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Albstract

The lower Jurassic Karmo—Fermar magmatism represents one of the most important Phanerozoic continental flood basalt
{CFB)provinces., The Karoo CFB provinee is dominated by tholeiitic traps and apparently radiating giant dyke swarms covering
alipgether ca. 3 = 10° ko', This sudy focuses on the giant M 11 0% -rending Okavango dyke swarm (0DS) stretehing over 1500
km across Botswana, This dyke swam represents the main {f&iled) am of the so-called Famo triple junction that is generally
considered a5 a key marker of the impingement o fthe Karoo starfing mande plume head. ODS dolerites yield six new plagioclase
#ar®*Ar platean (and miniplateau) ages ranging from 178.7 £ 0.7 and 1809 £ 1.3 Ma The diswibution of the ages along a
namow (aussian curve suggests a short period of magmatic activity centered around 179 Ma, ie, — 5 Ma younger than the
emplacement age of Kareo mafic magmas in the southem pant of the Kareo CFB province{ — 184), This age difference indicates
that K aroe magmatism doss not representa shon-lived eventas i generally the case for most CFB but lasted atleast 5 Ma over the
whole province. In addition, small clusters of plagioclase separated from 28 other dykes and measured by “speady’ step-heating
experiment (with mostly two to three steps), gave either “Karoo™ or Prorozoic ages. Inegrated ages of the Proterozoic rocks
range from 851 + 6 to 1672 £ 7 Ma, and one plaian age (959.1 + 4.6 Ma) and one possibly geologically significant weighted-
mean age (9827 + 4.0 Ma)were obmined. Pro®emaoic and K aroo mafic rocks are petrographi cally similar, bot Proterozoic dykes
display clear geochemical differences (e.g., THD2<2.1%) with the Kareo high-Ti ODE (Tidk=2, 1%). Geochemical data combined
with available ArAr dates allow the identification of the two groups within a total set of 77 dykes investigated: — 10% of the
bulk ODE dykes are Proterozoic. Thus, the Jurassic Kareo ODS dykes were emplaced along reactiv ated Proteroeoic structures
and there is no pristine Jurassic Muanetsi triple junction as commonly proposed. This throws into doubt the validity of the “active
plume head™ Karmo CFB rift models as being responsible for the observed “'triple junction” dyke geometry.
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1. Introduction

Most of the Phanemeoic continental flood basalt
provinces [CFB; eg., Central Atlantic Province
(CAMP), Kamo—Femar, Parana—Etendeka, Deccan)
are associated with glant dyvke swarms (e, =300 km;
[1,2]) with trends and geometry that are infarsd to
mark the response of the aust to plume head impact.
However, the possible role of mheritance of hasament
tectomic fabrics on the trend of the dyvke swarms has
not bheen properly documented. Specifically, it has
never been clearly tested whether the three-branch
dvke swarm svstem uspally comelated with a rift
trple junction are indesd neo-formed by a phome
head impact or represent an artifact due to structural

A crucial test for this question, provided that the
dvkes emplaced in basement ame visible, 5 to deter
mine if the dyke swarms contain old dykes (pamllel to
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the main dyke swarm), indicating the polyeyelic
character of the lineamemt along which the dvkes

Giant dyvke swarms in southan Africa are good
candidates for testing the role of inhentance dunng
the emplacement of the Karoo large imeous provinee
(LIF). The lower Jumssic Kamo—Farar magmatism
(southern Africa and Antarctica) represents one of the
most importmi Phaneroeote contmental flood basalt
(CFB) provinces. It is dominated by tholsitic basalt
trps and mdiating giant dvke swarms, This igneous
provinee covers = 3 % 10% km® and is usually linksd
to the disruption of Gondwana mnd the opening of the
Indian Ocean. This study Focuses on the giant Oka-
vango dvke swamm (ODS) that stretches over 1500 km
from Mamibia to Zimbabwe through Botswana and
displays a width of about 100 kn (Figs. 1 and 2),
representing ane of the most important fissural igne-
ous complex in the waorld [1]. The ODS vielded few
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Fig. 1. Location of the Alrican Karoo CFB and questionahly related dyke swarms (modified afier [552 - 58] ODE: Olavango dyke swarm (his
studyl; ORDE: (lifants River dyke swarmm (undated; imruding hasement); SBDS: south Bosvwam dyke swarm (undated; imroding Karoo
formatioms); SLDE: Sahi -Limpopo dyke swarm (mostly undated; miroding hasement and Karoo fomations) SleD&: south Lesatho dyke
swarm (umdated; intruding Karoo lava pile]; SMDE: south Mabwi dyke sovarm (undated; imtroding basement and Karoo group); RRDE: Roai
Rand elyke swarm (umdated, intruding K aroo bva pike); NLDE: narth Lebombo dyke swarm (undated, imrucling Karoo bva pile); GDE: Gap
dyle swarm (undated, mrding Kamo sediments). Datted line coresponds to Boswana border. Note that Bot=wana and western Zimabhwe are
musihy covered by desert sand and that the Kamo voleanic rodes are theredone extrapolated from scarce outorogs, barehales and (aeramagnetic

data [S,53].
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*UAr 7 Ar ages between 1784 11 and 17934 1.2
Ma [2,4], with, however, one Proteroeoic dvke iden-
tified in the swamm.

The goals of this study are the following: (1) to
conduct additional high-quality *"Ar*Ar dating
allowving to better constrain the age of the ODS
emplacanent; (2) to perform additional and mimer-
ous lower precision “spesdy™ step-heating experi-
ments (which consist of malyzing a small mumber of
steps) on amall clusters of plagioclase i order to
evaluate the proportion of Protemeoic dykes along
the swamm, iz, to test the possibility of inheritance;
(37 to test a fist geochemical disaimination method
betwreen ODS Jurassic and Proterozoic dykes by
comparing their ages and chemical composition in
order to avoid systematic *Ar® Ar experiments on
the whole dyke swarm; and finally, (4) to tematively

1%

AT

establish emplacement ages of these poordy studied
Protemanic intrusions,

2, Geological setting and sample description

The M110°-trending QDS cross-cuts Archasan
rocks of the Zimbabwe craton, the metamarphic Lim-
popo—Shashe belt and the Karoo Permo—Jlurassic
sedimentary sequence exposed in northern Botswana
(Fig. 1. The ODS includes hindreds of mostly vertical
mafic dvkes (thickness varies between 3 and 60 m)
mapped in detail using high-resolution asmomagnetic
data [5]. Dvke exposures are genemlly very poor but
are excellent along major nvers such as the Shashe
River near Francistown [4], which provides the oppor-
timity to study a = [00kme-long section agoss the

[Brot 30055 (nilly

- Lava flows

E DS {main dykes populstion)

m Proternzoie sills

Fig. 2. (a) The 100-kmn-long sectim akng the Shashe River, with hatiom of step-heating dated dykes and silk. *Speedy ™ and comventional
step-heating dated Protermonic immsives are indicated by (*). Note that dated Proterasnic dykes are clusterec] near the center of the swarm. ()
Sketch map of nartheastern Botowama showing the N1 10 -ariemed 008 and locatiom of samples akmg the 150-km-wide mamn part af the ODE.
Lava flows expesures are ako indicated. Maodified aier [£]. The Jurassic “*speedy ™ step-heating ages are not located an this map, but note that
they are hamogenemsly distnimied alemg the whale Shashe River sectiom.
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DS (Fig. 2). Along this section, about 150 dykes,
intruding  Archassm gneisses, were meorded in the
field. Magnetic studies reveal more than 400 dykes
buried under OQuaternary sediments [6], Thity-one
dwkes and three sills were dated as part of this inves-
tigation. Thirty dvkes and two sills are exposed along
the Shashe Fiver and one dv ke and one sill are from
the Tuli Basm (eastern Botswana), In addiben, 77
samples (including the dated samples) were analyeed
fior major elaments and £r (other tmee elements will
be published elsewhens). Proterozoic and Jurassic
dwkes are indistinguishable in the fizld. For both
geochronological and peochemical investigations, we
selected all types of samples (fresh and altersd), in
arder to get a more representtive population of dykes.

All the samples vielding Jurassic ages show nrela-
tively wniform petrographic S, Thess are fins-to
miedium-grained dolerites wit h subophitic, imergranu-
lar, or granular testures. Climopymxens and plagio-
clase are by far the most abundant minerals.
Flagioclase (50-70 vol.%) occurs as microlites ad
sparse large (up to centimetric) @oned phenocryats,
sometimes clustered as glomemenvats, Augite some-
timmes cosxisting with piggonite (30—40 val %) forms
evhedml phenocrysts, glomemeryats and subhedral
grnular aggregates, Olivine may ocour i lesser
armoumts (up to 8% vol. %, g, samples Botd02ZE ad
Baot(i13497, Fe—Ti oxides commonly form tiny grins or
dendritic crvatals in the groundmass, ntemstitial glass
and/or eryptocrvatalline association of plagioclase md
clinopyroxens are meomded in a few samples (eg.,
Baot(19 1), Amphibole is rare and only observed in the
small number of more evolved samples (e,
Baot189). Severl samples comtain variable amounts
of secondary minerals such as sericite mainly infill ing
the plagioclase phenocrysts, and bowlingite, iddingsite
ar serpenting developed after olivine,

The samples vielding a Proterozoic age share pet-
mgraphic features with the Jurassic dvkes, with a
paragenesis dominated by plagioclase and clinopyrox-
ene (augite + pigeonite). However, they are olivine-
frese and most of them contain interstitial micropegma-
tite, amphibole mostly mplacing pyroxens (except
Baotll, BotD002 md Botd035 which are amphibols
frees) and, in some cases, biotite, They are frequently
altered into sericite, caleite, chlorite and kaolinite.
Some of these samples tend to have a coarser-grained
tectune, compared to the Jurassic samples,

3, Analvtical methods

A set of 77 samples (including eight samples
previously analveed by [4]) was sslected for major
and selected trace element analyses (Table 3,
obtained in the background data set). They were
crushed and powdered in an agate mill and analyeed
by XEF (Philips PW 1404 spectrometer) at Univer
sity of Lyon. Major and trace elements wene deter-
mined on fused dise and pressed powder pellets,
respectively. Analytical uncetainties vary from 1%
to 2% and from 10% to 2084 for major and trace
elaments, respectively, depending on the concentra-
tion of the elanent.

Thirty-fiour hand-picked fresh plagioclase separates
(1030 grains for so-called “spesdy™ step-heating
axperiments, defined below, and 30 mg for bulk
sample analvaes, fraction 150300 um) were sepamt-
ed wsing a Frantz magnetic separator mmd then care-
filly selected under a binocular micmscope, The
samples were irmadiated for 753 h in the Hamilton
McMaster University muclear reactor {Canada) in
position 3C along with Hb3gr homblende neutrom
fluence monitor for which an age of 1072 Ma is
adopted [7]. The total newron flux density dunng
imadiation was 9.0 % 10" neutron/'em®, The estimated
emor bar on the comesponding ** A Ane ratio is
+0.2% (17) in the volume where the samples were
included. Small clusters of plagioclase (for step-heat-
ing and “spesdy” step-heating experiments) were
heated with a 005 Swnrad 48-5 laser beam, and
motopic measurements were performed with a
WG3600 mass spectrometer. Step-heating expariments
mn plagioclase bulk samples were performed with a
double-vacuum high-frequency firmace and the mass
spectrometer is composad of a 1207 MLASSE. tube,
4 Baur—Signer G5 98 source and a Balrers electron
multiplier. The majority of samples wen: heated on ly
with fiew steps with the aim of disciminating between
Jumssic and Proterosoic dyvkes, and nine samples
(Bot0003-35-43 47586498 - 13 -83) were
step-heated in detail. The criteria to define a platean
age are: (1) at least 0% of the *ar meleased; (27 a
minimum of three successive steps in the plateay; (3)
the integrated age of the platean should agree with
each apparent age of the platean within a two sigma
confidence level (2a). Platean and integrated ages are
given at the 2 level (Table 1), but individual apparent
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Tanlk 1
Ciengraphic position (GPS rojection: WGSE4), trend and *"An™ Ar ages of ODE
(A)
Sample ars Dty High-temperature Step Totl *PAr Integrated age
conrdinates arientation siep age number released Ma, + 2o
(Ma, + 2o} (%)
NS in Shache River (furarsic)
Ratl& 21717514 5 1 1814 +32 fuse 918 1825432
7213 E
RafliE9 21 DREE 5 H110 1804 + 58 fuse B7R 1802+ 52
7°20459' E
Rafli & 2111375 5 H110 1789 + 40 fuse B34 17941358
723000 E
Rafliéi 21°24416' 5 1 1840 + 24 fuse 901 1856+ 2.6
7727079 E
Rt 212470 5 1204107 181.1 + 24 fuse 918 1815+ 26
7RSS E
RaflE0 2110427 5 H110 1799 + 44 fuse ERY 1777+ 3.0
ITU2LETE
Ralis 1 2127862 5 el 1803 + 30 fuse LUk 1805 + 3.4
729181' E
Rali] K HUSATIE H110 175.4 + 70 fuse B50 1736+ 85
TTUIRTRE
Rali] (8 2115084 5 H110 1869 34 fuse 950 1866+ 38
F2UIRG45E
RaliE 1 2110128 5 K120 1795 + 30 fuse ERY 1801+ 42
FTUILISY E
Rl 1 2124655 5 H110 1803 + 18 fuse 938 1805+ 1.7
FFUITITFE
Rali 1 AT E RO 110 1817 +32 fuse 939 182436
F7U21491'E
Rafli50 21272885 1 1872 + 50 fuse BS54 1873+ 55
FTUIRERI'E
RafliEs 2109438 5 H110 1783 +11.2 2duse B4R 1738+ 164
27920551 E
Rafli10]2 HUSEEET' S H110 1949 + 44 2duse TRS 1915+ 84
71K E
Rafli59 2102958 5 el 1788 £ &2 fuse EETS 175.6 4 100
72 1484' E
RafliEi 21 DREE 5 H115 1823 + 100 fuse BA&9 18624113
27°20459' E
(B
Sample  GPS Directiom  Plateau® Towl *Ar  lsochrom age  Steps (“C) An™Ar WMEWD  Integraed age
canrdinates miniplatean age  released (Ma, +25) skepna infercept Ma, + 2a)
(M2, +2a) () (t1a)
ONE i Shashe River (plateay/miniplatean ages)
Roflid3  21°254275 NI120 179.8+0.7% 740 1805 +17  REI-1100; 2564429 44 1799 +04
2727085 E 1350 1500
Rofli58 2102955 % WIS 1TR9+07% 945 ITRT+ 1.1 RS0-1550  M75+45 23 1789 + 04
2721484 E
Rofliéd  H"S9ER0 S W10 1799+ 08 50 IB18+20 ROO-1070 3IL+777 07 1815+ 1.0
2720433 E

frondnued on ned pagel
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Tanle 1 (marmued)

(B)
Sample  GPS Directiom  Plateau®! Totwl PAr  lsochrm age  Steps (“CF  "An™ar MEWD  Integrated age
coond mates miniplatean ape  relemed (Ma, +20) step mo. imtercept (Ma, + Zo)
(Ma, +2g) (%) ( 1s)
O in Shashe River (plateay/miplaiems ages)
Batl47  21°2257 5 N0 1819+ 13% 948 1802 +78 3-8 IT0+EES 25 1812+ 1.4
27V ST E
Bat98 21217200 5 W10 1787 + 07 54.4 1788+ 12 R&d- 1051 IR94+53 19 1794 + 0.4
ITUHME E 14001 16K
Bl 20°55007 5 W10 175+ 11% 945 1789+ 1.1 R00-1550  3004+£14 19 1790+ 05
27715419 E
{C)
Sample ars Directiom Plateau*/ Sep Tatal *Ar Integrated age
conndinates imerpreted age number releaged (Ma, + Zo)
(M, 47 )
O i Shashe Rver (Proserozoc)
Rat11 211508 & il 12330 + 40
72378 E
R4 210258 5 H110 #51.1 + &0
2720583 E
Reat¥195 210258 5 H110 9720+ 40
720849 E
Bat152 21714071 & H130 16720 + &40
2723573 E
R4 2110048 5 H110 ET A+ 4D
7721155 E
Rt MIE5 2110048 5 H110 11465 +4.0
7721155 E
Rertil] 21073548 5 hauklen 129740 + 5210
7°20.431' E (ull)
Rat171 2104512 & H110 9516+ 50
ZTUZOTE'
Rt IE3 2110048 5 H110 92T +10 517 757 9633 + 29
7721155 E

O i eastern Bomwana (Proemze)

Bt Z]1"549G B Hill 9591 L4446 (1 lin 5 721 1+ 53R
ZEDZ4TI'E () N e E

Bati¥135 IR"I5ZR' B 1107 12244 +10 2 LA 15585+ 28
ZE"15.550' E

(A} “Bpeedy” step-heating experiments an Karoo samples. Both misgraed and high tenperate ages (excluding predegassmg step) am given.
(B Classical ® Ar™Ar step-heating dating mm Karoo samples. Inverseisochron (™ Ar®"Ar verss PArA Ar) ages, mitial *A7™ Ar ratio and
mean souare weighted deviation (MEWD) are mdicated. {°) Both “speedy”™ and cl=sical stepheating experiments an Proteraonic samples.
Isnchrams fior clasical step heating are not reparied becanse steps are very clisiered o give reliable valie Amalytical incertainties on the ages
ar quoted at 2 spma (2o0) confidence level. * Comespands to platesn ages. Bath bser () and furmace (f) dating were performed an the
Proterozmoic sampl Bofl3 For BatdEE, the orentation is deduced fom field absenation a5 no comibct was oserved but note that the
possinility that thi mirsion 5 a sill remams.

apes are giver at 1o level (Table 2, obtained in the calculation of the integrated and platean age ncer-
Background data set). The uncertainties on the tainties but the emor on the age of the monitor is not
arAr mtios of the monitors are includsd in the included in the calculation.
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4. Kesulis
4.1 Geochranology

In the “speedy” step-heating experiments that
yielded Jurassic ages, a first step was performed to
degas atmospheric and alteration phase argon. The
second and third (when presemt) steps (including
fusion) represent 3% to 95% of the mdiogenic *"Ar
released (Fig. 3a). Seventeen samples yislded poorly
defined second- and third-step ages between
1754470 and 1949+ 6.6 Ma (Table 1), cor-
respanding to a rather flat Gaussim curve in an age-
probability density distnbution diagram with a peak
age at 1804 Ma (Fig. 4).

Six plagioclase bulk samples yielded new precise
data including four plaean ages (Botd{43, 47, 58,
103) and two miniplatean ages (with 534.4% and
500% of *"Ar released for sample Bot0064 and
BotO098, respectively), altogether ranging from
1787 0.7 to 1809+ 13 Ma (Table 1 and Table
2, obtained in the Backgromd data set; Fig. 3hb).
T Are AT, ratio spectra associated with platean
ages display relatively regular undisturbed flat pat-
terns, with values mainly ranging from 9.8 to 27,
highlighting the negligible mle of altemtion phases
in these ages, Lower apparent ages displayed by
samples Bot{EE and BotD064 are linked to alter-
ation phasss as shown by the cormsponding rela-
tively low *Tare"An. ratios (the low tempemture
steps excepted: see below), The fact that the mini-
platean ages correspond to the highest T are A
ratios lead us to conclude that these ages meflect
fresh plagioclase, and themfore are probably valid,
even if the platean age critena (given above) cammot
be applied. The relationship between apparent ages
and Ca/k mtios s not clear ot low temperature,
where the age spectm often begin by higher and
decreasing apparent ages. This phenomenon was
previously observed [4] and was explained by either
excess argon (only present at low termperature) or by
recoil of **Ar from potassic alteration phases. This
last hypothesis is strengthened by the present data
that showw that the highest low-temperature ages are
displayed by plagioclase samples showing the low-
est Ca/K ratios at low tempemture (comespanding to
the highest proportion of potssic alteration phases;
cf. Botl(BE and Botd064). The new data are similar

to our previous platean and integrmted age detenmi-
nations on the ODS [4], mnging from 1784 1.1 to
1793 & 1.2 Ma. Six previous and six new concor-
dant plateau and miniplatean ages range from
1784+ 1.1 and 1809+ 1.3 Ma and display a
well-defined Gaussian curve when plotted in an
age-probability density distribution diagram, with a
peak at 179 Ma (Fig. 4). Data (plateau steps) wers
plotted on inverse correlation diagrams (i,
Farar versus TACAN and vieldsd isochmon
ages between 17874+ 1.1 md 1818 +£20 Ma con-
cordant with the plateau ages (emor at 95% confi-
dence level; Table 1B). Inmitial *Ar®®Ar values
(23344277 w0 3170+ 869 are poorly defined
due to a strong clustening of the data near the
*ar AT axis,

Eight dykes and three sills from the Okavango
dyke swarm (including one sample Botl 7 from [4])
display uvnambiguously Proterowoic ages (see [s-
cussiom below) from all step-heating experiments.
The integrated ages range from 851 £ 6 to 1672 £ 6
Ma, thersfore showing a lage age rmge that is
probably not geologically significant. The sample
Bot0003 was analveed on both a bulk sample and a
small cluster of about 30 grains more carsfully
selected, md displayed different age spectra. The
small cluster gave a less disturbed age spectmm
with a platean age at 9591 + 4.6 Ma that may be
geologically sigmficant because it cormesponds o
homogeneons Mare T An mtios (Fig. 3h). Both
the more disturbed *7Ar./*Ane ratio and the
higher imegrted age obtamed on the bulk sample
seem o indicate a substantial alteration coupled
with some excess of argon (prohably releassd at
high temperature). The sample BotD0E3 does not
give a platean age but the flat section of apparent
ages over 75.7% of * Ar released yields a weighted-
mean age of 9827+ 4.0 Ma that may represent a
meaningful age of this sample. The isochron dia-
grams provide no information on the age and the
initial *Ar®9Ar mtio because of a stong clustering
of the data,

The results obtained on other samples by
“apeedy™ step-heating experiments display  Protem-
woic ages bt are difficult to interpret in detail. It
appears that the very variable appament ages may be
the result of both alteration (clearly visible on the
analyzed samples that were locally milky and dem-
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onstrated by variable T Are, " An ratios) and priob- 4.2 Geackemisiry

ably some excess argon. With the two smples

Both} md BotO08) excepted, it is therefore not All the mcks invesigated have a basaltic or ba-
possible to attribute precise ages o these Protmeoic salt—andestic composition (Fig. 5) according to the
samples, claszification of Le Bas et al. [8]. They are quartz- or
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clivine-normative tholeiites, 510 variss from 49,2 to
524 vt %, MeO from 2.9 to 7.2 with and K20 from
03 to 2.2 wit%. Two dvkes (Botd04% and BotDORY)
are made of more evalved rocks containing 55.3-57.1

O Jurassic dykes
W Protesazoic dykes

O
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Fig. 5 Towrl Alkali-5#), chsificgion diagram [E] of Jurassic
(male grey circles) and Protermooic (full bhek circles) QDS
smples.

wi % 510z, 2.5 witSh MgO and 2633 wit% K0,
These dolerites display tholeiitic tends characterzed
by mersasing Si0, Ti0: and Zr contents for decreas-
ing Mg# [Mg/Mg+Fe® 1] (Fig. €1 On the basis of
the Tidk and Pz0s (and to some extent, £r) contents,
the ODS displays two distinet pepulations: low-Ti/
levee-T* amd high-Tihigh-1" The low-Ti dolerites arc
chamecterized by Ti0; values between 0.50-214
wit. %, P20e valuss betwesn 0006 and 0.23 wt %, Zr
values between 61 and 194 ppm, and mostly by a
relatively high 310, content (Fig 61 The high-Ti
dolerites comtain 2.16-4.4 wt% Tidy, 023-100
wit% P20y and 151 =720 ppm Zr Thers is a slight
overlap between the two groups for £ concentmtions,
whereas Ti0; contents are quite distinet betwesn the
twio groups (Fig 6).

Based on the 43 dated samples (34 new data and 9
data from [4]), these twio groups are also discriminated
by their age, Jumssic for high-Ti and Proterozoic for
lorwe-Ti, mespectively (Fig. 61, with & Ti(, boundary at
2.15 wt.% (Fig. 7).

The Proterowoic mafic dvkes share chemical fea-
tures with the low-T1 Karoo mafic meks [9,10] despite
the fact they are chronologically distinct. These dykes
cim be subdivided imo two subgoups (< and =1.5
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wt¥ Tk, also discnminated by their Si0, —Mg#
relationships (Fig. 6), the significmes of these sub-
groups being bevond the scope of this paper (work in
progress).
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Fiz. 7. ®Ar™ Ar age (Ma) versus Tidl, fwt.%) cmient of Jumssic
(patean'second step ages; pale grey circles) and Proteromaic
(irtegrated age; hlack circles) ODS samples. Low-Tihigh-Ti
dicrmmmatiom houndary 15 located at 215 wi?s Tal..

5. Discussion

5. Timing of Karoo QDS emplacement

Six previous [4] and six new *"Ar™Ar ages
constrain precisely the Karoo ODS igneous event
between 1784 +1.1 and 1809 + 1.3 Ma 25, inchad-
ing amalytical emors only, ses [12] for dating imter-
comparison). All these ages are concordant and are
distributed along a neardy Gaussian curve with a peak
centered at 179 Ma and indicating a ca. 2.3 Ma
magmatic activity a midheght of the peak. This peak
age is similar to the platean ages (plagioclase separate)
of Kamo hasalts exposed in northwestem Zimbabwe
(179,24 0.9 to 1798 + 1.2 Ma [11]).

These ages are ~ 5 Ma younger that the 184 Ma
peak apge of the southen Karoo magmatic provines in
Bouth Africa, Lesotho and Mamibia (Figs, 1 and 1)
obtained using beth plagioclase sepamtes Ar/Ar (nine
samples) [13] ard zimcon and baddeleyite UFb (1
sample) [14] dating techmigues.

These data indicate a ~ 5 Ma diachronism
betwesn the southiem (Lesotho, South Africa, south-
ern Mamibia) and northern {Botswana, northwestern
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Fmbabwe) Kamo imeos province, This age dif-
ference cannot be attributed to analytical bias since
ArAr ages< 180 Ma for the Zimbabwean basalts
[11] of the nothem provinee and the ca. 184 Ma
mafic mcks from the southern provines [13] wers
processed using the same procedure and the same
flux monitor (FCT-3) for which an age of 2802 Ma
was adopted [15] Furthermore, the age wsed for
Hb3gr homblende meonitor (Le, 1072 Ma) dunng
this study and by Le Gall et al. [4] is in agreament
with the result of imtercalibrations performed with
FCT-3 standard by Renne [15] and by us (in
progress). Moreover, whemas systematic errors
[12] {not included in our aror bar calaulation) are
crucial for comparing owr ages with U/Ph data, this
is not the case for ArAr ages (that mepresent the
majonity in Karoo) comparisons if the monitor ages
are well constrined,

In the “speedy”™ step-heating experiments, the
second- and third-step ages display a wide and flat
non-Ganssian pmobability curve approximately cen-
tered om 1804 Ma (indistinguishable ot high confi-
denee level fom the platean apge peak at 179 Ma)
which is likely to represent a compler mixture of (1)
rdiogenic argon from fresh plagioclase; (2) radio-
genic argon from related secondary sericite; and (3)
ENCERS ATEON 0T an argon composition affected by a
meoil of **Ar from secondary E-rich phases at low
temperature (sez above). This shows that the
“speedy” step-heating does not yvield precise ages,
when compared to more classical step-heating mea-
surement, but the difference betwesn the two peaks
i5 <2 Ma (< 1%} anly. This slight difference may be
the mesult of fequent anomalously old ages at low
temperature that could not be ramoved with poarly
detailed step-heating experiments. Therefore, it
appears that this fast technique represents an appro-
priate tool for discriminating Jumssic and Proterosoic
dvkes populations. This is strengthened by a statis-
tical treatment that was performed on the integmted
apges (e, equivalent to the conventional FSAT meth-
od) obtained on samples giving platean or mini
platean ages (r=12; [4] and this work). The same
sharp main peak at 179 Ma is obtained, although it is
accompanied by a smaller secondary peak centensd
armmd 1811 Ma (Fig. 4). This second peak marks
high ages obtained dunng low-tempemture steps
(Fig. 3h).

5.2, Proterazoic versus Jurassic dvking: geochemistiry
ay a diseriminant toal

[espite the existence of excess argon detected on
some samples (Botd003 bulk sample and possibly
Boti094 and Botll), it is clear that the 11 “old”
ages mark a Poterozoic magmatism and not an
excess of argon affecting Jurssic dolerites. This is
supported by the fact that: (1) the “old™ samples
show clearly distinet chemical characteristics; (2)
there is no intermediate age betwesn =~ 180 Ma
and the minimum apparent age of 851 Ma displayed
by the “old™ samples.

The ages obtained dunng this study indicate that the
older part of the swarmm was emplaced probably be-
tween 900 and 1300 Ma with one platean and one
weighted-mean ages at ~ 1 Ga. This presumably
Mesopraterozmic intrusive event is mughly contempo-
mneous and shares geochemical features (g, low-
Tidy) with the = 1.1 Ga Umkondo largs igneous
provinee (eg., [16]). This LIF covers southern Affica
and possibly extended into Antarctica and the Lauren-
tia palen-continent. Further geochemical investi gations
(in progress) are required for a full assessment of the
cognate origin of Poterceoic O0S with mafic mcks
attibuted to the Umkondo igneous provinee,

In spite of the expedience of the “speedy”™ experi-
ments compared to classical step-heating dating, it
represents nevertheless a “time consuming ™ method if
applied to the whaole dyke swammn. Thersfore, available
apges wen: used to test a valid geochemical discnimi-
nant between these two ODS dyke populations that
cim be applied to undated samples.

Petrographic features reported above indicate that
both Jurassic and Protememe dolenite samples share
common featiures (paragenesis dominated by plagio-
clase, climopymxens and magnetite, variable amounts
of alteratiom products in both groups), but they also
display some differences. Jurassic mcks are free of
amphibole (except the more differentiated rock
Bot89), while this mineral (sometimes associated
with hiotite) oceurs in most of the Protemaoic samples
except twio sills (Botl 1 md Bat0003) and one dvke
(Both035), Micropegmatite is also commonly (bt not
always) observed in Protemozoic rocks. Therefore,
although petrographic characteristics may partially
discriminate these two dvke groups, they remain an
ambiguous discriminant.
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A peochemical discrimination, based on immaohbi le
elermnents, is therefore required. The plat of age
versus T, content (Fig, 7) discniminates QDS
Proterozoic and Jurassic dykes with almost no
overap, the boundary between the two groups being
defined by 215 wit% Ti0.. ODS Proterozmic dykes
display low-Ti and low-P —£r chamcteristics, where-
as Baroo ODS dyvkes exhibit high-Ti-P —Zr affinity.
The disciminant Ti—-P—£r—Mg# relationships estab-
lished from the dated samples can therefore be
applied to assign the 34 undated samples to either
the Jumssic or Potemeoic group (Fig 6). Except the
more differentiated rock sample Bot0049 and the
lowe-Ti sample Bot0093, all the undated samples
clearly overlap the field of Jumssic dated samples,
supparting their Karoo age. Two more evolved mock
samples (undated and allered Botl49 and dated
Bot0089) are marked by lower Mg# and highe Zr
and POy values (Fig. 6), and thus plot out of the
main basaltic DS fmetionation trend. For thess two
samples, Ti(lk, coment (ie., the disoiminant factor)
is shifted towards values lower than expected from
the linear Jurassic differsntiation trend, so the sam-
ple Bot0{49 is ambiguously located at the bonder
hetween low- and high-Ti populations and at the end
of the hasaltic frictionation trend of low-Ti Protem-
woic samples. The magmatic fractionation of Ti-
magnetite is responsible for an important TiCk
decrease for these samples. Although the sample
Bot(49 remains indated, it s more likely part of
the Jurassic population. Applied to the ODS, our
discriminant method remains walid without any am-
biguity, provided that the two different-aged popu-
lations have tholeiitic basaltic compositions and
display relatively low degres of differntiation, i,
hefore significant Fe—Ti oxides fractionation.  Ap-
plied to the whole data set (77 samples), our
geochemical discrimination indicates that 90% of
the dyvkes belong to the Jurassic Kamo event,
whereas 1004 are Protemozoic (the three sills are
not included in the counting).

Amiong 150 dykes observed in the field, 77 fresh
dykes wens sampled. The unsampled dykes were
stmongly weathered and possibly predominantly Pmo-
terozoic. Thus, the real proportion of the Potermeoic
dykes in the ODS may be higher than 1064, Mever-
theless, becanse round magnetic survevs [6] meveal
the ecistence of 423 dvkes along the Shashe fver

section; the above estimation may concem only one-
sinth of the whale ODS.

53 Gealagical implicatfons: the rale af structural
inheritance

Mamy models were adwanced to explain the ongin
of CFB md their link to continental breakup, These
maodels vary between two end-members: (1) “adive™
maodels in which a mantle plhone head 15 directly
responsible for the rifting and associated magmatism
by impinging and eroding the lithosphere (e.g., [17])
(2] “passive” models which can be illustrated by the
model of Anderson (eg., [1E19]) consisting of a
thermal incubation under the megacontinents (shield
effect) with subsequent melting of the pensphers
(1.2, enniched upper part of the upper mantle)
prividing the CFB. More recently, alternative poly-
valent models invoke the combimation of the above
maodzls but with a more important mole played by the
inhented chamctenstics of the lithosphers, eg, be-
neath ancient orogenic belts [20] or presxisting
lithospheric hetemgensities [21]

Concerning the Karoo igneous province, along
with the M-85 trending Lebombo and the N70°-
oriemed Sabie monocline, the giant N0 4rending
0ODS is one of the thres branches of the presumed
triple junction (e.g., [2,17,22,247; Fig. 1). It is usually
inferred that this Kamo triple jmetion system was
triggered by the impact of a mantle plume head
centersd ether on the Nuanetsi area [25,17], on the
lowver Lambesi [25] or possibly on the sasterm Maputo
coast {Morambique) [26].

The ODS imrudes the Archasan dimbabwe cmton
and Limpopo—Shashe omgenic belt and represents an
arm of the Karoo triple junction [17]. The direction of
dykes depends on the stress and strain affecting the
host mcks during their emplacement, and the geolog-
ical structures crossed by the dykes. It has been
recently proposed, on the hasis of field geological
evidence in this region [27], that dykes emplacement
might have been stromgly influenced by older strue-
tures, wheress Ernat et al, [23] suggest that many large
swamms (in other regions of the world) transect a
variety of host mck types and tectomic grains with
only minar deflections. Potemzoic *Ar* Ar ages
obtained on dykes along the ODS confirm the first
hypothesis [27], and indicate that this major N1107
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tectono—magmatic structure was active during the
Proterozoic and was reactivated {acted as a weakenad
path—trend) dunng the emplacement of Kamo dykes,
Two observations strengthen this proposition: (1) the
Pmterozoic dykes ocour mainly within the central part
(Fig. 2a) of the seemingly more extended Jumssic
dyke swarm, and (2) the oriemtation of the investigat-
ed Proteroeoic and Jurassic dykes is exactly the same
(Fig. 8). It is therefore unlikely that the onentation of
these two diachronic dvke swarms is only the result of
similar stress pattern. Therefore, the geometry of the
Famao triple junction is likely not a postine Jumssic
structure directly induced by the impact of a plume
head on the lithosphere, as previously proposed,
because its most important ODS branch is controlled
by a major Proteroznic weak sone,

Although the unguestionable inhentance of the
ODE can mule out a pure “active” plume head model
a5 triggenng the “trple junction”, it is mone spec-
ulative, in the state of our knowledge, to discriminate

| | age

1

T Famasic dykes (5=23)
| Proteronie dykes (Bek)

Fig. &, Bttistical distrivutiom of direction of Protercooic (nlck
partoms, a= ) and Juasiic (grey porboms, a=2I3) dated dyles
(mse diagram). Angular valies of sach portion represent §° classes.
Lengh aof e potion & proposionzl to the mumber of dykes
arienied m the same strike directiom. Mote that the predominam
NI11{* directiom inchides 774 of the whole dated dykes population
{1z, Pmieromac and Jurassic).

between other models based on structuml contml.
More data are required on the Earoo dyke swarms
and particularly on the Sabie—Limpopo and Olifants
River Dvke Swarm branches (Fig. 1; in progress) to
get a better idea about the role of presxisting
structurzs in the Karoo triple jundion. Important to
stress is that Marsh [28] pointed out that the MME-
trending Olifants River Dyke Swarm could be older
than the Jumssic and possibly includes Precambrian
dykes.

54 Implications for other CFB-related dvie swarms

Continental flood hasalts are often associated with
giant to medivm-size dyvke swarms that are used =
stress (orfand strain) markers, without ascertaining the
eventual role of inheritance in their geometry (al-
though several cases of superposed but genstically
unrzlated dykes were previously documented).

Concerning Poterozoic CFBs, the Mackenzie
dvke swarm (northwestem Canada), the largest radi-
ating dvke swarm on Earth, vielded U-FPb haddeleyite
ages of 1267+ 2 Ma [2930] and is coeval to the
Coppermine flood basalts and the ultmmafic Muskox
intrusion [1]. This NW-trending dyke swarm is
flanked by a minor and younger NW-trending Frank-
lin dvke swamm dated by U—Pb sircon/baddeleite at
723+ 4/~ 2 Ma [31]. Although the Franklin dyke
swarm flmks the esast of the Mackenzie swarm, the
parallelism of these two dvke swamms has been
comtmlled by a single crustal weak wone [1].

Buchan et al, [32] reported geographically super-
posed dyke populations in southern Canada vielding
U—Pb badde evite ages of 2210 Ma (Sennaerre dyke
swarm), 2167 Ma (Biscotasing dyke swann) and 1140
Ma (Abitibi dvke swarm).

[nhen tmee during the emplacement of radiating or
nift tiple-jmetion dyke swarmms has never been clearly
documented in Phanerozoic large igneous provinees,
These dvke svstems should be carefully {re-Jinvest-
gated to addmess the following two questions: (1) 15 a
giant dyvke swarm, with a well-defined trend, com-
posed of only one or differemt (as for ODS) pener-
ation(s) of dykes?; (2} is an apparently radiating dyke
syatem (or a tnple-junction dyke system ) composed of
coeval dvkes (e, related to the same LIP), whatever
their trend, or do some trends belong to olde dyking
periods, making the general pattern misleading?
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The first case can apply to the Fed Sea nft that is
flanked by a 1700-km-lng coastal gabbroic dyke
svstemn emplaced at ca. 24-21 Ma [33] and represent-
ing one of the oldest major structuml elements of the
Red Sea. Most maps of this dyke system [34-37] are
confising because they include Neoproterozoic and
Cenozoic dykes displaving the same trend in the
northern part of the swarm ([38] and unpublished
data). The Proteozoic and Meogene dvkes are low-
Ti and high-Ti, mspectively (H.B. md G.F., unpub-
lished data), as for the ODS. A systematic investiga-
tiom of this composite giant dvke swarm would be
therefor: required to screen the two dyking episodes
and to evaluate the role of structurl inhentance
during the Red Sea rifting.

This approach could also apply to LIPs, such as
the Pamna—Fendeka, chameterized by tople-june-
tiom dyke swarms, mainly intruding the Precambrian
basement, These dyke swarms are related to the
Craaceous Pamna LIP, ether synchmonous or late,
compared to the flood basalts (ca. 131 Ma; [39]).
However, as the available data concen the freshest
samples, the possible presence of older (more al-
tered) dvkes mnd, therefore, the mle of inharitance
for some of these thres branches have not been
tested. The method developed here would allow a
syatemnatic investigation of the dykes (including
more altersd dvkes), preventing a possible bias
due to the field selection based on the freshness
of the samples,

The second case can be illustmted by the Early
Jurassic Central Atlantic magmatic province (CAMEP)
which is classically imerpreted as being relaed to a
radial dyvke pattern since the pionea work of May
[41], subsequently used in several papers [1,42,43].
A closer inspection shows that some of these dyke
swarms ar: not CAMP-related, although they fit the
radial pattem of May: eg., in Guiana, Surnnam,
French Guyana, the investigated NNE-55W to
MWE-5W trending dykes are all (but ong) Protemaoic
(14-18 Ga by *ar™Ar plagioclase and at 1.59—
1.64 Ga by Eb/Sr isochron), while the NNW -55E
trending Jurassic CAMP dykes were emplaced at
~ 200 Ma [40,44-47]. In that case, the two dyke
systems also differ chemically, the Proteroeoic and
Mesozoic dykes being low-Ti and high-Ti mafic
rocks, mspectively [4#048-50] On the other hand,
none of the NE-§W to ENE—WSW trending dykes

mapped in Mauritania by May [41] have been dated,
and whether they are Proterozoic or Mesozoic is still
unknown,

These examples highlight how the scresning of
different dvking episodes within the same swam or
within mdial dyke patterns could be easily improved
using the method developed here, allowing a better
evaluation of the mle of the stuctuml inheritance
durng the emplacement of LIPs,

6, Conclusions

Thirty-four new ““Ar™ Ar dates and 77 geochem-
ical analyses on the ODS (among 150 dvkes sampled)
supply crucial new informations on the most promi-
nentdyke swarm of the Karoo tiple-junction allowing
the following conchsions:

1. The new *"Ar®?Ar step-heating plateau and
miniplatean ages obtained on the ODS support our
preliminary data [4], allowing us to precisely
constrain the emplacement of the Karoo dykes
betwesn 1784+ 1.1 and 1809+ 1.3 Ma. The data
yield a probability peak at 179 Ma and attest to a
short duration of ~ 2 Ma for the Karoo ODS
igneous event. The ODS emplacement was ooeval
with the outpouring of Karoo lava flows in MW
Zimbabwe defining a northern Karoo igneous
subprovines apparently emplaced ~ 5 Ma after
the southem Karoo subprovince (peak at - 184
Ma).

2. *ar®Ar dates (M data, including “spesdy” step-
heating) show that ODS includes Proterozoic dykes
(eight data). Fight dvkes and three sills yvield
imprecise ages between 8501700 Ma with one
platean age at 9583 + 46 Ma, and one possibly
geologically significant weighted-mean age of
QE2.7 + 4.0 Ma

3. Anailable radiometric data on the ODS Protemzoic
imtrusions ars not precise enough to assess their
eact emplacement age. However, whole popula-
tion weighted-memn age, (along with one platean
md mme possibly significant weighted-mean age)
ooupled with geochemistry suggest that they could
be linked to the = 1.1 Ga Umkondo igneous
province,  Additional constraints are required to
wasess this interpretation (work in prep.).
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4. The relaionship between age md pgeochemical
composition (hased on immobile elanents, eg.,
Tiy, PoOs and £r) suggests that ODS includes at
least 10% of Proteozoic dykes located in the
central part of the hurassic swann. The 0D S branch
of the so-called Muanetsi triple junction is therefore
an inherited  Proterozoic structure reactivated
during the Jumssic, and thus, thee is no pristine
Jumssic Muanetsi triple junction mainly hypothe-
sized on the hasis of the radiating dyke swarms
(005 being the most prominent of these dvke
swarms). This leads us to question whether the
Fama triple-junction dvke pattern as being trg-
gered by the arfval of a starting mantle plome
head.

5, Therefore, it is desirable to apply the fast age/
chemical composition discrimination method  de-
veloped here to the otha presumed Kamo dvke
swarms, eapecially the Olifints River dyke swarm
and the Sabi—Limpopo dyvke swarm (in progress),
in arder to better comstrain the role of structural
inheritance in the whole system of Karoo radiating
dvke swamms (ie., tnple jmction).

6, Most Plhanemaoic CFB proviness include (giant)
dvke swamms in their stcture, but it remains
umclear if these swarms were emplaced along pre-
existing factures forming passive pathway or if
they mark a pristine response to any active mantls
upwelling (2., starting mantle plume head impact).
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