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ABSTRACT
IrrNd/r$Nd. i rSr, /sbSr.  Sm and Nd analvscs are reportcd on sui tes of  Karoo volcanic rocks f rom the lour

sub-areas of  Nuancts i  north Lcbombo. south Lcbombcl .  thc Ce ntra l  area.  ancl  north-wcst  SWA/Namibia.

Only scvcn (  12 % )  of  thc samples analyscd have posi t ivc sNd values s in l i lar  to those founcl  in the major i tv  of

recent  mant lc-de r ived rocks.  Most  of  the rcsl  have negat ivc t :11 (-1.0 to -  l7. l )  and posi t ivc er .  (+J.0 t t r

+2.10) and thus must contain at  lcast  a contr ibut ion f rom sourcc arcas which wcre both old.  and had l t l rvcr

Sm/Nd and higher Rb/Sr r i i t ios than thc bulk earth.  Such t race elemcnt rat ios arc typical  of  thc cont inental

crust .  and i t  is  envisaged that  crustal  contaminat ion wi l l  tcnd ei thcr  to generatc somc broad nr ix ing

rc lat ion between thc or ig inal  magma i rnd a crustal  componcnt,  and/or  d isrupt  anr pre-er is t ing

relat ionship bctween isotopc and parent /daughter t race c lcment rat ios wi th the resul t  that  the two bccome
"decoupled".  Such decoupl ing is  observed in somc basal ts f rom the south l -cbornbo which mav have bccn

contaminated wi th Archaean crust .  but  the major i t l -  of  the Karoo volcanics studicd have not  bccn al lected

signi f icant l l 'by crustal  contarninat ion proccsses.  Rather.  d i f ferent  st .v lcs of  t r i rce elemcnt enr ichmcnt arc

recognized in both mant le xenol i ths and Karoo basal ts.  and wi th t imc these resul t  in d i f lerent  t rcnds on tNd-

es.  d iagrams. Thc low 15Nd/r{Nd and high ETSr/ t6Sr rat ios of  many basal ts and mant le xenol i ths suggcst  that

thev at  least  are dcr ived {rom u' i th in the cont inental  l i thospherc;  s ince that  is  where var iat ions in Snr.Nd

and Rb/Sr rat ios are l ikc ly to pers ist  for  long enough to generatc the observed range in Ncl-  and Sr-

isotopes.  Final ly ,  the evolut ion of  the subcont inental  l i thosphere beneath southern Afr ica is  provis ional l l '

descr ibed in terms of  a two-stagc model .  Much of  the l i thosphcre appears to have stabi l izcd l . f  l  . t )  h.y.

ago,  which is  a lso the t imc of  s igni f icant  crustal  growth wi th in the Namaqua Natal  mobi le bel t .  l t  is  argued

that  the two arc rc lated.  and that  increasing thc arca of  stablc cont inental  crust  a lso incrcascd the volumc

and pcrhaps even thc th ickness.  of  rnater ia l  incorporated into thc subcont incntal  l i thosphcrc.  Karotr

magmat ism at  -190m.y.  was thcn lb l lowed bv.  and may have been rcsponsible for .  a second mant le

cnr ichment event  now observed in.  for  examplc.  the modal  mctasomat ism of  K-r ichtcr i te-bear ing
per idot i tc  xenol i ths.
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I. INTRODUCTION
The nature of the subcontinental mantle is arguably one

of the more contentious issues currently confronting
petrologists and geochemists. Most would accept that the
uppermost mantle l ies within the continental l i thosphere,
and some geophysical considerations suggest that as such i t

may have stabi l ized short ly after the last major thermal

event in the overlying crust (Oxburgh and Parmentier.
1978). Much of this mantle is therefore l ikely to be old
enough for trace element heterogeneit ies to be mirrored by
variat ions in radiogenic isotopes. Moreover. since any old
segments of the subcontinental mantle wil l  be susceptible to
the effects of later events, they may also represent a rare
opportunity to investigate polyphase evolut ion within the

upper mantle. Beneath the continental l i thosphere the
mantle is presumably part of the global convection system,
and is therefore l ikely to be similar to that beneath oceanic
areas.

The composit ion of the subcontinental mantle may be
determined directly from mantle xenoliths (Menzies and

Murthy. 1980; Erlank et al. ,  1982) and inferred from the
study of continental basalts (DePaolo and Wasserburg.
1976; Hawkesworth and Vollmer, 1979: Erlank et al. ,  1980:.
Alldgre et al., 1981; Doe e/ al., 1982). Yet both can be
contaminated with crustal material en route to the surface
(e.g. Carlson et al. ,  1981 Mahoney et al. ,  1982) and the
irony remains that whereas i ts age and chemical variat ions
make the subcontinental mantle highly suitable fo.r isotopic
investigation, i ts samples are obviously the only ones which
can be affected by crustal contamination sensu stricto. This
study reports '13Nd/r1'1Nd and sTSr/8{'Sr determinations on a
wide range of Karoo magmatic rocks, and forms part of an
integrated programme to compare evidence from magmatic
rocks and both crustal and mantle xenoli ths in southern
Africa. The Karoo rocks crop out on a basement of
Archaean cratonic nuclei i  (3.6-2.5b.y.) surrounded by
mobile belts ranging in age from 2.0-0.5b.y. (Fig. l) .
Moreover. they represent the f irst widespread magmatic
event to take place after the last orogenic episode, and the
subsectuent stabilization of the crust, in southern Africa.
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Figure I
Geological sketch map of southern Africa illustrating the four are as from which samples of Karoo volcanic rocks wcrc taken for isotope
analysis.

II. GEOLOGICAL RELATIONSHIPS
The Karoo magmatic rocks form one of the classic flood

basalt provinces (Walker and Poldervaart,  1949; Cox,
1980). Radiometric ages vary from early Jurassic
( -190 m.y . )  to  ear ly  Cre taceous ( -120 m.y . )  (see  F i tch  and
Mil ler, 1984; Al lsopp et al. ,  1984; Erlank et al. ,  1984), and
today remnants of lavas occur scattered across an area in
excess of 3.5 x 106km2 in southern Afr ica (Fig. 1). In
addit ion the underlying Karoo sedimentary sequences are
host to an extensive intrusive suite of dykes and si l ls.
Basalt ic rock types of tholei i t ic character are dominant
throughout the Karoo province. but volumetrical ly
important sequences of acid volcanics occur along both the
eastern and western margins ofthe province.

Rocks for r lrNd/r#Nd analysis were selected from four
specif ic areas which had previously been the subject of
detai led petrologic, geochemical. and in many cases, Sr-
isotope studies: namely. the Central area, Nuanetsi north
Lebombo. south Lebombo and north-western SWA/
Namibia (Fig. 1). Samples from within the intracratonic
Central area (Marsh and Eales, 1984) come from the
southern part of the Lesotho remnant where several
geochemical ly dist inct basalt types of l imited thickness and
distr ibution associated with tr ivial volumes of andesite
dacite occur beneath the voluminous Lesotho basalt tvoe
(Fig. 2a). The dif ferent basalt types exhibit  no..o* tongcs
in their major and trace element contents and dist inct ive
sets of interelement rat ios, and Marsh and Eales (19[t4)
have shown that they are not related genetical ly by
fract ional crystal l izat ion or part ial  melt ing proccsses.

In the eastern marginal area Karoo volcanics crop out
along the 700 km Lebombo monocl ine, a r i f t-related

structure in which the basic lavas are overlain by thick
sequences of rhyol i te. In the Nuanetsi-north Lebombo
area (Fig. 1) four major units have been recognized (Fig.
2b). However, moving south along the Lebombo
monocline several important changes take place. First.  the
Mashikir i  nephelinites and Letaba picri tes pinch out so that
in the south Lebombo the volcanic sequence consists simply
of Sabie River low-MgO basalts, some thin interbedded
internrediate to acid lavas (the Twin Ridse and Mkutshane
volcanics), and an upper unit  of up to 2 km of rhyol i tes
within which the Mbuluzi rhvol i tes are a oart icular
quartz-phenocryst bearing facies. This south Lebombo
succession was then intruded by the late but important
200km long Rooi Rand dyke swarm. Second. the rocks of
Nuanetsi-north Lebombo are substantial ly enriched in
incompatible elements compared with those to the south.
Thus since the Sabie River basalts are the one major unit
which can be traced along the length of the Lebombo
monocline, this change in incompatible element chemistry
is observed within that stratigraphic unit, and it occurs at
about 25"20'S (Cox and Bristow. 1984). Third, although the
Mbuluzi and Nuanetsi rhvol i tes both succeed basic lavas in
the i r  respec t ive  areas  they  are  chemic l l l y  d is t inc t  and can
also be discriminated on geochemical grounds from the
lower interbedded, or Mkutshane, rhyol i tes within the
south Lebombo Sabie River basalts. The acid rocks of the
upper interbedded Twin Ridge Beds are probably related
to the Mbuluzi rhyol i tes by fract ional crystal l izat ion
(C lever ly  e /  a / . ,  1981) .

The fourth area of detai led study is in north-western
SWA/Namibia where remnants of the Etendeka
Formation, comprising carly Clretaceous lavas and
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associated minor intrusives, and swarms of regional
dolerite dykes, possibly of late Jurassic age, represent
igneous activity related to the rifting of South America from
Africa. The bulk of the lavas comprise a suite of aphyric
basalts and evolved basalts (termed the Tafelberg type)
interbedded with two important quartz lat i te units and a
thin unit  of lat i te of l imited extent (Fig. 2c). This
relationship is best observed at the locality of the Tafelberg
beacon on the eastern edge of the Etendeka lava f ield,
where the lava pile reaches a thickness of 900 m, and many
of the samples analysed are from the vicinity of this local i ty.
Along the coast plagioclase-phyric basalts (termed the
Albin type) underlie and are partly interbedded with
aphyric Tafelberg basalts, and although related to the
Tafelberg rocks they tend to be less evolved. The Albin
basalts are intruded by thin. aphyric dykes and si l ls, the
Horingbaai doleri tes, which exhibit  a dist inct ive
"primit ive" chemistry in comparison to al l  other Karoo
basic rocks. Dolerite dykes from the regional swarm which
cuts basement and Karoo sediments but not the lavas are
more evolved than the Horingbaai intrusives. but their
precise geochemical relationship to the Albin and
Tafelberg lavas (and their ages) is not clear at this stage
(Erlank et al., 7984).

III. SAMPLE SELECTION
In our sample selection we have sought the freshest

representative material of the different rock types,
although the Karoo igneous province is -190 m.y. old and
nearly all the extrusive rocks have experienced some degree
of secondary alterat ion, zeol i tes being part icularly
common. Richardson (1984), however, has shown that
between-sample variations due to secondary processes
within a single Karoo sill were slight for nTSr/1r6Sr (effective

(E7Sr/86Sr)nz,nu : 0.7061-0.7065) and Cs, Rb and Sr. and
within analytical error for IlrNd/r44Nd and other elements.
Similar conclusions with resDect to Rb. Sr and 875r/865r have
also been reached regarcl ing the thin undifferentiated
Amherst si l l  and from measurements made on host basalt
and separated zeol i te and calcite (Bristow et al. ,  1981).
Moreover, Marsh and Eales (1984) considered the effects
of alterat ion on samples of Lesotho basalts and doleri tes
and showed that although the Rb, Ba, Sr and K contents of
individual samples may have been disturbed, the average of
a number of samples from any basalt unit  appears to
provide a good estimate of the original trace element
concentrat ions. In summary, secondary processes are
probably local ly responsible for small  intra-sample
differences (relative to the overall variations in Karoo
rocks) in 875r/865r and the abundances of elements such as
Rb, Cs, K, Ba and Sr, but they have had l i t t le noticeable
affect on less mobile trace elements and on r4'rNd/r44Nd

ratios.

IV. ANALYTICAL RESULTS
Nd was separated using a cation and then anion column

procedure, and analysed as the metal species on a tr iple
f i lament assembly in a VG 54E mass spectrometer.
113Nd/'4'1Nd was normalized to rl6Nd/r11N d : 0.7219. and the
average of ten analyses of BCR-I :  ().51262 + 2. 875r/865r

ratios are reported relative to an average value of NBS 987
: 0.71015 + 2 or Eimer and Amend : 0.70U00 (see
Bristow et al. ,  1984, for further detai ls and a compilat ion of
all ETSr/t6Sr data available on Karoo rocks).

In the samples analysed present-day IJTSr/i{6Sr varies from
0. 70305 to 0.7267 I.  and r lrNd/r&Nd from 0.5 1303 to 0.-5 1 1 68
(Table I).  Note, however, that since previous work had
shown that the volumetrical ly dominant magma types had
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TABLE I
Nd- and Sr-Isotope Results

Sample  Matnra  Tvpc SiC) r  Mg( ) RblSr f:Srrr6sr Sm
r\d rs. Tf*,.o

S r n , l N d  r r r N d r r { N d  ( 1 9 0 m . v . )  ( 1 9 0 m . v . )  ( b . v . )

(a )  Ccnt ra l  Arca
JP 5.1 Lesotho basalt ,19.,10

JP 22 l . cso tho  basa l t  -17 .95

JP21 Lcsotho  basa l t  ,19 .E7

[ ) N  ] l l ) l  L c r , r t h r r  h . r s . r l t
P N  l l . l 0  L e ' , ' t h , '  h . r s . r l t
( lLA 01  Moshcsh s  Ford  basa l t  52 .1 .1
DI IM I  I  Moshcsh s  Ford  basa l t  -52 .17
AM 22 C)mcga basa l t  50 .  I2
KF 2  Kraa i  R ivcr  basa l t  5 l  .2 '+
KF l1  Kraa i  R iycr  basa l t  -51 .0-5
AM 3 '+  Vaa lkop hasa l t  52 .32
KRPE Pf t rnksbcrqdac i tc  6 '+ .01
KRU I  Bc ln tc t rc  dac i tc  63 .81
K R B  8  B c l m o r c  a n d c s i t c  6 1 . 6 9

(b)  Nuanc ls i  Lcbombi r
N ua  nc  ts i
NTS l2  Mash ik i r i  ncphc l in i tc  +L l0
N l l l  Lc taba p ic r i t c  basa l t  11 .20
N,1( ) { )  Lc taba p ic r i t c  b rsa l l  ,17 .1J0

N l, l9 [-ctaba picritc basalt -11t.-10

N. . lE6  Sab ic  R i rc r  basa l t  50 .1 i0
N 3 , 1 5  N u a n c t s i r h v o l i t c  7 l . i l
N  -3 ,17  Nuancts i  rhvo l i t c  11 .91
Nor thcrn  Lcbombo
KP l l2  Mash ik i r i  ncphe l in i t c  .1 ,1 .5 .1

KP I  12  Lc taba p ic r i t c  basa l t  .15 .  l7
KS 3  [ .c taba p ic r i t c  basa l t  19 .71
Ct -  I  15  Sab ic  R ivcr  basa l t  .19 .58

CL 120 Sah ic  R ivcrbasa l t  -s1 .2 ,1
Southcrn  Lebonrbo
A I  17  ROoi  l land  do lc r i t c  5  L  I
A l29  l {oo i  Rand do lc r i t c  -18 .76

R C l l 0  S w a z i l a n d c k r l c r i t c  5 1 . 7
RC,12 Mkutshane I  rh lo l i l c  66 . iJ7
RC 36 T ' rv in  R idgcr  rhvo l i t c  67 .1 .1
RC'  128 Twin  R idgcr  rhyo l i t c  6 l  .36
RC 7 ,1  Mbu luz i  F rn .  rhvo l i t c  11 .02
RC 1- l l  Mbu luz i  Fm.  rhvo l i te  69 . - i - l
J  3  Sab ic  R ivcr  basa l t  ,16 .E5

I - lu -5  Sab ic  R i rc rbasa l t  5 . l . l l
L \ 2  S a b i c  l { i v c r b a s a l t  5 0 . 1 1
L 18  Sab ic  R ivcrbasa l t  -5 l . . . l l l
L29  Sab ic  R ivcr  basa l t  .51 .65
f -  36  Sab ic  R ivcr  basa l t  5 .1 .70
t- 3,lu Sabie Rivcr basalt -s.1.6,1

0. l(x) 0.70.19.1 + 6
0.0l l i  0.70.115 +.1
0.0.15 {) .70,1.16 +,1
0. f i ) t  0.71961J + -1
().6.)11 0.70910 + -1
0.359 0.70705 + - l
L37 0.71.160 + 9
L  t 6  0 .71 t76  +  t
0.0-lll 0.70.+0,1 + .1
0.07,1 0.705 l3 + l
0. ( ) ( )9 ( ) .710.{ l  +,1
0. t )19 0.70E91 + iJ
0.06-.1 0.70E65 + 5
0.0,12 0.709.17 + .1
( ) . 2 , 17  0 .71536  + ; l

9 .+ -  68 '  0 . l 3 l i
12 .9 '  1 l '  0 .  l l t l
12.0 6l l .11 0.  l7: l
10 .0 "  11 "  0 .21 - l
12 .6 *  E0  0 .158
1i t .5 101 0.173
19 . . 1  I  i 0  0 .175

6 .1 .  37 -  0 . l l i l
123 -  61 "  0 .202
11 .6 .  59 '  0 . 21 .+
l-1.2.  68'  0.19.1
11 .1 .  60 '  0 . t 20

9 . )7  19 .  I  0 . t 17
L H 9.511 0. l l lJ
1 .17  . 1 "1 . I  0 . 119
7 .8 "  16 .7 -  0 .211

l3-  I  l -1.  0.202
22', 109- 0.201
. .1 '1-  166- 0.205
r.1.  ] ] lJ= 0. lSi t
6.08 22.1 0.261t
l . -19 12.)  0. ]16
.1.0 '1 16.8 0.210
3 .7 "  I  6 . 01  0 .21  l
-1. .15 20.6 0.216
.{ .12 lE.E 0.130
1.90 l . i . - l  0.151

6.1t2
E.2,1

I0 .  ( ) 7
:1.,10
6 .72

12.21
- l l . , 1 6

t6.22
-  8 . l 5

,5.59
) . 16

-  8 . 2 1

+ 0.71 - .1. .+ 0.09
+  3 .67  8 . l t  1 . 5u
+  0 .78  5 .  I  0 .  l 0

1 7 . i 0  1 , 1 9 . 0  2 . 1 5
-  0 .92  5 .9  0 .29

L  l l  3 . 2  0 . 3 I
t )  .91 l t .6 0.29
0 . r . 1  - I 1 . 3  0 . 2 0

+  - 1 . 1 8  *  t O . l
+  l . 1 6  L l

12.2 E3.6 2.O1
13 .5  58 .9  2 .01
r0 .5  52 .3  1 . ' 11

-  l ( ) . 7  66 .3  t . 6 , 1
-  19 .2  121 . t  3 . 60

6 . 8 3  i  1 . 0
1  . 39  8 .7
1.51 r t .0
7.0-5 10.  5
1 . t ) 2  7 .0
6 . -16  21 .3
6 . .+ t  19 .6
7.33 .1.0
6 .33  6 .3
i t .22 26.3
6.-15 25.0
2. .16 95.0
1 .65  l l 5
3.5.{ lJiJ.0

5. iJ.l 6.1
19.6 .16
lr i .1 ,11.1
r 5 . 3  2 l  . 5
10 .  I  50
0 .05  IEE
0.2,1 1.1.1

8.()5 21J.6
21 .0  6 r
i 0 . 6  5E
,1.15 21.1
5.65 60

1 .2  16 .  E
7.09 -5.7
,1.61 l -1. .1
0 .5E  95
0.6.+ 1 2 7
LI lJi{
0.12 1"1.1
0.19 1,1-1
5.66 E. i t2
5 . ; 15  16 .5
6..1-.1 6.70
6 . . 57  t { ) . 7
5 .99  19 .  I
-5.60 1.1.9
6 .20  11

19.1 0.057
196 0.0.1,1
192 0.0,12
llJ6 {).0-)6
1,1-5 0.0'1li
286 0.075
303 0.065
l9tt 0.020
20 I  0.01 1
116 0.  l , l9
226 0.1 I  I
3.1,1 (').216
299 0.,152
152 0.3,19

I66 .1  0 .038
95E 0.018
99E 0.0.12
60-t 0.036

I olE 0.0,19
6,1.0 1.9,1
68 .0  l .  l 2

I 03 - l  0 . 028
795 0.011
8.12 0.069
696 ().0.r5

I  162 0.051

0.70613 + .1
0.705,1-s + ,1
0.70552 + ,1
0.706,11 + 6
1).70509 + .1
0 .70611  +  8
0.70602 +,1
0.70506 + ,l
0.10176 + 1
0.701J61 +.1
0.707-i{) + ;1
0 . 7 1 5 1 2  +  - 1
0 .71325  + .1
0 . 7 1 2 1 6  + , 1

0.705,10 + 6
0.70-505 + ,1
0.70-516 + - t
0.70,193 + ,1
0.70621 + .1
0.729-\2 + .1
0.72-.15.1 + -s

0.70696 + 5
0.70590 + 5
0.70533 + ,1
0.70527 + 6
0.7067u + -1

1. .1-  1.1.0*
3.  1 -  12.7.
2 . 9 .  I  I  . 2 -
. . 1 . 31  13 .9
t..19 9.-+lJ
:1. ,1 '  19.0 '
-1.  I  -  l lJ .5 '
2.68 9. i t9
1 . 7 -  1 7 .  I .
- 1 . 0 , '  13 .9 "
' 1 . 01  11  . 6
6 .65 .  l  l  . l .
6.5ri 1,1.-5
5.97 . . r0.E

0 .51250  t
0.5 l2,1lJ 1
0 .51251  1
0.5 |2,19 r
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Sm and Nd dc ter rn ina t ions  b \  i so topc  d i lu t i i tn .  cxcept  lo r  thosc  mrrkcd*  \ \ 'h icb  r rc  b r  spark  sourcc  n)ass  spcc l ron tc t r \
l .  Lowcr  par t  o f thc  Sab ic  R ivcr  Format ion .  2 .  Uppcr  par t  o f thc  Srb ic  R ivcr  Format ion .
A l l  ana lv t i ca l  da ta  a tc  mcasurcd  conccnt ra t ions-  no t  cor rcc tcd  l i r r  lo la t i l c - loss .

relat ively restr icted ranges in isotope and trace elemcnt
rat ios (sce summaries by Bristow e t ol. ,  1981'.  Duncan e/ a/. ,
1984). there is an inherent samplins bias towards the rnorc
unusual and volumetrical ly less signif icant rock types.
Jn i t i ' r l  r l rNd/ r laNd ra t ios  have been ca lcu la ted  a t  190m.y .
for the rocks of the Central area. Nuanetsi and Lcbombo.

and a t  121 m.y .  fo r  those o f  nor thern  SWA/Namib ia .  and
are presented as 86.1 in histograrn forrn in Fig. 3.

On ly  seven ( i .e .  -12  %, )  o f  the  samples  ana lvsed have
posit ive eNrr values similar to those found in the majori ty of
recent mantle-derived rocks. The rest have negative 856 zlf ld
thus must conti i in at least a contr ibution from an older. low
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Nd-  AND Sr - ISOI  OPE S ' l  L rDIES OF KAROO \ /OLCANIC ROCKS

CENTRAL AREA
at  190 Ma

between the rocks of the Sabie River. Letaba. or Mashikir i

formations; although one Mashikir i  nephelinite has

unusua l ly  low Rb (29ppm) .  Nd (37ppm)  and er r  (  16 .2)

values. The two samples of Nuanetsi rhyol i te have ax.r :
-  12 .2  and -  11 .5 .  lower  than those in  anv  o f the  under ly ing

basalts or picr i tes.

Southwards along the Lebombo monocl ine (Fig. l)  the

Mashikir i  and then the Letaba formations pinch out (Fig.

2). and at about 25'20'S there is a sharp changc in the trace

clement characterist ics of the S:rbie River basalts (Cox ancl

Bristow, 198;l).  They become much less cnriched in

incompatible elements and have higher Sm/Nd rat i t ls. but

these are not accompanied by a consistent change tn
rlrNd/rarNd rat ios.

In detai l .  thc init ial  aNd values of thc south Lebombo rocks

fa l l  in to  two groups  (F ig .3 ) .  The f i rs t  inc ludcs  the  la te

doleri tes of Swaziland antl  the Rooi Rand dyke swarm. and

two basalts of the Sabie River Formation (J 3 and L 2l i5).

which al l  have sl ightlv posit ive t\d values;together with the

main  (uppcr )  rhyo l i tes  whose eN, r  :  -0 .1  to  -1 .1 .  The

second group consists of f ive Sabie River basalts with very

enr iched iso tope ra t ios  (exr  :  -10 .5  to  -  19  2)  andasample
of the lowcr interbedded Mkutshane rhyol i te ( ev : -  1 7. I  )  .
which had previously been shown to contain a largc

component  o f  Archaean c rus ta l  Pb (Bet ton .  1979) '  The

more basic rocks of the l i rst group appear to have been

derivcd from upper mantle source regions which were

stightly enriched in incompatible elements. and then not tcr

have interacted with the overlying continental crust. By

contrast, the basalts clf  the secorld group have similar trace

element composit ions but much lower ex,r values, and thus

their radiogenic isotopc and trace element rat los are

strongly decoupled. This "decoupling" might ref lect crustal

contamination en route to the surface. and/or mixing
processes during magma generation in the upper mantle.

In north-wcstern SWA/Namibia thc volumetrical lv

dominant aphyric Tafelbcrg basalts and doleri tes. together

with the plagioclase-phyric Albin basalts. exhibit  a rangc in

compos i t ion  (S iO: :  , l t i .2 -57 . -5%;  MgO:  10 '+2 .3  l / r ' :  Z r :

t01-237 ppm) within which most major and trace elements
exhibit  rat ional trends. These trends can be modelled in

terms of fract ional crystal l izat ion of a number of parental

magmas with a range of interelement and isotopic rat ios.

Erl ink et ut.  (1984) have also shown that the basic suite is

not related to the more SiO:-r ich lat i te (Fig. 2) which is

h igh ly  enr iched in  incompat ib le  e lcmer t l s  (Zr :  ;160ppm:

Bi: 11 10 ppm), nor to the interbedded quartz lat i tes which

exhibit  a small  range in most major and trace elements

contents and whose incompatible element contents (e.g.

Zr:258-298 ppm) are only sl ightly greater than those in the

most evolved basalts. The basalt ic suite exhibits a range in

relat ive LREE enrichment (Sm/Nd : 0.25-0.19) and

corresponding variable Nd isotope rat ios which are lower

than the bulk earth (exo : -3.8 l t t  -7.4, with one sample

KLS 48 : -12.1). The quartz lat i tes have sl ightly lower eN,r

values (-7.5 to -8.5), although their Sm/Nd rat ios overlap

with the lower end of the range for the basalts. whereas the

lat i te has the most fract ionated Sm/Nd rat io (0.176) and a

low eNa : -8.9-5.

The single regional doleri te analysed (KLS43) is similar
geochemical ly to the less evolved members of the Tafelberg

and Albin basic suites. but with sl ightly lower incompatible
element contents (e.g. Zr :  82 ppm). I ts age is not known.

but  KLS43 hasSm/Nd :  0 .232.and axr  :  -4 .01  a t  l2 l  m.y .

and -3 .51  a t  190 m.y .
In contrast to the other Karoo rocks analysed from north-

western SWA/Namibia, the two Horingbaai doleri tes from

the coastal area have primit ive major element composit ions

and low incompatible element contents (e.g. Zr :

52-67 ppm). Their REE are relat ively unfractionated
(Sm/Nd : 0.296 and 0.289) and their r l3Nd/'14Nd rat ios are

correspondingly radiogenic (tNa : * 6. 1 3 and +7.95' Fig. 3) '

. 58% S iO ,E

'58% S iO ,z

I isure 3
Histogrants of thc init ial  tNd \al lucs of the Karclo volcanic rtreks'
N-Nuanets i .  N I - -nor th  Lcbombo.  SL-south  Lcbomtro '
KR-  Kraa i  R ivcr .  H-Ht l r ins t raa i  do le r i tes .  RD-Reg iona l
do  lc  r i tes .

r , ,  t  " \ d r " N d r  l t  l l . \ \ h ( r c'  t r rNd t r rNJr { r

L|NdrrrNdr _ init ial  Nd isotopc rat io of thc santple
r l rNd ' r !Nd l r  =  contcmporancous Nd iso tope ra t io  o l  the  bu lk
carth relat ive to a prcscnt-dav bulk earth value of0 5 126'1'

SmiNcl (and hencc LREE enriched) sourcc. be that in the

crust or thc upper mantle. Part icularlv for thc more basic

rock tvpcs i t  is therefore irnportant to consider whcther

their i i i r tope ancl tracc element rzrt ios have been modif icd

signif icantiy by the proccsses of part ial  melt ing.

contaminai ion ancl fract ional crvstal l izat ion; or whether

thcr  l r rc  s t i l l  s im i l l r r  t t r  thos t  in  the i r  \ourcc  rcg lo l l \ -

before contemplating the nature of those sources' Thc

isotope results are therefore discusscd init ial ly in the l ight of

the co-exist ing variat ions in parent/daughter element

rat ios. in an aitempt to idcnti f .v areas (or magma t\pes)

wherc both behave coherently and othcrs where the trace

e lements  and iso topes  appear  to  be  "decoup led" '

Thc strat igraphl- of the sampled port ion of the Central

a rca  (F ig .  l )  i s  dominated  bv  some 1300m o f  ex t remelv

uniform-Lesotho t) 'pe basalts. local ly undcrlain by small

volumes tt f  various other basalt ic magma types (Fig' 2) The

exceptions are the high-K andesites and dacitcs of the

Pronksbcrg ancl Be lmore. and they are gencral ly thought to

have bcenilerived from within the crust (Marsh and Eales.

198,1). In general the rocks of the Central area are among

the least t iace element enriched of the Karoo lavas' they

have Sm/Nc l  ra t ios  in  the  range 0 .22 to  0 .26  (Tab le  I ) .  and

nrost of their ini t ial  Nd-isotope rat ios are only sl ightly lower

than tha t  o f  thc  chondr i t i c  rcservo i r  o r  bu lk  ear th .  a t  190

n l .v .  (en . r  :  -0 .8  to  -2 .5 ) .  Lower  eN, r  va lues  are  observcd

in 6oth the morc l ight REE enriched basalts of the Kraai

R ivcr  ( -3 .7 .  -4 .1 )  and in  the  basa l  andes i tes  and dac i tes

( - 4 . 0 t o  - , 1 . 9 .  T a b l e  l .  F i g . 3 ) .
In the northern area of Nuanetsi and north Lebombo

(Fig. l)  the Karoo igneous rocks are characterized by

unJruui ly high incompatible element contents; viz '
-900 ppm Sr. -:SO ppm Zr. -65 ppm Nd compared with
-200ppm, -90ppm and -1'1 ppm respectively in-,.  for

examDle. the Lescltho basalts of the Central area (Table I,

and Duncan et al. ,  1984). They are relat ively enriched in

LREE. their Sm/Nd rat ios are low (0.14-0.21). and so too

are their ini t ial  Nd-isotope rat ios (eNo : -2.8 to - 10. 1 ) '  No

svstematic differences in initial 'lrNd/r44Nd were observed

ETENDEKA -  N.W.NAMIEIA
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V.'lrNd/'44Nd-87Sr/86Sr AND Sm/Nd-Rb/Sr VARIA'IIONS
The co-variat ion between init ial  Nd- and Sr-isotooes is

i l lustrated in Fig. 4; although note that whereas the e values
for most of the Karoo rocks are calculated for 190m.y..
those for the Etendeka samples are for i2l  m.y. The
doleri tes of Horingbaai and the south Lebombo (Rooi
Rand), together with two south Lebombo basalts, plot in
the so-cal led "mantle array" (e.g. DePaolo and

PETROGENESIS OF THE VOLCANIC ROCKS OF THE KAROO PROVINCE

Central area and north-west SWA/Namibia exhibit  a ranse
in Rb/Sr but l i t t le change in Sm/Ncl. whereas the Nuanetsi-
North Lebombo rocks which have higher incompatible
element contents, and hence lower Sm/Nd rat ios. also have
relat ively low Rb/Sr rat ios (Fig. 5). In detai l  the trace
element variat ions in the Karoo rocks are complicated and
in particular it is difficult to assess the effects of alteration
on individual samples. However, since the f ields on Fig. 5

o.702 0.706 o . 7  1 4
u ts r /  uu  s r  (a t  1gom.y )  t o t  Nd / too  Nd
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Wasserburg, 1976), but the vast majori ty of lavas have
positive €sr tlnd negative rNd values and so fall in the
isotopical ly "enriched" bottom right quadrant. Moreover.
i t  is signif icant that al l  the si l ica-r ich rock types have Nd-
and Sr-isotope rat ios outside the f ields defined by the
basalts in their part icular areas.

11t. t+:1q67t+1yd and 875r/865r results on the isotooicallv
enriched Karoo lavas in particular appear to describe twir
dist inct trends (Fig. 4). Those from the Central area and
north-west SWA/Namibia show large variations in e5, with
relatively little change in eN,j resulting in flat lying arrays
which are in sharp contrast to the near vertical trend
exhibited by the lavas of Nuanetsi and north Lebombo. The
higher es., lower eNd samples from the south Lebombo would
appear to have intermediate characteristics but, as
discussed below, they may reflect late-stage processes
during magma genesis. However, a str iking aspect of the
Karoo rocks is how many of the variations in ra3Nd/l{Nd

and 875r/865r ratios are mirrored bv similar trends between
Sm/Nd and Rb/Sr  ra t ios  (F ig .  5 ) .

It has been recognized for several years that while trace
element enriched basalts tend to have hieh Rb. Sr and
LREE contents and low Sm/Nd ratios. their Rb/Sr ratios
vary-presumably depending on the nature of the
enrichment processes (Hawkesworth et a\. ,1979). Similar
variations are also observed in the Karoo: samples from the

a -
I
- . 1

a)

0 .

-50  0 + 50 +100 +150 +200 + 250

F-Sr

Figure 4
Ini t ia l  ep,1 and e. .  values.  Circ les-Central  area,  squares-Nuanets i -north Lebombo, t r ianglcs-south Lebombo, d iamonds-north-wesl
SWA/Namibia. Filled symbols signify less than 58 c/o Si02, and open symbols greatcr than 58 7/., SiOr. H- Horingbaai dolerites, KR- Kraai
River basal ts.  Al l  in i t ia l  rat ios calculated at  190m.y. .  exccpt  for  the rocks f rom norrh-west  Namibia for  which lZtn l .y .  was used (Table I ) .
Note that the regional dolerite KLS 13 is not plotted because its age is not known, ancl that the availablc Sr-isotope dati (Bristow e ial., 15,ga)
suggests that  there may be a cont inuum ofcomposi t ions between the two f ie lds ofsouth Lebombo basal ts.
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Figure 5
Sm/Nd and Rb/Sr variations in selected Karoo basalts for which
Nd- and Sr-isotope results are available. Key as for Fig. 4. Notc
that average ratios have been used for the Kraai River basalts (see
discussion in text), and that the four encircled south Lebombo
basalts are those with positive ep6 values in Fig. 4. L 348 has an Rb/Sr
ratio of 0.25 and so plots outside the diagram.
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are consistent with the average Rb/Sr rat ios of al l  the basalts
analysed from each of the different areas (see Duncan et al - .
1984) most of the samples chosen for isotopic study appear
not to have been affected signif icantly by alterat ion. Two
important exceptions are the two Kraai River basalts which
have Rb/Sr rat ios that vary by an order of magnitude (Table
I),  so that the average Rb/Sr rat io for Kraai River basalts
(0. 10, n :  24) hasbeen used in Fig. 5.

In summary we would emphasize the fol lowing aspects of
the tl3Nd/r41Nd-rt7Sr/'t6Sr and Sm/Nd-Rb/Sr variations:
L The relative positions of the Central area, Etendeka,
Nuanetsi-north Lebombo, and even Horingbaai f ields on
the Sm/Nd-Rb/Sr diagram are similar to those on the eNa vs
e5, diagram. At least in those areas the majori ty of isotope
and parent/daughter trace element rat ios appear to be
mutual ly consistent; although i t  is noticeable that the
Etendeka and Kraai River basalts have similar Rb/Sr but
d i  f fe ren t  in i t ia l  8 -Sr ' toSr  ra t ios .
2. In contrast the isotopical ly enriched lavas from the south
Lebombo do n ol plot in the same relat ive posit ions in Figs. 4
and 5: their isotope and trace element rat ios are clearly
"decoupled".
3. Although the relat ive posit ions of many of the f ields in
Figs. 4 and 5 are similar, their posit ions in relat ion to the
estimated composit ions of the bulk earth on each diagram
are dif ferent. One explanation is that the Sm/Nd rat ios in
the source regions of the basalts were around 15 % higher
than those now observed in the basalts themselves. The
changes in the average rxa and r\r values of the Central area.
Kraai River. Nuanetsi and north Lebombo rocks back in
t ime to i400 m.y. can be estimated using the average Sm/Nd
and Rb/Sr rat ios of the basalts. Such calculat ions indicate
that i f  the mantle source regions beneath these areas ever
had the same Nd- and Sr-isotope rat ios then (a) those rat ios
would have been close to those of the bulk earth, and (b)
the Sm/Nd ratios in the source regions would have to have
been around 15Vo higher than those in the basalts. Such a
shift in Sm/Nd between basalts and their source rocks might
simply ref lect the processes of part ial  melt ing and
fractionation of magmasen routeto the surface (Cox 1980,
1  983 ) .

VI. ROLE OF CRUSTAL CONTAMINATION IN THE
GENESIS OF THB KAROO LAVAS

Crustal contamination is used here simply to describe the
contamination of magmas by crustal material as they
migrate up through the continental crust. l t  does not apply
to attempts to recognize the chemical effects of relict crustal
material within the upper mantle (White and Hofmann,
1982) since they are essential ly concerned with the origins
of inferred isotope and trace element variat ions in upper
mantle rocks, and that is a separate issue. Crustal
contamination sensu stricto has been attributed to a variety
of processes from selective chemical exchange to bulk
assimilat ion (Francis et al. ,  1980; Thompson et a\. ,1982),
and thus i t  may be that the debate between crustal
contamination and enriched mantle wil l  only be sett led
once a coherent picture of the trace element and isotope
variations in oceanic and continental basalts. and mantle
xenoli ths. has been establ ished. We return to that debate in
the final section, but at this stage it is necessary to outline
some of the arguments for and against crustal con-
tamination in the Karoo volcanic rocks.

Crustal contamination acts to modify the composition of
magmas en route to the surface, and hence it is likely either
to generate some broad mixing relation between the
original magma and a crustal component, and/or to disrupt
any pre-existing relationship between isotope and parent/
daughter trace element ratios with the result that the two
become "decoupled". Note, however, that although such
decoupling is a good indication that there has been a
comparatively recent event (which affected the trace

element rat ios more than the isotope rat ios. or vice versa), i t
can be due to dif ferent processes. Yet when decoupling is
due to mantle processes the basalts and mantle xenoli ths
tend to be enriched in incompatible elements and have low
Sm/Nd, and often sl ightly high Rb/Sr rat ios, with high
'lrNd/t44Nd and low riTSr/86Sr ratios (Hawkesworth et c/.,
1979;Menzies, 1983; Norry and Fit ton, 1983). By contrast,
i f  the decoupling ref lects crustal contamination irTsr/u6sr
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may typical ly be higher. '1nd r|Nd/rJlNd lower. than would
be expected from the relevant trace elemcnt rat ios in the
rocks themselves.

The r lrNd/r44Nd and rrrSm/lraNd rat ios of Karoo rocks are
presented in Fig. 6. and Fig. 7 summarizes comparable data
on crustal and mantle xenoli ths from South Afr ican
kimberl i te pipes (Basu and Tatsumoto, 1980; Menzics and
Mur thy .  1980;  Er lank  e t  u l . .  l9 lJ2 :  Rogers  and
Hawkeswor th .  19821 Hawkeswor th  c t  a / . .  1983) .  Both
figures are isochron diagrams and posit ive straight l ines
between individual data points and the bulk earth have
slopes which correspond to thcir model Nd. or Tf. ir , ,  * ages
(De Pao lo  and Wasserburg .  1976) .  In  add i t ion .  s imp le  two
component mixing wil l  also produce l inear trends ctn such
diagrams, with either a posit ive or negative slopc
(Langmui r  e r  a / . .  197t3) .

The majori ty of Karoo rocks plot in a broad l inear array
in Fig. 6, with the most ohvious cxceptions being the f ive
high e5,, low r1-,1 (o1 r lr \d/rraf. ld) basalts from the south
Lebombo. Signif icantly they comprise thc group whose
isotope and trace element rat ios were most stronglv
decoup led  (F igs .4  and 5)  and,  s ince  the  sarnp le  w i th  thc
lowest rrsNd/raaNd rat io (L348) contains small  fragments of
what appears to be part ial ly digested sranit ic material (Cox
and Br is tow.  198,1)  and has  a  mode l  Nd age o f  3 .6b .y .  i t
seems reasonable to conclude that this group of basalts has
been contaminated with Archaean crust.

The rest of the Karoo lavas tend to have broadlv coherent
isotope and trace elemcnt rat ios. and thel '  have similar
rrrNd/r lrNd and IrrSm/raaNd composit ions to many t l f  the
diopsides separated from peridoti te xenoli ths (Figs. 6 and
7). Nonetheless most of their ini t ial  es. and sxa values are
respectively higher and lowcr than thosc of the bulk earth
(see Fig. 4) and since thesc are oftcn regarded as incl icat ive
of a crustal origin, considerablc efforts have been made ttr
reproduce thc chemical and isotopic vari i t t ions observed
within the dif ferent Karoo stuclv areas (Fig. l)  by crustal
contamination processes (sec Marsh and Eales. l9l l4;
Br is tow e t  a l . ,  1981;  Er lank  e t  u l  . .1984\ .  However .  w i th  the
exception of the high asr south Lebombo rocks discussccl
above. these cfforts havc so far ntet with l i t t le succcss and
the Dresent consensus is that crustal contantinatiotr has hacl
l i t t le signif icant effect on the chentistry of the vast ma.itrr i tv
of Karoc'r volcanic rocks. The kev word is "signif icant", ancl
how that is defined can vary depencl ing on the objectives of
the part icular project. f lere we are conccrned prirnari lv
with the nature ofthe source ofthe Karoo basalts. ancl how
it compares with samples of upper marrt le avai lablc as
xenoli ths in kimberl i te pipcs. and with the relat ion bctween
basic and mrlre evolved rock tvpes in part icular arcas. Thus
crustal contamination only becomes signif icant when i t  has
more effect than, for cxample. local intra-arca source
heterogeneity and late-stage alterat ion. Specif ical ly. i t
would become signif icant i f  i t  wcre even part ial lv
responsible for the po,r i l lorr of the isotope ancl trace elenlent
f iclds for the dif ferent magma types on Figs. '1. -5 and 6.
rather than just for some of the scatter n' i / /r l i r  thosc f ields
wh ich  migh t  w 'e l l  be  c luc  to  in te rac t ion  u ' i th  c rus ta l
material.

In many ways the crux of thc argurnent is that the Karocr
basalts include a number of dif ferent magma t-v-pes with
dif ferent isotope and trace element characterist ics. Within
the Central area. for examplc. several magma types arc
recognized on the basis of trace element rat ios such asTilZr
and ZrlNb. r ind i t  has been shown that thc obsen'ecl
v i r r ia t ions  in  these ra t ios  a rc  cx t re rne ly  un l i ke  l y ' to  be  duc  to
crustal contamination processcs (Marsh ancl Eales. 198' l) .
On a regional scale. that is. between thc cl i f ferent sub-arcas
in Fig. l ,  there are consistent cl i f fercnccs in a range of trace
e lements  (Duncan e la l . .  l9 lJ ,1 )  and these arc  rc f - l cc tec l  in  thc
separate Sm/Nd-Rb/Sr f ields in Fig. 5. ancl apparcntlv
accompan ied  by  cohcrcn t  var ia t io t ts  in  Nd-  l rnc l  Sr - i s ( ) t ( )pcs

(Fig. a). Thus i f  crustal contamination was responsible for
the latter, i t  implies that i t  was also responsible for many of
the trace element characterist ics of the dif fcrent magma
types.

There are many objections to such an explanation for the
diffcrent magma types in the Karoo. not least the sheer
volume of contamination needed to inf luence so
dramatical ly the composit ion oi the estimated 1 x l0( 'kmr
of basalt.  There woulcl.  for cxample. havc tt t  be a specif ic
contaminant for each m:lgmil type. at le ast with respect tc)
Rb/Sr and Srn/Nd rat i t ts. and each batch of magma would
have to be wcl l  homogenised. since even thou-ch dif ferent
magma types are inte rbedded the re is l i t t le or no
compos i t iona l  g radat ion  be twcen them.  In  bo th  the  Cent ra l
area and north-west SWA/Namibia there are nt inutc
volumes of acicl volcanics which rcpre sent the best cvidence
for contempc)ri ineous crustal melt ing. yet in neither area
can the isotoDe and tracc element variat ions in the basalts
(e  .g .  F igs .  . l  and .5)  bc  mode l led  by  contaminat ion  w i th  such
acid matcrial.  even i f  the cffects of fract ional crystal lrzation
are  a l lowed fo r  (Marsh  and Ea les .  198.11  Er lank  e t  a / . .
1913.1). Morcover. i f .  notwithstanding such specif ic rnoclels.
the t l  at- l  yi  ng and near vcrt ical t  re ncls on the eN,r es, diagram
(Fig. a) are attr ibuted to crustal contaminatiotr.  thc former
would prcsumably ref lect the incorporation of high Rb/Sr
upper crustal rocks and the latter of low RbiSr lower crusti t l
g ranu l i te  fac ics  rocks  (e .s .  Car te r  c r  a / . .  1978) .  But
granuli tcs tend to have low U/Pb rat ios. and hence with
t ime unrad iogcn ic  Pb- iso tope compos i t ions :  and th is
contrasts with the rucks of Nuanetsi-north Lebombo
which ,  a l though they  p lo t  on  thc  near  ver t i ca l  t rcnc l  in  F ig .
4. have cornparatively radiose nic Pb-isotopc rat i t ts (Bettorr
et al. ,  1981) and arc therefore unl ikely'  to have been
contarn ina ted  bv  c rus ta l  g ranu l i t cs .

Other dif f icult ics with the wiclcsprertd crustal contami-
nation hypothesis can be i l lustrated with the results on Fig.
6. I t  has alrei idy bccn argued that thc ne-{at ive trcnd of the
low rlrNd/r14Nd south Lebombo basalts could be due tcr
in te rac t ion  w i th  Archacan c rus t .  Howcver .  i f  the  p t rs i t i vc
tre ncl defined by the rnajori tv of Karoo results on Fig. 6 was
also clue to crustal contamination. the slope of the trcncl
imp l ics  tha t  the  contaminant  was uppe r  Pro teroz( ) i c  in  lgc
( tha t  i s .  i t  wou ld  p lo t  on  or  rbove the  1 . ,1  b .y .  re fe rence
isochron) .  Yet  these basa l ts  c rop  ou t  on  Archacan.
Pnr te rozo ic .  anc l  Pan-Af r i can  bascmcnt  (F ig .  l ) .  and there
is  no  c lear  l ink  be tween the  agc  o f  the  bascment  anc l  the
d is t r ibu t ion  o f  Karoo nragma tvpcs .  Moreovcr ,  i t  i s
part icularly cl i f f icult  to envisagc rvhy upper Proterozoic
continenti i l  crust should be resporrsiblc for the isotope and
t race  e lement  conrpos i t ion  o f  lavas  erup ted  on to  an
Archacan c ra ton .  In  de ta i l .  i f  the  iso topc  anc l  t race  e le rncn t
characterist ics of thc Nuanetsi north Lebontbo rocks rvere
due to  c rus ta l  con taminat i t tn  o f .  fo r  cxantp le  .  the  h igh
r|Nd/r+'1Ncl south Lcbombo lavas (scc Figs. : l  and 6). the n
-7(.) 80 %' of thcir Nd and Sr contents would bc of crustal
o r ig in .  Yet  these rocks  inc luc le  h igh-Mg p ic r i tes  (Cox and
Jamieson.  197,1) .  and s ince  the  ass i rn i la t i t tn  o l  tha t  a rnount
o f  c rus t  wou ld  cor rsumc so  much la tcn t  heat  tha t  thc
magmas wou ld  cvo lve  to  lower  MeO compos i t ions .  such a
mode l  i s  most  improbab le  (scc  a lso  C 'ox ,  1983) .

Ir.r  sur.nmary. the majori tv of Karoo basalts havc higher as,
and k rwer  exr  than the  bu lk  ear th  (F ig .  : l ) .  and  thus  t tn  the
s imp lcs t  i so top ic  a rguments  migh t  be  contaminated  bY
cor r t incn ta l  c rus t .  We env isagc  thu t  such contan t ina t ion  w i l l
tend  e i ther  to  c lccoup lc  any  pre-ex is t ing  cohcrent  pa t te rns
betwccn iso tope and parent /c lnughte  r  t race  e le rncn t  ru t ios .
andior introclucc broad nrixirrg rclat ions between thc
or ig ina l  magnra(s )  and anv  c rus tu l  componcnts .  In  the  case
of  the  Karoo "decoup l ing"  be twccr t  i so tope and t race
elemcnt rat ios has heen obscrvetl  in a group of sttuth
Lcbombo basalts wherc i t  appears tct be clue to cr) l t tuml-
na t ion  w i th  Archacan c rus t .  bu t  in  most  o f  the  rocks
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analysed the Nd- and Sr-isotope rat ios var) 'cohercntlv fronl
one magma tvpe to another. Such coherent Variat iorrs have
proveci cxtremely dif f icult  to mode I satisfactori lv by crustal
contamination and they are presently 'bcl ievecl to har c nccn
a fea ture  o f  the  subcont inenta l  mant le  in  th is  a rea  a
conclusion which is support: :d further by the avai lablc Nd-
and Sr-isotope results on marrt le xenoli ths in kimberl i te
p ipes  (see F ig .  7  and the  fo l low ing  d iscuss ion) .

VII.  TIMING OF EVENTS IN THE UPP!]R MANTLE
BENEATH SOUTHERN AI'RICA

Nd-isotooe stucl ies have been carr ied out on several
suites of bri th crustal and mantle xenoli ths frt tm southern
Africa. and the avai lablc rr ' rNd/r14Nd and rrtSnt/r[Nd r lr t ios
are summarized in Fig. 7. Crustal xenoli ths from kintberl i tc
pipes on the Archaean craton yield modcl Nd ages of 2.9 -

2 .4b .y . ,  as  do  two upper  c rus ta l  xeno l i ths  f rom nor thern
Lesotho  (F ig .  1 ) .  In  cont ras t  ten  o f  14  granu l i te  xeno l i ths
analysed from Lcsotho scattcr about an crrorchron
cor respond ing  to  an  age o f  1 .4  +  0 .  I  b .y .  (MSWD :  28) .  w i th
an init ial  Nd rat io only sl ightly higher than that of the bulk
earth at that t ime (Rogers and Hawkesworth. 1982. and
Fig. 7). Such results confirm that major crust-forming
events took place in the late Archaean and in the upper
Pro terozo ic  (1 .4 -1 .0b .y . .  see  a lso  Bar tonc tc / . .  l9 l3 l ) .  and
thus provide a framework in which to consider the data
from mantle xenoli ths in this area.

The relat ionship between sepitrated mineral and wholc
rock analyses on mantle xenoli ths is i l lustrated by thc sol id
l ine joining co-exist ing diopside. K-r ichteri te .  and whole
rock points in Fig. 7. In general the diopsides have much
higher Nd concentrat ions and lower r13Nd/rlrNd rat ios than
the i r  hos t  rocks  (Menz ies  and Mur thy .  1980;  E , r lank  e l  a / . .
1982) and they wcre clearly not in Nd-isotopic equi l ibr ium
at the t ime of their e mplacement in the kimberl i tc
( -90m.y . ) .  The s imp les t  in te rprc ta t ion  is  tha t  because o f
their low Nd contents (al l  but one have between I 6ppm
Nd) the composit ions of the whole rock samples Iravc been
more readi ly affected bv intcraction with rnatcrial with high
rlrNd/r44Nd rat ios. which in turn suggests that the
composit ions of the diopsides are the best irvai lable
indication of the Nd-isotope rat ios of these fragntents of the
upper mantle beJore their whole rock values we rc disturbed
(Hawkesworth etal. .  19t33).

T'he diopside with the lowest rarNd/ralNd rat io in Fig. 7 is
from an eclogite (Basu and Tatsumoto. 1980). but the
remainder are from a variety of peridoti te types including
garnet phlogopite (GPP) and phlogopite K-richteri te
peridoti tes (PKP). Signif icantly. manv of the diopsidcs plot
within the main trend of the Karoo lavas in Fig. 6. and thus
support the earl ier conclusion that thc trace element and
Nd- and Sr-isotope rat ios of the latter primari ly ref lect
mantle processes, and have been l i t t le affected bv crustal
contamination. Most of the larNd/rraNd and 1lrsm/rrrNd

ratios of the lavas and the diopsides from mantlc peridoti tes
are lower than those of the bulk earth indicating that both
the xenoli ths and the Karoo volcanics werc derived from
upper mantle source regions which had been variortslv
enriched in LREE for considerable periods of t inte.
Moreover. because most of the data plot above. and
arguab ly  w i th  a  s l igh t ly  sha l lower  s lope.  than the  1 . ; lb .y .
re fe rence l ines  in  F igs .6  and 7 .  l . , lb .y .  i s  a  reasonab le
upper l imit for the ages of thesc t-RtrE enriched mantle
source regions, which probably stabi l ized in the period
1.4-1  .0b .y .  Not ice ,  however .  tha t  one d iops ide  on  F ig .7
has a 2.7 b.y. model Nd age and that coupled with some of
the Pb-isotope data on inclusions in diamonds and ttn
omphacites in eclogites (Kramers, 1979). indicates that at
least patches of rel ict Archaean mantle alstt  survivecl.

Nlost mantle peridoti tes have low Rb/Sr rat ios (<0.07)
with the result that r iTsr/r i6sr rat ios change slowlv with t ime
and i t  is often dif f icult  to obtain useful agc information from

the Rb-Sr clccay schcmc. Howcvcr. notablc cxccptions arc
the garnet-free. phlogc'rpite (PP) ancl phlogopite K-
richteri te perir lot i tcs (PKP) from thc Kimhcrlev area.
which have Rb/Sr rat ic 'rs of 0. I  0. lJ and thus could have
generated the observecl rarrge in trqr/s6sr (0.705-s-0.710;l) in
jus t  150nt .y .  (Er lank  e t  a l . .  1982) .  The da ta  a re  fa i r l v
scattereci and their precise age signif icance is cl i f f icult  to
establ ish. but the preferred interpretat ion is that they
primari lv ref ' lcct a sharp incrcasc in Rb/Sr brought about bv
metasomat ism not  long  a f te r  the  main  Kuroo event  a t
-  I  90  rn .y .  (  E  r lank  c l  a / . .  1  980) .  Such an  evcnt  i s  too  voung to
be dated by the Sm-Nci system. but f{arvkesworth et ul .
( l9 t t3 )  specu la ted  tha t  i t  m igh t  har "e  been responsrb lc  fo r
the inferred displacement of whole rock cornposit ions to
h ighe r  u rNd/ r INd (F ig .  7 ) .  That  d isp laccme n t  cou ld  s i rnp lv
be due to  contaminat ion  w i th  the  hos t  k imber l i te  en  rou te  lo
the surface. but the fact that so-cal led "prirnarv"

phlogol-r i tcs also tcnd to havc highcr r|Ncl i  r ' [Nd rat ios than
co-exist ing diopsicles (Basu and Tatsumoto. 19801 Menzies
and Murthy. 191J0) suggcsts that thc ohscrvcd Nd
c i i sequ i l ib r ia  p robnb ly  re f lec t  mant le  p rocesses .

There is evidence tbr at least thrce cpisoclcs of trace
e lement  enr ichmcnt  in  the  upper  mant le  beneath  southern
Africa. A few rel ict fragments of Archaean rnantle have
bcen recogn ized (e .g .  Kramers .  1979) ,  bu t  most  o f  the  Srn-
Nd data on both rnantle diopsiclcs and Karoo lavas sugecst
that thev were derived frorn LRE E cnrichcd port ions of thc
upper  mant le  wh ich  s tab i l i zed  a t  -1 .+1 .0b .1 ' .  Many o f
these samples have Rb/Sr rat ios which are too lorv to viclcl
age infurmation fronr the RbiSr systern, but reassuringly
thc averagc modcl agc of thc onlv high l{biSr basalts from
t h e  C l e n t r a l  a r e a  ( t h e  K r a a i  R i v e r .  F i g . 5 )  i s  l . 2 b . y .  I n
north-west SWA/ Namibia thc picturc is morc conrplcx
because whercas thc avcragc motlel Nd agc ofthe Etendcka
rocks  is  0 .9  b .y . .  the  averase moc le l  Sr  ages  o f  the  pr im i t i r  e
sar .np lcs  i s  2 .0  b .y .  (scc  Er lank  er  a1 . .  198,1) .  Thc  th i rc l  t racc
element enrichrnent event then postdates Karocr
magmat ism a t  -190m.v .  and was respons ib le  fo r  the
nrctasomatism observed in at least the garnet-free.
ph logop i te  and ph logop i te  K- r ich ter i te  per ido t i tes .

VIII ,  TRACE ELEMENT ENRICHMENT PROCESSES
Trace elements have been widely used. ancl with

increasing success. to rnocicl processcs of nrugmatic
evolut ion and at least some aspects of part ial  rnelt ing (Gast.
19681 A l ldgre  and Mins ter .  1978;  C laguc  and Frcy .  l9 l t2 ) .
However. comparatively l i t t le is understood about the
processcs which cleterrninc thc infe rrccl tracc clcme nt
var ia t ions  in  the  mant le  source  rocks .  D iscr im inant  ana lys is
has identi f ied trends of tracc clemcnt enrichrnent and
deplet ion in the sources of basalts, and rnany studies have
recognizcd that thcre arc dif fcrcnt stvles of enrichment
ref lected by signif icant variat ions in the rat ios between
broad lv  " incompat ib le "  e lements  (c .g .  Pcarcc  anc i  Cann.
1973;  Tarncy  er  a1 . .  1980;  Pearce .  l9E2) .  Moreover .  when
the variat ions in a range ol trace elements are considereci
togethe  r ,  as  on  a  mant le -normal ized  c i iagram (F ig .  11 .  and
d iscuss ion) .  i t  i s  c lear  tha t  the  pa t tc rn  o f  t race  e lemcnt
enrichme nt can vary clramatical lv and is extremely
complex. In southern Afr ica, xenoli ths of upper mantle
rocks are avai lable from kimberl i te pipes over much of the
area of Karoo magmatism, and sc'r this discussion
concentrates on the extent to which the isotooe and trace
e lement  compos i t ions  t r f  p l r t i cLr la r l t  thc  per ido t i t c
xenoli ths and the Karoo volcanics may ref lect similar
mantlc processcs.

E,r lank at al.  (1982) recentlv summarizecl rnuch of the
available data on xenoli ths from the Bultfontein pipe ncar
Kimberley (Fig. l) .  Thev recognized tour dif ferent types of
periclot i te: garnet pcridoti tc (GP) which contains nrr
textural ly equi l ibrated or "primarv" phlogopite. garnet
ph logop i te  per ido t i te  (GPP) .  ph logop i te  per ido t i te  (PP) .
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and phlogopite K-richteri te peridoti te (PKP). 
' [ 'he 

latter
two groups contain no garnet, while diopside may or may
not be present in al l  four groups. Al l  samples tend to be
depleted in basalt ic consti tuents such as Ca and Al, and
enriched in incompatible trace elements, consistent with
ideas that such xenoli ths represent mantle which had
undergone basalt ic removal prior to trace element
enrichment (Shimizu, 1975: Erlank and Rickard, 1977;
Menzies and Murthy, 19U0; Nixon et al. .1981). However.
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Figure 8
Ba vs Rb for peridotite xenoliths (after Erlank et al., 1982) anrJ
Karoo volcanics.  GP-garnet  per idot i te,  GPP-garnet
phlogopi te per idot i te,  PP-phlogopi te per idot i te,  PKP-garnet
K-richterite peridotite. Values for the Karoo are average values lbr
different rock units from sub areas within the four areas illustrated
in Fig. 1 (compiled by D uncan et al., 1984). Symbols as in Fig. 4.
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in detai l  the sryles of enrichment vary, since, for example,
the GPP rocks have similar Ba but much lower Rb contents
than the PP and PKP samples (Fig. 8). Interestingly, such
differences cannot be due to original mineralogy (Erlank er
al. ,  1982) and although their origins remain obscure, they
are pert inent to the present discussion since similar
differences are also observed with the Karoo volcanics. The
majority of Karoo magma types appear to follow the GPP
style of enrichment, and just two, the Kraai River of the
Central area and the Etendeka of north-west SWA/
Namibia. have sl ightly high Rb/Ba rat ios similar to those of
the PP and PKP rocks (Fig. 8).

'13Nd/r41Nd and 87Sr/865r ratios have also been determined
on selected examples of the dif ferent peridoti te types (Fig.
9a). Whole rock analyses range from 0.7043-0.7104 and
0.512724.51227 for Sr- and Nd-isotopes respectively
(Erlank et al. ,  1982). while Menzies and Murthy (1980)
report present-day t+:1t167t++Nd rat ios as low as 0.51195 on
separated diopsides (see also Fig. 7). Particularly for whole
rock samples there is a very real danger that their isotopic
composit ion has been altered by interaction with the host
kimberl i te. However, because al l  but two of the samples
analysed had higher IrTSr/n6Sr ratios than the kimberlite at
the t ime of emplacement (ca. 90 m.y.),  any interaction with
the kimberlite would serve only to reduce the 675r/865r of the
peridoti te xenoli ths (E,r lank et al. ,7982). Such interaction
would also increase their I4'rNd/r44Nd ratios. and thus tend to
reduce the range of data in Fig. 9. Conversely, the observed
variat ions in Nd- and Sr-isotope rat ios in these peridoti te
xenoli ths presumably represents a minimum estimate of the
actual range of isotope composit ions present in the upper
mantle beneath Kimberley today.

The str iking aspect of the xenoli th isotope data is that i t
also fal ls broadly into two groups. PKP and PP rocks have
relatively high Rb/Sr and present-day 875r/865r ratios and
thus are displaced to the r ight of the so-cal led "mantle
array" (Fig. 9a), whereas the garnet-bearing peridoti tes
(GP and GPP), which typical ly have lower Rb/Sr rat ios,
plot on or near the mantle array. The proximity of some
whole rock results to those on kimberl i tes in Fig. 9a might
simply reflect contamination en route to the surface, but
seven of the nine diopsides plotted are from GPP rocks and
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Figure 9
rNd yr esr for kimberlites, mantle xenolith whole rocks and separated diopsides at the present day and 150m.y. ago (data from Menzies and

Murthy, 1980; Kramers er a/. , 1981 ; and Erlank et al., 1982). The dashed lines in Fig. 9a link co-existing diopsides and whole rock samples, and
the dashed fields in Fis. 9b are for the Karoo basalts as in Fie. 4.
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they clearly fal l  close to an cxtension of the mantle array.
The two other diopsides are from PKP xenoli ths (see t ie-
l ines on Fig. 9a) and are a further indication that isotopic
equil ibr ium did not occur during K-richteri te metasoma-
t ism (see also Fig. 7 and discussion).

Overal l ,  the present data suggest that there is a broad
coherence between some aspects of the trace element
var ia t ions  (Rb.  Sr .  Ba.  Sm.  Nd)  and Nd-  and Sr - iso tope
ratios. and signif icantlv that coherence is observed in both
mantle xenoli ths and Karoo volcanic rocks. One style of
enrichment results in low Sm/Nd (PKP.," :  0.16), high
Rb/Sr (PKP.," 0.3-5). high Rb/Ba (Fig. 8) and
consistently high ETSr/t6Sr rat ios: and i t  is seen in PKP and
PP mantle xenoli ths and Kraai River and Etendeka Karocl
volcanics. The second style also results in low Sm/Nd rat ios,
but i t  appears not to fract ionate the Rb/Ba (Fig. U) or Rb/Sr
rat ios to any marked extent and the Nd- and Sr-isotope
ratios consequently tend to remain on or close to the mantle
array (Fig. 9); for example, GP and GPP xenoli ths and
many of the Central area and Nuanetsi-north Lebombo
Karoo rocks. Final ly. although i t  is convenient to describe
these data in terms of two styles of enrichment, i t  must be
emphasized that they are l ikely to represent just two
cxamples from a continuum of possible enrichment trends.

While such trace element and isotope similari t ies
between lavas and peridoti te xenoli ths are encouraging,
they have del iberately been termed enrichment "styles"
part icularly because the high Rb/Sr enrichments of the high
srSr/E6Sr Karoo rocks and the PP and PKP xenoli ths are
thought to have taken place at dif ferent t imes. The l inear
array of the Karoo data on Fig. 6, and the 1.2 b.y. average
model Sr age of the Kraai River basalts. suggest that both
the low Sm/Nd. high Rb/Sr rocks of the Kraai River were
derived from source regions which had been enriched in
trace elements for - 1.0 b.y. before the Karoo event. Similar
ages may be inferred from the results on mantle diopsides
(Fig. 7) and thus both the Karoo lavas and mantle xenoli ths
in kimberl i te pipes appear to have sampled trace element
enriched upper mantle material of upper Proterozoic age -

which perhaps stabi l ized soon after the orogenic activi tv
in  the  Namaqua-Nata l  bc l t  (F ig .  1 )  (Rogers  and
Hawkesworth, 1982). The PP and PKP xenoli ths by
contrast have such high Rb/Sr rat ios (average 0.43 and 0.35
respectively) that their relat ively high 87Sr/865r rat ios ref lect
a much younger enrichment event at around 150m.y. (see
section VII).  This dif ference in the age part icularly of the
high Rb/Sr enrichments observed in these xenoli ths and
inferred in the source of some of the Karoo lavas is
i l lustrated by recalculat ing the xenoli ths isotope ratros at
150m.y .  (F ig .  9b) .  A t  tha t  t ime the  xeno l i ths  had a  much
more restr icted range in Nd- and Sr-isotopes than the
Karoo volcanic rocks and so clearly reflect a different trace
element enrichment event.

Final ly in this section we consider brief ly some general
trace element characterist ics of the Karoo lavas, and in
part icularly address the question of whether early
subduction episodes inf luenced the inferred source
composit ions of the Karoo volcanics. Cox (1983)
demonstrated that on a Ti-Y-Zr discriminant diagram
(Pearce and Cann, 1973) the basalts of the south Lebombo
and the Central area plot in the f ields of calc-alkal ine
basalts, ocean f loor basalts and low-K tholei i tes. Similarly
the Karoo, in common with some other continental f lood
basalt provinces, is characterized by relat ively high SiO,
and Al:O: contents-features also shared by calc-alkal ine
basalt suites. Fig. 10 i l lustrates the variat ion in Nb/Ba and
Rb/Ba rat ios in the Karoo lavas and mantle xenoli ths and
compares them with data on basalts from both destructive
plate margins and ocean islands. The Rb/Ba ratio
discriminates between the two styles of enrichment already
discussed (Fig. 8), and Nb/Ba may distinguish arc magmas
from those generated in other tectonic sett ings. Gil l  (198i)

argues that a Ba/Ta rat io greater than,l50. which is arguably
equivalent to Nb/Ba less than 0.04, is the single most
diagnostic feature of an arc magma.

On Fig. 10 the majori ty of Karoo magma types plot in a
broad l inear trend anchored at one end in the f ield defined
by subduction zone related magmas-in this case
i l lustrated by the averages of circum-Pacif ic basalts and
basalt ic andesites compiled by Ewart (1982). Relat ive to
estimates for the primit ive mantle, or to typical trace
element enriched ocean island volcanics from Hawaii  and
the Azores. al l  these Karoo lavas have low Nb/Ba rat ios;
and the more enriched rocks of Nuanetsi-north Lebombo
in part icular have Nb/Ba rat ios low enough to be mistaken
for arc-related magmas. The exceptions to the main trend
of Karoo lavas are the nephelinites of the Mashikir i
Formation, which are not shown in Fig. 10 but have sl ightly
lower Rb/Ba rat ios (-0.035), and the high Rb/Ba, high
srSr/E6Sr rocks of the Kraai River and the E,tendeka
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Figure l0
Nb/Ba vs Rb/Ba for mantle xenoli ths compared with f iclds for
basalts from Hawaii  (Claguc and Frey, 1982), the Azores (Norry.
unpubl.) the Karoo, and circum-Pacif ic (CP) basalts and basalt ic
andesites (from averagcs compiled by Ewart. 1982). The field for
thc main Karoo lavas encompasses the average values for different
rock types from different sub areas compiled bv Duncan et a/.
( 1984) and used in Fig. t3. PM - primordial mantle values. used for
normalization in Fig. 11. Ern-Averagc of Ernici High-K
volcanics, I taly (Civetta et al. ,  1981). KR-Kraai River. E-
Etendeka.

The peridoti te xenoli th data are highly variable.
presumably ref lect ing the minute volumes of mantle they
represent. Nonetheless many of the GPP samples again plot
close to the main trend of the Karoo rocks (see also Figs. 8
and 9a). The PP and PKP xenoli ths typical ly have high
Rb/Ba ratios and those which do not contain complex
Ba-Sr-Ca-Zr-Cr titanates also tend to have low Nb/Ba
ratios. Moreover. for connoisseurs of the "Ital ian
controversy" i t  is noticeable that recent I tal ian volcanics
have low Nb/Ba and high Rb/Ba rat ios similar to those of
the PP and PKP rocks (data from Civetta et a/.  ,  1981). Thus
although much of this work is st i l l  very prel iminary, there do
appear to be some broad similarities in the isotope and trace
element trends in these oeridoti te xenoli ths and those in
basalts. The r l3Nd/r44Nd, "7Sr/noSr, Rb/Sr, Sm/Nd, Rb/Ba
and Nb/Ba ratios are consistent with a model in which the
majority of Karoo basalts were derived from upper mantle
material that had undergone a similar style of trace element
enrichment to that observed in GPP xenoliths, while the
results on the Kraai River and Etendeka rocks suggest some
affinity with the PP and PKP style of enrichment. In detail
there are still difficulties. For example, it is not clear why
the average ZrlNb ratios in the xenoliths (3-5) are much
less than those in the Karoo basalts which are typically > 10

+ E r n



PE I  ROCENESIS  OF  IHE  VOL( -AN I (

(Duncan c t  a / . .  l9 t3 , l ) .  and s ince  in  thc  oce  an ic  env i ronmet t t
ZrlNb rat ios of > l5 arc characterist ic of derivation from a
c iep le ted  source  (Er lank  and Kab le  .  1976) .

An import:rnt feature of the xcnoli th dati i  in Fig. 10 is that
so  manv o f  the  GPP.  PP and PKP rocks  have low Nb/Ba
ratios, for relat ively lorv Nb contcnts have recentlv been
observed in  severa l  con t incn ta l  f lood  basa l t  p rov inces  (e .e .
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Figure I I
Mirnt le-rrormal izcd t race element pat tcrns for  (a)  selected Karoo
basal ts.  (b)  wi th in p late basal ts l rom thc Azores (a lkal i  basal t ) .
Hai la i i ,  the Deccan and Columbia River (a l l  tholc i i tcs)  and (c)
MORII  and two subduct iotr  zonc rc latcd rocks.  Norntal izat ion
vr lues al ter  Thompson et  a l .  (1982).  wi th thc exccpt ion ol  Ba -

3. t t -5 ppm. Othcr dr ta l ronr Flanagan (  1973).  Basal t ic  Volcanism
Studv Project  (  1981 ) .  Pcarcc (  l9 l i2) .  Norr1" (unpubl .  )  and Cox and
Hawkcswor th  ( unpub l .  ) .

ROCKS OF TI IE  KAROO PROVINCE

Basa l t i c  Vo lcan ism Studv  Pro jec t .  1981.  and d iscuss ions  by
Weaver  anc lTarnev .  1983;  and Thompson e ta l . .  19 [ t3 ) .  F ig .
1 I i l lustrates mantlc-nornral izcd trace elemcnt patterns for
four Lrasalts from dif ferent areas within the Karoo. and
compares them with selected basalts from within plate.
destructive plate margin and MOR environments. The
Karoo rocks exhibit  variable relat ive abundances of Rb.
tsa. Th and K. but al l  contain signif icant Nb anomalies
which tend to be accompanied by low Sr and P contents
relat ive to the REE. Zr and l l f  in part icular. Similar
features are observed in BCR-1 (Columbia River) and to a
lesser extent in the tholei i tes fmm Ilawaii  and the Deccan
(Fig. l1b). However, whnt is clear from both Figs. l la and
10 is that relat ivcly low Nb contents occur in rocks of very
dif ferent Rb/Ba rat ios (and Nd- and Sr-isotope trends),
which suggests that the two features are not related and that
the observed trace element patterns probably ref lect a
mult i-stage history.

Low Nb abundances are a feature of subduction zone
rclated magmas (Fig. I  lc after Pcarcc, 1982) and thus the
negative Nb anornal ies in the Karoo rocks (Fig. l la) could
ref lect the presence ol the subcluction zone component.
The isotope eviclence indicates that such a component
would be upper Proterozoic in age, consistent with active
subduction during the formation of the Namaqua-Natal
belt  (Fig. 1). and with ideas of a buoyant continental
l i thosphere formed by depleted ( in major element terms)
residual material r ising from subducted oceanic l i thosphere
(Oxburgh and Parmentier. 197t1). However. this hypothesis
requires that the negative Nb anomalies in the Karoo rocks
are unrelatcd to their relat ivelv low Sr contents, since
destructive plate margin rocks typical ly have high Sr/Nd
and Sr /Ce ra t ios  (see F ig .  11c .  De Pao lo  and Johnson.  1979;
Hawkesworth and Powell .  1980; Pcarce. 1982). Thus an
alternative and at present equally tenable interpretat ion is
that the coherent variat ions in Nb. Sr and P in the Karoo
rocks ref lect the same process(es). and that their negative
anomalies are due to scavenging by COl-r ich f luids at sorne
early stage in the evolut ion of their source rocks.

IX. CONCLUSIONS
Selected samples from four areas within the Karoo

magmatic province have been analyscd for Nd- and Sr-
isotopes and. since the majori ty have negative init ial  aNa and
posit ive init ial  e..  values (Fig. 4). they nrust contain at least a
component from a source which was both old and had lower
Sm/Nd and higher Rb/Sr rat ios than the bulk earth. The
basalt ic rocks exhibit  regional v:rr iat ions in trace element
composit ions, ancl apart from a suite of high rsr rocks from
the south Lebombo, broadly coherent trends are observed
bctwecn Sm/Nd-Rb/Snnd 1lrNd/r lrNd-3iSr/E6Sr rat ios. The
decoupling of isotope and trace element rat ios in those
south Lebombo rocks is most simply explained by
contamination with Archaean crust err roule to the surface.
but elsewhere in the Karoo i t  appears that crustal
contamination has not had a signif icant effect on the isotope
and trace element comoosit ion of the various basalt ic
magma types. The dominant basalts of the Central area, the
relat ively low rrrNd/r14Nd rocks of Nuanetsi-north
Lebornbo. and thc relat ivelv high 87Sr/E6Sr rocks of the
Kraai River could al l  have been derived from upper mantle
source regions which hacl been variously enriched in
incompatible elements ca. 1.0 b.y. before the Karoo event.
The E,tendeka volcanics of north-west SWA/Namibia are
more problematical in that although their Nd-isotopes are
consistent with such an interDretat ion. their Rb/Sr and
sTsr/s6qr rat ios implv an oldcr cnrichment event. However,
these lavas crop out on basement which was remobil ized
during thc Pan-Afr ican (75()--5(X) m._v' ' .)  and i t  may be that
their discordant rnodel Ncl ancl Sr age s arc an indication that
their mantle source regions were disturbed by subduction in
Pan-Afr ican t imes.
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The existence of old (Upper Proterozoic) trace cleme nt
enriched mantle beneath southern Afr ica is confirrned bv
the isotope and trace elentent results on peridoti tc xenoli ths
from kimberl i te pipes in the Kimbcrley area (Menzies ancl
Mur thy ,  l9U0;  Er lank  e t  a l  . .1 ( )82) .  S ign i f i can t lv .  however .
i t  also appears that there nre some similari t ies in the.rt-t ' /cs of
enrir:hment observed in both thc mantle xe nol i ths and the
Karoo lavas. Garnet phlogopite pcridoti tes (GPP) arc
enriched in incompatible elcments and thus havc low
Sm/Nd rat ios. but they tend to havc relat ivelv low RbiSr
rat ios so that with t ime the-v clevelop l |Nd/r{Nd ' tnd
sTsr/f i6sr rat ios on or close to the cxtension of the "mantle

array" (Fig. 9). In contrast. garnct-free peridoti tes
containing primary phlogopite (PP). or both phlogopite
and K-richteri te (PKP), have similarlv low Sm/Nd but high
Rb/Sr rat ios. and hence relat ivelv high rrSr/ i ' -Sr rat ios. Thc
majori ty of Karoo lavas in the Central area. Nuirnetsi and
north Lebombo share those features with the GPP style of
cnrichment. while the basalts of the Kraai River nnd the
Etendeka are examples of volcanic rocks with similar trace
element characterist ics to the garnet-free periclot i tes.
These variat ions are clel iberately termed "styles of
enrichment" because they do not necessari ly ref lect the
same event and. for examplc. the high Rb/Sr enrichment in
the  PP and PKP xeno l i ths  occur red  . -1 .0b .y .  a f te r  tha t
inf 'erred in the source of the basaits. Further comparisons
between the trace element composit ions of xenoli ths and
volcanics are st i l l  at a prel iminarv stage. and while
similari t ies exist for rat ios such as Rb/Ba and Nb/Ba (Figs. 8
and 10) the Karoo rocks tencl to have unusuallv high ZrlNb
ratios which are 24 t irncs higher than the average values
for the oeridoti te xenoli ths.

In the preferrcd model i t  is envisaged th:rt  considerable
amounts of new continental crust were generatcd around
the margins of the Archaean craton in the uppcr
Pro terozo ic  (1 .+-1 .9  b .v . ,  Bar ton  e t  a / . .  1981;  Rogers  and
Hawkesworth. 1982: Flawkesworth el a/. .  1983) during the
formation of the Namaqua-Natal belt  (Fig. l) .  That
orogenic episode may have introduced subducted material
into the subcontinental mantle .  and on cool ing i t  greatly
increased the area of stable continental crust and the
volume of upper rnantle stabi l ized within the l i thosphere.
The result was segments of trace element enrichcd mantle
of upper Proterozoic age which appear to havc been present
beneath both Archaean and Proterozoic crust. and whose
inferred trace element characterist ics are consistent with
contr ibutions from both subduction zone and intraplate
enrichment processes. This enriched mantle was the
principal source of the Karoo volcanics. and at lcast in the
Kimberley area the K:rroo magmatic event was fol lowed
by, and may well  have init iated, the K-richteri te metasoma-
t ism observed in peridoti te xcnol i ths. Moreover. although
in detai l  the temporal relat ionships across the Karocr
province are st i l l  poorly understood, there is st lme evide'nce
for a shif t  in source regions whereby mttst of the Karoo
basalts were generated with the l i thosphere, and the late
dykes of the Rooi Rand and Horingbaai and thc f luids
involved in the post-Karo(r mctasolt lat ism. were thcn
der ived  f rom the  under ly ing  convec t ing  uppcr  rnant le .
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