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Introduction

Continental flood basalts (CFB) are huge magmatic events that are particularly abundant during
the Phanerozoic (for a review, see Courtillot & Renne, 2001). Most of them are linked to the
Pangea mega-continent fragmentation (e.g., the Central Atlantic, Parana-Etendeka, Deccan), and
are characterized by giant dyke swarms emplaced in a radial pattern (e.g., Ernst et al., 1995; Ed:
see also CAMP, Parana and Deccan pages). Dyke swarms are significant in part because their
geometries are generally considered to be paleo-stress and -strain markers and as such they are
useful for recognizing proposed mantle plume impact sites (Ernst & Buchan, 1997; Ed: see also
Giant dikes pages]. However, dyke swarms are also known to be plate discontinuity markers
(Fahrig er al., 1986) and more recent investigations support the preponderant role played by the
pre-existing structure of the lithosphere in controlling dyke-swarm emplacement (Mége & Korme,
2003; Trumbull et al., 2004; Jourdan et al., 2004) and/or CFB-related rift settings (Courtillot et
al., 1999; Tommasi & Vauchez, 2001). Consequently, dyke distributions may not reflect a “primary”
structural signature (i.e. a mantle plume impact) but could highlight preexisting lithospheric
weaknesses. Nevertheless, few studies have focused on this issue, and the possible influence

of various basement structures (e.g., the edges of cratons, mobile belts, shear zones, older dyke
swarms) on CFB emplacement is still poorly constrained. Here, we summarize our work on the
radiating dyke swarms of the Karoo large igneous province. The results are derived mainly from
papers by Le Gall et al. (2002; 2005) and Jourdan et al. (2004; 2005; 2006).

A good example: the Karoo triple junction

The Karoo CFB formed during a 185-177 Ma (Jourdan et al., 2005) magmatic event occurring
prior to the southern Gondwana break-up and the opening of the Indian Ocean. It consists of
tholeiitic lava-flows, sills and dykes covering a paleo-surface in excess of 3x10® km? (Eales et al.,
1984). Huge dyke swarms (the N110°-striking Okavango, the N70°-striking Save-Limpopo, the
knee-shaped Olifants River and the N-S Lebombo dyke swarms; (Figure 1; e.g., Le Gall et al.
2002) appear to converge at the eastern edge of the province defining a four-branch structure (the
so-called “triple-junction”; Figurel). Although the Karoo “triple junction” has been regarded as a
Jurassic, CFB-related structure and a classical example of a mantle plume impact site marker (e.g.,
Ernst & Buchan, 1997; 2003), it appears that:

1. prior to our work the ages of the dyke swarms were poorly constrained, and

2. the field and petrographic evidence contained in published geological maps suggests that
some of the dykes are pre-Karoo (Marsh, 2002).

One of the best tests to discriminate between new and inherited dyke orientations is to detect
Precambrian dykes in the Jurassic swarms. Accordingly, we efficiently distinguished between
Jurassic and Precambrian dykes using abbreviated, low resolution, “°Ar/*Ar incremental heating
schedules (the “speedy step-heating” technique).
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Figure 1: Location of the Karoo traps and regional dyke swarms; dykes are based mostly on
aeromagnetic data and follow the compilation of Chavez Gomez (2001), modified by Jourdan et
al. (2004). ODS: Okavango; ORDS: Olifants River; SLDS: Save-Limpopo; LDS: Lebombo dyke
swarms. Dotted line corresponds to Botswana border. The Kaapvaal and Zimbabwe cratons and

Limpopo mobile belt are indicated. Mozamb. = Mozambique. Inset represents schematic map of the
dyke swarms. Click here or on figure for enlargement.

Results and discussion: Inheritance of dyke orientations

YOAr/*Ar “speedy” (Figure 2) and high-resolution dating performed on dykes intruding either
basement or Karoo sequences, show that the Okavango dyke swarm includes both Proterozoic
(850-1700 Ma; n=8) and Jurassic (179 + 1 Ma; n=33) dykes (Figure 2). We obtained similar results
for the Save-Limpopo swarm that also includes both Proterozoic (700-1700 Ma; n=14) and Jurassic
dykes (~179 Ma; n=8; Figure 2a). In addition, detailed field observations (Figure 1; see zoomed
areas in Jourdan et al., 2006) show evidence of basement influence via the discernable rotation
of these two swarms contiguous with the Limpopo mobile belt architecture.

Figure 2: (Overleaf) “Speedy step-heating” ages for the Okavango (ODS; red dots) the Save-
Limpopo (SLDS; orange diamonds), and the Olifants River (ORDS; green dots) dyke swarms.
Note also the correlation between age (i.e. Proterozoic or Jurassic) and the Ti-chemistry of the
dykes. These dates are low-resolution and should only be used to differentiate between Jurassic,
Proterozoic and possibly Archaean dykes. Click here or on figure for enlargement.
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The Olifants River swarm was investigated in its southern and northern regions. The ages obtained
seem to indicate two distinct Precambrian dyke events, ranging from 850 to 1700 Ma and from
2500 to 2900 Ma. No ages consistent with the Karoo event were obtained, although scarce Karoo
dykes are probably present in the Olifants River swarm. The Olifants River dyke swarm can no
longer be considered as a Karoo-aged dyke swarm, confirming field observations previously
mentioned by Marsh (2002).

The last major branch of the Karoo radiating swarm studied is the N-S Lebombo dyke swarm which
also includes the Rooi Rand dyke swarm (e.g., Watkeys, 2002). Unfortunately, because the number
of outcropping dykes crosscutting the basement is low, it is difficult to test the effect of inheritance in
this dyke swarm. Nevertheless, some N-S striking dykes intrude the basement on the west side of
the Lebombo monocline and three of them have been dated between 1200 and 1650 Ma.

Broad-scale observations show that the so-called “triple junction” is a more complicated structure
than portrayed in some oversimplified sketch maps. First, the Okavango and Save-Limpopo dyke
swarms, though both of Karoo age (~179 Ma; Le Gall et al., 2002; Jourdan et al. 2004; 2005
and unpublished data) and referred to as a radiating, do not radiate from Mwenezi area, but rather
consist of two crosscutting swarms (Wilson et al., 1990; Ernst & Buchan, 1997; Figures 1 & 3)
which partially overlap in the Tuli basin area (Figure 1). Secondly the Olifants River swarm does not
converge near Mwenezi but actually stops against the Lebombo monocline hundreds of kilometers
to the south (Figures 1 & 3).
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Figure 3: Sketch maps of the four radiating dyke swarms based on “°Ar/**Ar ages, aeromagnetic
data, and field observations. Solid lines correspond to segments of the swarms in which
measurements and observations have been made; dashed lines represent inferred dyke swarm
extensions. Densities of dykes within the swarms are not shown. Plots show the diachronous
intrusion of dykes making up each swarm; dykes intruded prior to the Karoo volcanism (A),
and almost contemporaneously with the ~180 Ma Karoo CFB (B). Click here or on figure for
enlargement.

Implications for the plume model

Basement control

The results suggest that the “triple junction” structure is probably an artefact characterized by:
1. strong basement control,

2. the occurrence of Precambrian dykes within at least two (and possibly three) branches
(Save-Limpopo and Okavango swarms and possibly the Lebombo swarm),

3. abranch (Olifants River) which is not Jurassic in age contrary to previous assumptions
(e.g., Ernst & Buchan, 1997; Reeves, 2000) and

4. abranch (the Save-Limpopo) which does not really radiate from the (Mwenezi area) focal
point.

Therefore, the apparent radiating structure is not sufficient to infer the existence of a Jurassic
mantle plume impact, because Proterozoic dykes, which cannot be related to a plume impact in
Karoo time, define a similar pattern (Figure 3). It is therefore likely that during Jurassic magmatism,
basement structures acted to control the orientation of Karoo dykes. Thus, the Karoo dyke swarm
geometry should no longer be used to support the Karoo mantle plume hypothesis; nevertheless, a
mantle plume origin for Karoo magmatism is not ruled out.

Other evidence from “°Ar/**Ar geochronology

Additional °Ar/*Ar age data (Jourdan et al., 2005) demonstrate that the Karoo province was

a relatively long lasting event, including brief specific magmatic events (e.g., Okavango dyke
swarm). Time-space emplacement of the Karoo basalts potentially suggests an origin different from
that of postulated plume-related continental flood basalts such as the Deccan or the Ethiopian-
Yemen traps, for which emplacement duration as short as ~1 Myr (Hofmann et al., 2000) or ~1.5
Myr (Hofmann et al., 1997), respectively, has been advocated. Such a long duration is more in
accordance with the time-span calculated by Turner et al. (1996) for flood basalts produced by the
melting of a thick (>100 km thick) lithospheric mantle.
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Implication for other CFB-related dyke swarms

In this section, we show that structural inheritance might have played a significant role during the
emplacement of the largest Proterozoic and Phanerozoic (Gondwana related) flood basalt dyke
swarms.

Proterozoic dyke swarms

The Mackenzie dyke swarm (northwestern Canada), the largest radiating dyke swarm on Earth,
yielded U-Pb baddeleyite ages of 1267 + 2 Ma (Le Cheminant et al., 1989; 1991) and is coeval with
the Coppermine flood basalts and the ultramafic Muskox intrusion (Ernst et al., 1995). This NW-
trending dyke swarm is flanked by a minor and younger NW-trending Franklin dyke swarm dated
by U-Pb zircon/baddeleyite at 723 +4/-2 Ma (Heaman et al., 1992). Although the Franklin dyke
swarm flanks the east of the Mackenzie swarm, the parallelism of these two dyke swarms has been
controlled by a single crustal weak zone (Ernst et al., 1995).

Buchan et al. (1993) reported geographically superposed dyke populations in southern Canada
yielding U-Pb baddeleyite ages of 2210 Ma (the Senneterre dyke swarm), 2167 Ma (the Biscotasing
dyke swarm) and 1140 Ma (the Abitibi dyke swarm). These two examples illustrate that dyke swarm
inheritance might have played an important role in some Precambrian dyke swarms.

Jurassic dyke swarms

Here we provide a brief overview of the relations between selected major dyke swarms associated
with Gondwana break-up (Figure 4) and their basement structures.

Contrnd fnaliien
Tl Ziwee

\ Dyke swarms
B Cratons

Precambrian
Muobile belts

Post-Cambrian
Mobile belts

Figure 4: Schematic map of part of the Gondwana continent before drifting (modified after Schmitt
et al., 2004) with superimposed CFB-related Phanerozoic dyke swarms of various ages (see text
for references; the full extents of the CFB are not represented). Cratonic Proterozoic blocks as well
as Pan-African / Braziliano, and Paleo-Proterozoic Limpopo and Central Indian (Zhao et al., 2004)
mobile belts are shown. Click here or on figure for enlargement.
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Most dykes located on the circum-Central Atlantic continents are related to the ~200 Ma Central
Atlantic Magmatic Province (e.g., Marzoli et al., 1999; Ed: See also CAMP and Giant dikes
pages). Among these dykes, considered to converge towards a focal zone around Florida

(May, 1971), one of the best defined swarms consists of WNW-ESE dykes in Liberia and their
counterparts in French Guyana. The trend of these swarms follows the Pan-African belt separating
the West African and Amazonian cratons.

The South Atlantic opening was preceded by intense magmatic activity at ~130 Ma forming the
Parana-Etendeka CFB associated with several major dyke swarms (Peate, 1997; Ed: See also
Parana page). Among them, the most striking feature is the triple junction formed by the Rio de
Janeiro, Florianépolis and Ponta-Grossa dyke swarms in Brazil (Renne et al., 1996; Deckart et al.,
1998). The two first branches apparently follow the Pan-African Ribiera and Kaoko belt directions
and the third branch follows the Paleozoic Ponta Grossa arch (Chang et al., 1992). To the north,
the Rio-Cera-Mirim dyke swarm (Archanjo et al., 2000) is also Parana-related (Marzoli et al., 2000)
and extends on the northern wedge of the Sao Francisco craton, in a direction parallel to the Pan-
African Pernambuco (and its African counterpart) shear zones (Corsini et al., 1998) which may have
controlled the swarm orientation. Another Parana-Etendeka related dyke swarm is the 100 km-wide
Henties-Bay-Outjo dyke swarm in Namibia (Trumbull et al., 2004) which intrudes (and generally
follows) the SW-NE oriented Damara mobile belt. Interestingly, the dykes fan out as they leave the
Damara belt and intrude the Congo craton at the easternmost extremity of the swarm (Figure 4)

(Trumbull et al., 2004).

The gabbroic dyke swarm of the Red Sea rift paralleling the rift structure was emplaced between 24
and 21 Ma (Sebai et al., 1991). No basement structural control is apparent for the dyke orientations,
but this swarm includes both Neogene and Proterozoic dykes (H. Bertrand. & G. Féraud,
unpublished data), suggesting that the dyking event associated with the Red Sea opening followed
an ancient Proterozoic direction.

Finally we mention the radiating dyke swarm (e.g., Ernst et al., 1995) related to the 65 Ma
(Hofmann et al., 2000) Deccan traps in India. One branch of the swarm intrudes and follows
the Central Indian Tectonic Zone related to an Early Proterozoic collisional orogen between the
southern and northern Indian blocks (Zhao et al., 2004; Ed: See also Deccan pages). The two
other branches are parallel to the western edge of the Indian 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 craton boundaries and
are often parallel to mobile belts, shear zones and other pre-existing basement structures (Figure
4). The dykes were therefore possibly influenced by pre-existing structures with regard to both
location and orientation, as we have shown in the Karoo case. Basement control of CFB-related
dyke swarms therefore casts doubt on the “active role” of mantle plumes, if any, in causing the
“triple junction” pattern marked by the occurrence of radiating dyke swarms. We suggest that a
careful re-examination at field scale is required to better constrain the basement influence on giant

dyke swarm emplacement.
Conclusions

“OAr/*°Ar dating and structural analyses performed on the radiating dyke swarms (and lava-flows) of
the Karoo igneous province suggest that:

e Basement structures play a dominant (but not exclusive) role in controlling the orientation
of these major dyke swarms.

e  The Precambrian Olifants River swarm is not of Karoo age contrary to previous
speculations.

e  The three major Karoo-age radiating dyke swarms unambiguously include Proterozoic
dykes indicating a strong structural inheritance and precluding a newly formed Jurassic

radiating structure.

e  The apparent triple junction geometry was not induced by the arrival of a deep mantle
plume head but is “inherited” from previous history of the Kaapvaal and Zimbabwe cratons.
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Therefore, this “triple junction” should no longer be used as an argument for demonstrating
(although it does not exclude) the existence of a Karoo mantle plume.

e  The “anomalously” long duration of the Karoo province (~8 Myr) is also relevant to the
question of the existence of a mantle plume.

Consideration of regional dyke swarms related to other Gondwana CFBs shows that they too
generally follow pre-existing lithospheric structures such as craton boundaries, mobile belt
orientations, basement fabrics and major shear zones. We conclude that the location and
orientation of dyke swarms associated with Gondwana break-up were generally controlled by
ancient basement structures and not by plume head impacts.
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