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Abstrect

The geology ofsouthcrn Afr icaof fersa rare oppo(uniry lostudy thcevotul ron o[  a
segment of  cont inental  I i rhospher€ because i ls  rocks ranSc in age f rom 3.6 Ga ro
Rccenr,  and ov€r thc last  200 Ma both the upper manr lc i ind rhe crust  have becn
sampled b]  KarooardTer l iaryvolcanismandasxcnol i ths in k imbcr l i le  p ipes.  The
avai labledala indicatc thal  most  of lhc manr lexcnol i rhsa d Karoo volcanics havc
lowcr r4Nd,/La'Nd and higher s?Sr/s6Sr rar ios rhan thc bul l (  ear lh.  Thus lhey werc
ei lh€r der ivcd f rom source regionswhich were both 'o ld '  aDd had lower Sm/Nd aDd
higher Rb./Sr rhan the bulk earth-or  rhey ar  leasr coniarn a contnbut ion l ionr
such a source.  I t  isenvisaged that  crusl .a l  contaminat ion wi l l  t€ndei lherto g€nerate
some broad mix;rg re lat ion berwcen rhe or ig inal  magma and the crustal
componenr,  andlor  d isrupt  anv pre-exist ing re lat ionship between isotop€ and
parentldaughler trace element ratios with the result that the two becomc
'decoupled'. Locally some ofthe Karoo basalts app€ar to have bc€n contaminated
with Archaean crust, bul the majority of thes€ volcanrcs and the mantle xenoliths
have not been affect.d significantly by crustal contamination processes. Rather,
different styles of trace element eDrichmen( are recognized ln both mantle
xenoliths and Karoo basalts, and with timc thes€ result in different trends on €Nil
versus €sr diallrams. The low r'rNd./r"Nd and high ItSr./t6sr ratios ofmany basalts
and mant le xenol i ths suggcst  rhat  thcy at  least  are der iv€d f rom wirh in rhc
cont inenlal  l i thosphere;  s ince that  is  where var iat ions in Sm/Nd and Rb/Sr are
likely ro persisi for long enough to generate the observed range in Nd- and Sr-
isolopes.  Final ly ,  rhc evolut ion of  the sub-cont in€nral  l i thosphere beneath
southern Afr ica is  provis ional ly  descr ibed in lerms ofa two-srage modet.  Much o{-
the l i lbosphere appears ro have stabi l ized | .4-1.0 ca ago,  which is  a lso rhe t ime of
s igni f icant  crusral  growth wi th in the Namaqua-Natal  mobi le belrs. l r  isarguedrhal
the two are re lated.  and thar increasinS rhe area of  stable cont inental  crust  atso
increased the volumc and perhaps cven rhe th ickness,  of  mater ia l  incorporated into
the sub-cont inental  I i thosphere.  Karoo magmat ism at  -190 Ma was then fo l lowcd
by.  and may have been responsible for .  a second manr le enr ichmenr ev€nl  now
observ€d in rhe modal  metasomarism ol  K-nchrcr i te bear ins Der idotr te
xenolr ths.
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Introduction '

Geophl'sical coDsiderations suggest that thc continental i i thosphere ls

100-250 krn thicx and that 60-8070 of it consists of upper rnantle rocks

attached to the base of thc continental crust (Jordan, 1978)' lt is rigid and

presumabi-v isolntr:d frorn thc areas of active cot)vection within the upper

mantle . and somc arguments suggcst that lt l l la) stabil ize shortly after the last

major iherrnal ev.nt in ibe ovcrlying crust (Oxburg| and Parmentier, 1978)'

Much of the mantlr within the l ithosphere is therefore l ikely to be old enough

for trace elemenl heterogeneities to be nrirrored bv variations in radiogenic

isotopcs. Moreover, since any old segnlents of the sub+ontlnentil l  maniie wil l

be susceotibie to thc effects of latet events. the:v may also rcpresent a rare

o p p o r t u n i l y r o i n r c s t i g a t c p o l . v p h a s c t r o l u t i o r t i i , t l l i n i l r c u i i p e f  m a n t l e  T h i s

cont r ibu t ion  rev lew\  w( r tk  on  cont incn t :1 i  bas : : l i s  ano bo th  c r l rs ta ianc l  mant le

xenoliths fr.rn ',., ir")€rl ltc 
l l lpis in s{,uthern Africa in the context of the

evolutlur (ri l ir l  \-., '  r lt 'entai l i thosphelt ln thal arca- Spcclficall-r. it addresses

such ques . : ( . i . j  i i<1 . ] i  age  o i  the  l i thospherc .  thc  t i rn ing  and na ture  o f  r race

elemcnt ,f . l ' , l tcr I cvcnts. whethcr basalls are derived fiom within the

contincntal irtho:pirtrc, ar:i l  thc extcnt to'.rbich basaits and miil l t le xenoliths

sampir similar s( icf r. lSlons rn the uirpcr nlanlte

The irnportaric'r ., i  l(a.c elements in thc stull1 of igneous .( ']!k\ and upper

mantle prorirsses owes much to l l lc radioactivc decay schernes i;rvolving Rb-

Sr. Snr-Nd and U.I n attd Pb. These Iesult in isotopic differences used uidely

to identif lr irnd to c,' aiuatc tire nature ofdif ierent source terrains ldeally, such

source terralns sho.rld have svolved undisturbed over Iong periods ol t ime so

that the isotope composition of, for example, Sr may be related simply to the

parent/daughter trace element ratio, in this case Rb/Sr. However, in many

basaltic rocks there is no such simpl€ relationship between isotopc and trace

element ratios (Norry and Fitton, this voiumc). The majority havc isotope

compositions suggesting that they sampled upper mantle material which had

been depleted in LREE (high Sm/Nd) and had low Rb/Sr ratios for much of

its history, and yet the trace element contents of many of these rocks imply

that their source regions had high concentrations of LREE, Rb and Sr' and

relatively low Sm/Nd and high Rb/Sr ratios. Thuii their isotope and trace

element ratios are 'decoupled', presumably because tbelr source regions were

enriched in trace clements so recently that there has been insufficient t ime for

their isotope compositions to reflect the changes in trace element ratros

Somc decoupling of isotopcs and trace elements is probabl5 inevitable in a

convecting upper nlantle, since thc lattcr is a dynamic systcm and individual

segments are uniikely to remain undisturbed for long periods of

time. flnfortunatelv. however, that l imits the potential of radiog€nic isotope

studies precisell because there has often been too l itt le t ime for variatrons ln

trace clement ratios to be mirrored by coherelt valiations in isotc'pe

composition. Yet, as implied above, there is one area of the upper mantle

where theoretically at least such limitations may be overcome, and that is

within the continental l i thosphere.
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Rcgional geolog-'"

Thc  gco log)  o l  soLr thern  A i r i ca  i s  un iquc  in  tha t  i t  p reserves  a  record  o fmajor
orogen ic  an( i  magmat ;c  e !en ts  rang ing  in  age f ronr  1600-30 Ma.  Archaean
rocks  (3 .0 -1 .5  Ge)  a rc  p rcscrvcd  in  c ra ton ic  nuc lc i i  sur rounded by  mob i le
belts containing ,,arving proportiotrs of new and rervorked crustal material
(F igurc  l ) .  For  e ranrp lo .  consrderab lc  |o lunes  o f  new crus t  appear  to  have
been genera tc r i  in  the  fo rmar ion  o f  t l re  Namaqua-Nata l  be l t  in  the  upper
P r o t e r o z o i c t l . i - l . 0 G a . B a r t o n . t a l . .  l 9 8 l : R o g e r s a r d l l i L w k e s w o r t h ,  1 9 8 2 ) ;
whereas  in  ih r  P ln  r \ f r i can  te r ra in  o t  r { ) . rhcrn , r -a rn ib ia  rnanv  o f thc  igneous
rockS \ i ( i ,  : j , - r i r .  t l  i r r tm pr ( '  . x i \ l r lg  i  1 ( ' t9 r ( r i ro i .  e ru j t  ( f l rwkcs ! ro r th  and
M a r l ( J w .  l 9 t l i ) . Y L : t , , i c r . n g r r i l t e r s l g l l r l i u l n c c t o a n \ p D t e n t l a l  s t u d y o f t h e
l i thosp i rc rc  i s  t r : r t  r r i t c r  t l i use  orogcn ic  cprsodcs  . r1d  the  subscqucnt
s tab i l i za t io r  , ) i  1 ; r t  . tus t .  bo th  thc  cn ts t  and thc  undcr tv ing  sub-cont inenta l
mun l lc  . , . rc  sernp l t t i  bv  * rdespread Karoo magmat is rn  l iom -190 Ma.
k i rnbcr l i i c  rn rp lac !meI l l  i l  thc  Cre tacc i tus .  and mrd ' I ' c r t ia r , " -  a lka l ine
v(-r lc t l ] ts tTi

' l -be  
K l roo  igncou:  rocks  io rn l  onc  o f  rhe  c iass ic  i loo l  basa l t  p rovrnces

( ( - t rx .  i98{ l l .  Rad i r i rnc t r i c  r r tcs  \ l rv  [ ro rn  car lv  Jurass jc  ro  car lv  Cre taceous
(19( ) -12 t )  \ , ta .  F r tch  and Mr l l c r .  i . r  p rep . :  Er lank  er  d / . .  in  p rcp . l ,  and today
remnaots  ! l  l l \ :Ls  ( ,caL l r  sca l te rcc l  across  an  arca  i  excdss  o1  3 .5  X  106 km:
(F igure  l ) .  ln  add i t ion  the  under l r ing  Karoo scd in t rn ta rv  sequences  are  hos t

Pos l -Karoo Covsr

n Karoo ssd,henrg

Frgrrr  /  Ccologrcalskcrch map ot  south.rn Alnca r l lusrra!rn8 rhe four sub-areas * .hcre Karoo
volcrnrc roels have heen \ rudrc( j  rn Inon dcrrr l .  and rhc ( i isr f lbutron ol  k imber l r te prpcs
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t o  an  ex ten5 , ! r . , '  . r  i r i  r r l  c i _vLcs  i r r l d  s i l l . . i .  l l a sa l t i c  t oc l .  t l p r s  o f  t ho le i i t i c

cha rac t c r  a r r  d ( ) . r l r i  l , r r  11 , i , \ ! l g i l ou t  l i r c  K : i r : ( ) o  p ro ! i r t c .  b i t t  vo lumc i r i ca l l y

impo r tan r  s tqu : i 1 ! ! : .  i , f  ac i d  vo l can i cs  occ  r  r l o r i l  i r c r t h  t l r e  eas t c r r  and

wes te rn  rnaxg in \  ( , ,  i l t r  p r ' ) i i n ce ,  and  h tgh -V lg  i ) i r ! i i i t  i o r  p i c r i t c s )  a r c  a

feature c, i  the ar. l{  l , : i ;ur id l ' iuangtsi.  l \1'r ; ;  . ' I  tr tc avai laL,, gc.rchertt ical and

isotopic data ha'. 'e l .- ,cen rcptrrrci i  on rocks froq-, i i rui:ulr-.r icer bctwccn which

the re  a re  s i ) n i c  , - ; . : i r  r l i l l ! r e i . : i . .  i n  bo lh  i s t ' t cpc  rnc l  i r acc  c l emen t

compos i t i o r : :  ( a l  N i : . r r i e t r i  , r r r t h  l - cbomb i ) ;  ( b )  sou th  l - L rbcn rb r ) ;  ( c )  Cen t ra l

a rea ;  a r rd  { r l )  no : l h * r : s r  Na rn ib i a  ( sc , :  F i : t r l r c  i  and  re l r t , r L r ' . . s  i r  l r l a l k , i n

p rep . ) .  Thc  f . ) ckJ r ' ) r r  N iua l i l Ls i  l r nd  l o r t h  L ' : t r o l n i - ' ,  . r : r  , - : l aL rc te r i zcd  by

unusua l l y  L i ! j ,  i 11 . - ,  11 r1 ' . 11 i111 , ; ,  1  ,  ) \ i 11 i  . . ) ! r r t . ' l i \ .  , . - :  - ' t t r ' ) i r i r i l  i r ,  - " 350ppm

Zt ,  and  , "  t ' 5  p i j  j  r l ( i  . r , . 11 l l l J r . !  ! ' ! l l i  - ' : :C  ; : r , r ' r ,  ̂ , 91 )  p l , :  I  and  14  ppm

respec t i vc l J - .  i r  r  , .  ' an ,1  . , .  r i  .  r 1e .11 ,111111 t  l j i l ! a l L r , ) j  i i l a  i - . l i t r i t l a i r r .  Yc t  t hese

r o c k s h a l e . r , r r i i : r i , i . , . l i ! ! , r . l , J r i l h e l l D : r l r n l L i c s r l l n r l r , - . r , r t i - r ' i o w c r t h a n

thosc  J f  t i r - ,  r l .  ,  ,  r , .  i  
' t sn t rb r  

r  ba :a l ' . s .  i r ,  . i i . i  s . ) u th  J - i i ) ( , n r i r o  t hc rc  r s  some

cv idence  t '  l '  i r . ' :  r i . , : Ls  ! 1 r , , :  b t c t ' t  a i I c . i r . i  i t 1  l n i c i a ! t i on  w i t h  t he

con t i ncn t : l  . i  ,  1  . ' c  l , r t c r  ( l i s cu "s !o l l j .  b i r l  l h r '  t i uae  e lemen t

cha r3c t ( r ] : ; ! ' . . ,  r ' L  i ,  r l t ! n l i n r l ed  b i i s l l t s  appca i  t . r  be  s i r l 1 i l a :  r o  t h r r se  i n  t be

Ccn t r r i  l l !  ! . :
K i r nb , i r l r r  ,  " , , i  i  , l r . r ' l e - r r r h  j ) r  r r , s i r .  L r l L r ! L r r i c  i l r l us i ve  rock r ,  w i t h  a

d i s t i nc l i . ' c  i '  t i l  ,  , : , i I i ' i , i  i c r i u re  dus  t ( )  . l t r  p r f ! - l i c  o l  n r r c j o l r vs t j  l n  an
essen l i i ! l l , r  j i I i \ i i , . . , r I r 1 , | _ , i r i l e  i r . r l r i r  (C l cmc , , r . ,  a i . ,  19  )1 r .  SLu i i r ed  w idc l y  as
the  p r i nL : i t , . , l  . ,  , , ,  .  l  r r i r t L r ra l  o l l r r i ) n i l .  1 i r c , .  l l s i '  c0n la  i  a  r a l i e t y  o f
xeno l l l hs  o l  i ' , l r !  . . , , , t J l  i r r d  uppe r  r l l a rUc  r r ! . r k \ .  i r  \ ou thcn t  A f r ca

k imbc r i i t c s  o r ' r  u  r  t ) ! ) t i i  (  ) n  t hc  . \ r chacan  c r l t oD  l nc l  i r r  t he  s r r r r o  und i r : g  mob i l e
be l t s .  So r r , t  we r  c  c r r  I  j '  i i  , r ( i  i n  t h  c  P reca rnb r  i an  iP rcn r i c r .  

- l  
r ansvaa l )  and  i n  t he

Perm ian  ( I ) oko l$ i r , " r , .  Swaz i i add ) ,  l ) u l  t he  ma io . i t !  i i r t l ude  t hc  Ca rbon i -
f e rous -Ju rass i c  se , . ) , r i ;wn t : r  l r nd  l r ! es  o l  t he  K l t o ( ,  and  a rc  t he rc fo re  pos t -

Jurassic. Radi,,rrrcir: .  i r  i . tL- 's indicatq a pr()tra(tc(1 period of kimberl i te
i n t r u s i o n l r i ) i n  - l . t 0 N l l t o l l 0 M a w i t h t h e n t o s t i n l c n s i r c - p e r i o d s a t l 4 0 ,  l 2 0
and 90-i i0 Nla t l- : lur i i r l .  19110. i ind rcfcrt 'nces t l tclcl l t) .  i l resiu.t / tenrperature

estimates on xcn{rlr l l r  l l i tcr ial range lron) 5-20 khar at 500 850"C for lower

c rus ta l  g ranu l i l . r ,  ( i i r i l { i n  e t  a ! . ,  19 ' 79 ,  Rob t : y .  l 9E i )  and  up  t o  70  kba r  a t

1450"C for rn,r ir ighcr telnpci:r, ,urc garnet peridofi lcs, although the age and

signi i icancc r: i  r .r .r  i i r lcnetl  gcolhcrrr jal  gradirnls i l rc sl i l l  Cebated (scc Harte,
t h i s  vo lum. )

A l i c r  t he  n r : , , r ,  i r h r s r - -  L r i  k imbe r l i t e  ac t i v i r ) '  i n  r he  C re taceous  t he re  was  a
pe r l od . ) l  l a t e  C r r l i t c c ( )us - rn i d  l c r t i a r y  a l ka i i ne  u ragma t i sm,  pa r t i cu la r l y  i n
the western arcas ol s()uthcrir Al i ica. The rc,cks are crposed in sporadic pipe-
l ike intrusions rvhich ttnd tr) i )e cither predorninlnrl)  ultrabasrc rn
compos i t i on ,  r ) r ' r , - ) . ons i s t  l l r gc l y  o f  n to r c  sa i i c  ncphe i i n i t es  and  phono l i t c s .
The  u l t r abas i c  1 ' r pcs  ha r r :  a t t r ac i cd  a t l en t i on  bec luse  t hc i r  o l i v i ne  n le l i l i t i t es
m igh t  be  g r : ue t i r r l l r  . c l i r t ed  ro  l imbc r l i t es  (Mc i ! c r  and  Fc rguson ,  1979 ;
Moorc, 1980 ). lsotop!- dara aie scantv. but the rocks rvhrch have been analysed
fo r  Nd -  and  q r " r \ , , 1 ( , j ) . s  a f c  i r om cen t res  w i t h  K , zA r  ages  i n  t he  rangc  65 -32
Ma  (Marsh  . /  / r 1 . .  l 98 l ) .



E|olutio of the contine tal lithosphere 115

Karoo volcanic rocks

'.Nd,i ! 'Nd VERSUS rrSr/36Sr AND Sn/Nd VERSUS Rb/Sr VARIATIONS

The volcanic rocks of the Karoo have been the subject of a detailed
programmc of f ield mapping and geochemical and isotope analysis affi l iated
to the International Geodynamics programme since 1974. Although work has
concentrated on rocks from four sub-areas, as i l lustrated in Figure l, i t is a
measure of the scale of the project that high quality major and trace element
analyses have been determined by XRF on over a thousand specimens, and
that several hundred rocks have been analyscd for Sr-isotopes. The results of
this programme are to be published in a volume edited by A.J. Erlank, and
many oi the ideas outl ined here were developed in the writ ing of that volume.
In particular thc 315r/365r results have been compiled by Bristow el a/. (in
prep.) and the combined Nd- and Sr-isotope variations are discussed by
Hawkesworth et al. (in prep.).

The available present day r43Nd/r14Nd ratios on Karoo rocks vary from
0.51303-0.51 168, and in those samples present day 875r/865r are in the range
0.'70305-0.'7261 l. Init ial isotope ratios are calculated at 190 Ma for the rocks
of the Central area. Nuanetsi and the Lebombo, and at l2l Ma for those from
northwest Namibia (see Figure I ), and presented in the 6 notation in Figure 2.

' 1 0

o.706 0 . 7 1 0 " ' s . / " s r  ( a r  1 g o M a )  ' ' " N d / ' . . N d

KAROO VOLCANIC ROCKS

sL sourh Lobombo

0 , 5 1 2 a

0.5124

0 . 5 1 2 0

o . 5 t  1 6

-50 - 5 0

t - -' N d

- 5

- 1 0

_ 1 5

-24

+ 2aa

(
' S r

Figure 2 ln; r ia l  Nd- and Sr- isotope var iat ions in Karoo volcanic rocks (a l ier  Hawkesworth er
a/ . ,  in  prep.) .  H-Hor ingbaai  dolerr tcs t rom north\rest  Namibia;  KR-Kraai  River basal ts f rom
the Central  arca.  Circ les-Central  areal  squarcs-Nuanets;north Lebombo; t r iangles-south
Lebombo; d iamonds-northwest  Namibia.  Fi l led symbols are for  samplcs wi th less than 58%
SiO:,  open symbols more rhan 58q,  SiOl

.1oO .150 +200
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On such diagrarns lhe origin rcprcsctlts the cst;mated Nd- and Sr-isotope

composition of t i:e bulk earth at a particulai t ime-in thlrj citsc, at the time of

formation of the Karoo lavas The majoritv ol rcr cnt ntantle-derived rocks

have lower s'Sr/365r and higher rlrNd/loaNd ratios i iran the bulk earth alrd

they  tend to  p lc r t  on .  o r  c loss  t t l -  thc  so-ca l l ' ' d 'mant lc  a r ra -v ' in  the  top  lc i l

qu"dron, oi Figurc 2. Morcover, that implics that such rocks *'ere derived

fron source regto,rs which had lc-rwcr Rb/Sr and higher Sm,/Nd ratios than the

bulk earth. i.e. thel- were relatively depleted in lhe more i lconipatible

elements, for muc!'t of their hlstory. Converseiy, source rrr ' i(J with higher

Rb/Sr and iorver Srn/Nd ratios than rhe bulk cartlt u't l l '  *iI, i  r ime, develop

positivc €c. ariLi ire8ative iri,, valucs and so plot in ih. bottom flght quadrant'

Only seven (rhar rs, -14Ji) of {hc Karoo rocks analyse{l have positive era

values similar to those tuirnli r ir .he nra.jority of reccnt mantle-derived rocks.

Most of rhc i., j : t tv! boti l posrtive e.,and negalive rNd and so plot in thc

bottom ri, lht l luadrairt of I: igurc 2. An inrportant feature of these isotope

variatiui 's an<l orte which mily olicn bc sigirif icartt when considering results

from othci volcanic provinces, is that lnuch oltDe obsci]ed range of€ values is

duc to tirc c(rmp',sit it.,n ofsanrples lrorn volumetrlcJliy arivial rock units' For

exiirnp':, rrl l  brrt the basal 100-150 m of ihc iJJ0 rn pile of Karoo lavas

presently !riescrircd in the Ceniral area consists ol Lcsotho type basalts, and of

lhe 2i . inalyscd, 20 ha}.e €{. in the ran\e2to2i(0 i i48-0.7060) and one has

es. = 35 (0.7069). i jv contrast thc basai 100-i50 m presentiy i icludes six

different stratiBriipntc units (including lbe Kraa! Rrver Formation, KR,

Figure 21: the rL,r'ks r ar', f iom basalts with low in;i lmpstible element contents

to dacire s vrirh L5-2.bcir KrO, and c., - 6 to 120 ({J.7049-0 7129) (Marsh and

Eales, in prep., Bristow ct a,/., lo prep )
Nonetheless, thc majority ol 'Karoo volcanic rocks are basalts, and they

include a numbcr of different magma-types which have been recognized

orimarilv on the basis of different trace element ieatures. Although more than

i r ( l l fe - l  Srn, /Nd I rsLrs Rb/Sr lbr  selccred l iaroo volcanjc rocks lor  whrch Nd alrd Srrsotope

analyses are avai lable.  N(r te lhat  lhe enclosed south Lebombo ro.ks are lhe high fsr ,  low eNd SL

samples in ! igure 2.  Symbols as in FiSurc l
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one magma type may be fbund in any particular area, viz. the Lesotho and
Kraai River basalts of the Central area mentioned above, the four sub_areas
identif ied on Figure I tend to be characterized by difterent magma types; for
example, the basalts of Nuanersi-north Lebombo have significantly higher
incompatible elemeDt contents than those from elsewhere.

The SnL/Nd and Rb,/Sr ratios ofthose Karoo basalts which have also been
analysed for Nd- and Sr-isotopes are i l lustrated in Figure 3. Rocks from
different sub-areas rend ro plot in different fields corresponding to the
different magma types afld, as far as is known, there is l i tt le systematic
variation oftrace element ralios with, for example, f iactionation within any of
these fields, Iv{oreover, when all thc availabie tracc elemcnts are considered
there are surprisingly lew samples with compositions intermediate between
different magma typcs.

It has been recognized lbr sevcral years that while trace element ennched
basalts tcnd to have high Rb, Sr and LREE contents and low Sm,/Nd ratios,
their Rb,/Sr ratios vary-prcsumably depending on the nature of the
enrichment proccsscs (Hawkesworth et at., l979c), Similar trends can also be
secn in rhe Karoo rocks in Figure 3: samples from the Central area and the
Etendeka of northwesr Namibia exhibit a range in Rb,/Sr bur l i tt le change in
Sm,/Nd, whereas the Nuanetsinorth Lebombo rocks which have hlsher
incompatible element abundances, and hence lower Sm,/Nd'ratios, also iave
relatively low Rb,/Sr ratios. Ofeven greater regional significance howcver, are
the similarit ies which cxist in the trends for Sn/Nd versus Rb/Sr (Figure 3)
and init ial Nd- and Sr-isotope compositions (sce Figure 2).

Although tbe Horingbaai dolerires of northwest Namibia and some of the
basalts from tbe south Lebombo plot on the,mantle array'in Figure 2, the
vast maJority of Karoo rocks have positive er, and negative e^o values and so
fall in the bottom right quadrant. Yet within that quadrant there appear to be
two distinct trends. Rocks from the Central area and the Etendeka of
northwest Namibia show large variations in er, with relatively l i tt le change in
cNd resulting in flatJying arrays which are in sharp contrast to the near vertical
trend cxhibited by the lavas of Nuanetsi and north Lebombo. Moreover, such
trends are similar to those seen on the Sm,/Nd versus Rb/Sr diagram (see
Figure 3). The high €s, basalts from the south Lebombo.appear ro have
intcrmcdiate isotope compositions, but because their isotoDe and trace
clcment ratios plot in different relarive positions in Figures 2 and j, they are
thouSht to be 'decoupled'.

In summary, we would emphasize the following:

l. The relative positions of the Central area, Etendeka, Nuanetsi_north
Lebombo, and even the Horingbaai f ields on the Sm./Nd versus Rb,/Sr
diagram are simiiar to those on the €Ndyersus €sr diagram. Thus, at least iD
these areas, the majority of isotope and parent,/daughter trace element
ratios are mutually consistent; although it is noticeable that the Etendeka
and Kraai River basalts have similar Rb,/Sr but different init ial Sr_rsoroDe
ratros.
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In contrast. the high t ', lavas l iom the soirth Lcbombo do ' lt l  plot in the

same rclati! c i losit ions in Figures 2 and 3: their isotopc ar' ld t race elemcnt

ra t ios  a re 'decouPled ' .
Although rhc rclar ive p, rsit ions of thc fields in Figurcs 2 and 3 are similar'

their ptisit ions ir relarion to the cstimatcd composition ofihc f 'ulk earth

on.o.h di"grurrt 
"re 

different Qu alitatively' t hc S nLlN d ratios of most of

the basalts rvorlcl have to be increased by -15% for the difference

between their Sm,/Nd ratios and that of the bulk eitrth to be cclnsistent

with thc difference between their observcd attd the btrlk earth
rlrNd/1]'rNd ratios, that is, their e:r-,r values. Onc intcrpretaiion of this

disc:"rg)irlr- 'r '  is that it is cvidence that the pror':sscij of partial melting and

tiactirnation (n route to the l irrfacc (' j ' ic clir icus!ioirs by Cox' 1980, and

this Yolume) rcsrrltc,l in bas.tlts whose SIr]-/Nd ratios werc on average

- l l1 ! ,  |1ss  t l r i tn : i  . rs r :  in  the i r  source  r .g ions '  and tha t  the i r  Rb/Sr  ra t ios

werc irt l l , changi:i i , b it at prescnt this is not well understood

R E l . 4 T ) v t :  k i i r  i i \  r r l ;  I  R l r S T \ L  C O N T A M I N A T I O N  A ] r n  M A N T L I ' I ' f i l A C L

I  L F N t F N I  l ' ' J H ' '  r ' \ 1 1  '  I  P R r i r J s s l S

Much hl,s bo,:j rvr,ttcn irbrrut the relativc roles Df th" 'c processe:i ln ihc S'nesis

of contin|rrt l l  igncr-'rr ' rocks. The ct idcnce from nla'lt le xelr{)l i ths l Erlank et

a/., 1982; Jone':; ./ a/.. 1982: and Menzics. thi:; volumc) and man) intraplate

basalts in both contincntal and oceanic areas (Cj:1st. 1968; Flawkcsworth et c/ ,

1979c: Noriv rr 11., l9ti0) dcnronstrates that:jorl lc pofi ions ofthe upper nlantle

are  enr iche i  in  incompar ib lc  e lements  rc l i l t r re  t ( '  p rcsent  cs t imates  o f

orimitive mantle (sce Thompson c/ 4/ '  this volume)and the inferrcd sources

tf MOR bor"lrt (Pearce. this Yolume). However, thcre are also continental

volcanic provinces where stable isotope studies in particular have indicated

that mantle-clerivcd magmas ha\'c been contaminated with significant

quantit ies of ctustal material en route to the surface (Cjraham and Harmon'

tit is volume; fl lr lrr"all and Joncs, this volumc). Thc debate is not t lreretore

a6out whether tltcsc pt-occsses take place' for the evidence for botir is surely

overwhelming. but ovcr the critcria b"v which they may best be recognized'

The question of rvhethcr particular igneous rocks colltain material from

both the upper mantle and the continental crust is harnpered by

misunderstandings u'hich are both geological ancl semantic-principally

because 'cruslal JorltJinination' has been used diflerently by different authors'

Specificall l ' .  confusion secms to have ariscn becausc it has been argued that

continental materrial may (a) be present in the source oi some mantle-derived

rocks (White and Hofmann, 1982; Hofmann nnd White' 1982)' and (b) be

introduced by contamination of mantle-derived magmas as thcy pass up

through the contincntal crust (Carlson et al - l98l; Mahoney et al '  1982|'
' fhompson et at., lg82). Clearly these are dil lerent proccsses' and the term
'crustal contamination' is here reserved for the latter.

Erosion of the continental crust releases continental naterial into the
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oc€ans, both in solution and as sedimentary detritus. Interaction with sea
water, particularly in the hydrothermal systems activc along mid-ocean
ridges, and sedimentation then ensures that the oceanic crust contains a
component of continental matcrial which on subduction is returned to the
upper mantle . Some of this recycled material is released almost immediatcly
lrom the subducted slab and observed in island arc and continental margin
volcanics (Hawkesworth, 1982), but the rest may be redistributcd in the upper
mantle and subsequently influence the source of some intraplate volcanic
rocks (White and Hofmann, 1982).

Destructive plate margin volcanics are arguably a special case because it is
generally acceptcd that they arc hybrid rocks coutaiDil lg lr laterial from both
the subducted slab and the overriding mantle wedge (Pearce, this volume).
However, the trace element and isotope characteristics of intraplate basalts
presumably reflect upper mantle processes, and whether or not particular
aspects may be attributed successfully to recycled continental crust, such
arguments are essentially about the origins of inferred trace element patterns
in upper mantle rocks. Thus that debate differs sharply from the one about the
extent to which continental volcanic rocks have been contaminated with
crustal material en route to the surface*crustal contamination sensu striclo.
The latter changes the composition ot the magmas and hence it is l ikely either
to generate some broad mixing relation betwecn the original magma and a
crustal component, and/or to disrupt any pre-existing relationship between
isotope and trace element ratios with the result that thc two become
'decoupled'.

It is important to emphasize that decoupling between radiogenic isotope
and the relevant parent/daughter trace element ratios can reflect a numberof
different processes, However, in all cases it indicates that there has been a
comparatively recent event which has either affectcd the trace element ratios
more than thq isotope ratios, or vicc versa. The available evidence suggests
that when decoupling is due to mantle processcs the basalts (see Norry and
Fitton, this volume) and mantle xenoliths (Menzies, this volumc), tend to be
enriched in incompatible elements and have low Sm,/Nd, and often slightly
higb Rb/Sr ratios, with high rlrNd,/r11Nd and low 87Sr/865r. By contrast, ifthe
decoupling reflects crustal contamination 8?Sr,/86Sr may typically be higher,
and r4NVr44Nd lower, than would be expected from the relevant trace
element ratios in the rocks themselves.

One of the striking features of the Nd- and Sr-isotope results on the Karoo
rocks is that over 807o have positive cs, and negative cNd values and so plot in
the bottom right quadrant of Figure 2. Thus they were either derived from
source regions which were both'old' and had higher Rb/Sr and lower Sm/Nd
ratios than the bulk earth-or they at least contain a contribution from such a
source. In practice the problem of interpretation can usefully be considered in
two parts: f irst, whether the isotope and trace elcment ratios, particularly in
the basaltic rocks, are similar to thosc in their source regions, or whether they
have been affected by the addition ofsome extra component during melting or
en roule to the surface. Second, whether the observed isotope composrtrons
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were pr€dominarrtly inherited from the continental crust or I he upper mantle'

Unfortunately however, while high Rb/Sr and low Sm./Nd ratios are typical

of many rocks iD the continental crust, it has already been argued that the

evidence liont boti l mantle xenoliths and incompatible element enriched

basalts demonstrates that thcy also occur in some areas of the upper mantle'

Thus similar Nd- and Sr-isotope ratios can result in crustal and mantle locks

provided both are left undisturbedfor similar periodt of lime and, as outlined in

ihc introduction, that might well occur within the continental l i thospbere

Thc r4rNd/r'4Nd and ra?Sm/ra4Nd ratios of Karoo rocks are presented in

Figure 4, and Figurc 5 summarizes comparabie data on c, uital and mantlc

xe-nohths fronr soutlrcrn Ali icai) krtnberiite pipe; (ivlelzies rrrLl Munhy, 1980b;

Basu and Tatsumoto, 19801 Erlank er al '  l9E2 Rogers and Hawkesworth,

1982; Hawkesworth et tt l.. in prep.). Both figures are isochron diagrams and

positive straighl l inr:s between individual data points and the bulk earth have

slopes wh:rh iorrespt,nd to their model Nd, or Tii iuR , agcs (De Paolo and

Wasser.tirg, t976, and.rnore gcneral discussion by Hawkesworth and van

Calsteren, 1983). It i  addition simple two component mixing wil l also produce
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l inear trends in such diagrams, with either a posit ive or negative slope
(Langmuir et al., 19'18).

The majority of Karoo rocks plot in a broad linear array in Figure 4, with
the most obyious exceptions being the five high er,, low eno (or larNd,/raaNd)
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basa l ts f romthesou ih l , rbombo.S isDi f i can t ly theycompr isc thegroupwhose
isotope and trace elemcot rairos w;re most clearly dccoupled (see Figures 2

"ni 
: ') uu,i, t in.. trrc sarnple with the lowest r43Nd/r4rNd ratio (L348) contarns

small fragmenls of whal appear to be partially digested gr anitic material (Cox

and Bristw, in prep.) and has a model Nd age of 3 6 Ga' it seems reasonable

to .*.f u,i" ittui ttt i t gtoup of basalts has been contaminatcd with Archacan

crust.
Theres to f thcKaroo lavas tendtohavebroad lycoherent iso topeandt race

elemcnt ratios, an(l Inosl participants in the Karoo plogramJiic nc-'u'believe

that crustal conranrinilt;on has had litt lc sit lnif icant eliect ()n Lhe cltemistry ot

t h e s e r o c k s . T h e k e , w o r d i s ' s i g n i f i c a n t ' a n d ' i r i c r e s t i n g l y ' l x ) w t h a t l s
Je l ined c tepenr j ,  la rg ' - ' l l  r ,n  l r ' '  ob jec t rvcsc f thepar { rcu la rpro iec t ' I l thearmls

Jafiy ur'rtt, l* i l  I r conlinental volcanic rock contains somc crustal

mater ia ls ' thcn . : l : J , | - ' . ' ' vena l l l l l l u tean lounto fco l l ran , ] ina t ioo iss ig r t i f i can t '
Ho*"uar , rh , , r i , , , r , , i ' . x i ss tudvwere tocva lua temantLeprocesses i r ] thesource
of tbe Karoo basllts at,t l to compar€ them with thosc inlerred from mantlc

xenoliths, and rn thdt Jorltext clustal contamination only becomes significant

when it has ha(1 tnotc cll ici than' tbr cxample' local intra-arca source

heterogcncity and iirt.-sti! l le altcration Specifically' i t becomcs signil-icaot if i t

is 
"reripartiall l '  

tcsptrnstbie tot the position of thc ri()topc and trace element

l ie lds  l i r r  rhe  d i l r ( r ! r i t  rn ! !1 ia  t )pes  in  d iagrams: t :c l t  as  F igurcs  2  l  and 4 '

,uitr", tt 
"n 

1us ior sornc of the scatter lt i t ' in those l iclds-which might well

be due lo interacriol with crustal materials'

The crux of thc argumcnt is that tbe Karoo basalts inclutle a numbcr of

different magma typei with clifferent trace element charactcristics Withinthe

Central area, lor exampte, several magma types are recognized on the basis of

trace element ratios such as TilZr and ZrlNb, and it has been shown that the

oJr.ru"d u"riut,ons in these ratios are extremely unlikely to be due to crustal

contamination processes ( Marsh and Eales ' in prep ) On a regional scale ' that

is, between the j iffcrcnt sub-areas in Figure l '  thcre are consistent differcnces

in a range of trace clemcnts (Duncan e1 a/, in prep ; Llox, this volumc) and

these are reflected in lhe separate Sm'/Nd versus Rb/Sr fields in Figure 3'and

apparently accompanic<l by coherent variations in Nd- and Sr-isotopes (sce

Fliure 2.1. Thus i i 'crustal contamination was responsiblc for the latter' i t

ia"pti.t i t lut it was also responsible for many of the trace element

characteristics of the difl-ercnt magma types'

There are man) objections to such an explanation for the different magma

typcs in the Karoo, not least the sheer volume of contaminant needed to

inilu"na" ,o dramatically the composition of the estimated I X 106 kmJ of

basalt. There woulcl, fbr example, have to be a specil ic contaminant for each

magma type, at least with respect to Rb'/Sr and Sm'/Nd' and each batch of

con-taminaled magma would have to be well hornogenized' since even though

different magma types are sometimes interbedded there is l i tt le or no

compositionJl gradaiion between them Furthermore' if the flat-lying and

near vertical trends on the €\d versus €s, diagram (see Figure 2) were attributed

to crustal contamination, the former would presumably reflect high Rb/Sr
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upper crustal rocks and the latter low Rb,/Sr lou'er crustal granulite-facics
rocks (e.g. Cart et al., 1978b1. Yet granulites tend to have low U./Pb ratios,
and hence with time unradiogenic Pb-isotope compositions; in contrast to the
rocks of Nuauetsi-north Lebonbo which, although lhey plot on the near
vertical trend in Figurc 2, have comparatively radiogenic Pb-isotope ratios
(Betton et al, in prcp.). It is therefore unlikely that the compositions ofthese
Karoo rocks can be attributed to granulite contamination,

Other diff iculties with the widespread crustal contamination hypothesrs can
be il lustrated with the results in Figure 4. It has already been argued that the
negative trend of the low i4rNd/'44Nd south Lebombo basalts could
be due to interaction with Archaean crust. However, if the positive
trend defined by the majoriLy of Karoo results in Figure 4 was
also due to crustal contamination, the slope of the tiend implies that the
contaminant was rpp.. Proterozoic in age (that is, it would plot on or above
the 1.4 Ga refercnce isochion). Yet these basalts crop out on Archaean,
Proterozoic, a:rd Pan Afiican basement (see Figure l), and there is no clear
link between the age of the basement and the distribution of Karoo magma
types. Moreover, ir is particularly diff icult to envisagc wh) upper Proterozoic
continental crusr should be responsible for the isotope and trace element
composition of lavas erupted on to 3n Archaean craton. In detail, i fthe isotope
and trace element characteristics of the Nuanetsi-north Lebombo rocks were
due to crustal contanination of, for example, the high ' 'rNd,/taaNd south
Lebombo lavas (see Figures 2 and 4), then -70-80o/c of their Nd and Sr
contcnts would be ol crustal origin. Yet these rocks includc high-Mg picrites
(Cox and Jamieson, 1974), and since the assimilation of that amount of crust
would consume so much latent heat that the magmas would evolve to lower
MgO compositions, such a model is considered unlikely (see also Cox, this
volumeJ.

In contrast to the near vertical €Nd versus €s, trend of the Nuanetsi-north
Lebombo rocks, the Etendeka basic volcanics ofnorthwest Namibia exhibit a
range in e5, and relatively l i tt le variation in e13 (see Figure 2). They crop out on
Pan African crust (see Figure l) which had similar ep3 yalues at that t ime
(Hawkesworth and Marlow, 1983) but detailed modell ing has so far failed to
demonstrate intcraction ofthese basic volcanics with such cruit. Inparticular,
the basic rocks are interbedded with acid volcanics (quartz latites), see Figur€
2, which represent the best evidence for crustal melting contemporaneous with
basaltic volcanism, and which have similar Nd-and Sr-isotope characteristics
to some ol the basement rocks. However, combined major, trace element and
isotopic modell ing shows no eviderce for significant interaction between thc
basic volcanics and either the acid lavas or tbeir inferred source regions. Thus
although both the field and isotopic relationships might suggest that the flat-
lying €Nd versus € s. trend in the basic rocks is due to crustal contamination, this
is not supported by detailed study, and it stresses the need for integrated
major, trace element and isotope modell ing when considering such
possibil i t ies (Erlank er cl, in prep.).
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In summary, thc possible cffects of crustal contamination have been

discussed in somc detail, primarily becausc they must be understood before

the nature ol the source regrons of continental basalts can be evaluated We

envisage that crustal contamination wil l tend either to decouple any pre-

existing coherent patterns between isotope and parent/daughter trace element

iutlor,"unaZot introduce broad mixing relations between the original

magma(s) and any crustal components ln the case of the Karoo' 'decoupling'

l. i i""n ito,op. anri trace element ratios has been observed in a group.of

south Lebombo basalts where it appears to be due to contamlnatron wrtn

Ar"h".un crust, but in most of the rocks analyscd the l id- and Sr-isotope

rutios vary cohcrcntly frotn one magma type to another' Such cohercnt

variations have provcrl extremel-r'diff icult to model satisfactori ly by crustal

contaminatioll and tltcy are presently believcd to have be€n a l lature of the

sub-contirlen t, l ! nt:rt lr lc in this area-a conclusion which is supported fu her

bv the avail l l : i t Nd- and Sr-isotope results on mantle xenoliths in kimberlite

pipes 1s." Figurt 5 and rclated discussions)'

Crustal xenoliths

In southerir Africa diarnondiitrous kimberlite pipes tend to be confined to the

cratonic areas, somcthing which has provoked much spcculation as to why

that should be lnd to the exact position of the boundaries of the Archaean

t.rruin 1r"" Figurc 1). A popular cxplanation is that the cratons are underlain

by an old, colrt attd thick continental l i thosphere within which the upper

mantle is by implication different from that beneath the mobile belts (for

example, Gurn"y and Harte, 1980) Yet interestingly, no comparable l ink has

been observed tet*een the agc of the basement and the distribution of

diff"ran, aug." types within the Karoo lavas (previous section' and

Hawkesworth el ,.r/ in PreP ).

Crustal xenoliths in kimberlite pipes offer one way ofdetcrmining the age ot

basement rocks in areas where they do not crop out at the surfacc lnsouthern

Africa anhydrous granulite xenoliths tend only to occur in pipes within the

mobile belts (Griff in et a\.,1979), so that the absence ofgranulites may be an

indication that a particular kimberlite was emplaced through Archaean crust'

Granulites typically have low Rb./Sr ratios and thus are difficult to date by the

Rb-Sr methoi, however, they can be enriched or depleted in LREE and so

theoretically at least the Sm-Nd method is more likely to provide useful age

information. Rogers an<! Hawkesworth (1982) analysed l4 whole rock

granulite xenoliths from pipes in northern Lesotho and ten of the samples

icattered about an errotchton corresponding to an age of l4 1 0'l Ga

(trtSWO = 28), with an init ial Nd ratio only slightly higher than that of the

Lutt .urttt at ihat t ime (see Figure 5). The four remaining granulites plotted

above that errorchton, but b€cause they had both low Nd contents (less than 6

oo- f{af 
""4 

lo$er r4rNd/r11Nd ratios than typical kimberlites at the time of

implacement, rhev may have been affected by interaction with the kimberlite'
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The agc of 1.4 Ga compares well with rhe model Sr age of t.3 Ga obtained
from the average Rb,/Sr and 87Sr./36Sr ratios of the seven granulites with more
than 800 ppm Sr, and it was interpreted as a reasonable estimate of the
maximum age of the lower crust beneath Lesotho.

The invcstigation of the Lesotho granulites suggested that imporlanr age
information could be obtained by whole rock analysis of xenolith material,
provided it contained reasonable concentrations of Nd and Sr, and lhis has
since been confirmed by work on xenoliths from other areas in southern
Africa (Hawkesworth cr al, 1982b). Five samples from kimberlitc pipes on the
Archaean craton, and two ofupper ctustal gneisses from the pipes in northern
[*sotho yieloed model Nd ages of 2.9-2.4 Ga, and these analyses are atso
reproduced in Figurc 5. The xenoliths from on the craton were selected
primarily as a tcst of the method and thus their Archaean model ages are most
encouraging, but the north Lesotho results are particularly intriguing because
they indicate that along the southeast margin of the craton Archaean upper
crustal rocks are undcriain by a Proterozoic lower crust. The lack of basic
granulitcs (Griffin el ol., 1919) and the Archaean model ages of three
moderately high,P xcnoliths from on tlre craton (Hawkesworth et cl, l9g2b)
suggest that this age structure is restricted to the boundary with the
surrounding mobile belts, and that such proterozoic lower crustal material
does not extend far beneath the craton.

Model Nd ages, or T!f,u*, are effectively calculated from the slope of a two
point isochron between the present day r4r Nd/t4.Nd and Ia'Sm./raaNd ratios of
the individual whole rock sample and those of the bulk earth (see Figure 5).
For continental rocks these ages tend to reflect the time that they or their
precursors were derived from the upper mantle, primarily because the
generation of continental crust results in a marked reduction in Sm/Nd
compared with most upper mantle source regions, and subsequent
remobilization by erosion and sedimentation or magmatic activity then
appears not to fractionate Sm,/Nd ratios significantly (McCulloch and
Wasserburg, 1978). Similarly, Sm-Nd whole rock isochrons on continental
rocks which pass tbrough or close to the point for the bulk earth (see Figure 5)
are l ikely to represent maximum ages, rather than some later eoisode in their
crustal history.

Mineral ages, and particularly those on xenolith material, are much more
problematic. In near surface metamorphic rocks, whole rock ages often date
the formation of the rock, whereas ages determined on minerals separated
from within a particular rock may reflect cooling after the last major thermal
event, Funhermore, such tnineral cooling ages are believed to date the time
the rock cooled through different temperatures, known as blocking
temperatures, which vary depending on the decay scheme used and the
minerals analysed (Dodson, 1973). For xenoliths the problem is that,
although the majority are metamorphic rocks, they have often been at
conditions of pressure and temperature above, or close to, the l ikely blocking
conditions for different mineral systems for considerable oeriods of time
before being caught up in the kimbe rlite magma-which mighialso disturb any



126 L'.J. I la*ktrtror t l t  L t  ul.

pre-existing mincral ecluil ibria. Mineral results from Lesotho granulites
include agcs of 1500 and 1050 Ma lic-rm U-Pb on zircons (Davis, 1977) and
1000 and 71,1 Ma usi[g thc K/Ar method on a mica and hornblende
respectivcly (Hrrtc l l  ,r1., l98l). However, although to the best of our
knowlcdge no Sn-Nd analyses have been pubiished on separared minerals
from south African crustal xenoliths, results on garnet-feldspar and garnet-
pyroxene pairs front crustal xenoliths in the Midland Vallev of Scotland and
Kilbourne Ilcle, Neu Mexico yield agcs analytically indistinguishable irom
the time of crnpiaccmcnt ol the volcanic pipcs (vrr!1 Brcemerr and
Hawkeswor th, i 980: Rieharclson cl c/., 1980). l h us to r rcasons which are sti l l
poorly undcrstood, thc cxistirg dati. suggest thal the Sm-Nd sv6tem
equil ibratcs duling cnrpiJc.rncrl r, u I rlc t lre K./Ar systen, whictr should have
lower blocking t.Jr}l!19raturrs, appears to preserve older, pre-emplacement
ages.

Mantlc lerioiithg

Kimbcrlitc pipe: c,rntarn a wide range oi dilfercnt ultrabasic and basic
xenolirhs whicli . i in be sho$ n to ha\ c on8inated In the upper mantle. Many
have becn litt le studierl, alC 'new finds' undoubtcdly await discovery in the
small nrountains of xenoliths which sti l l  mark the sites of early diamond
mines. lnevitably, classifications are therefore rn a state of f lux, and several
exist rcflecting thc diifcrcnt perspectives oi individual authors. Harte (this
volume) has revicwed the more common categories of xenoliths and they
include three typcs of pcridotite which are distinguished on tcxtural and
mineralogical critcria, and are particularly relevant to the present discussion:

l. Coarse, typically granular, 'cold' Mg-rich peridorites are abundant and
widely distribured. Thcy tend to have only small amounts ofclinopyroxene
and garnct, and hence to be relatively ' inttrt i le', that is, depleted in those
major elemcnts which are concentrated in basalt. Incompatible elements
by contrast arc ottcn cnriched, resulting in a characteristic 'decoupling'of

major and trace clements that is usually explained by some combination
of basalt extraction ibllowed by trace element enrichment (Shimizu,
1975b) .

2. Deformed, or sheared, 'hot' peridotites are less abundant than the course
varieties, but thcy typically have more ferti le major element compositions
and, paradoxically, less enrichment in incompatible elements: for
example, published REE patterns are near-chondrit ic (Nixon et al., l98l).
Mineral studics indicate that this group ofsheared xenoliths reflect higher
temp€rature conditions than the coarse granular peridotites and this,
coupled with their deformed appearance, has prompted speculation that
they were derived either from the base of the l ithosphere (Boyd and
Nixon, 1973), or from zones of deformation around rising diapirs of
possible proto-kimberlite magma (Gurney and Harte, 1980).
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3. Pcridotitr.:s \ l i t_-,wittg textural evidencc ior modal l lctasorrlalrjm. either
atong dls.rctc verns. clr m()lc pervasively through thc host rock..
Associlt icd tnileraJs nray include phlogopirc. arnphrboles, i lmcnite, ruti le
atq unusudl op:rqucs, and rhtsl usuii i ly sigrral the introduction of a
spectacular rangc ol rracc eleltrents dcpc,l(l ing on thc ctraracter of the
particuiar rTIcraso[iarism (see Erlank et at., lgg2; Joncs e/ a/.. l9g2; and
Harr€, this volumc). However, rhe common crit ical f(ature is t ltat modal
mdtasomatisn describes rz Jitu c:iremical and milcralogical change
within the man!le that pre cates rhe incorporation oftne xenolith into the
kimbcrlite iIaBnra.

in general, mod;il oj!t irs.nl.rt isit crin occur both i l l  granular or sheared
peridotites; but yi I rs ; irss ctclr is i l ie extent to which, in view of.their
chemical dirrcrei-: i jrs, ! l lca[cd .not' pettdotites can be thc delbrmed
equivalelrs ot co ti5e granular peridotitcs, or u.hetirer they represent two
chemically disri irJi zones in the upper manrlc,_one whi;h ;nds to be
deformed, and the ortrer lcss so.

A nlore spcciflc classii icatic,a has bcen developed by Erlank and his co_
worKers (Erlank arrti l( ichard, 1971' Erlank cl., lgg2; from their work on
xenoliths frora th. Bulrfontcin prpe rtrdr Krmberlcy tsee Figure i). They
lecognlzc, usrlg niir icralogy as a basis for intcrpreting chcmical vanauons,
four diffcrerrt rypes oi peridotitc: garnet peridorite ((ip) which contains no
texturally.quil ibrated or 'primary' phlogopite; garnet phlogopite peridotite
(GPP); phlogopitc peridotitc (pp): and phlogopirc K_rich-teiite peridotite
(PKP). The latter two groups coDrain no garnet, white diopsidc _uy.r. _uy
not be present in all tour gruups. Ali sarnples tcnd to be depleted in basaltic
constituents, such as Ca and Al, anci enriched in rrace elements, as described
above forihe common granuiar peridotites. In detail, however, the garnet-
bearing (GP and GPP) and garnet-free (pp and pKp) peridotites cxhibit
different patterns of trace element enrichmcnt which, with time, result in
systematic differences in Nd- and Sr-isotoDes.

The available r4rNd/r41Nd and InTSm/r;.Nd results on peridotite whole
rocks and separated dropsides and one K-richterite are summarized in Fisure
5. The relationship between the mineral and thc whole rock analysis is
i l lustrated by the solid l ine joining co-existing diopside, K_richterite, and
whole rock points, and in general thc diopsides have much higher Nd
concentrations and lower '{rNd/r.4Nd ratios than their host rocks (Menzies
and Murthy, 19800; Erlank et al., t982t. Tlrus, in corrrast with the mineral
equil ibria observed in crustal xenolrths, these diopsides and their host rocks
were not in isotopic equil ibrium at the time of their emplacement in the
kimberlite ( -90 Ma). The simplesr rnterpreration is that beiause of theirlow
Nd contcnts (all but one have between l_6 ppm Nd) the compositions ofthe
whole rock samples have been more readrly afttcted by interaction with
material with hrgh IarNd/r.aNd ratios. In practice that could either be due to
contamination with rhe host kimberlitc en route to the surface (many of the
peridotite analyses plot close to the field for kimberlites in Figure 5), or to
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interactiorr with Li!:E enriched (and therefbre low Snr,/Nd), high
rlrNd//lr 'vd mantb l iuids before the xenoliths were caught up in the

kimberlire. Hower.r'. in either casc it implies (a) that belbre the ir,ferred

change ir.t thc peridQtire \vhoje rock colnpositiorts, the ra!rl lc in their Nd-

isotopc ratios r,as g..i l ter, ald cxlended to lower irlNd/lo4Nd values, than

that observ,d tocrJ'; ard (b) that thc '4rNd/t44Nd ratios of the diopsides are

thebestava l i3b lc , r rJ iLzr i iono f theNd- iso topecompos i t iono i these l ragments
of the upper r i1!)i, j  b.iorc the eveni which aDpears to hli ' . 'c changed l.heir

whole rock varues.
' I ' hc  

d r , - rp : r  ' ! ,  , t i rh  l i r .  lo t , ' t ' ' r r  r r I l i l , r  r {N(  ,a l '  t r  I  i1 ' ' r r '  J  i r  f19p 311

ec log i tc  ( i !  1s r !  . ! ! ro  f ;L i . , i r ino t ( r ,  1980) ,bu t th :  rc to l i tnderar , ,  i r , . l ' .1  . r  var le tyo f

periciotitc rI l,cs inciuci l roth ajPP and P( i ' . Significa ntly-', many plot within

the mlin rr! 'd oi rc l l i-rtoo l i 'vas in Figurc 4, and thus slrpport the earlier

concirisrr):r 1r ;,: l1c trJec cletnenl and Nd- and Sr-isotope ratios of the latter

prirn;iri lv i." c,,L mtit lc proc.sscs, and have becn litt le lff 'cted by crustal

contanrnii!rc,rl. tr io;t ,,.f the rri l 'Jd/'{4Nd and rarSrn/rarNd ratios of the lavas

and thF i,r,p\i(r(s iLo'ri nraoLie peridotites are lowct than those of the bulk

earth inil ic,l l lrg thlt lroth tlte xenoliths atl l the Karoc volcanics rvere derived

from upper l ir,nrfu r.)urce regtons which had bcen varlousiy enriched in

LRIIL tor'corrsrti. r, iblc Deriods of t inte. Moreover, because most of the data
plot above, l ircl ar'gu,rl j iy with a sliglit ly shallower siope, than the L4 Ga

reference ines in l ' igutes 4 and 5. 1.4 Ga is a reasonablc upper l imit for the

age of these LRF B ,Jn r iched mantle sourcc regions, which probably stabil ized

in the pedod I .4- t.0 Gr. Noricc, however, that one diopsidc in Figure 5 has a

2.7 Ca modei Nd age and that coupled with some of the Pb-isotopc data on

inclusions in diamonds and on omphacites in eclogites (Kramers, 1979),

indicates tirar at least patches of relict Archaean mantle also survived.
Most mantle peridotrtes have low Rb/Sr ratios (( 0.07) with the result that

8?Sr/3dSr ratios changc slowly with time and it is often diff icult to obtain useful

age informarion tiom the Rb-Sr decay system. Nonetheless significant

variations are obscrr td in the 3'Sr/3oSr ratios ofboth the Karoo volcanics and

mantle xenoliths, and these arc summarizcd in Figurc 6. Most of the data on

mantle xenoliths arc on material from Kimberley and Lesotho (see Figure l),

and thus they are conrpared with the init ial 375r/365r ratios of those Karoo

rocks from the thre. nearest sub-areas (CA, SL, N-NL) on which Nd-isotopes

have been detirminr.. l, and which lbr reasons outl ined earli€rare believed not

to have been contarninated by continental crust.
Eight diopside nregacrysts have init ial Sr-isotope ratios in the range 0.7028-

0.7040 at 90 Ma, the time of kimberlite emplacement (Kramers, 1979; Kramen
et a/., t98 I ). fhese include samples fiom both Kimberley and L€sotho, that is,
within and on the malgin ol rhe Archaean craton, and the low values are
compatiblc with their high larNd/r4aNd ratios (see Figure 5). Such Nd- and
Sr-isotope ratios arc well within the range commonly observed in oceanic
island basalts (sce White and Holmann, 1982, and references therein) and are
therelbre consistent with crystall ization fiom magmas derived from beneath
the continental l i thosphere (Gurney end Harte, 1980; Harte, this volume).
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F€ue 6 (a)  Inrrr3 l  Sr- is , )Lope var iat ions in mant lc d iopsides and sclecied Karoo volcanlcs,  and
( b ) 3 r S r , z e S r v c r s u s [ R b / ! ' S r d r a g r a m f o r p c ' i d o r i t e y e n o l i r h s  t . , , r i l l r o m K r a n r e r s ( 1 9 7 7 ,  l 9 ? 9 ) ,
M c n z i e s  a n d  M u  h )  1 l 9 1 i 0 b ) ,  K r a r n c r s  e r  a /  ( 1 9 8 1 ) . [ r i a n k . / a l ( i 9 8 2 ) , A l t a s r e e / d i ( 1 9 9 2 ) a n d
Hawkcsworth e/  d/ .  ( i  pr . i , . )  ln( ia l rat iosfor lhediopsidescatculateclatg0Ma:SinrheL€sorho
dara denotes diopsides l rom shcarcd per idor i tes.  Abbreviat ions as in Fisure 5

The diopsidcs from mantlc peridotites exhibit a greater range in 873r/365r

and, for reasons which are sti l l  poorly understood, they appear to differ
systematically betwcen Lesotho (0.7024-0.7050) and Kimberley (0.7037-
0.7075, with one analysis of 0.7134) (Kramers, 1977; Menzies and Murthy,
1980b; Allegrd et ql., 1982). One interpretation is that these differerrccs are
simply a feature of the upper mantle beneath the cratonic arcas comDared with
that beneath the surrounding mobile belrs. The higher 375r,/86Sr of rh; diopsides
from Kimberley might be due to the presence of old upper mantle material
which was not present beneath the surrounding mobile belts, consistent with
the observation that diamondiferous kimberlites tend to be confined to
cratonic areas. However, no clear differences were observed in the lsorope
composition of Karoo volcanics erupted on and offthe Archaean craton, and
it is noticeable that most ofthe lavas from Lesotho for example (CA, Figures I
and 2) have higher 875r,/865r ratios than the mantle diopsides from kimberlite
pipes in that area. Thus an alternative, and to us more preferable explanatron,
is that the difference in 875r/865r between the diopsides of (.imberley and
Lesotho is more a reflection of the rock types studied than an indication of
major differences in the nature of the upper mantle. The samples analysed
from Lesotho apparently contain very l itt le, if any, primary phlogopite,
whereas particularly the higher E75r,/865r ratios from the Kimberley area were
obtained on diopsides from GPP and PKP rocks. Nonetheless, more work is
clearly needed before these two interpretations can be assessed satisfactorily.
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Mantle diopsj,.rcri irave very low Rb,/Sr Ilrtros, lar too low to gcncrrte the

observed range in "Srl8oSr in those frarn Kimbcrlcy (Figurc 6a) evcn ovcr the

4.5 Ga since thc ibrrnation ol the earth. Howevct, because tnany u'hole rock

samples have iow Rb and Sr contcnts :rnd are therelbre susceptible to

alteratiorr, the 37Sr/3'Sr rr t ios ol 'the diopsiCcs are pr rbabiy thc best available

indication of the Sr-isotope coniposition ol th: whole rock peridctites t 'efore

the evelt which alst, altected rhcir Nd-isotope ratios (sce Figure 5 and

discussion). 
' fhat 

c\,ertl may have alsi) aiiccied the Rb/Sr ratios of the

whole rocks sam plcs ar,r. l t lr us thev cann ot bc ustd to calc ulate reliablc ages for

the trace e!ement r!t r i. h nl,tnt ln lhe maDtlc sour.jt regiuns. Y'rl. the fange of Sr-

i so topes  in  the  l rn . ) i i t l t  rnd  t l r t  K : r . ' r , r , i r vas  is  c l j l ' i i s !cu t  w i th  the  var , - r t !ons

in  Nd- iso topes  wh i ,  l ,h I r ' ca l ,c . r r j vbe !n ' t t f lb l l t cd to t racee len lcn tva l la l lons
predomi t ran t ]y  [ ) ' \ ' ]1  l . i : r  i i :e  l ' ro tc ( rzo ic  {sec  F igurcs  4  and 5) .  For

example ,  l  p ' . r . . i l  , i r t (  $ 'h ic i '  l , r r ' i  l hc  s i r r ! rc  3 'S i /36Sr  r : i t io  as  thq  bu lk  car th  1 .4

Ga ag. ' .  ln r i  \1 l i  : l i c r )  in r i c l , cd  in  t ra r r  ' - ' l c rnc l i i s  s . '  t i l a t  i t s  l {b /Sr  =  0  07 '

w o u l d i r a v e i : ; r c i I ' S l z ' : r ' 0 7 L l b 8 a t 9 0 l u l a . w i r i c h i s a e a r t b e u p p t r e n d o f t h e
range in m:?rlt le dio.p;i l iet Ironr l( imblrlt l  rsce Figurc 6a).

One exc . ; ' t io r ,a l  i , , l l e  o f  locks  wh ic l r  ha :  h ig i r  enc 'ugh [ (b  and Sr  cor l t cn ts

and Rb,rSr ratros l ir lhat decay schetnc to l ield useful ittdcpcndent

infornration a'c thc grrnct-l iee, PP an.l P!<P rvhole rc lts i lom the Kinlberley

area (Figurc 6b. aft( ' i lr lank et al., 19821. Thcir Rb/Sr ratios rurgc from

0.1-0 .8  w i rh  thc  rcsu l t  tha t  r75r . /865r  =  0 .7u55-0 .7105 cou ld  have been
gencratcd injust 150 N1,1, as indicated b! the dotteJ rcterence line in Figure 6b.

Yet in practice it is e xt r cmely di{Ticult to establish the age significance ofsuch a

scatter of Nhole rock icsults. Thus included lbr comparison on Figure 6b are

reference linss for the ntain Karoo cvent at 190 Ma with an average init ial
875r/863r ratio takcn from thc histogram in Figure 6a, and for kimberlrte

emplacement at 90 Ma with an init ial Sr ratio of - 0.7045. Since all the nodule

data plot betwecn thcse l incs we may reasonably conclude that they reflect an

event which took place between 190 Ma and 90 Ma. The preferred

interpretation is that thc obs€rved Sr-isotopc composition of the PP and PKP

rocks is due primarily to a sharp increase in Rb,/Sr brought about by

metasomatism not long after the main Karoo e\ent (Erlank and Shimizu,

19771 Erlank et al.,1980).
Significantly the high present day 87Sr/36Sr ratios irl these xenoliths cannot

be attributed to contamination from the host kimberlite, because at 90 Ma the

kimberlites had lower 375r/865r ratios than any of the PP and PKP rocks

analysed (see Figure 6b). If intcraction with the host kimberlite did occur it

would have tended to reduce the 3'Sr/86Sr ratios of the xent.rl i ths, which in turn

implies that ths observed Sr-isotope variation is a minimum estimate of that
present in the mantle beneath Kimbericy today.

In summary, dif lerent trace element enrichment events havc been inferred

from the study of Nd- and Sr-isotopes in mantle-derived rocks in southern
Africa. The Sm-Nd system is more applicable to thc dating of old LREE
enriched material, and both the Karoo volcanics and mantle xenoliths provide

evidence for the stabil ization of LREE enriched portions of the upper mantle

a.J. l lut |kt\*orth ! t  dl



-1 .4 -1 .0  Ga ago.  By  cout ras t  rhe  Rb-Sr  sys tcm is  on ly  l i ke ly  ro  y ie ld
ndcpendent age infbrnration i i unusually high Rb/Sr rarjos arc gcnerated.
I{cassuringly. thc a',,eragc model Sr age ul the hrgh Rb,zSr Kraai Riicr basalts
fiom tl!e Cenrral area (sce Figurc 2)is l.2 Ga l t iawkcswonh ?r a/., i l  prep.),
but thc rcst of thc Sr-isotope data on Karoo volcanir;s and mantle dioDsides
are simply consistent with the upper proterozoic age inferred from the Sm_Nd
system; wircreupon tir€ range in 37Sr/86Sr suggests that tbese portions oftrace
element cnriched rna ntle had Rb,u S r ( 0.0X. How. vcr, tbc l:u incrfree pp and
PKP rocks  have much h igher  l tb , /Sr  r . l r rc r  (U.  l - , i . , j  )  and rhcv  sca t te r  about  a
lJ0 Ma relercncc l inc oD an Rb Sr rsochron diagram (see Figure 6). Whatever
thcir exact gcocirrrrnological signifrcarrce thcsc data clearly reflect a sccond
much voUD,tcr tracc eiemc t er)richment cvent, and the preferrcd
interpr cratir.n is rhat it rook place Dot long after the main Karoo magmarrsm
at i90 Ma. aDd that it rvas responsible fcrr the modal metasomatism observed
rrr lhe PP and PK P rocks. Note also that this event is nuch too young to have
becn detecrcd by the Snr-Nd slstem.

Trace clernenl enrichment processes

Tracc ciements havc been uscd widely, and with incrcasing success, to model
processes oi magrnatic evolution and at least to constrain what may occur
during partial melting (Gast, Igoll; A igrc and Minster, l97g; Claque and
Frey, 1982). However, comparatively l i tt le is understood about the Drocesses
wbich determine the inferred trace clement variations in rhe mantlc source
rocks. Discriminant analysis has identif ied trends oftrace element enrichment

I  tu lut in rJ t l t ,  , tnt tu,ntu/  hrh. t tyh. , r r t J t

Frgrre /  Ba versus Rb for  mant le per idot i res (af ier  Er lank dr  a/ .  (1982))  and Karoo volcanrcs.
Abbrcviar ions as in Figures 2 and 5.  The var iat ions in rhe Karoo volcanics are i l lusrrareo usrns
average values compiled by Duncan et al. (in prep.)
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and depletion in the sourccs of i) lsalts. and tnatrl studies have rccogll i?ed that

tl lere arc dil lcrent st-vles of enrichment rcflectcd by significant varjatious in

the ratios between broadly ' incontpatibie'elcments (e.8 I 'carce and Cann,

197 3; Tarney e t ul., 1980I Pearcc. 1982). Lr t ir is section wc brief l-v cxplore some

of the similarit ies and diflercnces in the pattetns of trace clemeot and isotope

enrichment observed itr the Karoo voicanics ancl the mautle xenoli! lts.

The cliscussion of isotopc variations emphasizcd that PP and PKP xenoliths

had much higher Rb/Sr ratios tiran the GP ald GPP rocks and the majority of

basic Karoo volcanics (see Figures 3 and 6b). Erlank e, a/ (1982) made a

similar point on a diagram of IJa versus Rb (Figure 7) which i l lustratcs that

while both garnel-free and garnet-bearing peridotites can be similarly

enrichcd in Ba, the formcr have much highcr Rb contents, Both groups of

peridotites are similarly cnrichcd in LREE (cornpare their Sm./Nd ratit.rs in

Figure 5) although garnet-bearing rocks predictably have higher HREE

contents (Erlank e, a/., 1982). Thus two styles oftrace €lernent enricilment carl

be identif ied in these mantle xenoliths: both increase the concentrations of

elements such as the LREE and Ba, but that seen in the PP and PKP rocks is

MATITLE XENOLITHS
(prss l )n t  da  y )
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characterized by much highcr Rb (and K) contents. In practice these may well

represent idealizcd end-members betwecn which all gradations exist, but they

have an important bearing on the study of radiogenic isotopes because their

similar Sm/Nd anC different Rb/Sr ratios should, with time, generate very

different Nd- antl Sr-i;otopc characteristics.
Figure 8 summarizes some of the available Nd- and Sr-isotope data on

mantle xenoliths from the Kimberley area, and presentday compositions
range from 0.5l2'7 -0.5120 for r 'rNd/r'aNd to 0.704-0.?10 for 815r/865r

(Menzies and Murthy, 1980b; Erlank et al., 1982). thc host basaltic kimberlites

have higher Nd- and lower Sr-isotopc ratios than most ofth€ xenoliths, so that

contamination by the kirnberlite wouid have tended to increase r'rNd/r"Nd

and decrease 87Sru '6Sr in the xenoliths. Conversely, the observed variations in

Nd- and Sr-isr-,io;,! iaiios in Figure 8 presumably represcnt a minimum

estimate of l i ig actui:1 range of isotope compositions present in the upper

mantle bcncath Kimberley today. The dotted l ines l ink co-existing di,opsides

and host rocks, and primarily reflect their different tarNd/r'aNd ratios already

considered in conncction with Figure 5. However, of particular relevance to
the prescnt discussion is that the garnet-frec and S.irnet-bearing peridotites
plot in separate fields consistent with their relative differcnces in Sm/Nd and

Rb/Sr. GPP and GP rocks have low Rb/Sr ratios and plot on, or to the left of,
the mantle array in Ii igure 8, whereas the high Rb/Sr PKP rocks are displaced

io significantly higher 875r/36Sr.

The discussion ofthe Karoo volcanics emphasizedlhat relative differences
in both Sm/Nd versus Rb/Sr and €Nd.versus e.. were also a featule of some

magma types (see Figures 2 and 3), and these too may be recognized and

compared with the xenolith data in Figure 7. Average Rb and Ba contents

range from l0 and I 19 ppm in the Horingbaai dolerites from Namibia to 55

and 920 ppm for the high-Mg picrites at Nuanetsi (Duncan e, a/., in prep.); but

in most of the magma types Rb./Ba varies l itt le and the enrichment tr€nd is

similar to that observed in the GPP rocks. LREE contents increase, and so

Sm./Nd decreases, with increasing Rb and Ba-but there is relatively l i tt le

change in Rb./Sr. Thus with time this 'style ofenrichment' results in a range of
rlrNd/r44Nd, with fairly constant 375r/365r, and hence a steep, near-vertical

trend on an €Nd versus es. diagram, as i l lustrated by the Nuanetsi-north
IJbombo rocks in Figure 2. In contrast the two magma types which have

slightly higher Rb,/Ba ratios (Kraai River and the Etendeka, Figure 7), are

those which havc relatively high 875r,/86Sr ratios and hence lie on flat-lying

tr€nds on Figure 2. For these elements, and these isotope systems, they
thercfore exhibit a comparable style of cntichment to that observed in the
garnet-free PP and PKP mantle xenoliths.

Although these results are extremely encouraging because they suggest that

similarit ies do exist in the styles oftrace element enrichment observed in both

mantle xenoliths and continental basalts, it is clearly most important that they
should be investigated further with a much greater variety of trace elements.
However, this approach is presently frustrated by a shortage ofhigh precision,

multi-element analvses on mantle rocks.
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Evolut iott  ui t i tc suu cr",trrr, ' I l l : r i  ! i thosphtre

O n e o f  t h e  s r r r i i i r i ! 1 , , : f  \ '  .  r r i . ' r r ' . l t s o r r l c i r - i , J l l l c x c i ) o l i t i l \ i . ,  l t l r : r K a r o o

v o l C a n i c s i n t ; o u i ! t e  t ( 1  - , " i - , .  1 \ r : t i l r ' l l i l i r i i t c t ! r ; s r . r 1 1 l t c l ' , i e t t ,  t o  i : i i r g ( j s t  t h a t

t h e s t y l e j o !  t r a . r "  i , , r ' . i l  ' , 1 ' . ) l l r : e ! ) l r l : r v ' . : s ! n l i l ; i r .  l t  l s .  l v J  c i c r r  t h a t  t h e y

reco rd  evcn ' . s  w i t r c i ,  l  ' i l l i ! . . . ! t d i j l ' 1 r , 1 ! : r n l c i  l n i h i ss r , : t ; r i r v l i i i ousp i cces

o fcv idencc  i r r e  b r , - ) ug i i r  |  , ! r r i l i t ,  ̂ 11 ! i ) . r :Pac t l i J i i \ c  m ' l de i  f r r r  t i ' i : ' : t  l i u l i ono f

t he  sub -con t i ne r t t i r l  r i i i , . , : , i , :  c  l , : r l ca l i i  \ r r i l t l l e i l l  - \ i r i c l  M ln l  asp r ! i i  i i r c

s t i l l  opcD  to  a l l . f l l a r ' \ .  r i , l L  p i ! l i t t r ' )  i l .  bu t  t t  l s  i t l c l L ' i l e r i  : ,  l i n  i t l . ' ' t r a l l on  o f

t he  so l t : ,  ! . ;  ! , 1  l . t  1 , , r .  . ,  r - i :  t - , r ' l ) ' -  ,  :  - ' , i  i r  . : l t r r r ,  . ,  t ,  l a t l eo  s tu ' l y -

l hc  |  - i  I  ' 1  , . , a  l i . ' ,  .  : -  . \  , i .  I  ' l  ' r ' r : l  .  r '  t l  : .  ' i e l l r i c i l o  i r a l Jns

(se e Ftgur r- '  i  I  rr t-)r I  r : l  ' r  r  ' , '  ,  - . r r , .  l i ,  r l t i  1 .  r , - ' i  I t L \  , , l  l t . \ 4  a rus t

we re  ge l i ! r .  r  . l .
stabie cru:' l  rr 1(

1982) .  A l t i , - ;  ,  r  r  .

r r  , ,  t , r  r . , . r . r . , r . . , . 1  l  l : . , ! r  ' , r : a l - I . . ' j  ' 1 l h c  l t l i i a  o f

. .  , r ,  1 f l . l r t . , . l  . , : r 1  . 1 ' r , ' i  l a r ) , ,  , t : 1 . 1  ; , . 1 \ t f e s * c ) r l h ,

, ,  ;  .  .  ,  r t . ] t nc (  l l t . r l  r  1 , . .  , ! l l . r  i , , ) t i i { , ! l : ,  o i  r \ r chSean

m a n l l e s u r l , , . r ' , :  1 . - . . .  , ,  . ,  r 1 L . i  . i ,  l i r  l , l l c i  i ' i . u .  ' r l ] ! l  v i l r i a i l d n s  l n

app r r cn t l !  , l | " o t -  - r i r  ' : .  :  . , . i l a r_ ,  l r as - i i i ,  r l l t i  l ) l : l , l ' i c  ,  r l J i l t hs  co l l l i l  havc

becn  gc .  r -  . r  l r t - ,  , 1  I  I ' r " , 1  ' . l , .  S r  r , i , t l  - . r r i  \ t t  , t l ( ) s  r n  i i . i r  s ( t u i ce

r c g i o l | s ; , r  I . :  - I  ;  r . , . -  . L r .  r ' r . r , , , , 5 ) .  I : i ; , : 1 . , .  - i 1 , r c .  c n v i s a g t d  l i ) : l l  t h e

s t a b r l ! , r : r t t t ) l r .  , r , r \ .  !  ,  .  1 ' l , c l , , c . , , i a i l c d l r r ) t ! l \ ' l l r o i  i l t l t p p l r n l i  i i i c  i ; l - t s

re l a t cd  tD  t i l a  i ( ,  r r  , r r ) i ,  i  r .  i J l i  r . r  . . - . \ ! . r a .  i , r l t , , ) l t  t he  i ) r esun tp r r l t  t ha t

i n c r e a s i n g  1 i l ! . , ! r ,  i i l  , , .  i , r r i i l l t . i ' , . 1  e r l r s t  w ' l i  a l s  l , t l c l r a s c  t h c  v t ' l u m e ,

and  pe rhnps  cve r  r l -  l ,  '  i .  r i . s .  . r l  l l l - l t c r i l r i  l n r ' o r i r \ , 1 ; l ' i d  l n to  t he  sub -

con t i nc r l i e l  j , i h . ) s l r i  i t ( 1 .  , i r ' r 1 . r : i , l l ! l ! .  1 l l i l l 1 : ,  l i l r l oo  i i , l L i : l l l c s  ha r l j  t r aca

e lemcu t  l ea tu f c . . ,  suL , r  r j  r \ : i : i t l  . i t i  ] , r . ,  l \ l ) . ! l l t ' r n t !  ( i i awk ( ; s$o r th  e t , / . ,  i n

p rep . )  and  l ow  
' l  

i u  ' ,  : . . t i . - , ;  ( L  r \  \ .  t t , r s  \ , u i l l i l i i r  wh i ch  a rc  c i , t t r t r t on i r  obse rvcd

in  des t ruc t i ve  p la i e  i I l . i r g i r )  l Lasa i t s  {Pe . t l  ce ,  t i r i s  ! . ) l u1n !  ) .  I f  t h r se  { ca tu rcs  a re

as  o ld  as  t hc  i u l i r r t r r  P .L  l i r  ' , : r sus  S r r i /Nd  \ i l r i i . t t i ons ,  t i i s r  ' , r t l i d  bc  due  t o

subduction dLlr i l r ! :  lhrr i ' r .  1r i .r ! lLl i l  \ . latai c! 'ent alr( l  thus 5i lpi iL,r l  the su8gcstlon

tha t  such  p ro . ! i : ( . ,  i t i t  i r r r l r i r i l a l l l  i i t  t l : c  f o tn t l l i  ) , 1  L i l  l l l e  sub -eon t i nen ta l

l i t hosphe re  (Ox i ru r1 l . l  i i r , l r  : ' , l t l l c r r i l c r .  l 97E) -

The subsequell  c!,r-, iuL,on ol th!- l i t i lusphere is ( l ivrdcd l l r l .J two slagi i j ,  and

the changing lrJNd/'  ' rr ;u and !: 'Sr,,  rr 'Sr rat ios arc i i lustratcd schematical ly in

Figure 9. Stagc I is tr t ,rr  rht staDii izai i 'JI ' t  oi  the l i thosphcrc at 1.4-l  0 Ga to

the main Karoo mulr lruir.  c! jnt ut i9t) L1a, al l ' . lduring t i i is t ime the Nd- and

Sr-isotope lariat ions obst 'r ! !d ln : l ic url , ioi l tantnalcd Karoo rocks (N-NL,

CA ,SL ,  F igu re9 i cvo l vcd  i n  l ! spunsc  t ( )  i , hs  iD l r i r cdva r i a t i  ) nso l  Sm, /Ndand

Rb/Sr in their scur{: i  rock:. I  his crtn. }as t iren lbl iowea by r letasonratism,

which is most r l i : r ly i . lcr.  iopcd rn the PP ald PKP xcnoli t i ls. but whose $rder

e f f ec t s  a r c  s t i l l  po ( ) r l l J  u r rd . . s tood .

The discussiou r. , f  I i igurc 5 Irointed out that thc Nd-rsotopic discqui l ibr ium

between d,opsides and their ir t ;st peridoti tes co id rcf lect either

contamination f iom kimbcrl iLc. or inf ihrrt iou oi thc xenoli ths by a high
r'rNd/r '14Nd (ald hcncc presumably iorv 3;Srz3' 'Sr) f luid beforc they were

incorporated in rhc kimbeLlrte. In either casc i t  was argued that thc diopsides

offered the bcst i f ld:c:rt ion , ' f  t l r i :  tsotope con:posit ions ol these fragments of
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mantle beforc their \yhole rock systems were disturbed, which in turn suggcsrs
tl lat at that t ime they plotted along an extension of the ,mantle 

array,(see
I;iguret). Thus we feel justif ied in cxrrapolaring the isorope evolution ofthe
diopsides back to befbre bcth fhe kimberlite (90 Ma) ani the metasomarrc
events as a lurther indication ofthe isotope composition of mantle material at,
for example, 190 Ma (Figure 9).

EVOLUTION OF
THE SUB_CONTINENTAL

LITI.IOSPHERE

!rs7l6. s.

F,gure 9_ Schcmal ic r l lustra l ion of !he proposed evolut ion ofNd- and SFisorope rat ios w(hin lhe

il:;:::?:::'.1'JH:'.T::,:f:J',|;;liil:.,:;selrrom r 4-r 0ca'!o rsdM",.'"e.,rr."-

o

@

Magmatism



l -t6 < .J .  I I a *k t \ r . ) t t h  ! t  u l .

ODc interprcration is that thc disturbancc cl l ire whole rock systerrs look
placc durilrg l i)e sccond nrantlc cirrici l lrclt c\ 'cnt which iesulted iD tire rnoqal
nretasomatisrn of thc PP ald Pi(P rc,ckj (sec Frqurc 6trl. Prior io thjs evcnt
lnost saltt l) ics lay on ar c{tcnsi()rr of tLc i--rlDt}c 

"rrr 
y anrj t jr, iy :rre belicvcd to

irave r ellecred tracr clcrncnt variat ior r r" hrih lt;r i i  st.ruirized in t hc Pr otcrozoic
(Figure 5, arrd Stage I, Figulc 9). lVletas()matisrrr rhen took plar:e in rcsponsc to
the infi lLration oftluids into the l ithoslhcrr: soon aftcr the Karoo r:ven1 at l9{l
Vla: and rvhilc it appears to havc had r.laiivci\ l i tt i i  effr ' : ir ' ,he Nd-isotrri,:
co l rpos i l l , l r l  o l  th . :  d iopsrc ies ,  l t  inc r ( i i . !  J  the  r4 r^ r , : , i ' i : . . Id ,  and 1 : robab ly
redLrL i -u  t l , ,  ' " i r l3oSr  ra t i ,  .  \ r l  t l l c  . , i , . J i .  t . : , - t :  per id . .L i res .  I  l i e  i s r - , , , rpe
conrpos i t i r :n : ; r , fb l ! thgarn . t r ) r i , . r : r ; l r , rc , ! i r .DetJ iecpet id r ) t i t cssccmtoha ' , ,e
becns in l j l l r r l )  a1 t . ' c r , . - l  (s rL ' i r . .u r t - ! ) . , l c l thc ina jo r i t ynr r -v i tavc inovedupthe
n lan t le  i r !  r . r  r1y  qo 'np( , r i l i ons  nc1 l !  t ; r ! r  ( ) f  the  l .u lk  ear th ,  . rs  i l l us l ra tcd  by  the
schcrn , r { i , :  u i i r rnE l i rc  in  F ig r : rc  9 .  Th , ,  ln i i rks  the  s ta r l  o l  S lxg , :  lL

Lrlring orctasomatisnr gan)et-l lcc I 'P and PKI' ass.nlblageir developecl
locallv, anrl becausf oi thr' ir hii lh l{b/Sr rali(, i thcy generalcd 3rSr/d"Sr ratios
o l 0 . ? 0 5 5 - ( ) . 7 1 0 , \ i r r i r c o n r p , r r a t i v c i l i i r o r t p e r i o d ( ^ , l 5 0 M a . F i g u r e 6 b ) a n d
now p lo r  wc l l  ro  the  r igh t  o f  th ; :  ma, r t l c  a r ray , (pa th  2  in  F igurc  9 ) .  Where
g.lrocr pl)logopite assenrblages occurrecl, thcv kDdrd to hat. m ch lo'ver
llb,/Sr rarior, arrd ",r c'.,olvcd Jlollg stecper paths ir Figurc 9 to thc prcsent
GPl, f ield. ln this rnodci the slopcs cl t lre tic-l incs i)ctween prcscrt day wlrole
rocK and dropside compositious (scc ! igure 8.; are due prirnlri lv to thc Rb,/Sr
ratios of thc wholc rock pcridotit! 's over the last 150 Ma: those with highcr
Rb,/Sr ratios tend to have higher es, r 'alues arrd hence the l ic.l incs to thcir
diopsicies arc more l ikely to havd positive slopcs.

The above intcrpretation is just one ol scveral which arc tenabl. irt the time
of writ ing, but it envisages that thc dii lerent types of peridctite wcie a11ectcd,
albeir variously, l)v the young nletasomatic event and it i l lustratcs thc typc of
two-stage model rcquired to cxpiain the xt:nolirh results. The iI l portant point
is that whatevcr thc correct cxplanation, garnet-fiee and gariet-bearing
peridotircs havc difl 'crent Ncl- aud lir-isutope characteristics consisrcnt wirh
their dilfercnt tracc clement paltcrD!, and thal similar variations arc observcd
in the I(aroo volcanic rocks. Thc present data suggest that t lte older,
Proterozoic cnriclrrrent tcnded to gencrate low Sm,/Nd anci relatively low
Rb,/Sr ratios. akin to tlrc Nuanersi volcanics and the GPP rocks, so thar mosr
of the cnrichcd rocks cvolvcd on, or to lhe left o1, the mantle array. However,
it is rnuch morc dilf icult to assess tlre overall character of the younger ( -150

Ma) evcnt, primarily bccause thcre has been too i itt lc t imc for distlnctrve
isotopc cornpositions to evolve in anything but unusually high Rb/Sr rocks
(PP and PKP pcr ido t i tes ,  sec  Frgure  ( ,b ) .

Irinally, there are a fiw rDagrnatic rocks iu southcrn Africa rlhich post-date
the estirnarcd age of the young lDetasornatism. Fresh basaltic kimberlites have
s imi la r  Nd-  and Sr - iso tope ra t ios  to  thc  bu lk  ear th  (Kramcrs  e l  a / . ,  l9 i i l ) .bu t
intcrcstingly micrceoll! krnrbcrlitcs havc rcccntly becn shown to hale irigher
375r,/365r and lower r{rNd/'a{Nd fi l t ios suggestrng that they may havc been
derivcd from 'old' trace element enriched lithosohere. similar to that
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described in Figure 9 (C. Smith, pers. comm., 1983). Most of the mafic
Tertiary alkaline volcanics by contras: have init ial 375r,/86Sr ratios in the range
0.70325-0.70385 and €Na = +2.0 to +4.0 (Marsh er a/., 1981).

Conclusions

l Lower rlrNdrrlNd and higher 875r/865r ratios than those of the bulk
earth do occur in upper mantle rocks in continental areas, and gr€at care
must be taken in using these data to assess the effects of crustal
contamination.

2. Crustal contamination is l ikely cither to generatc some broad mixing
relation between the origilal magma and a crustal component, and,/orto
disrupt any pre-rxisting relationship between isotope and parent/
daughter tracc element ratios with the result that the two become
'decouplcC'. S()mc oi the Karoo basalts from the south Lebombo appear
to have been contaminated with Archaean crust, but the majority of
Karoo rocks studied have probably not been affected significantly by
crustal contamination proccsscs (see also Cox, this volume).
Different styles of trace element cnrichment have been recognized in both
rnantle xenoliths and Karoo basalts, and with time these result in different
trends on €Nd versus e3, diagrams (see Figures 2 and 8).
The high 37Sr,/36Sr and low rarNVraaNd ratios of many Karoo basalts and,
for example, the separated diopsides from mantle peridotites (Menzies
and Murthy, 1980b), suggest that they were derived l iom *ithin the
continental l i thosphere; since that is where variations in Sm/Nd and
Rb/Sr are l ikely to persist for long enough to generate the observed range
in Nd- and Sr-isotopes (see also Cohen et al., 1982'1.
Bencath southcrn Africa much of the sub-continental l i thosphere appears
to have stabil izcd 1.4-1.0 Ga ago (see Figures 4 and 5), which is also the
time of significant crustal growth within the Namaqua-Natal mobile belts
(see Figure 1). It is envisaged that the two are related, and that increasing
the area of stable continental crust also increases the volume and perhaps
even the thickness, of material incorporatcd into the sub-continental
l i thosphere.
Metasomatism took place atier, and apparently in response to, the Karoo
volcanism, and present evidence suggests that while man), of the Karoo
basalts were generated within the l ithosphcre, metasomatism took place
in response to l luids derived from outside the l ithosphe re-presumably
from the convecting upper mantle.

Lv' lut ion ot  Iht  tunt t  ?ntal  l t thot fhoe
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