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THE KAROO IGNEOUS PROVINCE: AN INTRODUCTION
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ABSTRACT
The Karoo rocks are amongst  the ear l icst  mani lestat ions of  igneous act iv i ty  accompanying the brcak-up

of Gondwanaland dur ing the car ly Mesozoic.  Remnants of  the once extcnsive lava sequcnce and thc

assoc ia teddo le r i t es i l l sa re found th roughou tsou the rnA f r i casou tho f  l a t i t ude  l 5 "S , t hep resen tou t c rop

being ca.  140.(XX)kmr.  The main peak of  volcanic act iv i t l j  is  dated at  about 190 m y and is  prob-ably

coinJident  wi th the ear l iest  stages of  thc opening of  the Indian Ocean by the separat ion of  Antarct ica f rom

sourhcrn Africa. A conspicuous later peak of activity occurred at about 1 20 m . y. ( Lower Cretaceous) at the

t ime of  the opcning of  the South At lant ic ,  thc rocks o1 th is agc being mainly developed in SWA/Namibia.
Over most of  southern Afr ica Karoo tectonics arc extensional  in nature and are strongly contro l led by

exist ing basement structure.  Events leading up to the volcanism began wi th the establ ishmcnt of  a

scdimentary t rough in the southern part  of  the cont inent  dur ing the Ordovic ian.  The t rough received the

scdimentary accumulat ions of  the Cape and Karoo Supergroups ( thc Karoo basin)  wi th.  dur ing thc Karoo

per iod.  a th inner sequcncc ofshal low mar ine and cont incntal  sedimcnts stretching far  fo the north.  The

tectonism of  the Cape Fold Bcl t  was in i t iated rc lat ively ear ly in the Karoo per iod.  The succeeding volcanic

rocks can be broadly subdiv ided into those of  the ccntra l  parts of  the cont inent  (c.g.  the Karoo bastn

doler i tes,  the lava sequenccs of  Lesotho and neighbour ing areas of  thc Cape Provincc) which arc

overwhelmingly basaltic in nature with the exception of some morc dacitic types at the base locally. These

sequcnces extend into the Transvaal  (Spr ingbok Flats) ,  Namibia (Mar icntal )  and Botswani t  but  the major

outcrops in Namibia consist  of  the mixed basal t ic-acid ( lat i tc  and quartz- lat i tc)  succession of  the Etendeka

of Lower Cretaccous age.  In the east  a monocl inal  lava sequcnce is  found stretching f rom northern

Mozambique to Natal ,  and probably marks the boundary Lletween normal  cont inental  crust  and th inncd

cont inental  crust  border ing thc Indian Ocean. The rocks of  th is zone arc var ied.  consist ing of  p icr i te

basal t ,  nephel in i tes,  basal ts,  thole i i t ic  andesi tes,  and great  th icknesscs of  rhyol i tes in the southern part  of

the structure termed the Lcbombo Monocl inc.  An alkal ic  scr ies inc luding phonol i tes over l ics the Karoo

rocks in the Zambezi  val ley.  Large plutonic complcxes are developcd pr incipal ly  in Namibia (e.g.  Erongo.

Brandberg,  Okonjeje)  and the Nuanets i -Sabi  area of  south-east  Zimbabwe (e.g.  Northcrn Ring.  Matekc,

Dembe-Divula.  Marangudzi) .  Syeni t ic  p lutons of  Cretaceous age are prescnt  in southern Mala"t i  (Chi lwa

Ser ies) .  Carbonat i tes are present both here and in south-east  Zimbabwe, where thcy are ofear lv Karoo

age (crz.  200 m.y.  ) .  Extcnsive geochemical  studies demonstrate the strongly b imodal  (acid-basic)  nature of

the Karoo scquences, especially along the margins ol southcrn Africa. Thc Karoo provincc provides

excel lent  mater ia l  for  test ing a numbcr of  r ival  hypothcses of  magma generat ion.  Thcse are (a)  thc ro lc of

crustal  contaminat ion versus an enr iched l i thospher ic sourcc for  the gencrat ion of  cont incntal  basal ts,  and
(b) the or ig in of  s i l ic ic  volcanics.  Are these f ract ionat ion products of  associated basal ts or  are they
generated by part ia l  mel t ing in the crust  or  mant le?
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PETROGENESIS OF THE VOLCANIC

I. INTRODUCTION
During the period extending from the late Triassic,

through the Jurassic and into early Cretaccous. the
fragmenting Gondwanaland supercontinent wi ls subjccted
to an igneous event of huge proport ions. Evidence for this
magmatic act ivi ty is now found in scattered outl iers of
volcanic sequences and an underlying intrusive sub-
volcanic complex in nearly al l  of the southern continents.
The vast areal extent of dykes and sheets of intrusive
doleri tes and gabbros and their derivatives, and less
abundant granites, granophyres and undersaturated
alkal ine rocks, including carbonati tes, mostly in the fbrm of
r ing complexes, demonstrates that the lava sequences are
small  erosional remnants of a once much thicker and
presumably more extensive volcanic blanket.

Karoo igneous rocks in southern Afr ica and similar rocks
in Antarct ica and Tasmania date from the early Mesozoic
and are the earl iest manifestat ions of Gondwanaland f lood
basalt act ivi ty. This event was fol lowed by the Parani i
(Serra Geral) basalts of South America in the early
Cretaceous and the coeval Etendeka suite in SWA/Namibia
(hereafter referred to simply as Namibia). In the early
Tert iary the Deccan traps were erupted in India and in the
later Tert iary the E,thiopian and Yemen traps appeared in
north-east Afr ica and Arabia. Thoush not associated with
Gondwanalancl.  similar provinccs als,r developed in the
northern hemisphere at a variety of t imes. the Siberian
traps in the early Mesozoic, the North Atlantic province in
the early Tert iary and the Columbia River province in the
late Tert iary.

In southern Afr ica the Mesozoic igneous activi ty is
broadly referred to as the Karoo volcanic event as i t
fbl lowed, without any major hiatus, the extensive and
prolonged sedimentation of the Karoo Supergroup. Major
outcrops of Karoo volcanics are now preserved ln areas
where dif ferent tectonic regimes prevai led during their
eruption. These are the thick monocl inal ly warped lavas of
the Lebombo-Nuanetsi-Sabi l ineamentl the horizontal ly
bedded intracratonic seouences of Lesotho. Botswana
and central Namibia: and the Etendeka sequence of the
Atlantic seaboard in north-western Namibia (Fig. 1 ) .

These sequences, with their undoubted relat ionship to
the r i f t ing and fragmentation of Gondwanaland, resulted
in the Karoo igneous rocks being selected for detai led
investigation under the sponsorship of the South Afr ican
National Geodynamics Programme. The theme of the
research project is the petrology and geochemistry of
Karoo volcanics in relat ion to geodynamic processes. This
volume presents the results and interpretat ions of the
Karoo volcanic project and. we hope, provides a l i t t le more
insight into one of the more signif icant events in our Earth's
history. I t  is hoped that this contr ibution wil l  serve as a
useful introduction to the reader in gaining an insight into
the Karoo Igneous Province as a whole, part icularly the
overal l  geology, strat igraphic relat ionships and detai ls of
the distr ibution ofthe various Karoo isneous rocks.

II. DISTRIBUTION AND AGE
Igneous rocks emplaced during the Karoo volcanic event

occur scattered throughout the southern subcontinent of
Afr ica. The area presently underlain by the exposed but
eroded remnants of the volcanic rocks amounts to at least
140,000km'],  with the outcrops occurring within an area
extending from the coastal regions of the south-eastern
Cape Province (33"12'S) northwards through Lesotho,
Botswana, southern Namibia, Zimbabwe and Zambia. To
the west, Cretaceous lavas form extensive outcrops in the
Etendeka region and extend to the Namibian seaboard as
well  as further to the north and south. To the east, early
Jurassic and younger basalts and rhyol i tes are continuously
exposed for close on 1 100 km where they are involved in the
easterly dipping monoclinal Lebombo-Sabi flexure, while
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further north the exposures of the lower Zarnbezi val ley
include Jurassic basalts and younger rhyol i tes as well  as the
Cretaceous alkal ine lavas of the Lupata Series. Karoo
igneous rocks have also recently been identi f ied as far north
as lat i tude 15'S on the Mozambioue coast near Ant6nio
Enes.

The area of sub-outcrop is in turn far greater than that of
sub-aerial exposure. Extensive sub-outcrops have long
been assumed to be present beneath the Cainozoic deposits
of the Kalahari Basin, the avai lable evidence having
prompted Poldervaart (1952) to suggest the existcnce of a
Karoo basin extending from Keetmanshoop in south-
eastern Namibia to Palapye in eastern Botswana. and
northwards to the Victoria Fal ls. He considered that the
basalts at the top of the succession here consti tuted "the
largest single area of Karoo basalt of the African
continent". Subsequent accumulation of borehole and
aeromagnetic data has shown Poldervaart 's est imate to be
excessive (Green, 1966: Reeves, 1979), since the sub-
outcrop within the basin is not continuous, but nevertheless
the Central Kalahari outcrops and sub-outcrops of basalt
alone have an estimated area greater than 1-50,000kmr,
roughly six t imes the size of the Lesotho-northern Cape
remnant. In Zambia, l ikewise , there is evidence of further
sub-outcrops beneath Kalahari sands and al luvium, and
Drysdall  and Weller (1966) suggest that the greater part of
the extensive Barotseland basin of western Zambia mav be
underlain by Karoo sediments and volcanics. These sub-
outcrops would appear to extend south-westwards via
Caprivi  into north-eastern Namibia. Furthermore. the
monoclinal f lexure of the Lebombo carr ies Karoo basalts
and rhyol i tes beneath Cretaceous-Tert iary sediments to
the east, and there is good evidence from geophysical and
borehole data (Darracott and Kleywe gt,1971) for bel ieving
that the sub-outcrop of volcanics extends at least as far as
the present coast south of Maputo (Lourengo Marques).
Further north, the huge area incorporating the
Mozambique "bulge" between 20'and 26'5 is. according to
the interpretat ion ofFlores (1970), at least in part underlain
by Karoo and Cretaceous volcanics (the latter possibly
equivalent to a southward extension from the Lupata ar ea).
This view is reinforced by the fact that volcanics have been
intersected in deep wells near the Mozambique coast
between lat i tudes 22" and 25"S. at depths of l t l0i |  3300m
(Flores. 1970. 1973), more than 300km east of the
Lebombo outcrops.

Covering a profoundly greater area of outcrop than the
lavas is the sub-volcanic complex of d1,kes, si l ls and central
r ing intrusions. Examples of these are found in an area
stretching from Angola, through Zambitt, into Malarfui and
Mozambique and southwards to a lat i tude of about 33'S.
The r ing complexes consist of suites of highly dif ferentiated
tholei i t ic and alkal ine rock types, including carbonati tes,
and are frequently located in l inear belts as in Damaraland
in Namibia (Mart in et al. ,1960), Nuanetsi in south-eastern
Zimbabwe (Cox et al. ,  1965) and in Angola (Rodriques.
1970). These complexes are often interpreted as sites
of central volcanic activi ty but they probably did not
contr ibute signif icantly to the main Karoo f lood lava pi le.

Intrusive si l ls and transgressive sheets are usually located
within horizontal Karoo sedimentary strata where they may
attain thicknesses of several hundred metres and exhibit
marked dif ferentiat ion effects. Within the main Karoo
sedimentary basin si l l  intrusions are part icularly well
developed in terms of both thickness and number in strata
of the Beaufort Group. In the lower Karoo horizons si l ls are
common but are thinner. Above the Beaufort Group dykes
become more prominent. General ly dykes are unrelated tct
the si l ls and have a non-uniform distr ibution both within
Karoo strata and in the underlying pre-Karoo rocks. In
several areas they are concentrated in prominent swarms,
for example the Rooi Rand dykes of the southern
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Lebombo.  the  Gap-dyke swarm in  Transke i ,  and the
swarms in Damaraland (Namibia), nt lr thern Botswana
(Reeves ,  197t3a) ,  Nuanets i .  a long the  lowcr  Znmbez i .  and
in  southern  Mala fv i  (Va i l ,  1970) .  In  some ins tances  thesc
swarms are identi f ied as being the principal lee ding
channels to the overlying lavas but in scveral areas. e g.
Lesotho, lavi is appear to have been eruptecl fronl more
cl i fTuse zones ofnarrow dykes.

Thus the widesprcad nature of thc sub-volcanic complex
implies a ntuch greater original extent of the lavas before
erosion. Similar conclusions i i rc suggcsted b-"" the
occurrence of abundant basalt xenoli ths withrn some
younger diatremes cxposed in areas now sevcral hundreds
of ki lometres distant from present-dav remnants.
Hcterol i thic kimberl i te breccias of this type occur. for
example, at Postmasburg and Pricska in the northcrn Capc
(Du To i t ,  195,1)  and Ko lonkwanen (26 '39 .1 'S .  2 l ' -59 .6 'E)
on the northern Capc-Botswana border (J.B. I lawthorne.
pers .  comm.)  where  d ia t remes conta in  up  to  707c  k l t t
fragments. These occurrences are of part icular signif icance '
being suggestivc of an original continuation. far to the south
and west. ofthe Kalahari and Lesotho lava f iclds. In ccntral
Zimbabwe. present-day outcrops of Karoo lav:rs amount to
no more than minor outl iers at Featherstone south of
I larare (Sal isbury- 18"4-5'S. 30"'15'E). but st lme evidence
fbr bel ieving that the greater part of Zimbabwc was once
covered by volcanics has been presente d by Worst ( I  962). I t
is therefore reasonable to accept that even the considerablc
thickness ( l37t) m) of basalt ic lavas bui lding thc escarpnrent
east of the Lesotho plateau is but a remnant ot a oncc
thicker pi le. Thc original thickness of this re mnant
overlying the stable craton remains unknown. but i t  is

unl ikely to have approached the estimated 6000 10.000m
attained within the Lebombo regit ln where volcanisnl uas

contemporaneous with monocl inal f lexing and crust:r l
depression along the eastcrn edge of the craton (Saggerson
and Logan. 1970) or r i f t ing (Flores. 1970; Burke and
Dewey.  1973) .

A very large number of radiometric age determinntions
have been carr ied out on Karoo rocks and are discussecl in

a later chapter. In summary, the main phase of basalt ic
volcanism in the [-esotht>Cape Provincc area appears to
have s ta r ted  a t : rbout  190 m.y .  (F i tch  and Mi l l c r .  l97 l )  w i th
minor eruptions which may be sl ightly oldcr. In the samc
area doleri te ages obtained by thesc authors and by
McDougall  (1963) suggest that basalt ic magma continued
to  be  emplaccd un t i l  about  1 -50  m.y ' .  F i tch  and Mi l le r  (1971)

suggest that volcanism in the Province was e pisodic. but i t  is
felt  that thc avai lablc data arc too few to ofTcr unequivocal
support to this proposal.

In north-western Namibia agc relat ions are complex and
not so far ful ly resolved. Some igneous activi tv of thc same
age as that of the Lesotho area evidentlv occurred. giving
d a t e s  o f  1 8 0 - 1 9 0  m . y . ( c . g . d o l c r i t e s  a n d  g a b b r o  a t
Okonjeje, mica from thc Spitzkop granite) but much of thc
activi ty appears tt l  be somewhat v()unger. Ages secm to
group round values of ca. 134 m.y. (doleri tcs. Paresis
complex rhyol i tes, Messum complex) and round 121 m y.
(Etendeka lavas, some doleri tes).

In the southern Lebombo region the main phase of

volcanism appears to be a l i t t le later than that of the
Lesotho area, at about 185 m.y. although some younger
ages are also reported. In the north. at Nuanetsi,  volcanism
probably started at 200 m.y. and continued to at least 173

m.y. In theZambezival ley Karoo lavas have yielded ages of
ca. 166 rn.y. and the overlying Lupata Series ages as young

as 106 m.y. On the north Mozambique coast agt-s of crr.
160-180 m.y. have been obtained from the main outcrop,
with two dates in the range 120 130 m.y. from thc extreme
north (near Mozambique Island). The intrusions of the

Chilwa Alkal ine Province in Malaf i i  (Woolley and Garson,
1970) yield ages ranging from I 05 to I  36 m. y.

In  summary ,  i t  seems l i ke ly  tha t  the  grea t  rna jo r i t y  o f
Karoo igneous rocks date from the earl iest part of the
Jurassic period. accepting the Lowcr Jurassic as rartging
f rom 192 m.y . - l7 l  m.y .  (Van t l in te .  1976) .  Re la t i ve ly '
minor igneous activi ty ntay have persisted through thc
Middle Jurassic and to a lesse r extent the Upper Jurassic. A
conspicuous pcak of act ivi ty '  is thcn recorded in the Lower
Cretaceous in Namibia, the Zambezi Valtel ' .  Mala{ ' i .  and
possibly also in north Mozambique (accepting the base of
the Cretaccous as 1 35 m. v. .  Van I I inte ,  I  976 ) .

I I I . I 'ECTONIC SETTING
Because of a probable connection betrvcen Karotr

volcanism and the break-up of the Gondwanaland
suoercontinent a brief rel ' icw of continental dri f t  ancl ot
marine geological featurcs adjacent to southern Afr ica mav
be of interest. The principle evcnts are summarizecl belol l ' .

Figure 2
Thc break-up ol Gondwanaland at the t intc of anornalv N{-1
( 1 l 5 r n . l ' . )  a f t c r  N o r t o n  a n d  S c l a t c r  ( 1 9 7 9 ) .  H c a v r ' l i n c s -
sprcading axes; broken l incs- transform faultsl  cl iagonal
shading-arcas assumccl to consist of continental crust. thi l lncd in
part l  st ipple-exist ing contincntal cttast l ines: continutlus l iqht
l ines-exist ing continental she l f  cdges: r\-A Agulhas l l ' i tcturc
zone r F - Falkland plateau l  M Mozarn biq ue r idge .

The fragme ntat ion of the supercontine nt (see Fig. 2) was
init iated by the separation of East Gondwanaland
(Madagascar, India. Antarct ica, Austral ia) from West
Gondwana land (A f r i ca .  South  Amer ica) .  Kent  (197 '1 )
reports tectonic act ivi tv in East Afr ica in the latc
Carboniferous which may represent the carl iest stagcs of
this orocess. Extensional tcctonics in the Zarnbezi and
Limpopo regions during the Ecca (Permian) are sirni lar lv
proposed by  C iox  (1970) .  Kent  e r  a l .  (1971)  and Kent  (197 '1 )
note a Perrnian marine transgression in Enst Afr ica and
Madagascar and the establ ishment of open ttrrtr ine
condit ions in the early Jurassic.

Movements during this early pcriod of scparation appear
to have been accomplished by spreacl ing at short east west
r idge segments and motion on long north south transfornt
faults. though thc record is fragme ntarv. The oldcst
indenti f iable sea f loor spreading magnetic anornal ies are
found in the Mozambique Basin (S6goufin. 1978) and
extend from M-0 to M-22, the latter datcd at ca. l :15-150
m.y. The anomalies run approximately east-west with M-
22lyingat lat i tude 22"S irnmediately west of Bassas da India
(see Fig. 3) and M-0 lying direct ly to the south at lat i tude
27"30'S. Madagascar appears to have dri f ted frorn the north
into i ts present posit ion (Norton and Sclatcr. 1979) and the
implied magnetic anomalies in the Somali  basin have
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recently been discovered (Parson er ai. ,  19t31). The
existence of east-west anomalies in both the Mozambique
and Somali basins does not support the alternative
suggested position for Madagascar against the coast of
Mozambique (e.g. Flores, 1970). Previous work suggested
that the oldest identifiable sea floor spreading magnetic
anomaly in the South Atlantic was M-12, dated at
approximately 128 m.y. Many authors have accepted this as
the t ime of opening of the South Atlantic (e.g. Larson and
Ladd,1.973; Dingle and Scrutton, 1974; Rabinowitz and La
Brecque, 1979) though dates as old as 160 m.y. have also
been suggested(Emery et a\. ,1975). More recently, Austin
and Uchupi (1982) have concluded that the ocean crust off
Cape Town is not older than magnetic anomaly M-9
(127-126 m.y.).  The essential elements of movement in this
second main stage of breakup include the opening of the
South Atlantic by r i f t ing and the development of the
Agulhas fracture zone as a transform fault as the Falkland
plateau moved to the south-west relative to South Africa.
The extreme eastern end of the Falkland plateau, which is
known to be underlain by continental basement (Barker e/
al. ,  \976) appears to have f i t ted into the Natal val ley (e.g.
Scru t ton ,1976) .
Amongst the various bathymetric features near the coast of
southern Africa, the Walvis Ridge (Goslin et al., 1974;
Goslin and Sibuet, 1975; Richardson et al. ,  1982) appears to
be a purely oceanic structure. The Agulhas Plateau
(Scrutton, 19731' Emery et al., 1975) has been similarly
interpreted but now appears to include at least some
continental material (Tucholke et al., 1980). The Agulhas
bank in contrast is an extension of the continental crust.
abutting abruptly along the Agulhas fracture zone against
oceanic crust (Du Plessis and Simpson, 1974). From the
point of view of Karoo studies particular interest is attached
to the Natal valley (Dingle et al., 1978) and Mozambique
ridge, because of their position adjacent to and offshore
from the thick volcanic seouence of the Lebombo

monocline. Seismic basement croDs out in the Almirante
Leite and Naude r idges within the Natal valtey and on the
Mozambique r idge i tsel i  (Dingle et al. ,  1918). Basalt has
been recovered from a dri l l  hole (site 249) on the
Mozambique r idge (Erlank and Reid. 1974) and basalts are
also encountered in deep dri l l  holes (a.5 km) beneath the
sedimentary cover in eastern Mozambique near Maputo
(Hazzard et al. ,  1971). l t  seems l ikely, though i t  is far from
proven by present data, that the basalts observed in these
areas represent the upper part of an essential ly continental
sequence of crustal rocks which has been thinned by
extension and block fault ing (see section in Scrutton , I  976).
Geophysical data are so far less than adequate to define the
junction between continental and oceanic crust in this
south-eastern part of the African coast. The occurrence of
Precambrian basement rocks ea.r/  of the Lebombo
monocline at i ts southern end indicates that at least local ly
the Lebombo is not the continental marsin and reinforces
the impression that there may he a widi zone of thinned
continental crust lying offshore. An analogy is found in the
structure of the west Greenland coast in the vicinity of
Svartcnhuk peninsula and Ubekendt Island where a thick
Tert iary basalt sequence dips ofT the basement into the
Davies Straits but is faulted offshore against a second zone
of basement rocks (Clarke and Pedersen . 19'7 6) .  Thus, with
present data i t  seems most plausible to regard the Lebombo
monocline as marking an abrupt transit ion from normal to
thinned and block-faulted continental crust, rather than as
the  t rue  cont inenta l  edge.

The sedimentary rocks of the Karoo were deposited over
most of southern Afr ica upon a basement of much greater
age, the disposit ion of which is shown in Fig. 3. The oldest
basement units are the Archaean cratons of Zimbabwe and
the Transvaal, which are separated by the Limpopo belt in
which deformation was completed at about 2600 m.y. (Van
Breemen and Dodson. 1972) and metamorphism by about
2000 m.y. The Angola craton in the north-west has been a

Figure 3
Basement geology of  southern Afr ica ( largely af ter  Cl i f ford,  1970, and Hartnady.  C.J. .  pers.  comm.) and bathvmetr ic  features in the
surrounding oceans (af ter  ScruI Ion et  a l . ,  1975; Norton and Sclater ,  1979).  Tectonic boundar ies:  Sol id l incs.  observed;  dashed l ines.  inferrcd
and geophysical.



THE KAROO IGNEOUS PROVINCE: AN INTRODUCTION

stable area since approximately 1850 m.y. The Transvaal
craton is bounded in the south and west by the
Namaqua-Natal belt .  a zonc of tectogenesis
metamorphosed at about 1000 m.y. (Nicolaysen and
Burger. 1965). Rocks of a similar age are also found in the

Upper Zambezi val ley. Somewhat younger are the
extensive arei ls of basement rocks which were
metamorphosed during the Pan-Afr ican thermo-tectonic
event of late Precambrian to earlv Palaeozoic age (70G400
m.y.).  The main subdivisions within this group are the
Mozambique belt in the east with i ts offshoot in the
Zambezi val ley (Zambezi belt).  the Katangan belt in
Zambia and the Damaran and Gariep belts in Namibia.
Also broadly assignable to this episode are the relat ively
small  inl iers of the Malmesbury Group which form the
basement to the Cape Supergroup in the extreme south.

Many of the metamorphic belts l isted have undergone a

complex tectonic evolut ion including periods of

rejuvenated tectonic act ivi ty at a varietv of t imes (e.g

Kroner. 1977). Minor rejuvenation of these apparentlv
long-l ived l ines of crustal weakness has had considerable
inf luence on the deposit ion of Karoo sediments and on the
focusing of igneous activi ty.

The clearest examples of basement control are found in

zones adiacent to the Rhodesian craton. To both north and

south. zones of extensional tectonics concentrated in the

Limpopo and Zambezi val leys coincided with the younger

metamorphic belts and led to the development of troughs of

Karoo sedimentation. Later, r ing complexes and dyke
swarms were emplaced along the centre l ine of the

Limpopo belts, and sub-units within the belt exerted a

detai led inf luence on the disposit ion of posit ive and

negative areas of sedimentation and volcanic accumulation
(Cox, 1970). Ring complcxes were also intruded into the

Damara belt in Namibia.
Further to the south the more extensive cover of Karoo

sediments obscures the basement geology. However'  i t  is at

least nossible that the main Karoo basin, a structure

elongated in an east-west direct ion, owes i ts existence and

location to similar extensional tectonics operating on a

basement of Namaqualand-Natal belt  gneisses. assumed to

continue beneath the basin. In the east the Lebombo

monocline is frequently plausibly assumed to be located

along or near the southward extension of the western front

of the Mozambique belt,  though there is no direct evidence

of this because of the thick cover of Karoo and younger

rocks. Zones of Karoo extensional tectonics can be

recognized by thc occurrence of both normal faults and

dvke swarms. In some areas these are coincident and clearly

match the broad outl ines of basement structure (e.g.

Limpopo val ley) but the part icularly extensive west-north-
west dyke swarm (Reeves, 1978a) which extends from

south-east Zimbabwe across Botswana into Narnibia (sce

Fig. I  )  does not coincide with any known earl ier structures.

Clearly the idea that extension during the Karoo period

operated upon a continental crust well  endowed with

ancient zones of inhomogeneity and weakness explains

many bu t  no t  a l l  o f  t  he  feu t  u  res  o I  Karo( )  tcc ton ic :

IV. PRE-VOLCANIC HISTORY
The onset of the main phase of Karoo volcanism was the

culmination of a long period of marginal and intracratonic
sedimentation which. in South Afr ica. lasted from the

Ordovician through to the early Jurassic. The tectonic and

sedimentary history of this period has been reviewed in two

papers by Rust (1973, 1975) and these sources have been

used extensively for the summary presented here' Where

appropriate the results of more recent studies have been

incorporated.
In South Afr ica, eve nts leading up to the Karoo

volcanism began with the establ ishment. in the Ordovician,

ofa deepening. lat i tudinal trough south of21'S. This trough

was characterized by marine and transit ional environments
and is si ted on an eroded basement of Pan-Afr ican medium-
grade metamorphic rocks and intrusive granites. For close
on 200 m.y. i t  received from the north and north-west the
suDermature arenites, shales and si l tstones which
coi lect ively attain a thickness in excess of 8000 m and
consti tute the Cape Supergroup. I t  has now been well
establ ished (Johnson. 1976; Stapleton, 1977 ;Dunlevey and
Hil ler. 1979) that a considerable hiatus separates these
sediments from the overlying glaciogenic materials of the
Dwyka Group, the lowestmost unit  of the Karoo

Supergroup. This hiatus appears not to have affected the

continuing development of the trough as i t  is also the site of
thick accumulations of sediments of the Dwyka Group
(-1200m) and the succeeding Ecca Group (-3000m).

However, strata from these groups overstep those of the

Cape Supergroup to the north and l ie direct ly on cratonic
basement rocks of a wide variety of ages over much of

southern Afr ica. Moreover, the supply of sediment to the
southern Karoo basin changed from the north to the south,
and non-marine environments replaced the marine
environment in the southern trough during accumulation of

middle and upper Ecca Group sediments.
Thus, during the lower Permian a complementary

shallow-water shelf-type environment was establ ished to
the north of the deep southern trough. In al l  probabil i ty the

shelf-type repository existed as several basins, not always
interconnected. and grooved by glacial ly-eroded val leys.
The thick pi les of Dwyka t i l l i te are located in these val leys
throughout Namibia, northern Cape Province, Orange
Free State, Transvaal and Natal.  and the overlying Ecca
strata frequently overstep the t i l l i tes to form the base to the
Karoo sequence on the topographic highs. The Windhoek
Highlands and Witwatersrand Arch probably existed as

more positive structural elements and were subsidiary
suppliers of detr i tus to the basins. Further north. the lower
Karoo sediments col lected in the fault-control led
Zambezian and Tuli-Soutpansberg troughs stretching in an
arcuate configuration around the Rhodesian Craton which

existed as a major posit ive structural feature unti l  the late

Triassic.
In the south, deposit ion of the Beaufort Group sediments

from the middle of the Permian to the early Triassic

proceeded conformably on those of the Ecca Group. Again

the maximum thickness (>5000 m) is located along the site of
the southern trough with progressive thinning to the north'
The deposit ional basin was much more restr icted and
Beaufort sediments are therefore absent from Namibia,
western Botswana. central and eastern Transvaal and the

Soutpansberg basin. Correlat ives of the lower Beaufort '
the Madumabisa shales are, however, found in the
Zamb eztan repositories in Zimbabwe and Zambia,

There is strong evidence that by the middle of the

Permian a prominent orogenic mountain belt  was

establ ished south and south-east of South Afr ica and that

deformation of the deep southern trough was init iated. This

mountain belt  supplied molasse-type sedimentary material

to the Karoo basin during the middle and late Triassic to

form some of the coarse arenaceous units in the middle and

upper parts of the Beaufort Group and the overlying
Molteno Formation of the Stormberg Group. The Molteno

Formation has a l imited distr ibution within the main Karoo

basin thickening from 28'S southwards in a wedge shape to

reach in excess of 700 m along the southernmost outcrops

north of32'S.
The uppermost units of the Stormberg Group, the El l iot

(Red Beds) and Clarens (Cave Sandstone) Formations,
overl ie the Molteno Formation and had a much wider

cl istr ibution than the latter, overstepping i t  to the north to

form a thin cover over most of the Transvaal and eastern

Botswana. Only remnants of this veneer are preserved
beneath volcanics in the Springbok Flats area' along the
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Lebombo range and in the Soutpansberg trough. In
Namibia correlat ives of the Clarens Formation, the Etjo
Sandstones. occur over considerable areas in the southern
Kaokoveld and the Waterberg and Omatako Hil ls north of
Okahandja. During deposit ion of the Upper Stormberg
sediments the southern mountain belt  was well  establ ished
and upwarping of the basin margins had begun so that the
provenance for much of the Clarens Formatron was
Beaufort sediments as well  as granite-gneiss terranes. In the
far north, strong fault ing control led sedimentation in the
Zambezian repositories and init ial ly correlat ives of the
lower Stormberg Group were confined to narrow troughs
but upper Stormberg sediments oveistep lower Karoo
rocks and form thin but extensive deposits on the
Rhodesian Craton.

The existence of a major orogenic belt  immediately south
of, and impinging on, the southernmost part of South
Africa suggests that volcanic activity associated with this
orogenic belt  may have supplied material to the Karoo
sedimentary pi le in South Afr ica. There is growing
evidence that there is indeed a signif icant component of
distal volcanic material in the Karoo sediments. Lock et al.
(  1974) have reviewed some of the evidence. and addit ional
information is provided by El l iott  and Watts (1974), Lock
and Johnson (1974), Mart ini ,1974), Wilson (1974), Ho
Tun (1979) and in the review of Le Roux et al. (1979).
Volcanic materials described by these authors are located in
Dwyka, Ecca, and lower Beaufort sediments and are
general ly bel ieved to have sources beyond the Karoo basin.
These volcanic products do not have the same signif icance
as the bentonites described from the El l iot Formation by
Botha and Theron (1967). the laumontite in Stormberg
sediments discussed by Ful ler (1970) and the thin basalt ic
flows and breccias found in the Elliot and Clarens
Formations at Siberia (Robey, 1976) and Birds River
(Eales and Booth, 1974) in the Dordrecht distr ict (see Fig.
4) and at Tent Kop in the Maclear distr ict (Du Toit,  1954).
These occurrences are found stratigraphically within a
hundred metres of the main pi le of Karoo lavas and
foreshadow the true beginning of major volcanic activi ty
withinthe Karoo Basin.

V. THE REGIONS OF THE KAROO PROVINCE
A. Lesotho and North-eastern Cape Province

In the highlands of Lesotho and the north-eastern Cape
(see Fig. 4) the remnants of the once extensive pi le of
basalt ic f ' lood lavas attains a maximum thickness of about
1400m at Mont-aux-Sources (18'45'S, 28"50'E). Detai led
work has been carr ied out during the present project on the
lower part of the sequence. which fol lows. in general.
confbrmablv on the Clarens Formation, although local ly
there is a more complex relat ionship between the two.
Intercalat ions of basalt and sandstone are common in the
lower part of the volcanic succession in the Barkly East and
Maclear areas. indicating that the earl iest volcanic activi ty
overlapped considerably with the deposit ion of the
uppermost Karoo sediments. Prior to the onset of the main
eruptive stage the sub-volcanic surface acquired
considerable topographic rel ief of the order of 100m or
more. Local unconformit ies between the volcanic
succession and the underlying sandstone abound and many
of the volcanic units wedge out against prominent Clarens
Sandstone arches (Du Toit,  1954. p. 301; Lock et al. ,  1971).

The work of Lock er al.  (1974) and Mitchel l  (1980) has
shown that the early volcanic history of the area in the
vicinity of Barkly East (30'57'S,27'32'F.\ and Jamestown
(31"07'5, 26"4'7'E) was complex. In these areas volcanic
activi ty apparently commenced at discrete centres which
buil t  up lava shields and, through periods of explosive
activi ty, deposited thick sequences of pyroclast ic rocks over
wide areas. The location of these centres can be identi f ied
by the large breccia-f i l led vents at Kelvin Grove,
Broadford, Belmore and Glen Fi l lan in the Barkly East
distr ict (Du Toit,  1904), at Tul loch in the El l iot distr ict,  and
at Modderfontein and Zwartfontein in the vicinity of
Jamestown (Gevers, 1928.1.

Evidence for the existence of aqueous environments
during the early stages of volcanic a.[ iui ty is plenti ful.  The
presence of thin sandstone lenses interbedded with the
lower volcanics demonstrates the existence of plava lakes.
Some of the lenses are extensive. stretching foi several
ki lometres, although they are seldom more thin lU m thick.
One exception is the very extensive lens exposed in the
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Figure 4
Map of Karoo volcanic outcrops and principal localities in the north-eastern Cape Provrnce.
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Heuningneskloof west of tsarkly East. This lens has a
maximum thickness in excess of 13(l  rn and exte nds for over
2-5 km (Swart. 1979). Other evidence for aqueous
environments comes from the presence of pi l low lava and
lava-pod complexes in thc lowermost lavas at several
loca l i t ies  (McCar thy .  1970:  Botha .  l97 l :  Lock  e t  a l . ,  1974) .
The main bulk of the lava succession compnses an
uninterrupted sequence of basalt lava f lows. Nearly al l
f lows are of the pahoehoe t) 'pe and are amygdaloidal.
Thicknesses of individual f lows varv from less than half a
metre to more than 50 m.

Applying normal strat igraphic techniques. Lock et al.
(1974) have subdivided the volcanic sequence in the Barkly
East area into :r number of l i thostrat igraphic units which
can be rnapped over wide areas. The succession in the
Barkly E,ast area comme nces with the basal Moshesh's Ford
Forrnation comprising coarse-grained ol ivine-basalts
(Drumbo and Donnybrook members) and various types of
pyroclastic rocks. The Moshcsh's Ford Formation is
overlain by the Kraai River Formation. characterized by
massive aphanit ic basalts and widcsprcad development of
pi l low-lava, lava tubes and lava-pod complexes. In the
vicinity of the Kraai River Pass just west ol Barkly E,ast an
unusual unit  which may represent a ponded lava f low. the
Omega Member. occurs at the base of the Kraai River
Formation. Al l  the volcanic rocks overlving the Kraai River
Formation are grouped into the Lesotho Formation which,
apart from the recognit ion of the dist inct ivc Barklv Basalt
member and the underlying Birkhal l  pyroclast ic member
near the base of the formation. is not subdividcd. The
Lesotho Formation thus comorises thc vast bulk of basalt
f lows that bui ld the Lesotho highlands. These strat igraphic
subdivisions of the volcanic sequence appl.v only to the
Barkly East region. Mapping bv Mitchel l  (1980) indicates
that strat igraphic subdivision of the volcanic outl iers in the
Jamestown distr ict is also possible and that the succession is
somewhat dif ferent although no formnl strat igraphic names
have been proposed tor the volcanic sequence. Whether
subdivision on similar l ines is possible in the main outcrop
area ofbasalts is not known.

The dist inct ive f ield and strat igraphic characterist ics of
the basalts persist into their pctrographic and chemical
characters, al lowing recognit ion of a number of basalt
magma types. These magma types have bee n namcd for the
strat igraphic units within the volcanic sequence in which
they occur and are the Lesotho. Moshesh's Ford. Kraai
River, Pronksberg High-K. Vaalkop and Omega types.
The Lesotho type is overwhelmingly dominant throughout
the Central area and the other types nre. in relat ion, tr ivial
in volume.

Average composit ions of the basalts of the dif ferent
magma types are presented in Table I.  Al l  the basalts are
unequivocal ly tholei i t ic and have small  amounts of ol ivine
or quartz in their CIPW norms. I t  is also apparent from the
averages that the dif ferent types are composit ional ly well
characterized and readi ly dist inguished bv consideration of
SiOz content, absolute and relat ive degrees of incompatible
element enrichment, variat ions in Cr and Ni, REE
patterns, and init ial  s?Sr/f i6sr rat ios. Basalts of the Lesotho
type exhibit  the widest composit ional variabi l i ty with strong
evidence that the variat ion in some elements is related to
height in the lava pi le. Thus. within a 6(X) m section through
the Lesotho Formation at Naude's Nek Pass (30'1-5'5.
2f l '05'E) basalts from the uppermost 1(X) m are r icher in Fe,
P, Zr and Ce and poorer in Mg. Cr and Ni than those at the
base ofthe section (see Table II) .  Cox and Hornung (1966)
demonstrated a similar change with regard to the Fe/Mg
ratio in a 1500m section of the Lesotho Formation basalts
from the Letele Pass-Kao area of nothern Lesotho.

Trivial volumes of si l ic ic lavas are associated with the
lowest basalts at several olaces. These si l ic ic lavas have
composit ions in the andesi ie-dacite range and are found at

Belmore between Rhodes ancl Barkly E,ast (Lock et a1.,
197,1). Moyene in southern Lesotho (Du Toit.  190'1, p.
108) .  Pronksberg  (DuTo i t .  191 1)  and Roodehoek (Gevers .
1928) near Jamestown. At Roodehoek the occurrence

TABLE II
Average of Samples fiom Top and Base of the Naude's Nek Section

through the Lesotho Formation

MgO % 6
l9-5
73
l l
0

I 09
29

ppm
Ni  ppm

1 a

( I

N i
Fe
Pr
Zr
Ct

Fe :Or 'Z
P:O. 9/c
Zr ppnt

c ppm

Analyses recalculated to 1(X) % volat i lc 1rce.
Total Fc as Fc1O..

takes the form of an intrusion into the El l iot Formation.
These si l ic ic lavas have been investigatcd by Rumble ( 1979)
who showed that the Pronksberg dzrcite pre-dates basalts
correlated with the Drumbo rncmbcr of the Moshesh's Ford
Formation whereas the Belmore andesites and dacitcs are
younger than the Drumbo member. Average composit ions
of the dacit ic rocks from Bclmore. Pronksberg and
Roodehoek are presented in Table I.  The Belmore
andesites show a greater composit ional range than do the
Pronksberg and Roodehoek types and averages of each
show dist inct ive che mical featurcs. Two intportant
chemical t 'eatures of the Karoo dacit ic rocks are thcir
corundum-normative character (up to 6 weight % c in some
Pronksberg samples) and their high init ial  srSr/36Sr rat ios
(>0.709-5) .

Thus in the north-east Claoe. a fenture of the overal l
deve lopment  o f  the  Karo( )  igncous  cv t -n t  i s  th r t  thc  e  a r l i cs t
eruptions were characterized by diversity in style and
composit ion of the erupted products. This later evolved
into widespread and regular effusion of composit ional ly
monotonous lavas which bui l t  the bulk of the volcanic oi le .

The intrusive doleri tes have been the subject of iather
more thorough investigations than their volcanic
counterparts. This arises out of the advanced
differentiat ion effects these rocks exhibit  in manv
in t rus ions  (e .g .  Maske.  1966;  Ea les  and Robey.  1976) ,  the i r
reactivi ty towards host sediments (Mountain, 1960;

-  - . . . . .  -  f n l e r n a l i o n a l  b o u n d a r y  . .  
) -  

^  -  - '

t u  o u t c r o p  l i m i t s  o f  , . "
m a i n  X a r o o  b a s r n  )

o 5oo km

Figure 5
Contours of  doler i te:  sediment rat io
determined f rom deep borehole data
1970).

in the main Karoo basin as
(af tcr  Wintcr  and Vcntcr .
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Kenyon, 1976), the occurrence of marginal ly economrc

conientrat ions of Fe-Ni-Cu sulphides (Dowsett and Reid.

1967) and their importance in creating reservoirs and

aquiiers for groundwater. The wealth of publ ished data

avai lable prior to 1949 has been reviewed by Walker and

Poldervaart (1949) and some subsequent noteworthy

contr ibutions to the mineralogy, petrology and

geochemistry of these rocks may be found in papers by

Nockolds and Allen (1956), Erlank and Hofmeyr (1966,

1968), Eales (1974,1979). Le Roex and Reid (1978)'  Eales

and Snowden ( 1979) and Richardson (1979) .
The complex of dykes, si l ls, "bel l- jar intrusions" and

irresular bodies has intruded the Karoo sedimentary strata

wit l i remarkable faci l i ty. As Winter and Venter (1970) have

shown from deep borehole data. the greatest frequencv of

doleri te (highest doleri te-sediment rat io >0.5) is attained

within a roughly el l ipsoidal zone extending along a north-

easterly axis from the eastern Orange Free State, through

Lesotho and the southern Transvaal (see Fig. -5). These

authors have also noted that doleri te sheets "seem to

terminate at a critical distance of a few thousand feet below

the basalts" and that doleri te intrusions are rare in the

basement below the Karoo sedimentary cover. Thus i t

would appear that the basic magma feeding t l te extenstve

lavas and si l ls moved into the upper crust along narrow,

local ized zones. This inference is supported by the tendency

for dykes to have a non-uniform distr ibution and instead to

clusterinto dist inctzones or swarms (Vail ,  1970).
The view that the sub-volcanic complex represents, in

part. feeder channels for the overlying lavas is well

iubstantiated in the Cape Province where the

overwhelming majority of dolerites from a wide area are

unequivocal ly identi f iable, from major and trace element

comoosit ional data, with the basalts of the voluminous

Lesotho formation (Table I).  Hypabyssal representatives

of the volumetrical ly smaller Moshesh's Ford and Kraai

River lavas have also been identi f ied. Consideration of the

comoosit ional data of the doleri tes in relat ion to the

petrographic subdivisions establ ished by Walker and

Poldeivaart (1949) fai ls to establ ish any relat ionship

between the two, except in the case of the orthopvroxene-
bearing Hangnest type which Le Roex and Reid (1978)

have ihown is chemical ly dist inct ive with high SiOs

(53.88c/a) and Zr (150ppm) and very low Ni (3.7ppm)
(data are averages for samples from the type local i ty).

Robey (1976) has also establ ished that there is no

systematic variat ion in the chemical composit ion of

doleri tes with height of emplacement within the Karoo

sedimentary succession
A signif icant feature of many of the thick si l ls and plug-

l ike bodies is their internal dif ferentiat ion. The most

common type of differentiation is produced by gravity

sett l ing or f low concentrat ion of phenocrysts.

Composit ional variat ion is usually subtle and detectable

onlv with precise chemical data for closely-spaced samples

coliected ihrough the intrusion, e.g. the Hangnest and

Blaauwkrans si l ls near Calvinia (31"27'5, 19"44'E) (Le

Roex and Reid, 1978). Flow differentiation occasionally

results in narrow schl ieren within, or along, margins of si l ls

highly enriched in cumulus phases, usually ol ivine (Eales

and Marsh ,  1979) .
Alternatively, and less commonly, differentiation effects

may be more pronounced with the development of thick

oiles of ultramafic and mafic cumulates displaying igneous

iamination and cryptic layering. Examples of intrusions

showins these features are found in Transkei and Natal,

e.g. Insizwa, Ingeti ,  Tabankulu (Maske, 1966) and

Eliohant's Head (Poldervaart,1944 Eales, 1979). At Birds

Riv-er (31'25'S,26'45'E) a succession of strongly

fractionated liquids have been emplaced at high levels

along a ring fracture. A seven-fold enrichment of

incompatible i lements (e.g. Zr, Nb, K, Ba, Y, etc.) within

the igneous suite suggests that the complex is a untque
example of pronounced fract ionation of Karoo doleri te

magmain the eastern Cape area (Eales and Robey. 1976).

B. The Algoa Basin
Volcanic rocks of the Suurberg Group (Rogers, 1905;

Hrll,7972) crop out sporadically around the margins of the

Cretaceous Algoa Basin north of Port El izabeth (33'55'S.

25'35'E). The volcanic rocks are poorly exposed and

apparently overlie the Cape and Lower Karoo Supergroup

rocks with considerable discordance and are, in turn,

overlain conformably by the succeeding Uitenhage Group

whose lower fluviatile sediments are approximately late

Jurassic and/or early Cretaceous. A single K/Ar whole-rock

age determination on a basaltyielded an age of 162 + 7 m.y.

which correlates well with the volcanic activity of the

Central area.
Hil l  (1972) described the igneous suite as comprising

lavas with interbedded tuffs and intrusives. Chemical data

presented by Hil l  (1972), and Marsh et al.  (1979) demon-

strate that the tuffs are rhyol i t ic and the lavas basalt ic to

intermediate ( lat i t ic) in composit ion. The basalt ic rocks

are unequivocal ly tholei i t ic in character and are

indist ineuishable from basalts of the Lesotho Formation

although Rogers (1905) reported analcite as a f i l l ing of

vesiclei in one of the samples he examined. In terms of

l i thology the Suurberg volcanic sequence shows atf ini t ies

with tde basalt-rhyol i te and basalt-quartz lat i te suites of

the Lebombo and E,tendeka regions respectively.

C. Botswana
Poor exposures of basalt occur over an extensive area of

eastern Botswana and extend westwards beneath the
younger Kalahari Beds. Borehole and aeromagnetic data

indicate that the Karoo basalts probably underl ie an area in

excess of 150,000km2 with maximum thickness exceeding

O H * u n g "

K-l ,ro,"r*r,

lSE roro,.r,

[T1r,,,.,
T--1
|  - l  o Y r r s

l'igure 6

Surface geological and aeromagnetic data interpretation of Karoo

geology of Botswana (after Jones' 1979).
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400m in eastern Botswana (Reeves, 1978b). The basalts
appear to be confined to two main basins a northern
basin which is a continuation of the Karoo outcrops of the
Hwange (Wankie) and Victoria Fal ls area of western
Zimbabwe, and a central basin extending westwards from
the outcrops in eastern Botswana. These two basins ure
separated bv a ca. 1000km long east-south-east-trending
dyke swarm. In south-western Botswana extensive doleri te
sheets occur in Kanro sediments (Fig. 6).

During the present studv seven samples of basalt nnd
doleri te. obtained from boreholes near Serowe (22"24'5,
26"41'F.) have been analysed. Some of these samples exhibit
the marked enrichment of incompatible elements
characterist ic of the basalts of the noithern Lebombo-
Nuanetsi-Tul i  areas. but others are very similar to the
Lesotho type of the Central area. Karoo igneous rocks in
Botswana are clearly deserving ofdetai led study.

D. Springbok Flats
In the central Transvaal Karoo basalts underl ie in exccss

of 5000kmr of the Springbok Flats (25'S. 28'30'E).
Outcrops are extremelv l imited and only a few s: imples
have been included for the purpose of regional comparison
in this study. These indicate that the Springbok Flats basalts
have strong composit ional similari t ies to the Lesotho type
magma of the Cape Province. especial ly dif ferentiated
doleri te composit ions. A more detai led investigation of
these basalts currently under way (Marsh. unpublished
data ) indicates that the basalts are in excess of 900 m thick in
some places and the chemical characterization of the basalts
is also confirmed. However. in a borehole in the north-
eastern edge of the outcrop area a thin unit  of plagioclase-
phyric, low-MgO basalts exhibit ing pronounced
enrichment of incompatible elements. similar to that ol low
MgO basalts of the northern Lebombo-Nuanetsi area.
occurs interbedded within the basalt sequence.

E. South-central Namibia
Near the town of Mariental (17"65'E.2,1'37'S) in central

PETROGENESIS OF THE VOLCANIC ROCKS OF THE KAROO PROVINCE

Namibia basalts of the Kalkrand Formation underl ie an
are a of 8000 km:. The basalts have a maximum thickness of
a l i t t le over 350 m and l ie conforntablv on sedintentarv
roeks  t r f  the  Ecc : r  und Dw1 k i r  Gr , rups  tHer r rh .  1972 j .
Composit ional ly the basalts are similar to the Lesothct
magma type though there is a suggestion from the meagre
age data that the Kalkrand basalts are sl ightlv vounger than
the main bulk of the Lesotho Fctrmation basalts in Lesotho
(Gidskehaug et al. ,  1975',  Siedner and Mitchel l .  1976). The
Kalkrand basalts represent the northernmost extension of
the Lesotho type magma with no indication in their
chernistry of pronounced enrichment of incompzrt ible
elements characterist ic of the basalts of the Etendeka.
northern Botswana and Zimbabwe.

F. Northern Namibia
lgneous rocks broadly correlated with the Kartto suite

and which were emplaced during the development and
evolut ion of thc South Atlantic Rift  between Afr ica r ind
South America, are found sporadical ly outcropping along
the west coast of South Afr ica and Namibia (see Fig. 7).
Remnants of a suite of hypab)tssal intrusives and lava f lows
are best developed between lat i tudes 22"S and l8'S in the
coastal region of Namibia. The hypabyssal suite comprises
a l inear belt  of r ing complcxes and plutons of highly
dif ferentiated tholei i t ic and alkal ine rock tvpes and
carbonati tes, and dykes of doleri te. lamprophvre and
quartz porphyry. The last two are relat ivelv uncommon
and, in general.  are confined to thc vicinitv ofdif ferentiated
ring complexes. The most extensive outcrop of lavas is in
the E,tendeka region where they cover an area in excess of
15,000kmr and have a maximum known thickness of over
900 m at Tafelberg ( 14"1 0'E. 20"09'S) on the eastern edge of
the outcrop area. Smaller areas of lavas occur further north
towards the Kunene River and south of the Etendeka in the
Gobobosebberge (1 .1"10 'E .  2 l '23 'S)  and nor th  o f  Cape
Cross (13'-58'E,21"46'S). Inland. volcanics are known rrom
Erongo and as sub-outcrops below the Kalahari Group
east  o f  Groot fon te in  (18 '10 'E ,  19 '35 'S)  and in  Capr iv i .

\ . 1 4  1 6
\ . - . - . - . -

(a)

(a )

(b )

Figure 7
Map of  north-western Namibia showing pr incipal  local i t ies and outcrops of  Etendeka Format ion lavas (speckled out l ine) and post- lava
sub-volcanic ring complexes and plutons (black).
A detai led map of the lava outcrops and sub-volcanic int rusions in thc v ic in i ty  ofCape Cross.
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These latter occurrences presumably represent westward
extensions of the Karoo volcanics in Botswana.

The present study has focused attention on the lavas of
the Etendeka and the Cape Cross Messum area (Fig. 7),
where they are col lect ively grouped into the Etendeka
Formation, and the regional swarm of doleri te dykes. The
inland occurrences have not been included in this study.
The sub-volcanic r ing complexes are int imately associated
with the volcanic rocks but each is a major study on i ts own.
Most of the complexes have been investigated in some
detai l  by previous workers and Mart in et a/.  (1960) have
reviewed these studies.

The lavas of the Etendeka Formation are essential ly
horizontal on the eastern edge of their outcrop areas but
towards the coast they are extensively faulted and t i l ted
with dips up to 20"8. The faults str ike sub-paral lel to the
coastl ine and there is evidence ol pre- and post-extrusion
movement on the faults. In many places the lavas are
comformably underlain by sediments of the Karoo
Supergroup but the thickness of the sedimentary rocks
is variable and the lavas frequently overstep on to
Precambrian basement rocks. Within the volcanic sequence
the lower lavas are also overstepped by lavas higher in the
sequence in places. The existence of considerable rel ief at
the onset of volcanism is implied by these relat ionships. The
lava sequence over much of the Etendeka comprises basic
to intermediate rocks interbedded with lat i tes and quartz
lat i tes and dacites. The complete succession is not
preserved and at Tafelberg the present relat ive thicknesses
are :  bas ic  to  in te rmed ia te  lavas-70Vat  la I i te -5Vo;
dacite and q]uartzlatite -25 o/a .

The basic to intermediate lavas are general ly f ine-grained
and aphyric and have been designated the Tafelberg basalt
type. They exhibit  a continuum in chemical composit ion
between rocks that classifv as true basalts (SiOr: 57.8o/o:

l l

MgO:6.8  %)  and those o f  more  evo lved charac ter
(S iO,  :  57  .8c / t , :  MgO :  2 .3  %)  (see Tab le  I I I ) .  Desp i te  the
considerable composit ional range displayed by these lavas
there is no indication of serial variat ion with height in the
sequence. In many places in the coastal region the
Tafelberg-type basalts are underlain with some
interbedding by plagioclase-phyric basalts. termed the
Albin basalts, whose thickest development is in the eastern
Gobobosebberge and the lava outcrops north of Cape
Cross. Although these Albin basalts are textural ly dist inct
from the Tafelberg type their chemical composit ions are
extremely similar.

The lat i tes are sl ightly more SiO:-r ich and MgO-poor
compared to the most evolved basalts but arc clearly
dist inct in terms of petrography, mineralogy and trace
element composit ions. To date they are known only from
the Tafelberg area but no attempt has been made to map
out their areal extent. A dist inct composit ional gap
separates the lat i tes from the quartz lat i tes and dacites.
These si l ic ic rocks exhibit  a narrow range in the
concentrat ion of most elements except CaO. Fe:O:. Na:O.
K:O, Sr and Rb. The basic, intermediate and si l ic ic lavas
of the Etendeka Formation dif fer petrographical ly,
composit ional ly and isotopical ly from similar Karoo lava
types ofother areas in southern Afr ica.

A large number of si l ls and dykes intrude the volcanic
sequences, the Karoo sedimentary strata and the
Precambrian Basement rocks. Dykes in part icular occur ln
a number of swarms one of which has been studied by Botha
and Hodgson (1975). The work of Siedner and Mitchel l
(1976) suggests that these intrusives range in age from 120
to 18-5 m.y. This has hampered proper investigation of the
relat ionship of the intrusives to the lavas, as unequivocal
contemporaneity of lavas and intrusives can only be
demonstrated in a few cases bv dating or consideration of

THE KAROO IGNEOUS PROVINCE: AN INTRODUCTION

TABLE III
Analyses of Etendeka I'ormation Lavas, Northern Namibia

*N is the number of  analyscs used to calculatc the averages of  major  oxides.  Averages for  t race elemcnts

are for  the same or fewer numberof  analyses.  Al l  analyses recalculatecl  to 100 -c i  volat i le  l ree (Microf iche

Card 2 at tachcd to th is volumc).  Total  Fe as FclOr.
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Geological map of the southern part of
Stratten. 1965; Bristow, 1976; Armstrong,

f ield relat ionships. Amongst the dykes and si l ls three main
geochemical groups can be recognized. The f irst two exhibit
geochemical and isotopic features characterist ic of the
Tafelberg basalts of the Etendeka Formation and the
Lesotho basalt magma type of the Central area
respectively. The third type, designated the Horingbaai
intrusives, are the most depleted ( in terms of major and
trace element concentrat ions and Sr- and Nd-isotopic
composit ions) of any Karoo basic rocks. The Horingbaai
doleri tes are best developed north of Cape Cross where
they occur as narrow, f ine-grained, aphyric dykes cutt ing
the Albin-type lavas and underlying basement rocks.
Feldspar-phyric dykes and si l ls also intrude the lowermost
lavas in the coastal region. None has been analysed to date
but they are presumably composit ional ly similar to the
Albin type basalts which they resemble petrographical ly.

G. The Lebombo Monocline
The Lebombo monoc l ine  (F igs .  8 ,9 ,  10 .  11)  i s  an  a lmost

straight north-south f lexure running from Empangeni in
Zululand to the Limpopo River on the border between
South Afr ica and Zimbabwe. I t  is marked throughout most
of i ts length by the Lebombo Mountains. a low range
reaching approximately 600m above sea level. which
separates the coastal plain of Zululand and Mozambique on
the east from the long val lev forming the eastern Transvaal

PETROGENESIS OF THE VOLCANIC ROCKS OF THE KAROO PROVINCE

Figure 8
thc Lcbombo monocl ine (af ter  Van Wyk, 1963;

l97t t ) .  Compi led byJ.W. Br istow.

and Swaziland lowveld to the west. Maior r ivers f low from
west to east and cut gorges through the Lehombo on their
passage to the sea. The Lebombo range owes i ts existence
to the excavation of soft sediments and weathered basalt ic
rocks from the lowveld area by subsequent streams, leaving
the more resistant rhyol i t ic volcanics standing as a
prominent r idge.

As indicated previously the Lebombo probably marks
the sudden transit ion from normal continental crust to
thinned crust, the latter possibly extending as far east as
the Mozambique r idge (see Fig. 3). I t  may also be related to
the junction between the Mozambique belt and the
Archaean of the Kaapvaal craton. The Lebombo
terminates in the south at the southern boundary between
the craton and the 1000m.y. old Namaqualand-Natal belt .
At the termination the powerful Empangeni-Eteza fault
brings up basement east of.  that is on the downwarped side
of .  the monocl ine.

A typical traverse from west to east across the Lebombo
starts on virtual ly f lat- lying Karoo sediments rest ing
unconformably on the basement and then crosses a broad
plain of basalt ic rocks, often deeply weathered. Structures
are dif f icult  to discern in this zone which means that
thickness estimates for the basalt ic seouence are dif f icult  to
obtain. This is part ly a consequence of the unknown
influence of str ike fault ing. At the sediment basalt contact
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Figure 9

Gcological  map of  the Lcbonrbo monocl ine in Swazi land and adjaccnt  areas of

Mozaibique (a i ter  Wachenclor f ,  l97l ;  Clever ly.  1977; Bet ton.  19713;Gcological  Survey of

South Afr ica) .

many such faults have been mapped and mainly throw

down to the west. off-sett ing the dip of the monocl ine. The

effect is to make overestimation of the thickness of the

basalts l ikely, though none of the mapped faults has a very

substantial throw. A summary of thickness estimates from

different areas is given in Table IV.
Passing eastwards, the dip of the volcanic rocks increases

gradually to a maximum which is usually about 45' and

occasional ly as much as 65'.  The zone of maximum dip t ies

within the basalt outcrop in northern Zululand (Bristow,

1976) but northwards r ises through the succession unti l  i t

coincides with the base of the overlying rhyol i tes in

northern Swaziland (Cleverly, 1977). Elsewhere the zone

has not been del ineated.
The rhyol i tes are seen overlying the basalts everywhere

exceot in the extreme south and extreme north of the

Lebombo where they disappear beneath the cover of

younger sediments. They reappear, however'  (see later

sections) in the Nuanetsi distr ict north of the Limpopo and
in the Lupata Gorge on the Zambezi '  These local i t ies
together with the Etendeka region in Namibia are the only

rhyolite (.sensu lato) occurrences of any great volume of

Karoo age in southern Afr ica. Their confinement to the

marginal,  monocl inal zones of the province can be no

coincidence, and Betton (1978) has suggested that crustal
thinning is a prerequisite for their formation.

The rhyol i tes form the main Lebombo range, the top of
which is local ly a well-preserved erosion level (King, 1951).
The dip gradually diminishes eastwards to a value of 15'or
less, at which point the rhyol i tes in most areas pass beneath
the younger sediment cover. However. between lat i tudes

25"S and 27"S (see Fig. 9) an overlying series of basalts is

encountered with, local ly, in the area west of Maputo, an
intercalat ion of further rhvol i tes forming ttre hi l ls of the
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Litt le Lebombo (Pequenos Libombos). Some thickness
estimates of rhyol i t ic volcanics are given in Table IV.

In addit ion to the lavas discussed above. basic dykes form
an integral part of the Lebombo structure though these
have only been mapped from the northern border of
Swaziland southwards. Dykes reach their maximum
development in northern Zululand where the intense Rooi
Rand swarm (Bristow, 1976; Armstrong, 1978) forms a
range of hills at the western edge of the basalt outcrop. The
swarm reaches a maximum width of 20 km at its southern
end but i t  is only about half  this width in Swaziland. where i t
fades out quite abruptly in the vicinity of Siteki,  though
smaller numbers of dykes are present to the north. The
length of the swarm is 200km. The dykes are densely
crowded together and in many local i t ies screens of
intervening country rocks are rare or absent. Within the
area del imited as a dyke swarm (Fig.8), at least ln some
sections, 40o/o of the material is est imated as being
intrusive, though i t  is much less in Swaziland. The dykes
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Figure l0
Geological  map of  thc centra l  part  of  thc Lebombo monocl ine (af te r  Van der Schi i f  .  1968
Logan, 1979lBr istow, 19t32).  Compi lcd byJ.W. Br istow.

characterist ical ly hade to the west at angles of 65 70", a
feature Du Toit (1929) attr ibuted to post-emplacement
t i l t ing of the swarm. It  seems possible, however. that the
hade is  an  or ig ina l  fea turc .

The strat igraphy of the Lebombo lavas has recently been
revised by Cleverly and Bristow (1979). The Mashikir i
Nephelinite Formation l ies at the base of the sequence in
the northern Lebombo (see Fig. I  1 ) and consists of variable
f lows of nephelinite and related types. The main f ield
characterist ic is the presence of large stel late aggregates of
prismatic cl inopyroxene phenocrysts and, occasional ly,
nepheline phenocrysts. Overlying these rocks, and
overstepping them southwards is the Letaba Basalt
Formation in which most of the lavas carry abundant ol ivine
phenocrysts. The rocks are mainly tholei i t ic picr i te basalts,
and are highly dist inct ive geochemical ly because of great
enrichment in K. P. Ti and a variety of trace elements
including Rb, Ba and Sr compared with normal picr i te
basalts (see Table V). Included within the group are f lows
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of absarokite and shoshonite. These are rare in the north
but make up most of the sequence towards the southern end
of the outcrop. Overlying the Letaba Basalt Formation the
succeeding Sabie River Basalt Formation extends for the
entire length of the Lebombo. Though somewhat variable
in the detai ls of their geochemistry the lavas of this
formation are virtual ly al l  low-MgO basalts and tholei i t ic
andesites. Within the lower half  of the formation a group of
thin rhyolite flows in the central part of the Swaziland
outcrop is known as the Mkutshane Beds. These rocks are
quite distinct from the other Karoo rhyolites .in terms of
t 'heir trace elements and isotopes. T[ in rhyol i te f lows
termed the Twin Ridge Beds are interbedded with basalts at
the top of the formation and traceable for most of the length
of the Swaziland outcrop. They are not geochemically
distinct from the overlying rhyolites.

The main rhyolite sequence is divided into two
formations. the widesoread Jozini Rhvolite Formation

beneath and the local ly developed Mbuluzi Rhyoli te
Formation above. the main dist inct ion between the two
being the presence of quartz phenocrysts in the Mbuluzi
rhyol i tes. Within this latter formation part icularly quartz-
r ich f lows are dist inguished as the Oribi Beds.

The individual f lows of both formations have been
mapped within Swaziland by Cleverly (1977) and Betton
(1978), some 30 dif ferent units having been recognized.
Flows are typical ly sheet- l ike, from 80 to 3,50m thick, and
traceable along str ike for up to,50 km. Bristow and Cleverly
(1979) show that they possess features typical of both
ignimbrites and lavas, and suggest that the latter may have
originated by post-eruptive remobil izat ion of degassed ash-
flow deposits.

Above the main rhyol i te sequence the overlying basalts
are referred to as the Movene Basalt Formation. a unit
which is largely confined to Mozambique and has not been
studied during the present project. However, descript ions
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TABLE IV
Thickness Estimates of Volcanic Sequences, Lebombo and Nuanetsi

TABLE V
Average Analyses of Karoo Volcanic Rocks, Lebombo Monocline and Nuanetsi

Area I-ctaba Basal t  Format ion Sabie River Basal t  Format ion Rhvol i te Total Reference

Swazila nd-Map uto 5000 m 75(X) m l l . 5 (X )  m Clevcr ly (  1977)

Swazi land 30(X) m no esnmate Urie and Hunter
( 1e6-3 )

Southern Lebombo zl l00 m (Empangeni)
6J()(L) iq00 m (Pongolr  Rivcr)

2(XX) m 610(I-10.9(X) m Bristow (  1976)

Nuancts i 1900 nr 3(XX) m 17(X) m 6600 nr Coxe tc / .  ( 196 -5 )
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Average basal t .  Sahie River Basal t  Format ion.  Nuanets i .
Averagc intcrbcddcd basal t ,  Nuanets i  Rhvol i te Format i t rn.
Nuanets i .
Averase rhvol i te.  Nuanets i

3.  Average Jozin i  rhyol i tc ,  southcrn Lcbombo.
1.  Average aphyr ic lava,  Sabie River sect ion (represent ing 10.

shoshonitic/absarokitic type).
-5.  Average picr i te basal t .  Letaba Basal t  Format ion,  nnrthern

Lebombo.

*N is the number o l  analyses used to calculate the averages of  thc major  oxides.  Averages lbr  t race elements are for  the same or Iewcr
number of analyscs. All analyses recalculated to 100 % volatile free (Microfiche Card 2 attachcd to this volume). Tocal Fe as Fe:O:.

Average basal t ,
and Swazi land.
Average Rooi
Swazi land.

Sabic River Format ion,  southern Lebombo

Rand doler i te.  southern Lebombo and

by Assungao et al.  (1962) and Wachendorf (1971, 1973)
indicate a thickness of approximately 2000 m and rock types
which are similar to those of the Sabie River Basalt
Formation. The analyses given by Assungao et al. (1962),
however, suggest that ne-normative variet ies may be
common. Within the formation the rhyol i tes of the Lit t le
Lebombo are termed the Sica Beds.

Occupying a similar stratigraphic position to the Movene
Basalt Formation in the south Lebombo a variable group of
rhyolitic lavas, ash-flow tuffs, with a basal unit of
trachybasaltic and trachyandesitic lavas (the Mpilo
Member) is referred to as the Bumbeni Complex (see Fig.
8). It reaches a total thickness of 225 m in the vicinity of the
Msunduzi River.

Of the intrusive rocks of the Lebombo reference has
already been made to the Rooi Rand dyke swarm. Several
large granophyre intrusions are also present. These are
probably essentially sill-like and are characteristically
intruded close to the contact between the Sabie River
Basalt Formation and the Jozini Rhvolite Formation. The

largest bodies are at Siteki in Swaziland, Mananga on the
northern border of Swaziland, and at Muntshe Ridge in the
Kruger National Park. Addit ional intrusions include the
Komatipoort Complex (Saggerson and Logan. 1970), an
elongated iayered gabbro exposed in and around
Komatipoort,  and small  elongated syenite plutons
intruding the central port ion of the Bumbeni Complex
(Van Wyk, 1963; Stratten, 1965; Bristow ,1976). Domes of
intensely contorted rhyol i te lava and dykes crop out south
of the Msunduzi River (see Fig. 8) and are termed the
Kuleni rhyol i te.

H. Nuanetsi
The Nuanetsi igneous province l ies in south-eastern

Zimbabwe and forms the northern termination of the
Lebombo monocl ine. At Nuanetsi the north south-
trending Lebombo structure swings to the north-east to
form what has been termed the Mateke-Sabi Monocl ine.
The huge, lava-filled, Nuanetsi syncline marks this change
of strike and is cut by a number of large intrusive complexes
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(see Fig. 12). The geology of the Nuanetsi distr ict was
investigated in outl ine by Lightfoot (1938) and Tyndale-
Briscoe (1949), and described in some detail by Cox et al.
(1965). Palaeomagnetic studies have been published by
Gough etal.  (1964) and Brock (1968), and an assessment of
the tectonics by Cox (1970), and a variety of petrogenetic
and age studies have also appeared (Manton, 1968, 1973;
Cox and Jamieson, 1974; Foland and Henderson, 1976). In
the present review the strat igraphic nomenclature of the
volcanic rocks is brought into line with the usage advocated
by Cleverly and Bristow (1979) for the Lebombo.

The Karoo rocks of Nuanetsi l ie on a basement of
Limpopo belt gneisses (see Mason. 1973) and thus contrast
with the Lebombo volcanics which lie on Archaean
basement. The response of the basement to extensional
forces during the Karoo period (Cox, 1970) resulted in the
formation of a depositional trough extending along the line
of the Limpopo val ley and into the southern part of the
Nuanetsi area. Karoo sediments were deposited here (the
Bubye Coalfield) to a thickness of approximately 600 m but
they are much thinner and locally even absent in the area to
the north. The rapid change of sedimentary thickness
coincides with the Shurugwe Fault which was active as a
monocl inal f lexure during the period of sedimentation. The
earliest volcanics were erupted onto a surface of the Clarens
Formation, and barchan dunes are locally preserved
beneath the lavas (Coxet a|. ,1965, Fig. 33). The f irst lavas
erupted were picrite basalts assignable to the Letaba Basalt
Formation of the Lebombo Group. These are found on
both limbs of the Nuanetsi syncline but are absent in the
west. On the southern limb a maximum thickness of about
2000 m is present but this thins westwards very rapidly. The
Letaba Basalt Formation is succeeded by the olivine-poor
and olivine-free lavas of the Sabie River Basalt Formation.
These reach a maximum thickness of approximately 5000 m
in the eastern part of the Nuanetsi syncline and overstep the
Letaba Basalt Formation to the west. A group of rhyolites
with interbedded basalts completes the volcanic sequence

t ]

and occuoies the core of the svncl ine. reachins a thickness
of about jgOOrn at the easter; end. The correlat ion of this
sequence with the rhyol i te formations establ ished in the
Lebombo by Cleverly and Bristow (1979) is not clear. In i ts
great thickness i t  is comparable with the Jozini Rhyoli te or
Mbuluzi Rhyoli te Formations but the presence of abundant
interbedded basalt invites l i thological comparison with the
Twin Ridge Beds within the Sabie River Basalt Formation
of Swaziland. For present purposes the new strat igraphic
name of Nuanetsi Rhyoli te Formation is proposed for these
rocks and the various subdivisions establ ished (see Cox et
al. ,  1965,Table I) may be referred to as members within the
formation.

Intrusive rocks are abundant within the volcanic
succession. In terms of outcrop area the largest intrusion is
a transgressive acid sill termed the Main Granophyre which
l ies approximately at the base of the Nuanetsi Rhyoli te
Formation. I t  dies out on the southern l imb of the Nuanetsi
syncline but is presumed to be continuous beneath the
younger sediment cover with a similar body cropping out
along the Mateke-Sabi monocline to the north-east (see
Fig. 13). The si l l  thus appears to extend for at least 170 km.
The main granophyre is cut by a number of intrusive
complexes most of which lie on a north-east-trending line
which coincides with the centre of the Limpopo belt. The
dominant rock types are gabbros with later granites,
granophyres and micro-granites. Nepheline syenites occur
addit ional ly in the most westerly complex. Marangudzi
(Foland and Henderson, 1976). Al l  the intrusions except
the Main Granophyre show characteristic ring structures
which are described in detail by Cox et al. (1965) though
there are additional papers on specific complexes by Vail
(1962, 1966, Dembe-Divula) Johnson (1964, Marumbe),
Cox (1964, Masukwe) and Sti l lman (1970, Northern Ring).
Minor intrusions, part icularly doleri te dykes, are also
abundant in the Nuanetsi area and may be divided into
discrete swarms, although the early picrite dykes of the
northern limb of the Nuanetsi svncline do not have any well
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l-igure l2
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Figure 13
Gcok rg i ca l  r napo l t heSab i  a rea . sou th -eas tZ imbabwe(a { t e rSw i l t c t a / . , 19 -53 :Coxc ta / . ,  1965 ) .

defined trend. Dykes with the north-westerly trend (Duvi
and Bubye swarms) may be traced for no less than 1000 km
to the north-west (Reeves. 1978a. and see Fig. 1).

In petrological and geochemical character the Nuanetsi
igneous rocks are similar to those of the northern part of the
Lebombo already described (see Table V). The picri t ic
lavas of the Letaba Basalt Formation include a similar
variety of ol ivine-r ich, glassy types some of which appear to
have been erupted almost completely in the l iquid state,
even though they have MgO contents approaching 10%.
Like those of the Lebombo some of these lavas have very
high contents of K and related trace elements. Low
pressure dif ferentiates are formed by the fract ionation of
ol ivine and cl inopyroxene from such l iquids and form very
rare shoshonit ic lava f lows or potassic svenogabbros in
minor intrusions. However, some picri tes showing
substantial ly less enrichment in the incompatible elements
are also present (e.g. the Bezi dyke, see Fig. 12 and Table
V). The overlying Sabie River basalts are also enriched in K
and related elements relat ive to Karoo basalts from other
areas such as the southern Lebombo and Lesotho. though
the effect is not so str iking as in the underlying ol ivine-r ich
lavas. The basalt ic members of the Nuanetsi Rhyoli te
Formation continue this trend towards diminution of K-
content. and some analysed rocks are not obviously
dif ferent from those of the southern Lebombo (see Table
V). As in the Lebombo there is a str iking si l ica gap
separating the basic lavas from the rhyol i tes, a feature
which is also notable in the gap between gabbroic and acid
rocks within the intrusive complexes, though one or two
hybrid intrusions have been recognized. The acid rocks of
Nuanetsi show some geochemical dif ferences when
compared with acid rocks from the Lebombo but they are
less obvious than the differences shown bv the basic rocks.

I. The Sabi River Area of Zimbabwe
The rocks in this area (see Fig. 13) form a natural north-

eastern extension of the Nuanetsi province and have been
described by Swift et al. (1953) and Cox et al. (1965). The
basa l t  and Karoo se t l iment  ou tc rops  arc  cont inuous
between the Nuanetsi and Sabi areas, along the

Mateke Sabi monocl ine which shows gentle dips to the
south-east. The Main Granophyre of Nuanetsi reappears in
the Sabi distr ict having been overstepped bv youngcr
sediments bel ieved to be of Cretaceous age (Cox. 1963) in
the intervening area. The Nuanetsi rhyol i te Formation does
not, however, crop out in the Sabi distr ict.  The Letaba
Basalt and Sabie River Basalt Formations are st i l l  clearly
identi f iable in the Sabi distr ict though the boundarv
between them has not been mapped in detai l .  However, the
Sabi succession dif fers from that of Nuanetsi by the local
appearance of nephelinites assignable to the Mashikir i
Nephelinite Formation at the base of the sequence. most
notably at Bendezi Hi l l  on the Lundi River. Two acid r ing
complexes, Mutandawhe and Chiwonje. are found in the
Sabi distr ict (Wood, l96l),  cutt ing the Sabie River basalts
and the Main Granophyre respectively. Mutandawhe is
notable for the relat ively large amount of quartz-syenit ic
(nordmarkit ic) rock types which are exposed. a feature
which i t  shares with the Marumbe Clomolex in Nuanetsi.
Base metals have been workcd in the auieoles of the Sabi
complexes at the P. & O. and Hippo mines.

J. Carbonatites of Eastern Zimbabwe
Three carbonati te comnlexes. Shawa. Dorowa and

Chishanya. l ie to the north of the Sabi distr ict and. on the
basis of an age determination of 209 m.y. (Nicolaysen er a/. ,
1962) on Shawa, must be considered to belong to the Karoo
igneous activi ty. Shawa and Dorowa have been described
by Johnson (1961. 1966) and Chishanya by Swift  (1952).
Johnson in Cox et al.  (  1965) drew attention to the similari ty
between the volat i le-r ich i jol i t ic magma he postulated as
being parental at Shawa and the nephelinites at the base of
the Karoo sequence in south-eastern Zimbabwe and the
northern Lebombo. The involvement of CO:-r ich f ' luids in
the init ial  stages of Karoo magmatism is discussed further in
the l ight of more recent geochemical data on the Mashikir i
nephelinites (Bristow, 1984).

K. The Tuli Syncline
The large area of basalt ic rocks measuring 240 km by

50 km l ies immediately west of the Nuanetsi syncl ine. from
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TABI,E VI
Average Analyses of Karoo Lavas from Northern Localities

1. Tul i  Syncl ine -averagc of  shoshoni tcs rnd absaroki te (Vai l  eta l . ,  1969).
2.  Tut i  Syncl ine-average Lctaba Basal t  Format ion (Vai l  c t  41. .  1969).

3.  Tul i  Syncl ine-avl : rage Sabic River Basal t  Format ion (Vai l  eral . ,  1969)

1.  Fcathcrstone avcrage basal t  (Coxetal . ,  1967).
5.  Nyamandhlovu-averagebirsal t  (Coxet .  a l . ,  1967).
6. Malari'i - average dole rite dykc (Woolley e t al. . 1979) .
7.  Lupata-avcrage of  phonol i tes and ke nyte (Wool le l '  and Garson.  1970).

8 .  No i t he rMozamb iquecoas t -ave ragcbasa l t i c t ypc ( Ja r i t ze ta l . , l 977 .ana l yses1329 ,4 .  13298 .1331 .  1319 .  1350 )

9.  Northern Mozambiq ue ct)ast  -  averagc andesi t ic  type (J ar i tz  et  a l .  ,  1977. analyses 290.291 .292.291.298,299).

I0.  Northern Mozambique coast  -  avergagc rhyol i te (J 'ar i tz  et  a l .  ,  1977. an alyscs 320.  323.  327,{)  .

Mcasured concentrat ions reported.  volat i le  contents not  shown. l 'o ta l  Fe as Fe:Or '
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which i t  is separated by a narrow str ip of basement rocks
near the Beit Bridge-Fort Victoria Road. A petrographic
and geochemical account of a l imited number of samples is
given by Yatl et al. (1969) though no detailed map is

avai lable apart from a previously unpublished photo-
geological map made by J.R. Vai l  in 1966. A version of this

is reproduced here (Fig. 14). The syncl ine is very

asymmetrical but has a well-defined northern l imb at i ts

eastern end. Further west i t  is probable that the structure is

essential ly monocl inal,  dipping gently to the north, the
northern edge of the syncl ine being fault-bounded by
movements rejuvenating the Tul i-Sabi shear belt ,  one of

the most important structural elements of the Limpopo
basement  (Mason.  1973) ,

The thickness of the lava sequence in the syncl ine is not
known though the early est imate of 1500 m at the syncl inal
axis by Cox el al.  (1965) is almost certainly an overestimate.
The outcrop pattern suggests near-horizontal i ty over
considerable areas and a borehole near Mazunga (Worst.
1962) penetrates only ,100m of lavas. The Tul i  syncl ine is
thus tectonical ly an extension of the western part of the
Nuanetsi syncl ine, where. as previously mentioned. Karoo
sediments and the lower part of the lava sequence are much
reduced in thickness. Nevertheless a thin sequence of
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olivine-r ich lavas which correlate with the Letaba Basalt
Formation has been identi f ied on the south side of the
outcrop in north-south traverses along the Ipayi and Shashi
r ivers and along the road through Mazunga. This sequence
is notable as the first in which shoshonitic lavas of Karocr
age (see Table VI) were discovered (Vail et al. , 1969). It is
overlain by basalts of the Sabie River Formation, which are
virtually continuous in outcrop with those of the Nuanetsi
syncline and form most of the surface outcrop of the Tuli
structure. Towards the western end ofthe syncl ine a strong
swarm of dolerite dykes with east-south-east trends
appears, representing the eastern part of the extensive
swarm described by Reeves (1978a) from Botswana. In the
basement area to both north and south, however, dyke
swarms show the east-north-east (Limpopo) trend.

L. The Limpopo Valley
The lavas of this area (e.g. the north side of the

Soutpansberg) have not been investigated during the
present project. I t  is known, however, from the work of
Yan Eeden et al.  (1955) and Rogers (1925) that
considerable thicknesses of olivine-rich lavas (Letaba
Formation) are present with occasional underlying
nephelinites (Mashikir i  Nephelinite Formation). The
extent to which these rock types persist westwards towards
the Kalahari margin outcrops south of Serowe and Palapye
is not known.

M. Featherstone. Central Zimbabwe
The Featherstone outlier is widely separated from other

Karoo basalt outcrops and lies almost in the centre of the
Rhodesian Craton. Worst (1962) noted the petrographic
similarity between the lavas here and those from the Sabi
district in south-east Zimbabwe, the comparison being with
rocks now assigned to the Letaba Basalt Formation in the
latter area. Olivine is a prominent phenocryst phase
compared with basalts of Sabie River Basalt formation type
and groundmass glass and quench structures are quite
abundant. Analyses (see Table VI) show the rocks to be
distinctly magnesian though not picritic (Cox et al., 7967).
Trace elements also indicate affinities with the lavas of
south-east Zimbabwe. The source of the Featherstone lavas
is mysterious since dolerite dykes seem to be represented
only very sparsely in the vicinity. However, an actual origin
in south-east Zimbabwe, the nearest basalt outcrops of
which are 300 km distant, seems difficult to believe.

N. Western Zimbabwe
A small amount of information on the large outcrop in

the Victoria Falls-Hwange (Wankie) area and round
Nyamandhlovu 200 km to the south-east is avai lable in the
work of Cox et al. (1967). The rocks appear to be mainly
olivine-free and have the low magnesium contents typical of
the Sabie River basalt type. Virtual ly al l  the samples
studied are slightly to moderately feldspar-phyric and
slightly augite-phyric. As is the case with the Featherstone
rocks, trace elements, as also the contents of K and P, show
similarities to the lavas of south-east Zimbabwe and the
northern Lebombo rather than to Swaziland. southern
Lebombo or Lesotho.

O. Dyke Swarms of Southern Malafvi and the Lower
Zambezi

There are several occurrences of Karoo lavas in this
general area (see Figs. 1 and 15) but apart from a little
detai led work on the Lupata lavas (Coelho, 1959a; Woolley
and Garson, 1970) they are not at al l  wel l  known. However,
a number of well-developed dyke swarms have been
identified and have in one case. the Cholo swarm of Malafvi
(see vicinity of Blantyre on Fig. 15), been the subject of a
detailed geochemical study (Woolley et ci. , 1979).

The southernmost swarm appears to be related to the

l'igure l5
Geological map of southern Malarl i  and the Lupata area of
Mozambique (aftcr Vai l ,  1963a and b; Woollcy and Garson. 1970;
Wool leye ta / . ,1979) .

large intrusive complex of Gorongosa (Coelho. 1959b) and
is traceable for 180km to the north and at least l00km to
the south (Vai l ,  1963a). Most of the dykes are f ine-grained
doleri tes but there are some of porphyri t ic granophyre and
microgranite. Vai l  (1963b) also identi f ied dykes with north-
north-west and north-north-east trends in the Zambezi
val ley approximately 50 km downstream from Tete, which
may represent a discontinuous extension of the Gorongosa
swarm. If  this is so then the swarm has a total length
approaching 400 km.

Vail  (  1963a) notes a second swarm, termed
Inhamangombe. which appears abruptly 30km north of
Changara (see Fig. 15) and str ikes north-north-west for a
further 65km. In this northern area a few dykes str iking
north-east are also seen.

The north-east-trending Cholo dyke swarm in the
Blantyre area of Malafr i  (Woolley et al. ,  1979) has a very
dist inct ive geometry in that i t  is some 1,10 km wide but, in i ts
main development, only about 100km long. The rocks are
doleri t ic and in the densest part of the swarm there are
about four dykes per ki lometre. In the extreme south of
Malafri a further group of dykes is found cutting the
basement on the west bank ofthe Shire River and having a
roughly north-south trend. We shall  term this the Nsanje
swaIm.

Woolley et al.  (1979) point out several part icularly
interesting f'eatures of the geochemistry of the Malarfui
dykes. First ly, the most basic specimens analysed, al l  from
the Nsanje swarm, define an ol ivine fract ionation trend but
are aphyric. They contain up to 15 % MgO and thus
represent dist inct ly picr i t ic l iquids. This is one of the very
few instances where picri t ic magma, bel ieved to be
representative of the parental l iquids of most Karoo basalts
(Cox, 1980), has reached the surface outside the south-east
Zimbabwe-northern Lebombo area. However. the
incompatible element geochemistry of al l  the Malart i
doleri tes could hardly be more dif ferent from that of the
latter area. The Malaivi doleri tes are relat ively depleted in
K. Ti.  P. Ba and Sr and are thus much more similar to the
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basalts of Lesotho and the southern Lebombo. As Woolley
et al.  (1979) suggest. this greatly changes the simple picture
of north-south geochemical zonation proposed by Cox el
al.  (1967). Some of the f ine detai l  of the pattern is seen
within Malafr i  i tself ,  because although al l  the rocks are
incompatible element-depleted the effect is much more
marked in samples from the Cholo swarm than in Nsanje
samples (see Table VI).

P, The Lupata Volcanics
The Lupata volcanics overl ie Karoo basalts and rhyol i tes

in the Lupata Gorge area of the Zambezi. about 70km
downstream from Tete (Fig. 15). Age determinations
summarized by Woolley and Garson ( 1970) l ie in the range
10G130 m.y. and indicate the volcanics to be of
approximately the same age as the Chilwa Province plutons
to the north. An underlying Karoo rhyol i te has been dated
at 166 + 10 m.y. (Flores, 1964). The whole Karoo volcanic
sequence appears to consist of about 600m of basalts.
overlain by l00m of sandstone and f inal ly by 80m of
rhyol i te (from l i terature review by Woolley and Garson.
1970). Above the unconformity the Lupata volcanics
themselves consist of about 300 m of lavas overlying 150 m
of conglomeratic sandstones and tuffs. The whole sequence
is overlain by the conglomeratic Sena Sandstones, bel ieved
to be of Cretaceous age.

The Lupata volcanics consist of phonoli tes, kenytes.
analcite kenytes, and very rare blairmorites containing
analcite phenocrysts up to I  cm in diameter. Six analyses of
trachytes and phonoli tes are given by Coelho (1959a) and
five further analyses are avai lable in Woolley and Garson
(1970), including one of a foyaite (see Table VI for
representative analyses).

Q. Barotseland
Seven boreholes dri l led by the Geological Survey of

Zambia (Ridgway and Money, 1978) show that an area of at
least 36,000 kmr in Barotseland (western Zambia) consists
of basic lavas beneath a younger cover. The lavas are the
presumed continuation of the Karoo basalts of the Victoria
Falls area, known local ly as the Batoka Formation. The
southernmost borehole. near the Zambezi about 300km
north-west of Victoria Fal ls, penetrates the greatest
thickness of lavas. 390m. However, 100km to the north-
east a thickness of only 40 m is present. Many analyses have
been carr ied out but only averages are avai lable at present.
Two str iking features emerge. First ly, in the southernmost
borehole the lower part of the sequence contains highly
sodic rocks which are normatively basanites. As Ridgway
and Money point out, comparison with the nephelinite
occurrences of south-east Zimbabwe and the northern
Lebombo is invited. Secondly, in the tholei i t ic rocks which
make up most of the sequence potassium contents are low
and similar to those of the so uthern province defined by Cox
et al. (1967), although these are the most northerly Karoo
lavas known. Geochemical detai ls are not clear at present
and are obviously complex since the Barotseland basalts are
quite high in Ti and P, unl ike typical southern province
rocks. Nevertheless. to an extent the Barotseland data
confirm the impression gained from the geochemistry of the
Malaffi dolerites discussed previously. The northernmost
occurrences of Karoo basaltic rocks show a tendency to
resemble the southernmost. and the area in which the
distinctive K-rich geochemistry predominates lies in an
intermediate posit ion.

R. Northern Mozambique
Volcanic rocks have been known from the coastal region

of northern Mozambique (near Mozambique Island and
Ant6nio Enes, see Fig. 16) for some t ime (Holmes and
Wray, 191.2; Holmes, 1971; Moura, 1935) but were unti l
recently regarded as Tertiary in age. However, a study by

Figure 16
Karoo lava occurrenccs (diagonal shading) of the northcrn coast of
Mozambiquc (after J aritz et al. , 1977) .

Jari tz et al.  (1977), on whose work the fol lowing account is
based, has shown that most K-Ar ages l ie in the range
177-757m.y. and are thus typical of the Karoo. though
possibly somewhat younger than the main phase of act ivi ty
inthe Lebombo region tothe south. Agesof 120 + 2 m.y. and
130 + 3 m.y. from a single outcrop in the upper part of the
sequence at Lunga are not mutual ly consistent but may
indicate a genuine phase of Lower Cretaceous activi ty in
this area.

The volcanic rocks are on the whole not well  exposed
because of an extensive cover of Quaternary sediments,
and are general ly rather weathered. Flow relat ionships are
seen in exposures in the t idal zone and indicate an average
seaward dip of about 10". On this assumption the 15 km-
wide outcrop at Ant6nio Enes may represent a strat igraphic
thickness of as much as 2500m. while the outcrop west of
Mozambique Island and at Moma represent 500 m and
200 m sections respectively. Collect ively these occurrences
extend along strike for approximately 275 km. with a
possible extension, so far uninvestigated, to the north of
Mossuri l .

The different rock types, which appear to be closely
interbedded, are referred to by Jaritz et al. (7977) as
tholei i t ic basalts and rhyol i tes though, as can be seen from
Table VI, the former have strongly andesit ic aff ini t ies.
Petrographical ly these rocks exhibit  unusual degrees of
departure from equil ibr ium and contain several
generations of plagioclase and cl inopyroxene showing
varying degrees of resorption. Coarse-grained aggregates
of plagioclase, bronzite, and diopsidic augite make up
textural regions of gabbroic structure. The rhyol i t ic rocks.
in contrast, appear to be aphyric.

VI. REGIONAL GEOCHEMISTRY
The Karoo volcanics are an excel lent example of the acid-

basic associat ion in which SiO2 shows a strongly bimodal
distr ibution (Fig. 17) with SiO: maxima corresponding to
basalts and rhyolites (sensu lato). The acid rock types are
only developed in areas such as the Etendeka Plateau,
Lebombo, Nuanetsi and Lupata regions which form the
western and eastern margins of the Karoo Ingneous
Province. In the central portions of the province rock types
with >66 7o SiOz are totally absent but very small volumes
of intermediate rocks with compositions in the andesite-
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l'igure 17
Histogram of pcr ccnt SiOl contcnts fur intrusivc and cxtrusive
rocks in the Karoo volcanic nrovince. Al l  data are l isted on Micro-
l iche Cards I and 2 includcd with this volumc. Data in thc f igurcs
have been recalculated on a volat i le-free basis ( Microf iche Card 2).

dacite range are known from the north-eastern Cape
Province near Barkly East and J amestown .

By far the most common basic rock type in the Karoo
volcanics is tholei i t ic basalt as has been mentioned in
previous sections of this chapter. Some of the rocks,
part icularly from the Lebombo. are relat ively evolved,
si l ica-r ich types and the term tholei i t ic andesite (Wilkinson
and Binns, 1977) is perhaps more appropriate (see Bristow

800

and Cox, 198:l).  The relat ively evolved character of many
Karoo basalt ic rocks is shown by typical ly low Mg-nurnbers
(general ly <65) and rather low Ni values (see Fig. 1E) .  Other
basic rock types which are found in the Kirroo volcanics
include picri t ic basalts. shoshonit ic basalts and
nephelinites.

The basalt ic rocks of the Karoo Igneous Province were
subdivided by Cox et al.  (1967) into northern and southern
provinces on the basis of some dist inct ive dif ferences rn
minor and trace element composit ion. With the enormous
increase in the avai labi l i ty of composit ional data for the
Karoo volcanics, much of i t  obtained during the coursc of
the present project, i t  has become possible to ref ine and
extend these composit ional subdivisions. We no longer
bel ieve that i t  is approproate to subdivide the Karoo basalts
into simple geochemical provinces with specif ic geographic
l imits. Rather, we prefer to define a number of specif ic
magma types where some of these havc rather rcstr ictcd
geographic distr ibution (e.g. the magma tvpe which
corresponds to the Kraai River Formation of thc north-
eastern Cape Province) and others that occur over
enormous areas of the subcontinent (e.g. the magma tvpc
which corresponds to the Lesotho Formation). The detai ls
of definit ion and distr ibution of these magma types are
discussed in later chapters in this volumc. but an outl ine of
the major features can be considered here. Cl lans of magma
types from the Etendeka, Central Karoo (e.g. Lesotho.
north-eastern Cape, etc.).  southern Lebombo and northern
Lebombo-Nuanetsi show marked composit ional
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Figure l8
Plot  of  Ni  conccntrat ion u.r .  Mg-number (atomic rat io of  Mg/(Mg t  Fer ' )  lor  rocks of  Karoo volcanic provincc.  I f  a basal t  werc dcr ivcd
direct ly  f rom the mant le and was in equi l ibr ium wi th presumed mant lc o l iv inc (For l )  i ts  Mg-number should l ie in the range 68-72.  Note that  a
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differe nces. Histograms of elemental ahundances in these

magma types indicate systematic difTcrences between thern

for  rnany  minor  and t race  e lements  (e .g .  T i .  K .  P .  Rb.  Ba.

Sr .  Z r ,  Cr ,  V  and Ga) .  The ra re  ear th  e lements  a lso  show

svstematic dif fercnces in both pattern and total abundance

between the dif ferent types. Thc cornposit ional dif ferences

between these basalt ic milgma tvpes could be due to

difTerences in one or more of the fol lowing:
a. mantle composit ion varying in either a lateral or vert ical

fash ion :
b. degree of part ial  melt ing:
c. degree offract ional cr1'stal l izat ion:
d. contarnination processes in eithcr thc crust or the

mant le .
The composit ional difTerenccs bctween the bzrsalt ic

magma types are such that they cannot readi ly be explained

by 
-cl i f fei int 

degrees of part ial  melt ing or fract ional

crystal l izat ion alone. I t  thercfore seems probable that many

of the composit ional dif fcrences hetween the types are

either the product of s,vstematic dif ferences in the de gree of

contamination of the prirnarv magmas or that they ref lect

mantle inhomogeneity. This general ized conclusion cln

also be supported by isotopic evider"rce. but this r 'vi l l  be

discussed in later chapters.
The acid and intermediate magma types in thc Kart lo

volcanics consist of the lat i te and quartz lat i te magmas ln

the Etendeka Formatit ln: the "dacite" magmas in the

north-eastcrn Cape Province and dacite. rhyodacite and

rhyol i te magmas in the Lebombo-Nuanetsi region. The

bulk of the Lebombo-Nuanetsi acid volcanics are quite

dif ferent from the other acid volcanics in the Karoo

Province in having higher SiOl (averaging about 70?r),

much higher REE, Zr. Y and Ba together with much lower

Ti anct P. They also have much lower init ial  i rSris6Sr rat i t ls
(Manton.  1968) .

In contrast, the acid and intermediate mlrgma tvpcs in the

Etcndeka volcanics, north-eastcrn Cape and in two tninor

formations in the southern Lcbombo (Mkutshane Beds in

Swaziland and Kuleni rhyol i tes in Zululand) al l  have lower

SiO: and relat ivel-v high init ial  sTSr/s"Sr rat icls.
In later chapters the f ield relat ionships together with

these chemical and isotclpic characterist ics are used to

evaluate various petrogenetic models for the acid and

intermediate volcanics. In general.  models whereby the

si l icic volcanics are generated by lract ional crystal l izat ion

of associated basic magmils cannot be supported bv

chemical clata. More conrpel l ing models invoke anatexis of

crustal material or derivation by re-melt ing mantle-derived

basic rocks.
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