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Abstract

The geology of southern Africa offersa rave opportumty tostudy the evolution of a
segment of continental hthosphere because its rocks range in age from 3.6 Ga to
Recent, and over the last 200 Ma both the upper mantle and the ¢rust have been
sampled by Karoo and Tertiary volcanism and as xenoliths in kimberlite pipes. The
available data indicate that most of the mantle xenoliths and Karoo voleanics have
lower "*Nd/"Nd and higher ¥Sr/*St ratios than the bulk earth. Thus they were
either derived from source regions which were both *old” and had lower Sm/Nd and
higher Rb/Sr than the bulk carth—or they at least contain a contribution from
such a source. It is envisaged that crustal contamination will tend either to generate
some broad mixing relation between the original magma and the crustal
component, and/or disrupt any pre-existing relationship between isotope and
parent/daughter trace element ratios with the result that the two become
‘decoupled’. Locally some of the Karoo basalts appear to have been contaminated
with Archaean crust, but the majority of these volcanics and the mantle xenoliths
have not been affected significantly by crustal contamination processes. Rather,
different styles of trace element enrichment are recognized in both mantle
xenoliths and Karoo basalts, and with time these result in different trends on €y
versus €s; diagrams. The low '"*Nd/'*“Nd and high ¥ St/*Sr ratios of many basalts
and mantle xenoliths suggest that they at least are derived from within the
continental lithosphere; since that is where variations in Sm/Nd and Rb/Sr are
likely 1o persisi for long enough 10 generate the observed range in Nd- and Sy-
isotopes. Finally, the evolution of the sub-continental lithosphere beneath
southern Africa is provisionally described in terms of a two-stage model. Much of
the lithosphere appears 10 have stabilized 1.4-1.0 Ga ago, which is also the time of
significant crustal growth within the Namagua-Natal mobile belis. Itis argued that
the 1wo are related, and that increasing the area of stable continental crust atso
increased the yolume and perhaps even the thickness, of material incorporated into
the sub-continentai lithosphere. Karoo magmatism at ~190 Ma was then followed
by, and may have been responsible for, a second mantle enrichment event now
observed in the medal metasomatism of K-richterite bearing peridotite
xenoliths.
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Introduction *

Geophysical considerations suggest that the continental lithosphere is
100-250 kin thick and that 60-80% of it consists of upper mantle rocks
attached to the base of the continental crust (Jordan, 1978). 1t is rigid and
presumably isolared fromn the areas of active convection within the upper
mantle, and some arguments suggest that 1t may stabilize shortly after the last
major thermal eveat in the overlying crust (Oxburgh and Parmertizr, 1978).
Much of the mantle within the lithosphere is therefore likely to be old enough
for trace element heterogeneities to be mirrored by variations in radiogenic
isotopes. Moreover, since any old segments of the sub-continental mantic will
be susceptible to the effects of later events. they may also represent a rare
opportunity to investigate polyphase evolution within the upper mantle. This
contribution reviews work on continentai baszits ang both crustal and mantle
xenoliths from kimberlite pipes in scuthern Africa in the context of the
evolution of ibw vonanentai lthosphere in that area. Specificaily, it addresses
such quescens as a. age of the lithosphere. the timing and nature of trace
element ~io- -hmert events, whether basalts are derived fiom within the
continental Lithosphere, and the extent to which basalts and mantle xenoliths
sample similar sc.rce tegions n the upper mantle.

The importance of trace ciements in the study of igneous rocks and upper
mantle processes owes much to the radioactive decay schemes involving Rb-
Sr, Sm-Nd and U, ¥ n and Pb. These resuit in isotopic differences used widely
to identify und to cvaluate the nature of different source terrains. ldeally, such
source terrains should have evolved undisturbed over long periods of ime so
that the 1sotope 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 simple relationship between isotope and trace
element ratios (Norry and Fitton, this volume}. The majority have 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. Thus their isotope and trace
element ratios are ‘decoupled’, presumably because their source regions were
enriched in trace ¢lements so recently that there has been insufficient ume for
their isotope compositions to reflect the changes in trace clement ratios.

Some decoupling of isotopes and trace elements is probably inevitable ina
convecting upper mantle, since the latter is a dynamic sysiem and individual
segments are unlikely to remain undisturbed for long periods of
time. Unfortunately, however, that limits the potential of radiogenic isotope
studies precisely becanse there has often been too littie time for variations in
trace clement ratios to be mirrored by coherent variations in isotope
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 lithosphere.
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Regionai geology

The geology ot southern Africa is uniyue in that it preserves a record of major
orogenic and magmatic events ranging in age from 3600-30 Ma. Archaean
rocks (3.6-2.5 Gua) are preserved in cratonic nucleli surrounded by mobile
belts contaiming varving proportions of new and reworked crustal material
(Figure 1). For example, considerable volumes of new crust appear to have
been generated o the formaton of the Namaqua-Natal belt in the upper
Proterozoic t1.4-1.0 Ga. Bartoneral.. 1981; Rogers aund Huwkesworth, 1982);
whereas 1 the Pun African wrrain of northern Namibia mmany of the igneous
rocks wore durivad from pre-existing tioterozon, crust {Hawkesworth and
Maricw. 1983) Yer of even greater sipmihicance to any potential study of the
tithosphere s thar after thiese orogenic episodes und the subsequent
stabilization of the crust. both the crust and the underiving sub-continental
muantle were sumpled by widespread Karoo magmatisin from ~190 Ma,
kimberhite emplacement in the Cretaceous, and mud-Tertiary alkaline
volcanism,

The Karoo igncous rocks form one of the classic flood basalt provinces
(Cox. 198h. Radiometric ages vary from carly Jurassic wo carly Cretaceous
(190-120 Mu. Fitch and Muler, 10 prep.: Erlank e al., in prep.), and today
remnants of favas occur scattered across an area in excess ot 3.5 x 106 km*
{Figure 1). In addinon the underlving Karoo sedimentary sequences are host
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Figure I Geological sketch map of southern Africa tlustrating the four sub-areas where Karoo
voleunic rocks have been studied in most detail. and the distribution of kimberlite pipes
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to an extensive suire of dyiees ana sills. Basaltic vock types of tholeiitic
character are do:mmant theoughout the Kureo provinze, bur volumetrically

important sequeaces of acid volcaaics oceur elong both the eastern and
western margius of Uhe province, and high-Myg basadts {0 picrites) are a
feature of the arca nround Muanetsi. Most of ine avilatse geochemical and
isotopic data have veen reporied on rocks from four sub-ureas between which

there are some ciear dificrences in both isotope and irace element
compositions: (1} Nuasetst-aorth Lebombas (b south Lehembo; (¢) Central
area; and (1) no:rthwes: Numibwa (see Figure 1 and refeicnoes i Erlank, in
prep.). The rocks srom MNuancsi and north Lobomb:s are Chavacterized by
unusually high incororasinls choaens come s e Y0 e, i, ~350 ppm
Zr, and 65 proa Md compareag wih ~200 nrea, ~ S0 pper and 14 ppm
respectively o oaanyie o doinimam sasale of ihe Central areu, Yot these
rocks have spiior Vv de canos wnd they iy carn are sigmidficantly iower than
those of the s e L Nambis basalts, Lo e south Lebombo there is some
evidence torr it vocks huve been adfooted by nteraction with the
contineniui  .-usi fere Galer discussiong. but the  truce element
characterispo, fweoentunmunated busalts appear to be stnilar (o those in the
Central urcs

Kimbrerli. s cie voluvie-nch porassic, whirabasic nrasive rocks with a
distinctive o ruier seature due 10 e preseice of macsocrysts inoan
essentially mniore suin oo matrix (Clement er wf, [1977) Swedied widely as
the prinvipal s o7 natural alamond, they a2lse contmn o variety of
xenoliths of b cvostal and upper mantie rocks. in southern Africa
kimberlites ovcur dbodi an the Archaean craton snd i the surrounding mobile
belts. Some were emyps wedin the Precambrian {Premiier, Transvaal) and in the
Permian {Dokolwave, Swaziiaad), but the majority intrude the Carboni-
ferous-Jurassic sednnents and lavas of the Karoo and are therefore post-
Jurassic. Radioemewt. ages indicate a protracted period of kimberlite
intrusion from ~ 140 Ma 1o B0 Ma with the most intensive periods at 140, 120
and S0-80 Mua i Duwson, 1980, and references therein). Pressure/temperature
estimates on xenolith material range from 5-26G kbar at 500-850°C for lower
crustal grannlice (Griffin er af., 1979, Robey. 1982} and up to 70 kbar at
1450°C for the nigher temperature garnet peridotites, although the age and
signiftcance of say inferred geothermal gradients ure still debated (see Harte,
this volume).

After the mvas phase of kimberlite activity in the Cretaceous there was a
period of late Cretaceous-mid Tertiary alkaiine magmatism, particularly in
the western arcas of southern Atrica. The rocks are exposed in sporadic pipe-
like intrusions which tend to be either predominantly ultrabasic in
compaosition, or to consist largely of more salic nephelinites and phonolites.
The ultrabasic pipes have attracted attention because their olivine melilitites
might be genctically related to kimberlites (Mciver and Ferguson, 1979;
Moore, 1980). Isutope data are scanty, but the rocks which have been analysed
for Nd- and Sr-isotepes are from centres with K/Ar ages in the range 65-32
Ma (Marsh er a/.. 1581).
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Karoe volcanic rocks

1SNd/H*Nd VERSUS ¥Sr/%5r AND Sm/Nd VERSUS Rb/Sr VARIATIONS

The volcanic rocks of the Karoo have been the subject of a detaiied
programme of field mapping and geochemical and isotope analysis affiliated
to the International Geodynamics programme since 1974, Although work has
concentrated on rocks from four sub-areas, as illustrated in Figure 1, itis 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 analysed for Sr-isotopes, The results of
this programme are to be published in a volume edited by A J. Erlank, and
many of the ideas outlined here were developed in the writing of that volume,
In particular the ¥Sr/%Sr results have been compiled by Bristow et al. (in
prep.) and the combined Nd- and Sr-isotope variations are discussed by
Hawkesworth er al. (in prep.).

The available present day '**Nd/'**Nd ratios on Karoo rocks vary from
0.51303-0.51168, and in those samples present day ’Sr/%Sr are in the range
0.70305-0.72671. Initial 1sotope ratios are calculated at 190 Ma for the rocks
of the Central area, Nuanetsi and the Lebombo, and at 121 Ma for those from
northwest Namibia (see Figure 1), and presented in the € notation in Figure 2,
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Figure 2 Initial Nd- and Sr-isotope variations in Kareo volcanic rocks (after Hawkesworth ef
al., in prep.). H—Horingbaai dolerites from northwest Namibia; KR—Kraai River basalts from
the Central arca. Circles—Central area; squares——Nuanetsi-north Lebombo; triangles—south
Lebombo; diamonds—northwest Namibia. Filled symbols are for samples with less than 58%
SiQ,, open symbols more than 58% Si0,
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On such diagrams the origin represeats the estimated Nd- and Sr-isotope
composition of the bulk earth at a particular time—1n this casc, at the time of
formation of the Karoo lavas. The majority of recent mantle-derived rocks
have lower ®'S1/%Sr and higher "*Nd/"*Nd ratios than the bulk earth and
they tend to plet on, or close to. the so-called ‘mande array’ in the top leit
quadrant of Figure 2. Morcover, that implies that such rocks were derived
from source regions which had lower Rb/8r and higher Sm/Nd ratios than the
bulk earth, ie. thev were relatively depleted in the more incompatible
elements, for much of their history. Conversely, source rocks with higher
Rb/Sr and lower Sm/Nd ratios than the bulk carth will, wini time, develop
POSitive €5, und negative vy, values and so plot in the bottom nght quadrant.

Only seven {1hat 1s, ~147) of the Karoo rocks analysed have positive €ng
values similar to those tound =3 (e majority of recent mantie-derived rocks.
Most of the rzs: b.ave both positive €g, and negative €, and so plot in the
bottom tight quadrant of Figure 2. An imporiant feature of these 1sotope
variatiors, and one which may often be significant when considering results
from other volcanic provinces, is that much of the observed range of € valuesis
due 10 the compusition of samples from volumetricaliy trivial rock units. For
examp's, all but the basal 100-150 m of the 15J0 m pile of Karoo lavas
presently preserved in the Central area consists of Lesotho type basalis, and of
the 21 analysed, 20 have €5, in the range 2 to 22 (6./048-0.7060), and one has
€5, = 35 (0.7069). By contrast the basal 100-150 m presentiy includes six
different stratizraphic units (including the Kraar River Formation, KR,
Figure 2): the reeks vary from basalts with low incompatible element contents
to dacites with 1.5-2.6% K,0, and ¢, = 6 to 120 (1.7049-0.7129) (Marsh and
Eales, in prep., Bristow et af., in prep.).

Nonetheless, the majority of Karoo volcanic rocks are basalts, and they
include a number of different magma-types which have been recognized
primarily on the basis of different trace element features. Although more than
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Figure 3 Sm/Nd versus Rb/Sr for selected Karoo volcanic rocks for which Nd- and Sr-isotope
analyses are available. Note that the enclosed south Lebombo rocks are the high €, low €4 SL
samples in Figure 2. Symbols as in Figure 2
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one magma type may be found in any particular area, viz. the Lesotho and
Kraai River basalts of the Central area mentioned above, the four sub-areas
identified on Figure | tend to be characterized by different magma types: for
example, the basalts of Nuanetsi-north Lebombo have significantly higher
incompatible element contents than those from elsewhere.

The Sm/Nd and Rb/Sr ratios of those Karoo basalts which have also been
analysed for Nd- and Sr-isotopes are illustrated in Figure 3. Rocks from
different sub-areas tend to plot in different fields corresponding to the
different magma types and, as far as is known, there is little systematic
variation of trace element ratios with, for example, fractionation within any of
these fields. Moreover, when all the available trace elements are considered
there are surprisingly few samples with compositions intermediate between
different magma types.

It has been recognized for several years that while trace element enriched
basalts tend to have high 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 ez a/.,1979¢), Similar trends can also be
seen in the Karoo rocks in Figure 3: samples from the Central area and the
Etendeki of northwest Namibia exhibit a range in Rb/Sr but little change in
Sm/Nd, whereas the Nuanetsi-north Lebombo rocks which have higher
incompatible element abundances, and hence lower Sm/Nd'ran'os, also have
relatively low Rb/Sr ratios. Of even greater regional significance however, are
the similarities which cxist in the trends for Sm/Nd versus Rb/Sr (Figure 3)
and initial Nd- and Sr-isotope compositions {see Figure 2).

Although the Horingbaai dolerites of northwest Namibia and some of the
basalts from the south Lebombo plot on the ‘mantle array’ in Figure 2, the
vast majority of Karoo rocks have positive €, and negative €y, 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 €, with relatively little change in
€nq Fesulting in flat-lying arrays which are in sharp contrast to the near vertical
trend exhibited 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 e, basalts from the south Lebombo appear to have
intermediate isotope compositions, but because their tsotope and trace
element ratios plot in different relative positions in F igures 2 and 3, they are
thought to be ‘decoupled’.

In summary, we would emphasize the following;

V. The relative positions of the Central area, Etendeka, Nuanetsi-north
Lebombo, and even the Horingbaai fields on the Sm/Nd versus Rb/Sr
diagram are similar to those on the €ngversus es,diagram. Thus, at least in
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 initial Sr-isotope
ratios.
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2. In contrast. the high e lavas from the south Lebombo do siaz plot in the
same relative positions in Figures 2 and 3: their isotope and trace element
ratios are ‘decoupled’.

3. Although the retative positions of the fields in Figures 2 and 3 are similar,
their positions in relation to the estimated composition of the bulk earth
on each diagram are different. Qualitatively, the Sm/Nd ratios of most of
the basalts would have to be increased by ~15% for the difference
between their Sm/Nd ratios and that of the balk earth to be consistent
with the difference between their observed and the bulk earth
NG/ 4Nd ratios, that is, their exy values. One interpretation of this
discrepaney is that it is evidence that the processes of partial melting and
fractianation en ronte 1o the surface (sce discussions by Cox, 1980, and
this volume) resntted in basalts whose Sm/Nd ratios were on average
~15Y ess than i2 ose in their source regions, and that their Rb/Sr ratios
were Hitthe changed, but at present this is not well understood.

RELATIVE ROLES O CRUSTAL CONTAMINATION AN MANTLE TIACE
FLEMENT ENRICHMENT PROCESSES

Much has been writien about the relative roles of these processes in the genesis
of continental igneons rocks. The evidence from mantle xenoliths (Erlank et
al., 1982; Jones of al.. 1982 and Menzics, this volume) and many intraplate
basalts in both continental and aceanic areas{Gast, 1968, Hawkesworthet al.,
1979¢; Norry e al., 1980) demonstrates that some portions of the upper mantle
are enriched in incompatible elements relative to present estimates of
primitive mantle (sec Thompson ¢z al., this volume) and the inferred sources
of MOR basalts (Pearce, this volume). However, there are also continental
volcanic provinces where stable isotope studies in particular have indicated
that mantle-derived magmas have been contaminated with significant
quantities of crustal material en route to the surface (Graham and Harmon,
this volume: Thirlwall and Jones, this volume). The debate 1s not therefore
about whether these processes take place, for the evidence for both is surely
overwhelming. but over the criteria by which they may best be recognized.

The question of whether particular igneous rocks contain material from
both the upper mantle and the continental crust is hampered by
misunderstandings which are both geological and semantic—principally
because ‘crustal contumination’ has been used differently by different authors.
Specifically. confusion seems to have arisen because it has been argued that
continental material may {a) be present in the source oi some mantle-derived
rocks (White and Hofmann, 1982; Hofmann and White, 1982), and (b) be
introduced by contamination of mantle-derived magmas as they pass up
through the continental crust (Carlson et al., 1981; Mahoney et al., 1982;
Thompson et al., 1982). Clearly these are ditferent processes, and the term
‘crustal contamination’ is here reserved for the latter.

Erosion of the continental crust releases continental material into the
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oceans, both in solution and as sedimentary detritus. Interaction with sea
water, particularly in the hydrothermal systems active along mid-ocean
ridges, and sedimentation then ensures that the oceanic crust contains a
component of continental material which on subduction is returned to the
upper mantle. Some of this recycled material is released almost immediately
from the subducted slab and observed in island arc and continental margin
volcanics (Hawkesworth, 1982}, but the rest may be redistributed 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 accepted that they are hybrid rocks containing material 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 voicanic rocks have been contaminated with
crustal material en route to the surface—crustal contamination sensu stricto.
The latter changes the composition of the magmas 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 trace element ratios with the result that the two become
‘decoupled’.

It is important to emphasize that decoupling between radiogenic isotope
and the relevant parent/daughter trace element ratios can reflect a number of
different processes. However, in all cases it indicates that there has been a
comparatively recent event which has either affected the trace element ratios
more than the isotope ratios, or vice versa. The available evidence suggests
that when decoupling is due to mantle processes the basalts (see Norry and
Fitton, this volume) and mantle xenoliths (Menzies, this volume), tend to be
enriched in incompatible eclements and have low Sm/Nd, and often slightly
high Rb/Sr ratios, with high '’ Nd/'**Nd and low ¥’Sr/#Sr. By contrast, if the
decoupling reflects crustal contamination #’St/*¢Sr may typically be higher,
and "Nd/'Nd 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 80% have positive €5, and negative eng 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: first, whether the isotope and trace element ratios, particularly in
the basaltic rocks, are similar to those in their source regions, or whether they
have been affected by the addition of some extra component during melting or
en route o the surface. Second, whether the observed isotope compositions
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were predominantly inherited from the continental crust or the upper mantle.
Unfortunately however, while high Rb/Sr and low Sm/Nd ratios are typical
of many rocks in the continental crust, it has already been argued that the
evidence from both mantle xenoliths and incompatible element enriched
basalts demonstrates that they also occur in some areas of the upper mantle.
Thus similar Nd- and Sr-isotope ratios can result in crustal and mantle rocks
provided both are left undisturbed for similar periods of time and, as outlined in
the introduction, that might well occur within the continental lithosphere.
The "Nd/1*Nd and '"YSm/'*Nd ratios of Karoo rocks are presented in
Figure 4, and Figure 5 summarizes comparabie data on crustal and mantle
xenoliths from southern Alrican kimberlite pipes {Menzics und Murthy, 1980b;
Basu and Tatsumoto, 1980; Erlank er al., 1982; Rogers and Hawkesworth,
1982; Hawkeswurth et a/.. in prep.). Both figures are isochron diagrams and
positive straight iines berween individual data points and the bulk earth have
slopes which correspond to their model Nd, or Tk » ages (De Paolo and
Wasserizv1g, 1976, and.more general discussion by Hawkesworth and van
Calsteren, 1983). I addition simple two component mixing will also produce
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lincar trends in such diagrams, with either a positive or negative slope
(Langmuir et al., 1978),

The majority of Karoo rocks plot in a broad linear array in Figure 4, with
the most obvious exceptions being the five high €5, low €, (or **Nd/'**Nd)
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basalts from the south Lebombo. Significantly they comprise the group whose
isotope and trace clement ratios were most clearly decoupled (see Figures 2
and 3)and, since the sample with the lowest 1 Nd/**Nd ratio (L.348) contains
small fragments of what appear to be partially digested granitic material (Cox
and Bristow, in prep.) and has a model Nd age of 3.6 Ga. it seems reasonable
to conclude that this group of basalts has been contaminated with Archacan
crust.

The rest of the Karoo lavas tend to have broadiy coherent isotope and trace
element ratios, and most participants in the Karoo piogramme now believe
that crustal contamination has had little significant eifect on the chemistry of
these rocks. The key word is ‘significant’ and, inicrestingly, how that is
defined depends largely on objectives of the particular project. Ittheaimis
simply to show f @ o coniinental volcanic rock contains some crustal
materials, then <'mady 2ven a minute amount of contamination is significant.
However, the aims o tais study were to eviluate manile processes in the source
of the Karoo basalts and to compare them with thosc inferred from mantle
xenoliths, and in that context crustal contamination only becomes significant
when it has had more effect than, for example, lseal intra-area source
heterogencity and ioe-stave alteration. Specifically, it becomes sigmiicant ifit
is even partrally responsibie [or the position of the sotope and trace element
ficlds for the ditrerent mugma types in diagrams such as Figures 2, 3 and 4,
rather than just for some of the scatter within those fields—which might well
be due 10 interaction with crustal materials.

The crux of the argument is that the Karoo basalts include a number of
different magma types with different trace element characteristics. Within the
Central area, for example, several magma types are recognized on the basis of
trace element ratios such as Ti/Zr and Zr/Nb, and it has been shown that the
observed variations 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 different sub-areas in Figure |, there are consistent differences
in a range of trace clements (Duncan et al., in prep.; Cox, this volume) and
these are reflected in the separate Sm/Nd versus Rb/Sr fields in Figure 3,and
apparently accompanied by coherent variations in Nd- and Sr-tsotopes (see
Figure 2). Thus il crusial contamination was responsible for the latter, it
implies that it was also responsible for many of the trace element
characteristics of the different magma types.

There are many objections to such an explanation for the different magma
types in the Karoo, not least the sheer volume of contaminant needed to
influence so dramatically the composition of the estimated 1 X 10°® km® of
basalt. There would, for example, have to be a specilic contaminant for each
magma type, at least with respect to Rb/Sr and Sm/Nd, and each batch of
contaminated magma would have to be well homogenized, since even though
different magma types are sometimes interbedded there is lhittle or no
compositional gradation between them. Furthermore, if the flat-lying and
near vertical trends on the ey, versus &, 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 lower crustal granulite-facies
rocks (e.g. Carter ez af,, 1978b). Yet granulites tend to have low U/Pb ratios,
and hence with time unradiogenic Pb-tsotope compositions; in contrast to the
rocks of Nuanetsi-north Lebombo which, although they plot on the near
vertical trend in Figure 2, have comparatively radiogenic Pb-isotope ratios
(Betton er al., in prep.). [tis therefore unlikely that the compositions of these
Karoo rocks can be attributed to granulite contamination.

Other difficulties with the widespread crustal contamination hypothesis can
be illustrated with the results in Figure 4. It has already been argued that the
negative trend of the low '¥Nd/'**Nd south Lebombo basalts could
be due to interaction with Archaean crust. However, if the positive
trend defined by the majority of Karoo results in Figure 4 was
also due to crustal contamination, the slope of the trend implies that the
contaminant was upper Proterozoic in age (that is, it would plot on or above
the 1.4 Ga reference isochron). Yet these basalts crop out on Archaean,
Proterozoic, and Pan African basement (see Figure 1), and there is no clear
link between the age of the basement and the distribution of Karoo magma
types. Moreover, it is particularty difficult to envisage why upper Proterozoic
continental crust should be responsible for the isotope and trace element
composition of lavas erupted on to an Archaean craton. Indetail, if the isotope
and trace element characteristics of the Nuanetsi-north Lebombo rocks were
due 1o crustal contamination of, for example, the high '"*Nd/**Nd south
Lebombo lavas (see Figures 2 and 4), then ~70-80% of their Nd and Sr
contents would be of crustal origin. Yet these rocks include 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
volume).

In contrast to the near vertical ey, versus e, trend of the Nuanetsi-north
Lebombo rocks, the Etendeka basic volcanics of northwest Namibia exhibit a
range in €s.and relatively little variation in €ny(see Figure 2). They crop out on
Pan African crust (see Figure 1) which had similar ey, values at that time
{(Hawkesworth and Marlow, 1983) but detailed modelling has so far failed to
demonstrate interaction of these basic volcanics with such crust. In particular,
the basic rocks are interbedded with acid volcanics (quartz latites), see Figure
2, which represent the best evidence for crustal melting contemporaneous with
basaltic volcanism, and which have similar Nd- and Sr-isotope characteristics
to some of the basement rocks. However, combined major, trace element and
isotopic modelling shows no evidence for significant interaction between the
basic volcanics and either the acid lavas or their inferred source regions. Thus
although both the field and isotopic relationships might suggest that the flat-
lying €ng versus e s, trend in the basic rocks is due to crustal contamination, this
is not supported by detailed study, and 1t stresses the need for integrated
major, trace element and isotope modelling when considering such
possibilities (Erlank er @/, in prep.).
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'In summary, the possible cffects of crustal contamination have been
discussed in some detail, primarily because they must be understood before
the nature of the source regions of continental basalts can be evaluated. We
envisage that crustal contamination will tend either to decouple any pre-
existing coherent patterns between isotope and parent/daughter frace element
ratios, and/or introduce broad mixing relations between the original
magma(s) and any crustal components. In the case of the Karoo, ‘decoupling’
between isotope and trace clement ratios has been observed in a group of
south Lebombo basalts where it appears to be due to contamination with
Archaean crust, but in most of the rocks analvsed the Nd- and Sr-isotope
ratios vary cohcrently from one magma type to another. Such coherent
variations have proved extremely difficult to model satisfactortly by crustal
contamination and tucy are presenty believed to have been a feature of the
sub-continents! muntle o this area—a conclusion which is supported further
by the availabic Nd- und Sr-isotope results on mantle xenoliths in kimberlite
pipes (see Figure 5 and related discussions).

Crustal xenoliths

In southern Africa diamonditerous kimberlite pipes tend to be confined to the
cratonic areas, something which has provoked much spcculation as to why
that should be and to the exact position of the boundaries of the Archaean
terrain (sec Figure 1). A popular cxplanation is that the cratons are underlain
by an old, cold and thick continenta! lithosphere within which the upper
mantle is by implication different from that beneath the mobile belts (for
example, Gurney and Harte, 1980). Yet interestingly, no comparable link has
been observed between the age of the basement and the distribution of
different magma types within the Karoo lavas {previous section, and
Hawkesworth ef al., in prep.).

Crustal xenoliths in kimberlite pipes offer one way of determining the age of
basement rocks in areas where they do notcrop out at the surface. In southern
Africa anhydrous granulite xenoliths tend only to occur in pipes within the
mobile belts (Griffin ez al., 1979), so that the absence of granulites may be an
indication that a particular kimberlite was emplaced through Archaean crust.
Granulites typicalty have low Rb/Srratios and thus are difficult to date by the
Rb-Sr method, 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 and Hawkesworth (1982) analysed 14 whole rock
granulite xenoliths from pipes in northern Lesotho and ten of the samples
scattered about an errorchron corresponding to an age of 1.4 0.1 Ga
(MSWD = 28), with an initial Nd ratio only slightly higher than that of the
bulk earth at that time (see Figure 5). The four remaining granulites plotted
above that errorchron, but because they had both low Nd contents (lessthan 6
ppm Nd) and lower '**Nd/!**Nd ratios than typical kimberlites at the time of
emplacement, they may have been affected by interaction with the kimberlite.
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The age of 1.4 Ga compares well with the mode] Sr age of 1.3 Ga obtained
from the average Rb/Sr and ¥'Sr/®Sr ratios of the seven granulites with more
than 804 ppm Sr, and it was interpreted as a reasonable estimate of the
maximum age of the lower crust beneath Lesotho.

The investigation of the Lesotho granulites suggested that important age
information could be obtained by whole rock analysis of xenolith material,
provided it contained reasonable concentrations of Nd and Sr, and this has
since been confirmed by work on xenoliths from other areas in southern
Africa (Hawkesworth er af., 1982b). Five samples from kimberlite pipes on the
Archaean craton, and two of upper crustal gneisses from the pipes in northern
Lesotho yielaed model Nd ages of 2.9-2.4 Ga, and these analyses are also
reproduced in Figure 5. The xenoliths from on the craton were selected
primarily as a test 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 underiain by a Proterozoic lower crust. The lack of basic
granulites (Griffin er @/, 1979) and the Archacan model ages of three
moderately high-P xenoliths from on the craton (Hawkesworth er al,, 1982b)
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, are effectively calculated from the slope of a two
point isochron between the present day ' Nd/***Nd and ¥'Sm/**Nd 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 through or close to the point for the bulk earth (see Figure 5)
are likely to represent maximum ages, rather than some later episode 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, Furthermore, such mineral cooling ages are believed to date the time
the rock cooled through different temperatures, known as biocking
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 likely blocking
conditions for different mineral systems for considerable periods of time
before being caught up in the kimberlite magma—which might also disturb any
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pre-existing mincral cquilibria. Mineral resuits from Lesotho granulites
include ages of 1500 and 1050 Ma from U-Pb on zircons (Davis, 1977) and
1000 and 714 Ma using the K/Ar method on a mica and hornblende
respectively {(Harte ¢r «f, 1981). However, although to the best of our
knowledge no Sm-Nd analyses have been published on separated minerals
from south African crustal xenoliths, results on garnet-feldspar and garnet-
pyroxene pairs from crustal xenoliths in the Midland Valley of Scotland and
Kilbourne Hole, New Mexico yield ages analytically indistinguishable trom
the time of cmplacement of the volcanic pipes {van Breemen and
Hawkeswoith, 1980: Richardson ez gl., 1980). Thus for reasons which are still
poorly understood, the existing date suggest that the Sm-Nd system
equilibrates during empiacemeni, while the K/Ar system, which should have
lower blocking temperaiures, appears to preserve older, pre-emplacement
ages.

Mantle xenoliths

Kimberlite pipe. contain a wide range of different ultrabasic and basic
xenoliths whicti can be shown to have onginated 1in the upper mantle. Many
have been Lttle studied, and *new finds’ undculrtedly await discovery in the
small mountains of xenoliths which still mark the sites of eariy diamond
mines. Inevitably, classifications are therefore in a state of flux, and several
exist reflecting the different perspectives of individual authors, Harte (this
volume) has reviewed the more common categories of xenoliths and they
include three types of peridotite which are distinguished on textural and
mineralogical criteria, and are particularly relevant to the present discussion:

1. Coarse, typically granular, ‘cold’ Mg-rich peridotites are abundant and
widely distributed. They tend to have only small amounts of clinopyroxene
and garnet, and hence to be relatively ‘infertile’, that is, depleted in those
major elements which are concentrated in basalt. Incompatible elements
by contrast arc otten enriched, resulting in a characteristic *decoupling’ of
major and trace clements that is usually explained by some combination
of basalt extraction followed by trace element enrichment (Shimizu,
1975b).

2, Deformed, or sheared, ‘hot” peridotites are less abundant than the course
varieties, but they typically have more fertile major element compositions
and, paradoxically, less enrichment in incompatible elements: for
example, published REE patterns are near-chondritic (Nixon ez al., 1981).
Mineral studies indicate that this group of sheared xenoliths reflect higher
temperature conditions than the coarse granular peridotites and this,
coupled with their deformed appearance, has prempted speculation that
they were derived either from the base of the lithosphere (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. Peridotites siivwing textural evidence for modal metasomatiam, either
along discreie veins, or more pervasively through the host rock. -
Assoctated mimerals may include phiogopite. amphiboles, ilmenite, rutile
ana unusual opaquies, and these usually sigral the introduction of a
spectacular range of trace elements depeading on the character of the
particuiar metasoniatism (see Ertank er af., 1982; Jones ef al.. 1982; and
Harte, this volume). However, the common critical feature 1s that modal
mctasomatism describes in sitw chemical and mineralogical change
within the mantle that pre-dates the incorporation of the xenolith into the
kimberiite magma.

in general, moda! mictusnmetisni can occur both in granular or sheared
peridotites; bur v {15 jess clear is the extent to which, in view of their
chemical ditierences, sheared ‘not’ peridotites can be ihe deformed
equivalents of coqise granular peridotites, or whether they represent two
chemically distinci zones in the upper mantle—one which tends to be
deformed, and the other less so.

A more specific classitication has been developed by Erank and his co-
workers (Erlank and Richard, 1977; Erlank et af., 1982) from their work on
xenoliths from the Buldfontein pipe ncar Kimberley (see Figure i). They
recognize, using miceralogy as a busis for interpreung chemical variations,
four different types of peridotite: garnet peridotite {GGP) which contains no
texturally cquilibrated or *primary’ phlogopite; garnet phiogopite peridotite
(GPP); phlogopitc peridotite (PP): and phlogopite K-richterite peridotite
(PKP). The latter two groups contain no garnet, while diopside may or may
not be present in all tour groups. Ali samples tend to be depleted in basaltic
constituents, such as Ca and Al, and enriched in trace elements, as described
above for the common granular peridotites. In detail, however, the garnet-
bearing (GP and GPP) and garnet-free (PP and PKP) peridotites exhibit
different patterns of trace element enrichment which, with time, result in
systematic differences in Nd- and Sr-isotopes.

The available '"“Nd/"“Nd and "'Sm/“*Nd results on peridotite whole
rocks and separated diopsides and one K-richterite are summarized in Figure
5. The relationship between the mineral and the whole rock analyses is
illustrated by the solid line joining co-existing diopside, K-richterite, and
whole rock points, and in general the diopsides have much higher Nd
concentrations and lower "*Nd/!'**Nd ratios than their host rocks (Menzies
and Murthy, 1980b; Erlank ef al., 1982). Thus, in contrast with the mineral
equilibria observed in crustal xenoliths, these diopsides and their host rocks
were not in isotopic equilibrium at the time of their emplacement in the
kimberlite ( ~ 90 Ma). The simplest interpretation is that because of their low
Nd contents (all but one have between 1-6 ppm Nd) the compositions of the
whole rock samples have been more readily affected by interaction with
material with high '*Nd/'"*Nd ratios. In practice that could either be due to
contamination with the host kimberlite 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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interaction with LKYE enriched {(and therefore low Sm/Nd), high
NG/ 1Nd mantle fluids before the xenoliths were caught up in the
kimberlite. However, in either case it implies (a) that before the inferred
change i the peridotite whole rock compositions, the range in their Nd-
isotope ratios was greater, and extended to lower **Nd/!**Nd values, than
that observed today; and (b} that the ' Nd/'**Nd ratios of the diopsides are
the best availabic iy ficacion of the Nd-isotope composition of these fragments
of the upper muni: before the eveni which appears to hzve changed their
whole rock vasues.

The diops b swith e Towest MG/ NG o Bigor S < from an
eclogite (Busn ang Tataunote, 1980), but the ransunder ar: from a variety of
peridotite types includi g both GPPand PKY. Sigrificantly, many plot within
the main trexd of ©ae karoo lavas in Figure 4, and thus support the earlier
conciusion ¢ ne trace clement and Nd- and Sr-isotope ratios of the latter
pritnarilv i=r'eol manile processes, and have been littie aff«cted by crustal
contaminaauon, Most of the " Nd/'*Nd and '¥'Sm/'**Nd ratics of the lavas
and the Jicpsides from mantie peridotites are lower than those of the bulk
earth indicating that both the xenoliths and the Karoc velcanics were derived
from upper mende source regons which had been variously enriched in
LREX tor coustdorable periods of time. Moreover, because most of the data
plot above, aud arguably with a slightly shallower slope, than the 1.4 Ga
reference Lnes in Figures 4 and 5, 1.4 Ga is a reasonable upper limit for the
age of these LREE cniiched mantle source regions, which probably stahilized
in the period 1.4~ 1.0 Ga. Notice, however, that one diopside in Figure 5hasa
2.7 Ga modei Nd age and that coupled with some of the Ph-isotope data on
inclusions it diamonds and on omphacites in eclogites (Kramers, 1979),
indicates that at least patches of relict Archaean mantle also survived.

Most mantle penidotites have low Rb/Sr ratios (< 0.07) with the result that
87$r/885r ratios change slowly with time and it is often difficult to obtain useful
age information from the Rb-Sr decay system. Nonetheless significant
variations are observed in the ¥Sr/**Sr ratios of both the Karoo voleanics and
mantle xenoliths, and these are summarized in Figure 6. Most of the data on
mantle xenoliths arc on material from Kimberley and Lesotho (see Figure 1),
and thus they are compared with the initial ¥*Sr/*3r ratios of those Karoo
rocks from the three nearest sub-areas (CA, SL, N-NL) on which Nd-isotopes
have been determined, and which for reasons outlined earlier are believed not
to have been contaminated by continental crust,

Eight diopside megacrysts have initial Sr-isotope ratios in the range 0.7028-
0.7040 at 90 Ma, the time of kimberlite emplacement (Kramers, 1979; Kramers
et al., 1981}, These include samples from both Kimberley and Lesotho, that is,
within and on the margin of the Archaean craton, and the iow values are
compatible with their high '**Nd/'"**Nd ratios (see Figure 5). Such Nd- and
Sr-isotope ratios are well within the range commonly observed in oceanic
island basalts (see White and Hofmann, 1982, and references therein) and are
therefore consistent with crystallization from magmas derived from beneath
the continental lithosphere (Gurney and Harte, 1980; Harte, this volume).
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Figure 6 () Eninnal Sr-isotope variations in mantle diopsides and selected Karoo volcanics, and
(b) BSr/¥8r versus *'Rb/>Sr diagram for peridotite venoliths, Txa from Kramers (1977, 1979),
Menzies and Murthy {1980b), Krumers ef af. (1981), Erlank er af {1982), Allegre er g/ (1982)and
Hawkesworth es al. (in prep. ). Initial ratios for the diopsides calculated at 90 Ma; S in the Lesotho
data denotes diopsides {rom sheared peridotites, Abbreviations as in Figure 5

The diopsides from mantle peridotites exhibit a greater range in *’Sr/*Sr
and, for reasons which are still poorly understood, they appear to differ
systematically between Lesotho (0.7024-0.7050) and Kimberley (0.7037-
0.7075, with one analysis of 0,7134) (Kramers, 1977; Menzies and Murthy,
1980b; Allegré er ai, 1982). One interpretation is that these differences are
simply a feature of the upper mantle beneath the cratonic arcas compared with
that beneath the surrounding mobile belts. The higher #’Sr/%Sr of the 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 isotope
composition of Karoo volcarics erupted on and off the Archaean craton, and
it is noticeable that most of the lavas from Lesotho for example (CA, Figures 1
and 2) have higher ¥’St/#Sr ratios than the mantle diopsides from kimberlite
pipes in that area. Thus an alternative, and to us more preferable explanation,
is that the difference in ¥Sr/%Sr between the diopsides of Kimberley 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 little, if any, primary phlogopite,
whereas particularly the higher ®’Sr/®Sr 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 diopsides have very low Rb/Sr rauwos, far too low to generale the
observed range in *'Sr/*Sr in those from Kimberiey (Figure 6a)even over the
4.5 Ga since the formation of the earth. However, because many whole rock
samples have low Rb and Sr contents and are therefore susceptible to
alteration, the ¥Sr/*S8r ratios of the diopsides are piababiy the best available
indication of the Sr-isotope composition of the whole rock perideiites before
the event which atsu affected their Nd-isotope ratios (see Figure 5 and
discussion). That cvent may have also atiected the Rb/Sr ratios of the
whole rocks samples and thus they cannot be used to caleulate reiiable ages for
the trace element enrichmaznt in the mantbe source regrons. Yeoi the range of Sr-
isotopes in the xenobith and the Ka.oosevas i corsistent with the vanations
in Nd-isotopes whirt hive alreadv been 2itnibuted to trace element variauaons
predominantly psont & o ihe Proterozoic (see Figures 4 and %), For
example, & perdoaie which had the saine V50 /*Sr ratio as the bulk earth 1.4
Ga ago, and was (hon enriched n trace 2lermenis so that its Kb/Sr = 0.07,
would have had #78r/ “sr = 0 7068 at 90 Ma. which is near the upperend of the
range in mantle diopsides from Kimbrerley (sce Figure 6a).

One exceptionad site of rocks which has high enough Rb and Srcontents
and Rb/Sr ranos for that decay scheme to vield useful independent
information are the garnet-free, PP and PXP whole rocks {rom the Kimberley
area (Figure 6b. afte~ irlank er al., 1982). Their Rb/Sr ratios range from
0.1-0.8 with the result that Sr/%Sr = 0.7055-0.7165 could have been
generated in just 150 Ma, as indicated by the dotted reterence line in Figure 6b.
Yet in practice it is extiemely difficult to establish the age significance of such a
scatter of whole rock results. Thus included for comparison on Figure 6b are
reference lines for the main Karoo event at 190 Ma with an average 1nitial
879r/86Sr ratio taken from the histogram in Figure 6a, and for kimberlite
emplacement at 90 Ma with an initial Srratio of ~0.7045. Since all the nodule
data plot between these lines we may reasonably conclude that they reflect an
event which took place between 190 Ma and 90 Ma. The preferred
interpretation is that the observed Sr-isotope composition of the PPand PKP
rocks is due primarily to a sharp increase in Rb/Sr brought about by
metasomatism not long after the main Karoo event (Erlank and Shimizu,
1977; Erlank et al., 1980).

Significantly the high present day *’Sr/®Sr ratios in these xenoliths cannot
be attributed to contamination from the host kimberlite, because at 90 Ma the
kimberlites had Jower ¥'Sr/%Sr ratios than any of the PP and PKP rocks
analysed (see Figure 6b). If interaction with the host kimberlite did occur it
would have tended to reduce the ¥ St/%Sr ratios of the xenoliths, which in turn
implies that the observed Sr-isotope variation is a mimmum estimate of that
present in the mantle beneath Kimberlcy today.

In summary, different trace element enrichment events have 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 the dating of old LREE
enriched material, and both the Karoo volcanics and mantle xenoliths provide
evidence for the stabilization of LREE enriched portions of the upper mantle
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~1.4-1.0 Ga ago. By contrast the Rb-Sr system is only likely to yield
mdependent age information if unusually high Rb/Sr ratios are generated.
Reassuringly, the average model Sr age of the high Rb/Sr Kraai River basalts
from the Central area (sce Figure 2)is 1.2 Ga (Huwkesworth ef al., in prep.),
but the rest of the Sr-isotope data on Karoo volcanics and mantle diopsides
are simply consistent with the upper Proterozoic age inferred from the Sm-Nd
system; whereupon the range in *’Sr/*Sr suggests that these portions of trace
element enriched mantle had Rb/Sr < 0.08. Howcver, the garnet-free PP and
PKP rocks have much higher Rb/Sr ratics (0. 1-0.8}and they scatter about a
150 Ma reference line on an Rb-Sr isochron diagram (see Figure 6). Whatever
their exact geochronological significance these data clearly reflect a second
much younger trace element enrichment event, and the preferred
interpretation is that it wok place not long after the main Karoo magmatism
at IS0 Ma. and that it was responsible for the modal metasomatism observed
n the PP and PKP rocks. Note also that this event is much too young to have
becen detecred by the Sm-Nd system.

Trace element enrichment processes

Trace ciements have been used widely, and with Increasing success, to model
processes of magmatic evolution and at least to constrain what may occur
during partial melting (Gast, 1968; Allegre and Minster, 1978: Clague and
Frey, 1982). However, comparatively little is understood about the processes
which determine the inferred trace element variations in the mantle source
rocks. Discriminant analysis has identified trends of trace element enrichment

1000

Figure 7 Ba versus Rb for mantle peridotites (after Erlank er ai, (1982)} and Karoo volcanics.
Abbreviations as in Figures 2 and 5. The variations in the Karoo volcanics are llustrated using
average values compiled by Duncan et al. (in prep.)
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Figure 8§ Present day Nd- and Sr-isotopic variations in mantle xenoliths and kimberlites from
southern Africa (Menzies and Murthy, [980b; Kramers eraf, 1981, Erlank et al, 1982). Crosses—
diopsides, other symbols and abbreviations as in Figure 6b

and depletion in the sources of basalts. and many studies have recopgnized that
there arc different styles of enrichment reflected by significant variations in
the ratios between broadly ‘incompatibie’ elements {e.g. Pearce and Cann,
1973; Tarney ef al., 1980; Pearce, 1982). In this section we brietly explore some
of the similarities and differences in the patterns of trace element and isotope
enrichment observed in the Karco voleanics and the mantle xenoliths.

The discussion of isotope variations emphasized that PP and PKP xenoliths
had much higher Rb/Sr ratios than the GP and GPP rocks and the majority of
basic Karoo volcanics {see Figures 3 and 6b). Erlank ez al. (1982) made a
similar point on a diagram of Ba versus Rb (Figure 7) which illustrates that
while both garnet-free and garnet-bearing peridotites can be simiiarly
enriched in Ba, the former have much higher Rb contents. Both groups of
peridotites are similarly enriched in LREE (compare their Sm/Nd ratios in
Figure 5) although garnet-bearing rocks predictably have higher HREE
contents (Erlank et ¢/., 1982). Thus two styles of trace element enrichment can
be identified 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
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characterized by much higher Rb (and K) contents. In practice these may well
represent idealized end-members between which all gradations exist, but they
have an important bearing on the study of radiogenic isotopes because their
similar Sm/Nd and different Rb/Sr ratios should, with time, generate very
different Nd- and Sr-isotope characteristics.

Figure 8 summarizes some of the available Nd- and Sr-isotope data on
mantle xenoliths from the Kimberley area, and present-day compositions
range from 0.5127-0.5120 for '*Nd/Nd to 0.704-0.710 for ¥'Sr/®Sr
(Menzies and Murthy, 1980b; Erlank er al., 1982). The host basaltic kimberlites
have higher Nd- and lower Sr-isotope ratios than most of the xenoliths, so that
contamination by the kimberlite wouid have tended to increase "*Nd/'*/Nd
and decrease St/ Sr in the xenoliths. Conversely, the observed variationsin
Nd- and Sr-isuio.c ratios in Figure 8 presumably represent a minimum
estimate of 14e actuz! range of isotope compositions present in the upper
mantle beneatli Kimberley today. The dotted lines link co-existing diopsides
and host rocks, and primarily reflect their different '*Nd/!**Nd ratios already
considered in connection with Figure 5. However, of particular relevance to
the present discussion is that the garnet-free and garnet-bearing peridotites
plot in separate fields consistent with their relative differences in Sm/Nd and
Rb/Sr. GPP and GP rocks have low Rb/Srratios and plot on, or to the left of,
the mantle array in Figure 8, whereas the high Rb/Sr PKP rocks are displaced
to significantly higher #’Sr/*Sr.

The discussion of the Karoo volcanics emphasized that relative differences
in both Sm/Nd versus Rb/Sr and ey, versus €, were also a feature 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 10 and 119 ppm in the Horingbaai dolerites from Namibia to 55
and 920 ppm for the high-Mg picrites at Nuanetsi (Duncan et a/.,in prep.); but
in most of the magma types Rb/Ba varies little and the enrichment trend is
similar to that observed in the GPP rocks. LREE contents increase, and so
$m/Nd decreases, with increasing Rb and Ba—but there is relatively little
change in Rb/Sr. Thus with time this ‘style of enrichment’ results in a range of
NJ/“Nd, with fairly constant ¥Sr/*Sr, and hence a steep, near-vertical
trend on an &y versus €, diagram, as illustrated by the Nuanetsi-north
Lebombo 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 have relatively high #7Sr/®¢Sr ratios and hence lie on flat-lying
trends on Figure 2. For these elements, and these isotope systems, they
therefore exhibit a comparable style of enrichment to that observed in the
garnet-free PP and PKP mantle xenoliths.

Although these results are extremely encouraging because they suggest that
similarities do exist in the styles of trace element enrichment cbserved 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 of high precision,
multi-element analyses on mantle rocks.
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Evolution of the sup-cesanenus fithosphere
One of the strking aspay Crestity on poerniotite xenoliths cid the Karoo
volcanics in southein A gy 1?1;:{ w il dhere 18 some evidend - Lo suggest that
the styles of tracs <ient it nrchiment may o simiur, Uis clso clear that they
record events whecii 1o -+ place at difterent numes. In this section viricus piecss
of evidence are brought woectine imo «speculative model for the evolution of
the sub-continentat ‘o Lore Leneatn soathero Africa, Many aspects are

still open to alrernzeve i pretatesas, but itz incluced s anillestration of
the sors of ohieclives 1:_'1‘. oy b ocerernd By onbies o oiiled study.
The 14 1 ha Noiw ;::. Nocetaooc e arornd Lo drchiiedn ratons
(see Figure irreprosstr oot o vans derab B oven mes o aow crust
were gericio e o e oG e tened ko tren s reass 3 the area of

stable crust 150 50 oo vieadSartoa crad, vl Rooroand aawkesworth,
1982), Altiroaz . s o s evidenee 1%!.:1 a b cclive poirvions of Archaean
mantle surv. v 0d eo e o oserved 3 Srand U/ NG vaclairons in

apparently ancor anr e - atod basalts aid maside seohiths could have

been geoury w e Je T rred e s nnd BandNa o su0s an i souice
regicds i boa-1i oo ciarcs e 5L U s, i ciene, envisaged that the

stabili, AT100 oo i © e e et cocchied portcns of i upperme e vas
related o the 1o v ot o fhe Saliiaguamvesds helt) oo the presunmipuon that
inereasing (it aros o 0o o coanidnee ! onust wald also mercase the velume,
and perhaps oven oo vohoess, ol metenad meerpaorated nto the sub-
continenial Liltosyy c1e. saveresungly, mary Karoo volconies have race
element features, suoil s teittioofy e Nb contents (Hawkesworth er af, in
prep.) and fow Ti/Y ratios (Lox, this voiuuw; which are comnzoniy observed
in destructive plaic inargin busalts tPearce, this voluiae). i these features are
as old as the nferred BESSe ersus Sm/Nd variations, thev could be due to
subduction during the MNowagua-Natal event and (hus suppuort the suggestion
that such processes are muportant i the formanoa of ithe sub-continental
lithosphere {Oxburgn ar “uanmenter, 1978}

The subsequent evoluvon of the lithusphere is divided mlo two stages, and
the changing *’Nd/' i and *"S1, %8t ratios are illustrated schematically in
Figure 9. Stage 1is irum the stavilization of the lithosphere at 1.4-1.0 Ga to
the main Karoo muaymatic event at 190 Ma, and during tiis tine the Nd- and
Sr-isotope variations ebscerved in the uncontaminated Karoo rocks (N-NL,
CA, SL, Figure 93 evolved i response to the interred variations of Sm/Nd and
Rb/Sr in their source rocks, This evernc was then foliowed by metasomatism,
which is most ¢loarly devoloped in the PP and PKP xenotiths. but whose wider
effects are still poorly understood.

The discussion of Figare 3 pointed ous that the Nd-1sctopic disequilibrium
between d.opsides and their host peridotites couid  reflect  either
contamination from kimberliie, or infiltration of the xenoliths by a high
1N d/Nd (and hence presumably low *751/%Sr) fluid before they were
incorporated in rthe kimberiue. In either case it was argued that the diopsides
offered the best indication .-f the 1s0tope compuositions of these fragments of
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mantle before their whole rock systems were disturbed, which in turn suggests
that at that time they plotted along an extension of the ‘mantle array’ (see
Figure8). Thus we feel justified in extrapolating the isotope evolution of the
diopsides back to before both the kimberlite (90 Maj and the metasomatic
events as a further indication of the isotope composition of mantle material at,
for example, 190 Ma (Figure 9).
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Figure 9 Schematic illustration of the proposed evolution of Nd- and Sr-isotope ratios within the
sub-continental lithosphere of southern Africa. Stage I'from 1.4-1.0 Ga 1o 190 Ma, stage Il from
the posi-Karoo metasomatism to the present day
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One interpretation is that the disturbance ol the whole rock svstems took
place during the second mantle carichment event which vesulted in the moaal
mictasomatisin of the PP and PXP rocks (see Figure 6b). Prior 1o this event
most sampies lay on an extension of the iantle array and they sre belicved to
have retlected trace element varations winch had stapiuzed in the Proterozoic
(Figure 5, and Stage 1, Figurc 9} Metasomatism then tock place in responsc to
the infihiraticn of fluids into the lithosphere soon after the Karoo event at 190
Ma; and while 1t appears to have had relasively tittle offc - uihe Nd-isotops
comnposition of the drepsides, it mcreas - the "*ME " Nd, and probably
reducid the TAr/%S8r ratios of the (boke reck peridottes. The isciope
compositions of both garnet-heeny g en garnet-free peridotites scem 1o have
been sinlarly alteen t (see ¥ iguie 55 ond the majority mey have moved up the
mantle @iy o compesiions near thot of the bulk earth, 4s ostrated by the
schematic mivmy fine in Figure 9. Thiz marks the start of Stage 11,

Liuring metasomatism garnet-free PP oand PKP assembiages developed
localty, and because of their high Rb/Sr ratios they generated ¥'Sr/%Sr ratios
of 0.7055-0.7105 1n a comparativeiy short period { ~150 Ma, Figure 6b) and
now plot well to the right of the maatle array {path 2 in Figure 9). Where
garnei phlogopite assemblages occurred, they tended to have much lower
Rb/Sr rativs, and <o evolved along steeper paths i Figure @ to the present
GPP field. In this model the slopes of the tie-lines between present day whole
rock and diopside compositions (see Figure 8) are due primarily to the Rb/Sr
ratios of the whole rock peridotites over the last 150 Ma: those with higher
Rb/Sr ratios tend to have higher e, values and hence the tie-lines to their
diopsides arc more likely to have positive slopes.

The above interpretation is just one of several which arc tenable at the time
of writing, but it envisages that the ditferent types of peridotite were atfected,
albeit variously, bv the young metasomaiic event and it iflustrates the type of
two-stage model required 1o explain the xenolith results. The important point
is that whatever the correct explanation, garnet-free and garneti-bearing
peridotites have different Nd- and Sr-isutope characteristics consistent with
their different trace element patterns, and that similar variations are observed
in the Karoo volcanic rocks. The present data suggest that the older,
Proterozoic enrichment tended to gencrate low Sm/Nd and relatively low
Rb/Sr ratios, akin to the Nuaneisi volcanics and the GPP rocks, so that most
of the enriched rocks evolved on, or to the left of, the mantle array. However,
it is much more difficuit to assess the overall character of the younger (~150
Ma} event, primarily because there has been too little time {or distinctive
isotope compositions to evolve in anything but unusually high Rb/Sr rocks
{PP and PKVP peridotites, see Figure ob).

Finally, there are a few mugmatic recks in southern Africa which post-date
the estimated age of the young metasomartism. Fresh basaltic kimberlites have
similar Nd- and Sr-1sotope ratios to the bulk earth {Kramers et al., 1921}, but
interestingly mucaceous kKimberlites have recently been shown 10 have hiugher
7Sr/%Sr and lower "Nd/'*Nd ratios suggesting that they may have been
derived from ‘old” trace element enriched lithosphere, similar to that
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described in Figure 9 (C. Smith, pers. comm., 1983). Most of the mafic
Tertiary alkaline volcanics by contrast have initial ¥’Sr/%Sr ratios in the range
0.70325-0.70385 and €yy = +2.0 to +4.0 (Marsh er al., 1981),

Conclusions

1. Lower '"*Nd/"Nd and higher ¥’Sr/*Sr ratios than those of the bulk
earth do occur in upper mantle rocks in continental areas, and great care
must be taken in using these data to assess the effects of crustal
contamination.

2. Crustal contamination i1s likely either to generate some broad mixing
relation between the original magma and a crustal component, and/orto
disrupt any pre-existing relationship between isotope and parent/
daughter trace element ratios with the result that the two become
‘decoupled’. Some of the Karoo basalts from the south Lebombao appear
to have been contaminated with Archaean crust, but the majority of
Karoo rocks studied have probably not been affected significantly by
crustal contamination processcs (see also Cox, this volume).

3. Different styles of trace element enrichment have been recognized in both
mantle xenoliths and Karco basalts, and with time these result in different
trends on €y, versus €, diagrams (see Figures 2 and 8).

4. The high ¥Sr/*8rand low '“*Nd/'**Nd ratios of many Karoo basalts and,
for example, the separated diopsides from mantle peridotites (Menzies
and Murthy, 1980b), suggest that they were derived from within the
continental lithosphere; since that is where variations in Sm/Nd and
Rb/Sr are likely to persist for long enough to generate the observed range
in Nd- and Sr-isotopes (see also Cohen et af., 1982).

5. Beneath southern Africa much of the sub-continental lithosphere appears
to have stabilized 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 incorporated into the sub-continental
lithosphere.

6. Metasomatism took place after, and apparently in response to, the Karoo
volcanism, and present evidence suggests that while many of the Karoo
basalts were generated within the lithosphere, metasomatism took place
in response to fluids derived from outside the lithosphere—presumably
from the convecting upper mantle,

ACKNOWLEDGEMENTS

We thank our many friends and colleagues in the ‘Karoo Project’ for countless
entertaining discussions and the selfless interchange of ideas and unpublished
data, and in particular A.R. Duncan for first interesting us in the potential of



i38 C.J. Hawkesworth et al.

Nd-isotope studies in the Karoo volcanics. B. Harte and N.B.W, Harris kindly
commented on early versions of the manuscript. John Taylorand Neil Mather
prepared the diagrams, and the manuscript was typed by Janet Dryden.



