~~OC mioropj,.,llt\Crysts. note th~ olivine microphenocr.,~l' rhat 
arc par1.lally or oompl~tdy olt",,,,1 to g"''''' ,erpemir.e Under plane polari/cd b"hl. rield of Vl~"W i, 1.8 
mm aCn)'''. (b) IIS-OlJ: A.llh~dml elongate clmopyroxene phenocrysl L nde< cr~;~ ... l polaT'. I'ield of vicw 
i~ 1.4 mm acrt"'s. 

A.3 T,irllh '/"rtil (inner) plug 

AN·()()7: 'pa"ely micrororrhvritic nephelinite 

Th" .• amrl~ i .• a sparsely mic"'lX'Iphyritic \\oith OliVlllC arK.! rar~ hrown dinopyTOx~nc 

microph~nocry'ts set Ln a fine graincd groLlndmass. Oli,m~ i, th~ dominant micrnphcnocry.t 

plWie. It forms ~nh~'dral to rarely sLlbh~dral 0.3 - 1.5 mm long crystals (i.5 vol. %): the majority 

are partially rcplaced along tl..., ~ry'tal ~dg:es by. or compkldy alt~red 10, so!"(!<.""nti"" (fig. A7~). 

Minor crySluh ar~ ~nclo,,~d in brown alt~ralLon rims. Anhedral clinop) ro;>,~nc microph~nocry't", 

0.3- 0.6 nUll in Sl.l~. con .• tituk <0.5 \"ol.~'o of the rock .. The fin~ grained gwunllmass i, mostly 

mad~ LIp of clinopymxen~ and minor olivine. Op~qLIC f~-Ti oxide, and pk'l)Chmi~ scwndary 

~mphibol~. Fdslc xenolith.s comP<J,ed of dominant J"ddspar and clil1opymx~n~ L)Ccur in this 

VI 
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\1ost have "dissohTd" grain boundarie, and ,Orne are rimmw by ,er~ntlDe (Fig, A.I Oa). Th" fine 

grainw groundma" is made up of olivine. minor ple<>"hroi~ brown secondary amphibole and 

bla"l Fe-Ti oxides. Felsic xenoliths composed of alkali feldspar and clinopyroxen" occur 

,eattered in thi, sample. 

A\I-O I R: sp'\rsd y microporllhy'itic ncphdi nite 

This sample is a very sparsely microporph;,TItic rock in which olivine and very rare brolln 

clinopyroxene arc set in a \"(:.I'}" fine grainw groundmass. Oli,'m" mi"ropocn<xrysts, 0.3 - 0.9 mm, 

make up I ,5 vol. % of the rock. majority art: anh~dral and fell are subhedml or euhedraL Few are 

Lon"d wllh dark~r rim, than ~ores (Fig. A.10b). The smaller crysrul, are replaced by <erpentin". 

Clinopyroxene mi~f<}phen<"'ryst'. 0.3- I .0 mm, constitute <, I vol.')-" 0 I'the rocl, many are anhedral 

in habit. Clinopyroxene, olivine, minor secondary amphibole and black Fe-Ti oxides constitute 

the groundma,,_ Fd,ic xenoliths. "milar to the ones observed in other samples from the same 

plug. consisting or large, >3mm in sir-c. rcld'par c'ys!als and subhedral to cuhedral 

clinopyroxene, oc"ur in this ,ample 

"'" 
~. 

I" 
.' \,; • " " · . . ~ · , , 

·;l 
, 

. ! -
• • • •• • . , · : '~ ' • . , 

• " . , • • • 
, , , .-

• • " ~;,.; , • • • .. • 
, , . 
• , .' • • • • .. 

fig . .\.7 (al AlV_O(J7, Scall~red anhedral oli,,-;ne rr.IOropilCl'(ICTYS\' cndn...:d 
plane I""larizoo light field of "iew j, 2.5 mm am.." , (iJ) .1/\'-007.1 
micfOph~nocry"t Under ~r<l,,~d f.ola". fidd nf ,i~v. " 2,5 mill acr"", 

IX 

10 alkration rim,_ UndcT 
S"bh~dral dinopyro)[~n~ 
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ri~. A.8 (al AS-008: SO:;lor zo",xl ""hedr,,1 dinop)"n"~~'e l'h~~'OCTy'l. lin,"" cro,,,,d polars. held of 
vi~", is 2.5 10m JCr05S. (b) AJ\-OO": Anh""intl olivine pheTlo<.TY<! (~~~'!TC) "'ilh a rce,.,,~<allizcd core ofa 
porphyrnhla,!"' Under crossed poJars. Field of ,"iew is I.S mm "~"JO"'. 

Fig. "".'1 (a). AJ\-/)1/): l\..hered ohine lTli~TOphenoo:;ry'I' ~~,do'c<llT' brown ai!cralion rim •. Lnder plMe 
polarized light Field ofv,ew i, 1.3 mm aero". (b) AS-OIl: I:Ibck OP"4UC r~~Ti o'id~." an,I ,,,,,,,,\dary 
hrnwn amphihole (aml,h) occur in Ihe ~O\IndmJss. NO!e!hc green ,,,,,oml,,,.,,· _CIpCTllinc ('"-.p), bottom 
e~~'!re, lJmicr pl"ne pobnzed light Field or vi,·w i" 2 .. S lTlIll aero". 

Fig. A. 1 (I (a) A \'_111 7, Subhcdral ol ivinc micropl"'JlOCIJ",r (upper left) wilh ,econdary "lleru!]",' cTack; 
riel,l of\lcw i, 2.2 lTlm aCfl)gS. (b) A,\'_11I8, Euhcdral olivine microphenocryst ,howing cOlnposilional 
'oIling (undcr crossed p<.ll",,;). Fid,l of"icw i! 2 ITllll "C,,"'S. 

x 
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AA Samplt's At'l-016 and AN-019 

AN-OIl>: spmsdy minoporphjTiti~ nephelinjte 

This sampl~ is a very 'par,dy microporphj1itic rock in which olivine micruphenocrysts arc set in 

a fine gr~ined groundmass. Olivine miewphenecrysl" 0.3 - 1.3 mm in size. ~onstilUte 5 voL% of 

the ro~l, these are anhedral 10 r~rely subhedral, and fcw arc encloscd in scrpclllinc rims or ha~c 

altermion cracks filled by serpentine (Pig. A.ll). V cry rare' clillUpyro.~cnc microphcnocrysts. 0.3 -

1.3 mm. arc very rarc and con,lilule < 0.5 voL% of the rock and most are anhedral with few 

being subhedral in habils. The fine grained groundmass is made up of olivine. ciinOPYrDxene, 

pl~,,<:hroic brown s~condm)' a mphi bo Ie and black Fc-"!'i oxides. In comparison to thc other T sirub 

,ampl~s, Fe-Ti o~id~s ofthi" sdmple are relatively coarser. 

A N-O I <), \'~ry 'parsely m icroporohvrilic nepbeUnru: 

This smnpl~ i, d wry sparsely microporpbyritic rock in which olivinc and very mtoor 

clinopyroxene mi~rophenocrysts are set in a line grained groundmass. Olivinc mierophcnocrys\s, 

0.3-1.4 mm in size. constitute 2.5 vol.% of the r{)o:;:k, majority arc anhedral to rarely subhedral and 

few di'play zoning with ddrker rims than cores. Most of the crySlals consiSI of thin alteration 

cr"a~b oc~lIpicd by serpemine. Very minor clinopyroxene crystals. «0.5 voL%. measure 0.3 . 

0.4 mm in size. mos( are subhedral, I;,w are anh~dral dnd one ,ingl~ crystal is euhedraL A single 

ellhcdral crys(al " zoned with d dark~r rim than the core (Fig. A.12). The fine grained 

grDundmass is domlllan(]y made up ofdinopyrox~ne (6 voL~.~) and less dominant amphibole (3 

VQl.%) and o]"inc e·l voL%) and mmbate black Fe--Ti oxides. Fe-Ti oxides crystals are as 

similarm si£e 10 (hos~ in 'ample Ar---OI6. 

Fi~. A. 11 (~) !lS-O 16: Allhe,ira! oliyine microphenocryst with in(erior aiteralion serp~ntine- filleu craoks. 
Fidd of view i, 2,1 nnn aor,.;,. (h) lJnd.:r "ro,,~d pobr" Nole (he ,oml<"rou dmk bro"ll ,ec()/l{iary 
amphibole within the grounc!,,",-ss, 
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Fi~. A.12 ill) A.\-III9: louhedral oliv"", ph~nocryst (hottom ,.,gilt) and cuhedral wncd clinopy,'oxene 
micwphenocryst (lOp left) ~mkd<led in a tine grained groundmas<. Fick! of \ii"" is 1 . .1 mm "e",%. (b) 
Under crossed [>Ola"". 

A.5 Tsiruh South plug 

11 .. "·021: spar.d v mjcIQIJQrphyritic n"Phdinil~ 

This 'ample is a spanwly mieIQporphyriti~ rock in whi~h oli"ine und rare hrown clinopyroxene 

microphenocrysts ar~ s.'t in a fine 1C\ medium graincd b'roundmu". Olivin~ minophenocry,ts, 0.3 

• O.~ mm in siz~. conshtut~ < 1 voL% "ftl-", rock. mo,l me anhedral und few aI't" suhhedral. Few 

crystals arc cnclosed in thin hrown ullemtion rims of cmch whereas smaller crystals arc 

completely repla~ed by "'rpemine. Mmor ClinOp}TO~ eIlC micl'ophenoc rysts. < 0.5 vol.%. llwa,uJ'C 

0.3·0.7 mm. majority ar~ anhOOml and a f",,' ,how suhhedral hubits. A single miCl'ophenocryst 

shows zoning with a darker rim thdn core. rhe fine f\rain ed grnundma,s is mude up of (, vo1.% 

lath-like clinopyToxene. ~ vol.% pleochroic secondal'y hrown amphibole and black Fc-Ti 

o.~ide,(Fig. A 13a). 

Al\·022: V~rv sparsely min(\porph'";li~ neph~linite 

This sample is a vcry spmsely micTOp<'rph)'Titic rock in which very rare olivine and hrown 

clinopy[(\.~ene microphenocrysts are set In a vcry tine grained gl'oundmass, Oli,m~ 

microphcnoCTyst" 0.3 - 0.9 mm, constitute <; 0.5 vo1.% (lIllie rock. mo>t arc anhcdral and rew ar~ 

,uhhedral. Many ar~ enci(l,cJ in thick s"'l"'ntme rim, und few ar~ wmpletely rerlac~d by 

'erpemine (Fig. A.l3h). Anhedral to rarely subhedml ditlopyrox~!le microphenocrysts, 0.3 • 1.1 

mm. make up < 0.5 ,oL% "f the ro~k ~nd very few are zoned with darkcr rims than corcs, The 

line gramcd groundmu>s i, made up of lath·like clinopyrox~ne. plevchroic bro"n ,cc(mdary 

umphibole and hlack Fe·Ti oxid~" 

XII 
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A"-023: ,p~ly microp"rrhvritic n~phdinile 

rlns s~mple" a spar;,:ly microp(!rplryrilic rod In which "Iovine (mi"m) phenOCI)'sls (Fi~. A,14~1 

and vcry rare brown clmopyroH~1e mlemphcn"cry'l~ arC sel in a fine gr~ined grOUl1dm~,". 

Oll,utc nllcrophc'I1OC,)"t,. n.~ _ I I mm. ",,",tillite" 1.5,,,1.% of the rock, many arC anhedml 

~nd very fcw arc slIbhedral "r euhedml ill hahn,. b~w ar~ enclo,~d m, or completely replaeed by, 

serpentme, A ~ingle ohvine mierophenocryst s.bows zoning. with a darker rim than Ihc cocc, Vcry 

rare dinop)~'oxene micropilcnocryslS. con,rilUte" 0.5 vol. %, of th~ rod and are all anhedral. Thc 

fille grained groundmass is made of lath-like clino)l)~'oXL'I1C. pleochroic brown sec"ndary 

amphilK,\c and block Fe-"!'i oxide:; (Fig. A.14hl, 

A\I-024: spar;ety microporphYl'jtic nepheJinitc 

rhi, ,amrle is a ~par,dy microporph:-rilic ruck in II hich minor oli, il1~ al1d hI''''''' clillo)lyrox~ne 

mierophen')(T)"it~ are sCI in a tinc gmmcd grollndnl.%', Olivine mierophenOCI)"it', 0.3 - 0,6 mm, 

make up < 0,5 vol.'·'" of the rock. these are all anh~dral and most arC replaccd. and few arc 

rimmed. by s.erpeminc. Clinopyroxel1e mierO)lh~noc')-,;ts, 0.3 - 0.7 nun ill size. make up <: 0.5 

vol.".-" of the rock m~ny display anhedral hahlts, few are sllbhcdml and ~ 'ingle crystal i:; 

euhcdml (Fig, .11.,15). Few subhcdrdl crystals exhIbit 70ning wilh darker nm, (h~n the cures. The 

fine grained gruundmass is made up of lath-like dil1opyroxene and hbck Fe-Tl oxides, Minor 

fcls!c xenoliths occur in this sample, 

::~";:~'~;;':';:::'d. :':;o':',~',":h" ,malJ dioop~Toxene crystal, (hrownJ In the floe graioe,i groUll<imass. lInder crossed polar" l' i, 1.4 rum acre>:'.. (b) AN-On: 
Anhedral oliVIne (micm) phenocrl"t' partially or colllpletely bowliD!,.~lc (uoder plane polari7ed lighl] 
Field of"cv. i, 1.8 mma~ro"", 

XlII 
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Fig. A. 14 (a) AN-013: Altered subhcdml ohvine microphcnocl)'St. lInder crossed pobr<, Fidd of \iiew IS 
1,2 mill "cross, (b) A,'I;_013: Second",,, brown "mpbibolc and opaque Fe-Ti oxide, from part of tl,.. 
~'1't>und""':;, Fidd "rv,ew" 1 ,0 mill 'ero"" 

Fig. A, IS (.) Alli_024: f'ubednli din"l'yn'xc-.oc m,"roph~-",-ocr~ol embc(klcd in a r,n~ grain.-:i gr"undtl"'''' 
UndCT pl.nc p"l"nz~d lighl, Fidd of vic v. i, 1,0 mm aero". (n) lIl>d~T ,,,-,,,cd f'.,la" , 

Table A. l . Coordmates of individual sample, collected dnring the study, 
T,irob dyke: 

A~_~Oj 26"'3.811'$ 

T.irub ~ ... t" I"ut<.-j plu~; 
A~--<lll, 2~'M,I,\O- S 

A~--<104 26-60.lJ44-S 

A~_OO5 26"69,1.\2' $ 

A~· (IO(, '('-Q9,IO"~ 

,\~·~O('B 'Q'Q9 0'i4' ~ 
,\~-ou 2~''M,II.'" S 

A~_OI. 2~'~H,9M S 

"'~_QIH 26-60.1)80)' S 

A~--<l15 26"68,91'1'$ 

H16 ' 02HJ7'E 

~1",,(p,H45'r 

111Ii'1P,H42' E 

1116'07827' E 

016''077111 E 
016,,()),'6J' E 
OWiF,iS4'( 
~11\'1P,H74' r 
~11\'117.H:~1 I 

~l6'II7,H61 E 

XIV 
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Tsirub North (inner) 

AN-007 26°69.097' S 016°07.715' E 

AN-007A 26°69.097' S 016°07.715' E 

AN-008 26°69.093' S 016°07.685' E 

AN-009 26°69.086' S 016°07.635' E 

AN-OlO 26°69.063'S 016°07.759' E 

AN-On 26°68.997' S 016°07.697' E 

AN-017 26°68.816' S 016°07.681' E 

AN-OIS 26°68.661' S 016°07.820' E 

AN-016 and AN-019: 

AN-OI6 26°68.864' S 016°07.820' E 

AN-019 26°68.524' S 016°07.853' E 

Tsirub South 

AN-021 26°80.777' S 016°13.109' E 

AN-022 26°80.727' S 016°13.065' E 

AN-023 26°80.611' S 016°13.067' E 

AN-024 26°81.075' S 016°13.300' E 
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20 

to ensure 

1. 

FeO 11.49 1.67 

MnO 0.28 0.05 

MgO 47.91 16.29 

CaO 0.02 21.84 

NiO 0.01 

1.49 

K20 0.01 

Table B.2. wt.%) m 

LLD 
n= 10 

0.010 

0.012 

0.008 

0.013 

FeO 0.014 

MnO 0.015 

MgO 0.013 

CaO 0.006 

NazO 0.010 

0.004 
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11 trace (Nb, 

trace 

were as 

as 

were 

were a 

trace 

trace 

were 

Analytical errors 

(l 1) 

are 
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Cr 406 1.5 2.0 

Co 37.0 0.9 2.3 38.7 

Ni 139 0.7 1.0 139 

Cu 55.0 0.5 1.1 56.3 

Zn 84.0 0.4 0.9 83.0 

Rb 39.0 0.2 0.6 41.0 

Sr 444 0.3 0.5 435 

Y 24.0 0.2 0.6 24.0 

Zr 152 0.2 0.4 143 

28.0 0.2 0.5 35.0 

2.30 0.4 1.2 1.70 

was to 

trace IS 

a 

was un.',",,,,,, on a 

to 

as HA"'AA"~A 

to ensure 

acid In, as a 

10. 
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ppm) total run with 

TPB TPB 
n=9 n=9 

Sc 0.0666 Nd 0.0016 
V 0.0321 Sm 0.0004 
Cr 0.0537 Eu 0.0002 
Co 0.0048 Gd 0.0005 
Ni 0.0448 Tb 0.0001 
Cu 0.0634 0.0003 
Rb 0.0031 Ho 0.0001 
Sr 0.0377 Er 0.0002 
Y 0.0015 Tm 0.0001 
Zr 0.0491 Yb 0.0002 
Nb 0.0163 Lu 0.0001 
Cs 0.0012 Hf 0.0013 
Ba 0.3388 Ta 0.0730 
La 0.0020 Pb 0.2677 
Ce 0.0040 Th 0.0005 
Pr 0.0007 U 0.0002 

were run trace 

run are 

a 

trace elements can 

co]tlCe:mlraIllon IS 
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AN-014A to AN-024 Recommended 

%RSD BHVO-l %RSD values for 

n=5 n=4 BHVO-I 

Sc 29.0 3.73 29.7 1.75 31.8 

V 351 1.91 330 2.31 317 

Cr 313 1.93 310 2.43 289 

Co 42.8 1.17 44.9 1.66 45.0 

Ni 116 1.14 128 1.71 121 

Cu 134 1.75 133 1.71 136 

Rb 8.96 1.69 9.52 1.94 11.0 

Sr 406 1.19 419 1.30 403 

Y 24.1 1.35 24.3 1.85 27.6 

Zr 174 0.82 168 1.24 179 

Nb 18.7 0.55 19.7 1.17 19.0 

Cs 0.10 2.99 0.10 2.39 0.13 

Ba 131 0.97 131 1.42 139 

La 15.2 1.94 15.2 1.17 15.8 

Ce 35.8 1.20 36.0 1.24 39.0 

Pr 5.29 1.17 5.00 1.53 5.70 

Nd 24.4 0.80 23.4 1.45 25.2 

Sm 5.57 1.17 5.20 3.02 6.20 

Eu 1.91 1.52 1.93 0.98 2.06 

Gd 5.94 1.86 5.72 0.69 6.40 

Th 0.88 1.01 0.82 1.58 0.96 

4.90 1.11 4.66 1.39 5.20 

Ho 0.94 0.98 0.87 1.34 0.99 

Er 2.31 0.68 2.19 1.26 2.40 

Tm 0.31 1.23 0.28 1.54 0.33 

Yb 1.80 0.33 1.72 1.01 2.02 

Lu 0.26 0.90 0.24 1.73 0.29 

Hf 3.83 0.93 3.65 0.65 4.38 

Ta 1.54 3.57 1.15 0.54 1.23 

Pb 2.13 1.42 2.38 0.82 2.60 

Th 1.22 1.30 1.21 0.90 1.08 

U 0.42 1.69 0.42 1.81 0.42 
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200 
(a) 

E 
150 

0.. 
..e: 
0 
0 
"0 
C 
Ol 100 
Z 
(f) 

~ 
c:I.. 
S:2 

50 

o 0 50 100 150 200 
XRF Ni and Co (ppm) 

300 

250 x 

200 
E c. 
..e: 
..a 150 z 
(f) 

~ 
0.. 

~ 100 

50 

o 0 50 100 150 200 250 300 
XRF Nb (ppm) 

Co content XRF. Nb 
content XRF. 

were out 

Four 1 were to a 

to 

to were to 
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were 

so no 

4.1.1 

was 

on a 

4.2.1 Nd 

HCL 

lOl:loe:o onto Ta 

to 

IS 

to remove 

was 

AU"''''''"''''' onto 

(1 

centre HHJ'U .... ,u 

mass 

was 

as 
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± (n = 1) lS 

measurements of 

6 are to 
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are pn:se:ntea text. 

rock 

an = 

Tsirub dyke Tsirub North (outer) plug 

AN-OOl AN-003 AN-004 AN-005 AN-006 AN-012 AN-013 AN-014 AN-015 

or 0.00 8.65 6.78 5.09 0.00 7.89 6.49 3.92 7.8 

ab 0.00 2.92 4.13 0.00 0.00 5.62 2.11 6.91 0.00 

an 6.41 9.77 6.44 11.0 0.22 11.2 9.47 21.2 8.42 

ne 21.1 19.2 22.9 19.6 17.8 11.3 21.2 6.56 22.0 

Ie 8.86 0.00 0.00 3.87 18.2 0.00 0.00 0.00 0.75 

di 29.2 32.8 34.1 34.2 30.4 31.6 34.2 37.7 34.6 

01 19.7 13.1 12.3 12.7 13.6 14.6 12.8 10.2 12.7 

es 1.43 0.00 0.00 0.00 2.81 0.00 0.00 0.00 0.00 

em 0.10 0.07 0.07 0.07 0.08 0.09 0.07 0.06 0.07 

mt 4.26 4.34 4.30 4.29 4.90 5.46 4.42 4.27 4.40 

il 5.54 6.76 6.52 6.54 8.98 9.69 6.74 6.40 6.80 

hap 3.45 2.51 2.60 2.66 3.02 2.66 2.57 2.76 2.54 

Table C.l. vVInAllU"1..! 

Tsirub North (inner) plug iAN-016 and AN-019 

-OO7A AN-008 AN-009 AN-OlO AN-Oil AN-OI7 AN-018 AN-016 AN-019 

or 0.00 1.07 7.28 4.19 0.00 1.26 0.00 0.00 2.06 0.00 

ab 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

an 5.35 8.05 5.34 4.53 5.74 6.84 2.15 4.68 3.70 6.08 

ne 23.0 20.0 24.0 25.3 23.2 20.9 23.3 23.6 22.8 24.2 

Ie 10.3 8.13 1.53 3.58 10.1 8.36 12.7 9.53 7.30 8.62 

di 32.5 33.3 34.3 35.7 28.8 34.0 31.5 35.1 35.9 32.6 

01 13.5 14.3 12.6 12.2 15.2 13.6 13.5 12.4 12.5 14.1 

es 0.94 0.00 0.00 0.00 2.31 0.00 1.86 0.15 0.00 0.21 

em 0.06 0.06 0.05 0.05 0.05 0.05 0.05 0.05 0.07 0.05 

mt 4.22 4.30 4.22 4.12 4.24 4.23 4.24 4.25 4.67 4.25 

iI 4.94 4.95 4.76 4.69 4.83 4.90 4.90 4.84 7.30 5.75 
hap 5.39 6.04 5.94 5.71 5.60 5.95 5.90 5.47 3.75 4.31 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Table C.l. ,"-,VIIlIl1"'''U 

Tsirub South plug 
AN-021 AN-022 AN-023 AN-024 

or 0.00 0.00 0.00 0.00 

ab 0.00 0.00 0.00 0.00 

an 4.70 3.20 4.95 6.96 

ne 22.6 23.9 22.0 20.2 

Ie 11.7 12.0 13.4 11.8 

di 28.9 28.5 22.3 29.2 

01 14.1 14.2 16.1 14.3 

cs 3.24 3.76 6.58 2.87 

cm 0.05 0.05 0.04 0.05 

mt 4.56 4.45 4.46 4.49 

il 6.42 6.28 6.43 6.35 

hap 3.84 3.71 3.77 3.92 

Table C.2. on 4 
ox ens. 

Tsirub d ke 
AN-OOI 

41.54 42.12 41.65 

0.01 0.00 0.01 0.01 0.01 0.00 

0.03 0.02 0.04 0.03 0.02 0.02 0.07 

0.13 0.13 0.14 0.11 0.15 0.13 0.13 

8.92 10.60 10.78 9.78 11.34 8.86 9.25 

0.10 0.10 0.09 0.09 0.11 0.11 0.10 0.11 

47.87 47.07 46.50 47.35 46.37 47.54 47.57 

CaO 0.03 0.03 0.01 0.03 0.02 0.01 0.02 0.02 

NiO 0.39 0.37 0.35 0.35 0.39 0.34 0.40 0.38 

Total 99.59 99.60 100.28 99.67 99.55 99.89 99.20 99.18 

Fo 90.3 90.5 88.8 88.5 89.6 88.00 90.5 90.2 

Fa 9.8 9.5 11.2 11.5 10.4 12.10 9.5 9.8 

Number of cations on the basis of 4 ox ens: 

Si 1.030 1.030 1.027 1.028 1.025 1.024 1.033 1.025 

Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

Al 0.000 0.001 0.000 0.001 0.001 0.000 0.000 0.002 

0.188 0.182 0.217 0.222 0.201 0.234 0.182 0.190 

0.003 0.003 0.003 0.003 0.002 0.003 0.003 0.003 

1.739 1.744 1.716 1.708 1.734 1.705 1.738 1.745 

0.003 0.003 0.002 0.002 0.003 0.003 0.003 0.003 

0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

0.007 0.007 0.008 0.007 0.008 0.008 

970 2.973 2.972 2.974 
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Table C.2. 

Si 

Ti 

AI 
Fe2+ 

Mn 

Mg 
Ca 

Cr 
Ni 

Sum 

p 
41.57 

0.07 

0.01 

0.03 

14.64 

0.24 

43.22 

0.40 

0.15 

100.32 

84.0 

16.0 

1.034 

0.001 

0.000 

0.305 

0.005 

1.604 

0.011 

0.000 

0.003 

2.963 

p 
41.56 

0.04 

0.03 

0.02 

14.37 

0.27 

43.45 

0.39 

0.17 

100.29 

84.4 

15.6 

1.034 

0.001 

0.001 

0.299 

0.006 

1.612 

0.010 

0.000 

0.003 

2.965 

AN-Om 

p 

41.58 

0.03 

0.04 

0.03 

13.90 

0.23 

43.99 

0.28 

0.18 

100.26 

84.9 

15.1 

1032 

0.000 

0.001 

0.289 

0.005 

1.628 

0.007 

0.001 

0.004 

2.967 

gm 
41.41 

0.03 

0.02 

0.02 

14.00 

0.24 

43.75 

0.33 

0.17 

100.29 

84.8 

15.2 

1032 

0.001 

0.000 

0.292 

0.005 

1.625 

0.009 

0.000 

0.003 

2.968 

Tsirub North (outer) plug 

gm 
41.53 

0.04 

0.01 

0.04 

14.20 

0.23 

43.70 

0.37 

0.14 

100.26 

84.6 

15.4 

gm 
41.34 

0.04 

0.03 

0.04 

14.11 

0.25 

43.48 

0.35 

0.15 

99.81 

84.6 

15.4 

gm 
41.50 

0.03 

0.05 

0.02 

14.59 

0.26 

43.70 

0.33 

0.14 

100.62 

84.2 

15.8 

p (core) 

41.18 

0.03 

0.05 

0.03 

13.81 

0.21 

43.93 

0.28 

0.17 

99.68 

85.0 

15.0 

p(rim) 

40.75 

0.05 

0.04 

0.03 

16.16 

0.33 

42.44 

0.35 

0.15 

100.31 

82.4 

17.6 

Number of cations on the basis of 4 oxygens: 

1.032 1.032 1030 1.029 1024 

0.001 0.001 0.001 0.001 0.001 

0.000 0.001 0.001 0.001 0.001 

0.295 

0.005 

1.620 

0.010 

0.001 

0.003 

2.967 

0.295 0.303 

0.005 0.005 

1.619 1617 

0.009 0.009 

0.00] 0.000 

0.003 0.003 

2.966 2.968 

0.288 0.339 

0.005 0.007 

1.636 1.590 

0.007 0.010 

0.001 0.001 

0.003 0.003 

2.971 2.975 

AN-DOS 

P 
39.65 

0.04 

0.Ql 

0.02 

22.17 

0.57 

37.82 

0.45 

0.08 

100.82 

75.3 

24.7 

1.021 

0.001 

0.000 

p 
40.81 

0.02 

0.05 

17.72 

0.34 

4116 

0.28 

0.14 

100.53 

80.6 

19.5 

1029 

0.000 

0.001 

0.477 0.374 

0.012 0.007 

1.452 1.547 

0.012 0.008 

0.000 

0.002 0.003 

2.978 2.970 

p (core) 

41.42 

0.02 

0.05 

0.03 

14.59 

0.25 

42.94 

0.30 

0.16 

99.76 

84.0 

16.0 

1.037 

0.000 

0.001 

0.305 

0.005 

1602 

0.008 

0.001 

0.003 

2.963 

p (rim) 

40.68 

0.04 

0.03 

0.01 

18.71 

0.40 

40.10 

0.34 

0.11 

100.41 

79.2 

20.7 

1.032 

0.001 

0.001 

0.397 

0.008 

1.517 

0.009 

0.000 

0.002 

2.967 
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Table C.2. 

AN-005 
gm gm gm 

40.96 41.23 41.31 

0.05 0.03 0.03 

0.03 0.03 0.03 

0.03 0.01 0.02 

17.12 16.30 16.53 

gm 

41.50 

0.06 

0.12 

0.02 

14.93 
0.37 0.28 0.32 0.28 

41.66 42.30 41.55 43.09 
CaO 0.32 0.34 0.36 0.33 
NiO 0.15 0.16 0.14 0.21 

Total lOO.70 100.68 100.29 100.53 

Fo 81.3 82.2 81.7 83.7 

Fa 18.7 17.8 18.2 16.3 

AN-OI3 
p(rim) p gm 

41.43 41.55 41.48 41.62 

0.04 

0.01 

0.03 

14.46 

0.02 0.05 0.02 0.04 0.09 

0.01 0.05 0.06 0.06 0.05 0.04 

0.02 0.04 0.04 0.02 0.03 0.03 

16.04 13.52 14.32 14.04 14.82 15.36 
0.26 0.32 0.23 0.24 0.23 0.23 0.25 
43.57 42.11 44.40 43.52 43.47 43.57 42.74 
QTI Q~ Q~ QU QU 0.32 0.31 
0.13 0.11 0.18 0.15 0.16 0.15 0.16 

100.23 100.33 100.26 100.13 99.87 100.68 100.59 

84.3 82.4 85.4 84.4 84.7 84.0 83.2 
15.7 17.6 14.6 15.6 15.3 16.0 16.8 

Number of cations on the basis of 4 oxygens: 
Si 
Ti 

Al 

1.029 1.031 1.037 

0.001 
0.001 

1.033 1.030 1.033 1.029 1.032 1.036 1.030 1.036 

0.001 
0.001 

0.001 
0.001 

0.001 

0.003 

0.360 0.341 0.347 0.311 
0.008 0.006 0.007 0.006 
1.560 1.577 1.556 1.599 

Ca 0.009 
Cr 0.001 
Ni 0.003 
Sum 2.970 

0.009 
0.000 

0.003 
2.968 

0.010 

0.000 
0.003 
2.961 

0.009 
0.000 
0.004 

2.965 

0.001 0.000 0.001 0.001 0.000 0.001 0.002 
0.000 0.000 0.001 0.001 0.001 0.001 0.001 

0.301 0.336 0.280 0.298 0.293 0.308 0.320 
0.006 0.007 0.005 0.005 0.005 0.005 0.005 
1.618 1.574 1.641 1.616 1.616 1.612 1.586 
0.010 
0.001 

0.003 
2.969 

0.014 0.008 0.009 0.008 0.009 0.008 
0.000 0.001 0.001 0.000 0.001 0.001 
0.002 0.004 0.003 0.003 0.003 0.003 
2.967 2.970 2.966 2.963 2.968 2.962 

gm 
41.53 

0.05 

0.04 

0.04 

14.02 
0.23 
44.26 
0.32 
0.17 

100.67 

84.9 
15.1 

1.028 
0.001 
0.001 

0.290 
0.005 
1.633 
0.009 
0.001 

0.003 
2.971 
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Table 
Tsirub North 

AN-007 AN-017 

P P (core) P p m gm gm p p P 
41.87 41.40 41.65 41.57 41.76 41.49 41.40 41.37 40.96 41.55 42.17 40.30 

0.03 0.03 0.03 0.00 0.04 0.03 0.04 0.04 0.04 0.03 0.01 om 
0.04 0.03 0.02 0.02 0.03 0.04 0.03 0.04 0.01 0.02 0.01 0.01 

0.02 0.03 0.03 0.02 0.02 0.05 0.05 0.03 0.02 0.01 0.02 0.02 

13.92 14.54 15.96 13.68 14.17 13.89 13.94 14.01 16.72 13.92 7.79 18.96 

0.27 0.22 0.30 0.21 0.22 0.26 0.23 0.25 0.36 0.20 0.11 0.50 

43.72 43.48 42.10 44.26 43.82 43.78 43.95 43.72 41.91 44.01 48.72 40.50 

CaO 0.31 0.28 0.38 0.30 0.32 0.31 0.32 0.33 0.29 0.23 0.05 0.26 

NiO 0.16 0.14 0.11 0.18 0.15 0.17 0.17 0.17 0.16 0.24 0.36 0.\8 

Total 100.34 100.15 100.58 100.25 100.53 100.00 100.13 99.96 100.47 100.22 99.24 100.74 

Fo 84.9 84.2 82.5 85.2 84.7 84.9 84.9 84.7 81.7 84.9 91.8 79.2 

Fa 15.2 15.8 17.5 14.8 15.4 15.1 15.1 \5.2 18.3 15.1 8.2 20.8 

Number of cations on the basis of 4 oxygens: 

Si 1.038 1.032 1.040 1.031 1.035 1.033 1.029 1.031 1.029 1.032 1.029 1.022 

Ti 0.001 0.001 0.001 0.000 0.001 0.001 0.001 0.001 0.001 0.001 0.000 0.000 

AI 0.001 0.001 0.000 0.001 0.001 0.001 0.001 0.001 0.000 0.000 0.000 0.000 

0.289 0.303 0.333 0.284 0.294 0.289 0.290 0.292 0.351 0.289 0.159 0.402 

0.006 0.005 0.006 0.004 0.005 0.005 0.005 0.005 0.008 0.004 0.002 0.011 

1.616 1.616 1.567 1.637 1.619 1.625 1.630 1.625 1.570 1.630 1.772 1.531 

Ca 0.008 0.007 0.010 0.008 0.009 0.008 0.008 0.009 0.008 0.006 0.001 0.007 

Cr 0.000 0.001 0.001 0.000 0.000 0.001 0.001 0.001 0.000 0.000 0.000 0.000 

Ni 0.003 0.003 0.002 0.004 0.003 0.003 0.003 0.003 0.003 0.005 0.007 0.004 

Sum 2.96\ 2.967 2.960 2.969 2.965 2.966 2.968 2.967 2.971 2.968 2. 
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Table C. 2. 

AN-021 
P 

40.40 

0.04 0.01 

0.02 0.02 

0.01 0.02 

22.96 20.03 
0.78 0.54 

37.46 40.35 
0.48 0.44 0.33 
0.08 0.07 0.09 

10LlO 101.61 101.79 

74.3 74.4 

0.000 0.001 0.000 

0.001 0.000 0.000 

0.491 0.492 0.422 

0.016 0.017 0.011 
1.416 1.432 1.517 

0.013 0.012 0.009 

0.000 0.000 
0.002 

2.981 
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Tsirub 

(rim) 

48.86 

2.27 2.51 2.28 2.77 2.40 

4.24 4.64 4.62 7.38 4.49 

0.13 0.24 0.20 0.09 0.24 

FeO 6.08 5.51 5.53 6.80 5.67 

MnO 0.08 0.09 0.08 0.07 0.11 

MgO 14.39 14.36 14.32 12.56 14.29 

CaO 23.62 23.79 23.76 23.09 23.76 

0.37 0.36 0.36 0.67 0.37 

0.01 0.01 0.01 

Total 100.43 100.44 100.41 99.95 100.19 

Wo 48.8 49.5 49.5 50.3 49.4 

En 41.4 41.6 41.5 38.1 41.4 

Fs 9.8 8.9 9.0 11.6 9.2 

Si 1.844 1.831 1.841 1.772 1.834 

0.148 0.162 0.159 0.228 0.157 

0.000 0.000 0.002 0.034 0.000 

0.064 0.071 0.064 0.079 0.068 

0.190 0.172 0.173 0.217 0.178 

Mn 0.003 0.003 0.003 0.002 0.003 

Mg 0.803 0.801 0.798 0.713 0.800 

Ca 0.948 0.954 0.952 0.943 0.956 

Na 0.027 0.026 0.026 0.050 0.027 

K 0.000 0.000 0.000 0.000 0.000 

0.006 

4.024 
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p pecore) p 

48.39 48.76 48.28 

2.83 2.77 2.61 

4.27 4.19 4.80 

0.20 0.02 0.10 

6.46 6.52 6.78 

0.14 0.10 0.14 

14.29 14.14 14.33 

23.37 22.70 
0.35 0.46 0.35 

0.01 0.11 

AN-003 

P 
45.75 

4.00 

7.07 

0.34 

6.50 

0.05 

13.02 

23.30 
0.53 

O.oI 

Tsirub North 

gm p (core) 

47.63 44.16 

3.65 2.88 5.19 2.89 2.52 2.51 4.75 

6.01 4.95 8.19 4.84 4.13 4.24 7.93 

0.37 0.32 0.27 0.25 0.20 0.21 0.01 

6.50 6.42 7.36 6.87 5.81 6.01 7.52 

0.1 0 0.10 0.13 O.ll 0.11 0.07 0.09 

13.28 14.28 11.97 14.43 14.56 14.55 12.13 

23.03 23.21 23.11 22.72 23.34 23.46 23.08 
0.66 0.43 0.59 0.41 0.37 0.38 0.54 

0.03 0.01 0.02 0.04 0.00 

p (rim) 

42.41 

5.31 

9.12 

0.26 

7.54 

0.09 

11.63 

23.14 
0.51 

0.01 

Total 100.03 100.32 100.20 100.58 100.27 100.23 99.87 99.90 100.01 100.31 100.21 100.02 

Wo 48.1 48.6 47.4 50.1 49.4 48.3 50.8 47.2 48.5 48.5 50.4 51.2 

En 41.4 40.9 41.6 39.9 39.7 41.3 36.6 41.7 42.1 41.8 36.8 35.8 

Fs 10.5 10.6 11.0 10.9 10.9 lOA 12.6 11.1 9.4 9.7 12.8 13.0 

Si 1.824 

0.150 

0.000 

0.080 

0.204 

0.005 

0.803 

1.832 

0.147 

0.000 

0.078 

0.205 

0.003 

0.792 

1.820 

0.169 

0.000 

0.074 

0.214 

0.005 

0.805 

Ca 0.932 0.941 0.917 

Na 0.026 0.033 0.025 

K 0.001 0.005 

Cr 0.006 0.001 0.003 

Sum 4.030 4.033 4.037 

Number of cations on the basis of6 ox ens 

1.735 

0.250 

0.000 

0.114 

0.206 

0.002 

0.736 

0.947 

0.039 

0.000 

0.010 

4.040 

1.768 

0.212 

0.000 

0.104 

0.206 

0.003 

0.751 

1.798 1.665 1.795 1.839 1.833 1.695 

0.174 

0.000 

0.082 

0.203 

0.003 

0.804 

0.295 0.171 0.145 0.148 0.284 

0.000 0.000 0.000 0.000 0.000 

0.151 0.082 0.071 0.071 0.137 

0.238 0.218 0.182 0.188 0.241 

0.004 0.004 0.003 0.002 0.003 

0.690 0.816 0.815 0.813 0.694 

0.935 0.939 0.958 0.923 0.939 0.943 0.949 

0.048 0.031 0.044 0.030 0.027 0.027 0.040 

0.001 0.001 0.001 0.002 0.000 

0.011 0.010 0.008 0.007 0.006 0.006 0.000 

4.041 4.044 4.054 4.049 4.028 4.032 4.045 

1.643 

0.329 

0.000 

0.155 

0.244 

0.003 

0.672 

0.961 

0.038 

0.000 

0.008 

4.054 
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Table C.3. 

p 

46.46 

3.57 

5.53 

7.36 

0.09 

13.29 

23.14 

0.43 

0.00 

4.08 

7.14 

0.43 

6.53 

0.05 

12.80 

23.08 

0.50 

0.02 

48.03 

2.90 

4.37 

0.01 

7.38 

0.16 

13.29 

22.97 

0.75 

0.02 

Total 99.87 99.59 99.87 

Wo 48.8 50.2 48.6 

En 39.0 38.7 39.2 

Fs 12.1 11.1 12.2 

3.52 

5.35 

0.04 

7.40 

0.12 

13.75 

23.05 

0.45 

0.01 

p 

47.79 

2.90 

4.51 

0.16 

6.74 

0.18 

14.34 

23.38 

0.35 

p 

49.31 

2.40 

3.64 

0.20 

5.75 

0.09 

14.8\ 

23.58 

0.37 

0.00 

AN-013 

P P gm 
49.02 47.66 48.38 

2.56 3.15 2.90 

3.97 4.84 4.32 

0.30 0.07 0.11 

6.10 6.72 6.64 

0.10 0.18 0.14 

14.90 14.31 14.21 

23.41 23.41 23.41 

0.37 0.41 0.30 

0.00 0.01 

gm 
48.32 48.19 

2.78 2.64 

4.16 4.77 

0.05 0.23 

6.66 6.28 

0.09 0.09 

14.20 14.56 

23.29 22.78 

0.40 0.36 

0.00 0.09 

99.95 100.35 100.15 100.73 100.75 100.42 99.96 99.99 

~I ~1 ~4 ~9 ~2 ~4 ~3 ~5 

39.9 41.1 42.3 42.4 41.0 40.9 41.0 42.3 

12.0 10.8 9.2 9.7 10.8 10.7 10.8 10.2 

Number of cations on the basis of 6 oxygens: 

Si 

Mn 
Mg 
Ca 

Na 

1.773 

0.197 

0.000 

1.725 

0.255 
0.000 

1.824 1.765 1.801 1.846 1.829 1.791 

0.110 

0.000 

1.818 

0.102 

0.000 

1.823 

0.098 

0.000 

1.817 

0.168 

0.000 

0.155 0.190 

0.000 0.000 

0.102 0.118 0.083 0.101 

0.236 

0.004 

0.782 

0.942 

0.033 

0.001 

0.001 

0.235 

0.003 

0.756 

0.946 

0.032 

0.000 

.044 

0.210 

0.002 

0.732 

0.949 

0.037 

0.001 

0.013 

4.042 

0.234 

0.005 

0.752 

0.934 

0.055 

0.001 

0.000 

4.043 4.056 

0.102 0.084 0.089 

0.000 0.000 0.000 

0.128 0.102 0.111 0.137 0.122 0.118 0.075 

0.212 

0.006 

0.806 

0.944 

0.025 

0.005 

4.030 

0.180 

0.003 

0.827 

0.946 

0.027 

0.000 

0.006 

4.021 

0.190 

0.003 

0.829 

0.936 

0.027 

0.000 

0.009 

4.024 

0.211 0.209 0.210 0.198 

0.006 0.004 0.003 0.003 

0.802 0.796 0.799 0.819 

0.943 0.943 0.942 0.920 

0.030 0.022 0.029 0.026 

0.001 0.000 0.004 

0.002 0.003 0.002 0.007 

4.031 4.020 4.024 4.037 

p(rim) 

43.06 

5.10 

8.63 

0.02 

8.05 

O.ll 
11.39 

22.90 

0.71 

0.02 

100.00 

50.8 

35.2 

14.0 

1.668 

0.312 

0.000 

0.149 

0.261 

0.004 

0.658 

0.950 

0.053 

0.001 

0.001 

4.056 
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Table C.3. 

AN-015 

m 

3.14 4.85 1.57 1.23 

6.12 7.76 1.59 0.94 

0.55 0.14 0.03 

FeO 6.43 7.29 5.92 6.37 

MnO 0.07 0.09 0.20 0.18 

MgO 13.65 12.20 15.09 15.00 

CaO 23.19 23.18 23.45 22.77 

0.48 0.45 0.71 0.98 
0.00 0.01 0.02 0.02 

Total 100.16 99.91 100.62 100.35 

Wo 49.1 50.6 47.8 46.8 

En 40.2 37.0 42.8 42.9 

Fs 10.6 12.4 9.4 10.2 

Si 1.766 1.692 1.926 1.957 

0.216 0.279 0.054 0.043 

0.000 0.000 0.000 0.000 

0.090 0.140 0.044 0.026 

0.204 0.235 0.183 0.197 

Mn 0.002 0.003 0.006 0.006 

Mg 0.772 0.700 0.833 0.828 

Ca 0.943 0.956 0.930 0.903 

Na 0.035 0.034 0.051 0.070 

K 0.000 0.001 0.001 0.001 

Cr 0.016 0.004 0.001 

Sum 4.046 4.044 4.029 4.031 
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Table c'3. 

p p p gm gm gm 

49.68 47.91 48.50 49.13 47.36 48.84 

2.23 3.06 2.81 2.65 3.26 2.55 

3.63 4.64 4.29 4.07 4.90 3.79 

0.28 0.11 0.21 0.24 0.04 0.28 

5.46 6.94 6.05 6.21 7.23 5.84 

0.13 0.11 0.13 0.13 0.10 0.07 

15.29 14.08 14.72 14.89 13.97 14.97 

23.56 23.52 23.48 23.30 23.20 23.32 

0.31 0.41 0.39 0.33 0.44 0.39 

K20 0.01 0.00 0.01 0.01 0.01 0.01 

Total 100.58 100.78 100.59 100.96 100.5! 100.06 

Wo 48.0 48.5 48.2 47.7 48.1 47.9 

En 43.3 40.4 42.l 42.4 40.3 42.8 

Fs 8.7 11.2 9.7 9.9 11.7 9.4 

Si 1.848 1.800 1.815 1.829 1.788 1.833 
AllY 0.077 0.107 0.098 0.092 0.115 0.089 
AI\'! 0.000 0.000 0.000 0.000 0.000 0.000 

Ti 0.102 0.\31 0.121 0.114 0.139 0.107 

0.170 0.218 0.189 0.193 0.228 0.183 

0.004 0.003 0.004 0.004 0.003 0.002 

0.848 0.789 0.821 0.827 0.786 0.838 

Ca 0.939 0.947 0.942 0.929 0.938 0.938 

Na 0.022 0.030 0.028 0.024 0.032 0.028 

K 0.000 0.000 0.001 0.000 0.001 0.001 

Cr 0.008 0.003 0.006 0.007 0.001 0.008 

Sum 4.019 4.028 4.025 4.020 4.032 4.026 

68.8 Sc 2.03 Th 
0.47 Ni 7.54 U 1.08 

14.4 Cr 41.1 La 170 

2.69 Co 2.78 Ce 326 

MnO 0.03 V 26.6 Pr 34.2 
MgO 0.68 Cu 12.5 Nd 107 
CaO 1.65 Zn 65.8 Sm 10.4 

Na20 2.80 Rb 229 Eu 1.62 

6.62 Sf 203 Gd 4.18 

0.14 Ba 1474 Tb 0.35 

0.114 Y 3.21 1.03 

0.76 Zr 61.8 1-10 0.14 

99.23 Nb* 12 Er 0.27 

Hf 1.53 Tm 0.03 
0.37 Ta 0.47 Yb 0.14 

Pb 42.1 Lu 0.02 




