Basement control on dyke distribution in Large Igneous Provinces:
Case study of the Karoo triple junction
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Abstract

Continental flood basalts consist of vast guanfities of lava, sills and giant dyke swamms that are associasfed with
confinental brosk-up, The commonly radisting geometry of dyke swarms in these provinces is gencrally interpreted as the
result of the sress regime that affected the litosphere during the initial stage of continental break-up or 3= the result of
plume impact, On the other hand, structres in the basement may also control dyke orientations, though such control has not
previously heen documented. In order to test the role of pre-dyke siructures, we investigated four major putative Karoo-aged
dyke swams that taken together represent a giant radiating dyke swamm (the so-called “triple-junction™ ascribed to the
Jurassic Eareo continentsl flood basalt (=33 10° lan'; southern Africa). One of the best tests o discriminate between
neoformed and inheriied dyke orientation is to deict Precambrian dykes in the Jursssic swamms. Accordingly, we efficiently
distinguished between Furassic and Precambrian dykes using abbreviaied low resolution, *“Ar®*Ar incremental heating
schedules,

Save-Limpopo dyke swarm samples {(n=19) yield either apparent Proterogodic { T2E-1683 Ma) or Mesozoic (131-17% Ma)
integrated ages; the Olifants River swam {n=20) includes only Proterozoic (B51-1731 Ma) and Archasan (2470-2872 Ma) dykes.
The single age obtined on one N-58 striking dyke (1464 Ma) suggests that the Lebombo dyke swarm includes Proterozoic dykes in
the basement as well. These daes demonstrate the existence of pre-EKamo dykes in these swams as previously hypothesized
without supporting age data. In addition, asromagnetic and air-photo interpretations indicate that: (1) dyke emplacement was
largely controlled by major discontinuities such as the Zimbabwe and K sapvasl craton boundaries, the orientation of the Lingo po
mobile belt, and other pre-dyke structures inchuding shear zones and (2) considering its polygenetic, pre-Mesozoic origin, the
Olifants River dyke swarm cannot be considered pant of the Karoo magmatic event,

This study, along with previous resuls obtained on the Okavango dyke swamn, shows that te apparent “triple junction”
formed by radisting dyke swarns is not a Jumssic structure; rather, it reflects weakened litospheric pathways that have
confrolled dyke orientations over hundreds of millions of years, One consequence is that the “triple-junction” geometry can no
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longer he unambiguousdy uwsed a3 a mantle plume marker as previously proposed, although it does not preclude the possible
existence of a manfe plume. More generally, we suggest that most Fhanerozoic dyke swams (including triple junctions) related
to continental flood basals were probably controlled in part by pre-existing lithospheric discontinuities,

iC 2005 Elzsevier B.V. All righs reserved.

Keywards ™ ar dating; dyke swarm; triple junction; Karoo; mantle plume; hasement comtral; structum] mheritance

1. Introduction

Continental flood basalts (CFB) are the result of huge
magmatic events that are particulary abundant during the
Phamemzoic (see a review in [1]) Most ofthem are linked
to the Pmgea mega-continent fagmentation (e.g. Cen-

o o Ko

tral Atlantic, Parana-Ftendeka, Decean’), and are charac-
tenzed by the ocourrence of glant dyvke swarms emplaced
in a radial pattern (.. [2]). Dvke swamms are significant
in part because their geometnies are genemlly considered
to be paleo-stress and -stmin markers and as such they
are wseful for recognizing mantle plume impact sites [3].
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Fig. 1. Locatiom al’ the Karoo tmps md regiomal dyke swarms; dykes are based mesily on aeromagnetic dats and are plofted afier the comgilatiem of
[14], moddified after [7] and refessnces therein). OD8: Olavango; ORDE: Olifants River, SLDE: Save-Limpopa; LDE: Lebamba; SBOSE: South
Batswana (undaed; miruding hasement and Kamao group) REDE: Roai Rand (indated, mirxding Kamo bva-pile); SMOE: South Malwd (imdated;
mirucing hasement and Karoo group) and G0S: Gap (undated, intruding Karoo sediments) dyke svwarms. Dofied line comesponds to Boswana
horder. The Kmpvaal and Fimhabwe cratons and Limpopo mabile belt are indicated. Insets A, B, C and D {not to scale) mdicate the sampled
locatioms enlamged in Fig. 2. “3" hbelled-inset mdicates the locadion of Fig. 3. Inset shows schematic representation af the dyke swamms.
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However, dyke swarms are also known as plate
discomtinuity markers [4] and monre recent investiga-
tions suppaort the preponderant role played by the pre-
existing structure of the lithesphere in controlling dyke-
swarm amplacament [5-7] mdior CFB-related  nft
settings [8,9]. Comsequently, the dyke distributions
may not mefledt a “primary” structural signature but
would highlight presxisting lithosphenc weaknesses,
Mevertheless, fow studies have focused on this issue,
and the possible influence of various basement struc-
tures (eg edges of the aatons, mohile belts, shear
wones, older dvke swarms) on CFB emplacement is
still poarly constrmined,

The Karoo CFB formed durimg a 180 Ma magmatic
event occuming prior to the southern Gondwana break-
up and the opening of the hdian Ocean. [t consists of
tholeiitic lava-flows, sills and dyvkes covering a paleo-
surfice in excess of 310 km® [10]. Huge dyke
swarms (the N11P-striking Okavango, the N70%-strik-

ing Save-Limpopo, the kneeshaped Olifints River and
the N-5 Lebombo dyvke swarms; Fig. 1; eg. [11])
appear to comverge at the eastern edge of the province
defining a four-branch structure (the so-called “tnple-
qunetion”; Fig. 1), Although the Kamo “trnple junction”
has been regarded as a Jursssic, CFB-related structure
and a classical example of a mantle plume impact site
marker (e.g. [312]), it appears that (1) prior to the
present work the ages of the dyke swarms were poorly
comstrained, and (2) the field and petmographic evidence
contained in published peological maps suggests that
some of these dykes are pre-Karoo [13]. Additionally, a
recent study  demonstmtes  that the N0 -striking
branch (i.e. COkavango swarm) includes approximately
12% Proterozoic dvkes and thus is not a neoformed
structure [7]. Therefore the Kamo “triple junction”
provides an excellent opportunity to investigate the
influence of hasement stuctures during CFB emplace-
ment and also the validity of the widely presumed
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Fig. 2. Mams showing locations of dated samples. The mse diagrams medicate the orentatioms al’ the dated dylkes i each location {A) Western Tuli
basin; a =4 ArArplhtean ages are from faj: [11]; (b [16]. (B) Fastern Tuld hasin (Bedibridge); o =12, () Mwenad basin (Mutendawhe; n=2. (D)
Marthem Lebamba (Letatal; a=17. Dashed squares comespand o aress delimited by air phots and cited @ Fig. 8 with (B) Beifbadge and (D)
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relation  between dyke-defined  triple-junctions  and
mimntle plumes,

In this paper, we provide apge data on the Save-
Limpopo (19 dates), Olifaints River (20 dates) md
Lebombo (1 date) dvke swamms, in order to determine
if they include Jurassic dvkes, pre-Karoo dykes or both

(L. if the branches are a neoformed or inhented struc-
ture; see [7]) Radiometric dating is the only way to
clearly determine if the dykes belomg to the Famao
event, becase it is generally impossibe to do so with
field or petrographic observations, Plagioclase was
dated rapidly using the *Ar™ Ar technique with rela-

Tanle 1
Creagraphic position ((FS sphenaid: WGS-88), mend and * Ar7"Ar “spesdy step-hesting” ages of the Olifanss Rives, Save-Limpopo and Lebomba
dylke swarms
Sample GPE conslinates Direction High temperature Sep Totl *ar Integrated age
step age number relemed (Ma, +2 )
(M, + o) (3]
SLDS
729 21743 925 § MPIIR0SE H&l-70 9245 fuse 94.7 1025 +4
728 21743 925 § MPIIR0SE N7 911 +10
ThE IFMIITE WITWE N7 1331 +4 fuse #3.9 1506 + 4
759 ITTIRT S WLLRETE H75 1416 +3
754 ITOLTRT S 2957 200 F N7 12871 +3 fuse 59.4 1284 +3
A2 ITR1IF S 29EITSE HEl-85 TH+3 fuse 909 TR +3
Thd ITT ST S 2EA22SE H75 98+ 7 fuse BA 1001 + &
Al ITRORT S 29741 900°F H&5-75 1450 +3 fuse 529 1445 +3
A3 ITOTORT § 29°45900°F H75 1601 +3
A1 ITTASTE 29°LE950°F Had 1510 + 45 fuse 905 1459 +41
ot 3 1T BAITE 2RE515TE N7 1291 +26 fuse TiL 1342 +25
ot 5 1T 5 EST S 2RRAA0E N7 1277+ 26 fuse 689 10801 + 23
Hadh ITHSTVE 2816860 N7 1245 + 146 fuse 873 1313 + 18
Rt 7 ITHSTVE 2816860 N7 1728 + 18 fuse 725 1685 + 18
ot & 06 TEE § 2824 T4E HED 17 43 fuse 903 179 +4
753 ITOLTRT S 29°5T200°F H75 17 43 fuse 814 174 +3
755 ITOLTRT S 29°5T200°F N7 138 +56 fuse BA.2 153 +54
7i5 2P ET TR § 32N9AEVE H&5-T0 143 +39 fuse 841 168 + 40
7a4 2P ET TRF & A209A00E H&D 13142
ORDE
549 26'GEAT S WOSLTENE N7 2651 +19 fuse 82 2790+ 22
5410 (4394 5 W 2RETIE IR0 164 +8 fuse 542 1641 + 8
5A11 259 1ET § WUI0AETE IR0 1460 + 5 2 {3} (11 1687 +7
A4S IFHME S JNRREE HE&S 158145 fuse 729 1566 +5
SA46 IFHME S JNRREE HES-90 1261 +4 fuse #5.4 1227 +4
SA4R I 2T E INE2S0E H130 10+ 11 fuse 931 1085 + 14
5449 I 2T E INE2S0E ] 0+ 13 fuse 643 2546+ 13
SAS0 I 2T E INE2S0E HI125 1775 +21 fuse 771 1731 + 18
5451 2FI5TAFE 310A00E H130 B+ 5 fuse 77 85145
HASZ 2FI5TAFE 310A00E H&D 104 +5 fuse 904 1026 +5
A5 235 RIS 3104059 N7 T+ 6 2 (M4 [ T+ 6
HA54 2FISIRT S 31NAOTSE H130 90 +15 fuse 749 952415
HASS 236137 5 310A108E N7 1020 +7 2 (5} 45.4 1047 +5
HA5E 2336194 5 310415TE H&l-55 EM+17 fuse &11 921 +49
HAST 236229 5 310A195°E ] R+ 4 fuse 655 2549 +5
HASE 2336255 5 3104225E H&D 1426 + 20
5A59 2336 080 S 31 0E308F s 1655 + 13 fuse ELE 1660 + 13
SAA0 IFHITTE INEIWE H&D 243 + 16 fuse 733 24T+ 14
5461 2FH T E I0NL0IE H&l-55 137545 fuse 925 1356+ 5
AR IFHITTE I1NLSE H&D 139 +59 fuse 935 1383 + 54
Lns
5A47 W ME S SNRREYE H1 1235 +8 2 () 421 1454 +7

Bath integrated and high tenperahre ages (excluding pre-degassing steqp) are given. Analytical imoeriaintes am 2o,
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tively few heating steps; nevertheless, we wens able to
umambiguously distinguish between Jumssic and older
dykes.

Possible basement control on dyke swarm emplace-
ment was also investigated vsing the southem Africa
dyke database [14] and air-photo interpretation. Cur
results provide new constraints on Karoo CFB geody-
namics and question models relating the Karoo radiat-
mg dyke swarm to mantle plunme-head mmpact. We
sugpest that our results may have general application
to relatioms between CFB-related dyvke swamms and
basement structures,

2. Geological backgrmund

A peneml description of the provines is given by
[10]. The N7(0F-onented Save-Limpopo dvke swanmm is
generally poordy exposed and extends over ca. 600 km
(Fig. 1) from south-eastan Botswana (Tuli basin) to the
north-eastern margin of the Limpopo orogenic belt in
eastern Zimbabwe, The swarm consists of a 50-100
km-wide comidor of vertical to sub-vertical dykes with
a mean thickness of 27 m [15], although the number of
dykes measured (n=13) is low. The dykes qosscut the
Archagan to Pmtemozoic metamorphic Limpopo belt
and the Karoo Permo-lurassic sedimentary ssquence
and lavas, in both the Tuli basin and the Save-Limpopo
mamocline, Most of the studied dykes are located within
the eastemn end of the Tuli basin {r =12; Fig. 2B; Table
1y near Beitbridge where they intrude the basement. Six
dvkes were also sampled near the westem pant of the
Tuli basin (Fig. 2ZA) Plagioclse from two dykes
vieldsd platean (>70% of *PAr released) md mini-
platean (between 50% and 709 of 39 Ar released)
ages of 1789408 (2r) (Bot020) md 1804+ 0.7
Ma (Bod®), respectively [11,16] (Fig. 2A). Two dykes
(£44, Z46) intruding the Karoo Save-Limpopo mono-
cline were sampled farther to the east, near the Mutan-
dalre arsa (Fig. 2C).

The sigmoidly shaped Olifints River dyvke swarm is
up to 200 b wide [17] and extends from the south-
west, where few dvkes intude the Karoo sediments
[18], to the north—east, where most (but not all) of the
Olifants River dykes stop at the limit between the
basement and the Karoo sequence of the Lebombo
momochine (formed by Karoo sedimentary, basaltic
and thyolitic sequences; Figs. 1 and 2D). The dyke
swarm is compossd of thres successive segments,
From south—west to north—east, the dominant direction
of the swamm changes from ~MN45 to ~M357 (in the
~2.7 Ga Transvaal Supergroup) and rotates back to
~M&" (in the ~35 Ga granitoid-greenstons  termin;

Figs. 1 and 3). Based on different asmomagnetic signa-
tures, the northern Olifints River swarm segment was
divided imo two sub-swarmms [14], a MN68" striking
minor segment and the NS0 -striking Palabora seg-
ment. We have chosen to investigate a ~ 10 km section
of dvkes (n=18; Table | and Appendix A) cropping out
almg the Letaba River in the northern segment (ca.
23,575 and 317E; Fig. 2D). This section comprises not
anly dykes with a typical Olifmts River swam dinsc-
tion (~MN60°, n=12) but also includes dvkes striking
E-W (r=1), N1} {n =4) and N-5 {n=1; more likely
belonging to the Lebombo swarm). In addition, three
dykes (SAS10-11) from the N35%-onented sspment
farther to the south (2675 and 30.57E; Fig. 3) were
also mvestigated. SAY shows a NW° trend whensas
the SA10 and S5A11 have a N-5 onentation.

The Lebombo dykes have a mean orientation of
~175°M and mamly intrude the Lebombo monocline
(Fig. 1) where they crosscut the whole Kamo hasalt
sequence, Two platean apges of 1814407 and
18234+ 1.7 Ma on plagioclse from these dykes were
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provided by [16]. Scarce N-5 oriented dykes also ocour
in the basement, west of the Lebombo [17]. The thres
M=5 oriented dvkes are located at about 150 km (SA10-
11y and 30 km {544 7) from the Lebombo monochine, [t
iz difficult to determine if thess dykes belomg to the
Lebombo or Olifaints River dy ke swarm.

3. Petrography

The investigated Jurassic dvkes (m=35) belong to
the Save-Limpopo swarm (Fig 24 and C) md consist
of daolerites containing clinopyroxens and plagioclase
with minor amounts of opaque minerals and olivine
phenocrvats (except £46). They are penenlly fine to
medivm gmined and are mrelatively fresh with minor
evidence of altemtion (mainly sericite, sempentine md
chlorite). Protemzoic dykes generally display a coars-
ergrined textre, Proteroeoic dykes from west of
Tuli (n=4; Fig 2A) show the same paragenesis as
Jumssic dvkes from which they are hardly distinguish-
ablz, On the other hand, Protemosoic dvkes from the
Sawve-Limpopo swarm (n=14; Fig. 28], the Olifants
River (n=20; Figs. 2D and 3} and the Lebombo
(r=1; Fig. 213 swams differ from the Jumssic
dykes by the absence of olivine and the ocourmence
of significant ammmts of amphibole, chlonte, + pyrite
amd interstitial micro-pegmatite, The Proterozoic mcks
are more strongly altered compared to Jumssic dykes
and plagioclase is more significantly sencitized. Pm-
terozoic dvkes are therefore offen but not systemati-
cally {as illustrated by West Tuli Protemozoic dykes)
charactenized by amphibole, chlonte and pyrite, as
alr=ady  mentioned  for the Okavango swarm  [7].
Therefore, petrographic observations may provide po-
tertial cluss about the age of the dykes but are not
sufficient to disariminate conclusively batween Prote-
roeoic and Jumssic dykes,

4. Analytical method

Most analyses wene performed using a relatively fist
method so-called “speedy step-heating” [7]. It compm-
mises accuracy but decreases the time spent on each
samiple relative to *Ar™ Ar conventional method. This
is appmpriate in this study because we aim only to
differentiate between Jurassic and Prtemozoic dvkes,
For each sample, five visibly fresh graing (except Bodh
where we used ~ 10 mg) were carefully selected using a
binocular micmscope. The first Ar degassing step (5—
37%0 of ¥ Ar released) was parformed in order to reducs
atmosphenc Ar and any Ar from secondary minerals.
We measured 3, 6, 4, 5 and 9 additional steps for

samples SALL, 5A47, SAS53, S5A55 and SASE, respec-
tively (Fig. 4A and Appendiz A). We also performed
me more detailed Ar—Ar step heating experiment on
the sample Bo4h from the Save-Limpopo swarm (Fig.
48 and Appendix A).

Samples wers irradiated for ~70 h in the Hamilton
McMaster University nuclear reactor (Canada) in the
position 5c with the Hh3gr amphibole standard (1072
Ma, [19,207; unpublished analyses performed in Mics
and Berkeley; of. discussion in [7,16]). Gas extmction
was performed with a OOy Synrad 48-5 laser and
imotopic measurament carmed oot with a VG3600
mass spectmmeter using a Daly-photomultiplier system
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at the University of Mice., Apes are given at the 2o
confidence level. Emors in the age of the monitor are
no included in the age caleulation. More complete
description is given in [7].

It is waorth noting that these ages are not meant to be
interpreted in detail, &5 the speedy step-heating method
does not allow us to distinguish altemtion or excess or

loss of argon. Maoreover, the appearance of the plagio-
clase separates and siapes of age spectm suggest that
mast samples inderwent variable perturhations, and =o,
wie report imtegmted ages for whole samples rather than
sglected high-termpenture steps, Therefore, the ages
provided in this study must be used only to differentiate
Jurassic and Proteoeoic dvkes (e Karoo-agsd or
older) and do not provide precise empacement ages,

5. Geochronological results

Five of ninetesn Save-Limpopo dvkes vield mostly
Jurassic {(and one Cretaceous) semi-quantitative appar
ent ages (Fig 5A) rmging from 131 £ 210 179 +4 Ma
(2r error confidence level); the mmaining 14 dvkes
yield substantially older ages mnging fom 72843 o
1632 £ 18 Ma. The sample Dot6 displays a highly
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disturbed detailed age spectum (Fig 4B) with strong
evidenoe of exceis angon (as shown by its saddle shape)
and alteration, demonstmted by the coresponding var-
fation in T Are, T A ratio. The Protemanic ages can-
not be attnbuted to excess Ar affecting the Jurassic
dvkes as (1) there is no imtermediate ape betwesn
Jumssic md Proterozoic dykes and 2) the dykes mostly
show some petrographic differences (eg. amphibolz
and pyrite occurence).

Twenty dykes located in the nothern and southem
part of the Olifants River dvke swamm display integrat-
ed ages ranging from 851 + 5 to 2872 + 6 Ma (Fig. 5B;
Table 1 and Appendix A). Although these data do net
represent geologically significant ages, two relatively
distinet populations appear. The first one, mnging fron
00 o 1700 Ma, displays the same apparent age span as
the Proterosoic (kavango dykes and sills (ranging fron
B30 to 1700 Ma)| 7] and the Save-Limpopo dvkes. The
second population displays older ages between 2.5 and
29 Ga showing a noticeable age gap with the firt
population. Mo Jumssic age was obtained. Mone de-
tailed spectm (Fg. 44) are greatly disturbed showing
quasi-systernatic mixture of exces: Ar (saddle shaped
age spoctm) and alteration dogassing phascs {variable
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Axhasan apparent ages and - N5 -arientatims ha wese previously attibuted to the ~2.7 (a (7) Palabora dyke svwam. These dates are low
resalutiom and should anly be used to differentiazte among Jurassio, Pmieronmc and possinly Archasan dykes.
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Fare TAn, ratio spectra). Ome N 107 onented dyke,
sampled close to the Lebombo and suspected to belong
to the Lebombo dyks swamm vieldsd a date at 1264 +7
Ma (Fig. 2D, Table 1)

6, s cussion
6d. Geametry af the dvke swarms

Bmad-scale observations show that the so-called
“miple pmetion” is & more complicated strucnre than
portrayed in some oversimplified sketch maps. First,
the Okavango and  Save-Limpopo  dvke  swarms,
though both of Kamo age (~179 Ma [7,11,16] md
unpublished data) and referred to as a radiating stroe-
ture, do not mdiate from Mwenezi zrea, but rather
cmsist of two crosssutting swarms [3,21]; Figs, 1 ad
6B,C which partially overdap in the Tuli basin area
(Figs. 1, 6 amnd 9. Secondly the Olifimts River swarm
doss not converge near Mwenszi bt actually stops
agningt the Lebombe monocline hundredth kilometers
to the south (Figs. |, 3 and 9). Chavez Gomez [14]
provided a summary of mafic dvke swarm orienta-
tions in southem Africa produced by digitizing geo-
logical md  geopbysical maps  and  investigating
magnetic data and published literature, This database
does not discriminate between Precambrian and Ju-
rissic dyvkes; nevertheless, it does mveal the effect of
baement comtmol on dvke emplacement. The mesults
have been reported in Figs, 1, 3, 6 md 7. Subse-
quently, we used air photos (focused m owr sampling
arsa; of. Fig, 28,100 to investigate the distribution and
onentation of the four brmches at more detailed scale
(Fig. &)

64 1 The Sme-Limpapo and Okmeango dyke swarms

Statistical analysis of dyvke orientations performed
on 1942 dvkes from the Save-Limpopo swarm shows a
roughly  constant direction with a mean strike of
a6k 167 (1o Figs. 68 and 7A) parallel to the Limpopo
bt/ Zimbabwe craton limit as well as the sastemmost
(SW-NE oriented) Limpopo structurss (Fig. 64) [22].
On closer inspection, one can observe (1) a subtle
ritation of dyke directions fom  the southwestan
(A4 187 m=900) part of the swarm, seemingly fol-
lowing (and likely influenced by) the Limpopo belt
overall orientation and (2} a difference in direction
between the dykes intmding the Limpepo belt and the
Zmmbabwe craton (Fig, o).

The basement irtruded by the Olavango swarm
(1094127, p=2320 Fig. 1) is not well known west
ofthe Tuli basin (mainly due to lack of exposune: in the
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Fig. & Skeich map of the Limpopo belt region. (A) Strocture and
tectonic fabric af the Limpapo bel. Major shear mones and sedimen
tary haging are indicated (afier [22]). Supermposed Okavango (B) and
Save-Limpopo () dykes afier the comgpilbtion af [1£].

Falahari Deserl) bt a recent gravimetric study [23]
sugeests that the Okavango dyvkes and the Limpopo
mihile belt lagely ovedap (Fig. 1) In its eastemmiost
part {east of 28°E), the Okavango dvke swarm displavs
a smal but noticeabls rotatim  from 1104+ 127
r=1650) to ~106 + 147 (R=0604; mamly due to the
occumence of N0 -onented dvkes) which might be
associated with the more proncunced rotation (-
shaped) of the Limpopo belt (Fig 6B). Thersfore, the
Save-Limpopo and Okavango dvke swarms mimic the
U-shape of the Limpopo belt that therefore appears o
have influenced the dyke emplacement.
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petal=109 walues (173 ]); mean onematon =177 + 15°

Adr photo malvsis of a restricted pant (see inset in
Fig. 2B} of the eastern Tuli basin has been subsequently
used to provide a “field-scale” picture of dyke distribu-
tions and onentations in this area. The identified and
digitized dykes are plotted in rose diagrams (Fig.
BAH). We split the dykes into two groups; (1) dykes
intruding the basement (n=3226; Fig. 8A) and (2)
those intruding the Karoo formation (r=945; Fig.
BH). Both groups show similar dominant directions,
In the basement, dvkes follow variable orientations
but mainly stoke between NP and NP, Dykes
intruding the EKamo fommation are more scamce than
those intruding the basement and their onentations are
mare clustered, with most striking betwesn NES™ and
M1057, In both cases, a secondary N5 direction is also
apparent (Fig. 8B}, We interpret this difference as pos-
sibly reflecting the strong contribution of the Precam-
brian dvkes in the basement (Fig. 84). Additionally, the
predominam M -ariented dykes similardy follow the
Limpopo structure (Fig. 6B); thess dyvkes may belong to
the Okavango swarm, and may have been influenced by
the Limpopo belt structune (see above), or may repre-

sent a distinet E-W dyke swarm as illustrated by the
presence of a vast quantity of N9 -onented dykes in
the Letaba region (Fig, BC-E).

6.l 2 The Olifants River dyke swarm

The Olifmts River dvkes database [12] includes
more than 5000 dykes md shows a wider range of
dyke dimsctions than other branches of the radiating
structur: (Figs. 1, 3 and 7). The dykes stoke 45+ 217
in the southern zone, 35425 in the middle one
and 68+ 167 in the northern zone [14]. Uken and
Watkeys [17] have interpreted the notthermmost ori-
entation a5 meflecting (1) a change of the basement
nature (Fig. 3) and (2) the existence of multiple dyke
genemtions,

The ar photos study 15 focused on the northern
portion of the swarm (Figs. | and 203} in the Letaba
region, near the Lebombo, Therefors, the two dvke
swarms of Olifants River and Lebombo appear in this
area and in the rose diagrams of Fig. 8C-D. We defined
three groups of dykes imtruding  either  basememnt
(r=9113), Karoo sandstones of the Clarens formation
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(r=87), and the Kamo basalts {n =409, In the base-
ment, the dykes display three dominant orientations
with a strike of ~N50" being most common (Fig.
8C) In the Kamo sediments and lavas (Fig, 8DE),
the dyke directions are more vanable with an E-W
prmary  direction. The MS07 orientation also exists
here as well but 15 very weakly represented. Air-photos
amalysis shows that most dvkes meported in the base-
ment do not intrude the Jumssic sequence. Therefore,

the northem portion of the Olifints River swarm is

mainly Precambrian, although a few Jurassic dykes
exist.

6.d3 The Lebambo dyke swarm

The Lebombo dykes are mainly distributed along the
Lebombo monocline whers they crossont the Kamo
basalt sequence (Fig. 1). They show clustersd onenta-
tims with a mean of NI1757 417 (r=630). In the
Kamo basalts and sediments (Fig, 8DE) the so-called
Letaba restricted area shows the N-5 dominant direc-
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tion of dvkes related to the Lebombo dvke swann.
Based on study of air photos (Fig. 8C-E), dvkes strik-
ing M165-1807 are present in the basement md prob-
ably represent a westem exension of the Lebombo
dyke swarm. N-5 dykes also exist within the Limpopo
belt (Fig. 84,8 Therfore, although the Lebombo has
probably chammeled the main comeentmtion of the N-5
dykes, they are more spamely distibuted in the base-
ment to the west (Fig., 8C) and north (Fig. 8A B) of the
Lebambo, We thus suggest that the Lebombo area has
possibly constituted a preferential path for magmatic
upwelling according to its position at the sastem edge
of the Kaapvaal cratom, Unforhmately, we cannot eval-
uate the poportion of Precambran dvkes for this
SWATETL,

6.2 The Karoo dvke swarms: evidence for inherited
arieriation

H AP Ar “speedy” dating performed on 19 dykes
(plus 3 dykes dated in [11,16], intruding either basement
or Famo sequences, show that the Save-Limpopo
swarm  includes both Protemeoic (700-1700  Ma;
n=14) and Jurassic dvkes (121-180 Ma; n=8; Fig
540 The voungest apparent age of 131 Ma more likely
reflects alteration mther than a Cretaceous emplacement
age since the “comnventional” **Ar*Ar dates available
on the Save-Limpopo dykes reveal a concordant age of
~17% Ma ([11,16], unpublished data). Themfore, the
Faroo-aged N7 Save-Limpopo swarm shows evi-
dence of structural inhentanes from a Proterozoic
dyke swanmn, along with basement influence marked
by discemable rotation of the swam contiguous to the
Limpopo architecture (cf, discussion above, Fig 6B).

The Olifants River swann was investigated in its
southern and northern regions. The ages obtained
seem o indicate two distinet Precambrian dvks events,
ranging from 850 to 1700 Ma and from 2500 to 2900
Ma. Although the ages obtained are not precise em-
placement ages, the apparent ages nevertheless define
twio populations, consistent with the two different asro-
magnetic dyke signatures reported within this portion of
the swamm [17,14]. Mo ages consistent with the Karoo
event were obtained, although scarce Karoo dykes are
probably present in the Olifants River swanm as shown
by a few dykes that crossout Karoo sediments (see
above). Therefore, the Olifants River swamm is likely
to imclude two dominant generations, Archasan and
Proterozoic, md possibly a minor component of Juras-
sic dykes, Thus, the Olifints River dvke swarm can no
lomger be considersd as a Karoo-aged dvke swann,
confirming field observations previously mentionad in

[13], and the aldest dvkes i the swarm define a weak-
ened pathway that was subsequently followed by two
younger generatioms of dykes,

The last major branch of the Karoo radiating swarm
studied is the N-5 Lebormbo dvke swarm which also
includes the Rooi Rand dyke swanmm (e.g [18]) Unfor-
tmately, becmse the mumber of outcropping dvkes
crosscutting the basement is low, it is difficult to test
the effect of inharitance in this dyke swamm, Neverthe-
less, some dykes mtrude the basement on the west aide
of the Lebombo monocline (Fig. 1; see also [18]), This
i the case for (1) the SA47 N-5 ariemed dvke sampled
in the Letaba River (Fig. 2D that yields an apparent
age of 1464+ 7 Ma (Table 1) and (2) two N-5 dykes
sampled in southem extremity of the Olifints River
swarm, showing similar Proterozoic ages but for
which relations with Lebombo (and Olifants River)
SWATITES AT uncertain.

The inhentmee demonstmted for the Olifints, Smoe-
Limpopo and possibly the Lebombo dyke swarms is in
agreement with similar data obtained on the NI1O7-
ariented Okavango dvke swarm for which the oceur-
rence of a ca. 1 Ga old N110%-oriented dvke swarm
clustered in the center of the Jumssic swarmm was high-
lighted [7].

In summary, our results indicate that the hrassic
Save-Limpopo, Lebombo and Okavingo dyvke swarms
parallzl Protemaoic dyke swarms, suggestimg that
dvke emplacement in this region has been repeated v
controlled by features of its ancient basement includ-
ing cratom boundanes and, more subtly, basement belt
fabrics. Furthermore, the Olifants River dyke swarm
cammat be considersd to be dominantly of Karoo age,
contrary o previous suggestions [3]. Thersfore, the
apparent “triple-junction” geometry of these polyge-
netic dyvke swamms cannot be wed to infer stress
patterns at the time of Karoo magmatism. Rathe,
the apparent trple junction geometry is actually an
attifact that is ultimately imposed by the comrol of
pre-Earoo basement structurss on dyke emplacement,
as suggested by [13].

3. fmplication for the mantle plume hypathesis

Theorigin of the Kamo CFB is still matter of debate
particulary concerning the possible presence of 2 man-
tle plume beneath the provines {e.g. [24.25]). In the
mantle plume model (a5 defined for instance by
[24.26 27T, hot buoyant mantle rises from deep mantle
and impinges on the hase of the lithosphere, This
impact is predicted to trigger (1) crustal doming and
(2} the propagation of magma by fracturing cnastal to
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supra-crustal levels from a central point (likely to rep-
resent the centml axis of the plume; for instance, the
Mwenezi-Tuli region for the Bamo case). Based initial-
Iy on the outcrop pattern of lavas (e no dykes were vet
considerad), Cox [28] and Burke and Dewey [29]
mentionzd the nossible link between the Kamo archi-
tecture and a mantle phone impadt within the Mwenezi
area (Fig. 1), Subsequent studies on the Kamo giant
dyke swamms have led Ermst @ al, [2] and Emst and
Buchan [3,12] to propose that the Kamo radiating
structure (comsidenng the Save-Limpopo, the Olifants
River md the Lebombo swarms as the radiating
branches) was consistent with a mantle plume impact.

In this study (and in [7]), we show that the “triple
Junetion” structore is probably an arifict charactenzed
by (1) a strong hasement control, (Z) the ocourrence of
Precambrian dykes within at least two {and possibly
three) brnches (Save-Limpopo md Okavingo swarms
and possibly the Lebombo swamm), (33 a branch (Ol
fmts River) which is not Jumssic in age contrary to
previous suppositions (2.g. [3 307) and 4) a branch (the
Save-Limpopo) which does not really radiate from the
(Mwenexi ansa) focal point. Therefore, the apparent
radiating structure is not sufficient to infer the existence
ofa Jurassic mentle phome impact, because Proterosoic
dykes, which cannot be related to a plume impact in
Famo time, define a similar pattem (Fig. 9). It is
therefore likely that during Jurassic magmatism, base-
ment structures acted to control the onentation of Kamo
dykes, Thus, the Karoo dyvke swarm geometry should
no longer be used to support the Kamo mantle phone
hypathesis; nevertheless, a mantle plume ongin for
Famo magmatism remains a possibility,

4. The Karoo triple junction and other CFB-related
dyke swarms

CFB and cmtermpomnems regional dyke swarms
general v assocated with continental break-up are con-
sidered to provide evidence for plume-induced structure
([12] and refernces therein), but little consideration is
generallv given to the idea that baseament comrol could
comstrain dvke swarm (and CFB) geometry. For in-
stance, rifting events apparently take place prefembly
alomg pre-existing orogenic fibrcs ([9] and references
inside). Ume of the best examples concems the break-up
of Gondwana ind the opening of the Atlamtic Ocean
opcurnng along the Hemynian, Caledonian and Pan-
African belts [9]. Here we provide a brief overview of
the melations between selected major dvke swarms as-
sociated with the Gondwana break-up (Fig, 10) and
their hasement structures,

A) Precambrian

5

] Cralons
HE g | [ Limpogs belt

B Jurassic

Hu}zm

3PS

2R MIE

Fig. 9. Sketch map af the four racdiating dyle swarms based an ArfAr
ages, seramagmedc data, and fekl obsenvatiors. Plin lnes mme
spamd t0 segments of the swarms in which measurements and ofser
vatioms have been made (this study, [7,11,16]); dashed lines reqmesemt
mierred dyles swarm extensions. Demsities af dyles within the swarms
ar mot shown. Plots show the diachronous miruzsion af’ dylkes malking
up each swarm; dykes imtmded prior o the Karmo vokaniam (A], and
penecomempransmsly with the - 180 Ma Kamo CFB (B

Most dvkes located on the cicum Central  Atlantic
comtinents are related to the ~200 Ma Central Atlantic
Magmatic Province (eg. [31-234]). Among these dykes,
considered to converge towands a focal zone around
Flarida [35], one of the best-defined swamms consists of
WNW-ESE dykes in Liberia and their counterpart in
French Guyana, The trend of these swarms follows the
Pan-African belt sepamting the West African and Am-
azmian cratons. The South Atlantic cpening was pre-
ceded by intense magmatic activity o ~130 Ma
forming the ParansEtendeka CFB associated with sev-
erl major dyke swarms [36]. Among them, the most
striking feature is the tple junction formed by the Rio
de Jangiro, Floriandpolis and Porta-Grossa dyvke
swarms in Brazl [37,38]. The two first branches ap-
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Fig. 1. Schematic map of part af the (andwana continent hefore drifting (modified afier [46]) with superimposed CFR-related Phanermooic dyke
swarms of various ages (see text dor relerences; the full extent af CFB are not represented ). Cratomic Profermooic blocks as well as Pan- A frican’
Brazilizng, and Paleo-Protermooic Limpopo and Central Indian [£3] mabile belis are shawn,

parently follow the Pan-African Ribiera and Kaoko belt
directions and the third branch follows the Palsozoic
Ponta Grossa arch [39]. To the Morth, the Rio-Ceni-
Mirim dvke swarm [40] is also Pamna-related [41] and
extends on the northen wedge of the Sao Frimcisco
cratom, in a direction pamllel to the Pan-Afncan Per
nambuoo (and its Affican counterpart) shear somes [42]
which may have controlled the swarm ofentation. An-
other Parana-Etendeka related dyke swarm is the 100-
km-wide Henties-Bay-Outjo dyke swarm in Mamibia
[] which intrudes (and genemlly follows) the SW-NE
onented Damam mobile belt, Interestingly, the dvkes
fan out as they leave the Damam belt and intrude the
Comgo craton at the eastermmost extremity of the swann
(Fig. 10y [6].

The gabbroic dvke swarm of the Fed Sea rift paml-
leling the rift structure was emplaced betwesn 24 and
21 Ma [43]. Mo hasement structural control is apparent
for the dyvke onentations, but this swam includes bath
Meogene and Proterozoic dykes (H.B. and G.F,, unpub-
lished data), suggesting that the dyking event associated
with the Red Sea opening followed an ancient Protero-
zoie direction.

Finally we mention the radiating dyvke swam (2g.
[2]) related to the 65 Ma [44] Deccan tmps in India.

One branch of the swarm intrudes and follows the
Central Indian Tectonic £one related to an Early Pro-
temzoic collisiomal omgen betwesn the southern and
northern Indian blocks [45]. The two other branches are
parallel to the westem limit of the dian craton. This
brief overview shows that the most prominent dyke
swarms related to Gondwana  break-up  (including
those considered to define several triple junctions)
mainly follow cratom boundaries md are often parallel
to mobile belts, shear zones and other pre-existing
hasement structures (Fig. 10). The dykes were therefore
possibly influsnced by pre-existing structures with re-
gard to both location and onentation, as we have shown
in the Kamo case. Basement comtrol of CFB-related
dyke swams therefore casts doubt on the “active mle”
of mantle plumes, if any, in cansing the “triple junction”
pattern marked by the ocourence of mdiating dyke
swarms. We sugeest that a careful re-examination at
field scale is required to better constmin the hasement
influence on giant dyke swann anplacanent.

7. Conclusions

Ar/Ar dating and stuctuml analvses wene performed
n the radiating dyke swamms widely considered to be
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related to the Karoo igneous province including the
Save-Limpopo, the Olifints River and the Lebombo
dyke swarms in order to assess controls on their loca-
tion and onentation. Chur data are comparsd to those
recemtly obtained on the Okavango dyvke swam [7]. We
find that:

I. Statistical direction analvsis suggests that Karoo
dyke orentations are largely controlled by pre-exist-
ing structures that also comrolled emplacement of
Frecambriom dykes. The general onentations of the
Save-Limpopo (N707) and the Okavimgo (M1107)
dyke swarms vary acconding to the local dirsction of
the Limpopo mohile belt, paralleling cratom bound-
aries, N-S-atriking dyvkes of the Lebombo swarm are
rare in the Kaapvaal cratom mmd Limpopo belt, but
mire abindant at the eastern wedge of the Kaapvaal
craton, Varying orientation of the mostly Precambri-
an Olifants River dvke swarm is svstamatically as-
sociated with changing basement lithology, It is thus
sugpeated that hasement stroctures play a dominant
(hut not exclusive) role in comrolling the orientation
of these major dvke swarms.

2, The N45-35-607 sigmoidly shaped Olifants River
dyke swarm is polygenstic and consists mostly of
Archasan and Poteroeoic dvkes though relatively
rare Karoo dykes are present. Thuos, the Olifants
River swarm is not dominantly of Karoo age as
previowsly speculated. Morsover, this example high-
lights that major extensional structures of the south-
e Afnican lithosphere are often used several times
a5 they constitite favorsd weakened paths for mag-
matic injections,

3. Excluding the largely Precambrian Olifints River
dyke swamm, two (md possibly thres) of the three
major Kamo-aged radiating dyke swamms unambig-
wously include Proterozoic dyvkes, Therefore, the
MT0F (Save-Limpopa), the W1107 (Okavango) [7],
and possibly the N-5 (Lebombo) dyvke swarms
(forming an apparent triple junction) indicate a
strong struchral inheritance and preclude a neo-
formed Jumssic mdiating structure,

4. The apparent tnple jmction geometry was not in-
duced by the amival of a deep mant b2 plume head but
is “inherited” from previous history of the Kaapvaal
and  Fimbabwe cratons,  Themsfore, this “triple
junetion” should no lnger be used as an argument
for demomstrating (although it does not exclude) the
existence of a Kamo mantle plume.

5, Considemation of regional dvke swarms related to
other Gondwana CFB shows that they too geneally
follow pre-existing lithospheric structures such as

craton boundanes, mohile belt orientations, base-
ment fabrics and major shear zones, We conclude
that the location and onentation of dvke swanms
associated with the Gondwana break-up were pen-
erally contmlled by ancient basement structurss and
wene not “forced” by plume head impact.
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