Bilateral geochemical asymmetry in the Karoo large igneous province

by Arto V. Luttinen
SUPPLEMENTARY INFORMATION
Supplementary Note: Definition of North Karoo and South Karoo sub-provinces

In this study, the abundance of Nb relative to other incompatible elements, specifically Zr, Ti, and
Y, has been used to present a new geochemical provincial scenario for the Karoo LIP. The division

into South Karoo and North Karoo sub-provinces is primarily geographical:

Generalizing, South Karoo includes the East-Antarctic portion of the Karoo LIP (Vestfjella,
Kirwanveggen, Ahlmannryggen, Schirmacher Oasis, Theron Mountains) as well as the lavas and
intrusions of the Karoo triple rift zone (Lebombo Monocline, Mwenezi, Sabi, Okavango dyke
swarm) (Fig. 1). North Karoo includes widespread lavas, sill complexes and minor dyke swarms
associated with the Permian-Jurassic sedimentary basins of southern Africa (Karoo, Kalahari, and
Zambezi in Fig. 1). Comparison between these two geographically defined sub-provinces reveals a
bimodal distribution of DNb (Fig. 2) and DNbr; values, and differences in DNbz values
(Supplementary Fig. S3) with North Karoo typified by positive and South Karoo by negative

values.

Overall, with regard to DNb values, the CFBs of North Karoo and South Karoo show remarkably

limited compositional overlap. Examples of compositional and spatial overlap are discussed below.

Compositional overlap. The most significant case of compositional overlap is represented by
North Karoo CFBs that have negative DNb values (Figs. 2-3 and Supplementary Fig. S3).
However, these samples also exhibit high La/Nb, Th/Nb and initial 8’Sr/%Sr, and low initial eNd,

and their Nb-depleted compositions thus most likely reflect strong crustal contamination (Fig. 3).

Some of the South Karoo CFBs exhibit positive DNb. It should be noted, however, that these South
Karoo samples largely represent a volumetrically minor suite of dyke rocks from Ahlmannryggen
(Group 2 of ref 1) and are overrepresented in the dataset. These dykes are relatively enriched in
incompatible elements (transitional-Ti) (Supplementary Fig. S1) and could record a parental magma

type of some South Karoo CFBs. | tentatively ascribe them to heterogeneity within the Nb-depleted



upper mantle source of South Karoo, possibly due to mixing of high-DNb and low-DNb mantle

source components close to the provincial boundary (Fig. 1).

Spatial overlap. In contrast, the occurrences of low-DNb lavas in Springbok Flats ?, Batoka®
(Victoria Falls) and adjacent to the Okavango dyke swarm in the Zambezi Basin (capping flow atop
of thick North Karoo CFB suite ) represent spatial overlap: i.e. they exhibit strong geochemical
affinity to South Karoo, but are spatially intercalated with North Karoo CFBs.

These high-Ti and transitional-Ti CFBs have been interpreted to manifest transportation of South
Karoo magmas into the northern sub-province (Fig. 1 and Supplementary Fig. S2). The justification
for this decision stems from the universal low-Ti-affinity of the North Karoo CFBs (Supplementary
Fig. S1) and the fact that high-Ti and transitional-Ti CFBs are strongly associated with the Karoo
triple rift, i.e. the southern sub-province (Supplementary Fig. S2). Bearing in mind the high-Ti (and
low-DNDb) character ** and the WNW magma flow direction ® of the Okavango dykes
(Supplementary Fig. S2), it seems quite possible that the parental magmas of the Okavango dykes
were generated within the triple junction area (Mwenezi). It is thus possible that the Okavango
swarm represents a feeder system of the rare examples of low-DNb CFBs outside the Karoo triple

rift pattern.

On the other hand, Karoo-related dykes on the Falkland Islands ® have been designated to North
Karoo and South Karoo based on their DNb values and are regarded to represent intercalation the

sub-provinces adjacent to the triple rift (Fig. 1).

Excluded OIB-affinity dykes. Sparse, strongly incompatible element-enriched high-Ti dykes show
broad geochemical similarities to OIB in South Karoo. A subgroup of high-Ti dykes in
Ahlmannryggen (Fig. 1; Group3 of ref. 1) has low-DNb typical of South Karoo, but is
geochemically quite different from any other Karoo rock type (‘OIB’2 in Figs. 2-3). On the other
hand, the enriched ferropicrites ” and compositionally resembling basalt dykes (high-Nb category of
ref 8) represent rare examples of high-DNb rocks in Vestfjella, South Karoo, and plot apart from
Karoo CFBs in the figures (‘OIB’1 in Figs. 1-2). Judging from their isotopic (Nd, Sr, Pb, Os)
compositions and generally different geochemical compositions compared to Karoo CFBs, the OIB-
like dykes probably represent subordinate enriched mantle components "~° and they are not included

in the compiled data.



Excluded Ferrar-affinity samples. Finally, it should be noted that the basal part of the thick
Lesotho lava succession, well within the North Karoo sub-province (Fig. 1), includes volumetrically
minor magma types (Golden Gate, Sani, and Roma units of the Barkly East Formation) #1° that
have negative DNb values. These are not regarded to record compositional or spatial overlap
between North Karoo and South Karoo because of their possible correlation and genetic link to the
Ferrar LIP (see discussion in ref. 11). These lavas have been excluded from this study and
representative samples listed in Supplementary Table S2 are not plotted in the figures. Some of the
dyke samples from the Lesotho area * and Theron Mountains 12 have been similarly excluded

because of their proclaimed Ferrar-affinity 1112,
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Supplementary Figure S1. Conventional classification of Karoo CFBs into low-Ti and high-Ti
types. The Karoo high-Ti CFBs are identified on the basis of TiO, >2 wt.% * and Zr/Y >6 3. Notice
that North Karoo CFBs show universal low-Ti affinity, whereas South Karoo CFBs range from
low-Ti to high-Ti. CFBs with transitional-Ti compositions (TiO2 > 2 wt.% and Zr/Y<6 or TiOz < 2
wt.% and Zr/Y > 6) are abundant in South Karoo. Plausible parental magma types with MORB-like
(D-picrites 7 and Ahlmannryggen (AR) ! dykes for South Karoo CFBs; P-dykes %! for North Karoo
CFBs) and SCLM-like (E-picrites #1+1° for South Karoo) characteristics are indicated and

compositions of OIB-like South Karoo dykes 7 are shown for comparison.
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Supplementary Figure S2. Distribution of low-Ti and high-Ti (including transitional-Ti) Karoo
CFB types in Mid-Jurassic Gondwana reconstruction. The seaward-dipping lava successions
(Lebombo Monocline, Sabi, Vestfjella), radiating dyke swarms (Okavango, Sabi, Lebombo
Monocline, Vestfjella, Ahlmannryggen) and submarine seismic reflectors (Explora Wedge) ® and
aeromagnetic anomalies 17 define the Karoo triple rift >8, Distribution of large Permian-Jurassic
sedimentary basins in southern Africa and magma transportation direction in the Okavango dyke
swarm ° are indicated. Widespread exposures of CFBs in the Karoo Basin include the Lesotho lava
succession and a large sill complex *°. Notice that high-Ti and transitional -Ti CFBs and dykes are
associated with the Karoo triple rift and its vicinity (Batoka, Okavango area, Springbok Flats).
Low-Ti CFBs are intercalated with high-Ti and transitional-Ti CFBs across the Karoo rift zone
from Lupata to Theron Mountains. Distribution of the Karoo CFBs and the coeval Ferrar CFBs
relative to an active subduction zone along southern Gondwana margin is shown in the inset.
Occurrences of Karoo-related igneous rocks are after references 4, 16, and 20. The outline of
Kalahari Craton % is indicated. The map was created using CorelDraw

(https://www.coreldraw.com/). The outlines of continents were drawn using vector maps by

FreeVectorMaps.com (http://freevectormaps.com) as models and the igneous formations were
drawn after Luttinen et al. (ref. 22) and Jourdan et al. (ref. 4) with publisher’s permission .
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Supplementary Figure S3. Relative abundances of Nb, Zr, Ti, and Y in Karoo CFBs and
Icelandic plume-derived volcanic rocks. (a) Variation of Nb/Ti and Z/Y and frequency
distribution, average value, and standard deviation of DNbri. (b) Variations of Nb/Zr and Zr/Y and
frequency distribution, average value, and standard deviation of DNbz. The Icelandic array is from

http://georoc.mpch-mainz.gwdg.de/georoc/. For calculation of DNbt; and DNbz: and estimated total

analytical error (TA error) the reader is referred to Methods.
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Supplementary Figure S4. Frequency distributions for contamination-indexes in Karoo CFBs. Frequency distribution patterns for (a) Th/Nb
in South Karoo, (b) Th/Nb in North Karoo, (c) La/Nb in South Karoo, (d) La/Nb in North Karoo, (e) initial 8Sr/®Sr in South Karoo, (f) initial
87Sr/8Sr in North Karoo, (g) initial eNd in South Karoo, and (h) initial eNd in North Karoo. The influence of crustal contamination is

schematically indicated. Initial isotopic compositions are calculated at 180 Ma.
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Supplementary Figure S5. Relative abundances of Nb, Zr, and Y in Karoo CFBs and Ferrar
CFBs. (a) Variation of Nb/Y and Zr/Y in Karoo CFBs and Ferrar CFBs relative to depleted MORB
and Icelandic volcanic rocks. (b) Frequency distributions, average values and standard deviations of
DNb in North Karoo, South Karoo, and Ferrar LIP. The Ferrar CFB data are from

http://georoc.mpch-mainz.gwdg.de/georoc/. For calculation of DNb and error estimate (TA error)

the reader is referred to Methods.
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The geochemical data (n=819) that support the findings of this study include data compiled from
references 1-4, 6-12, 14-15, 19-20, 23-37 below (Supplementary Data).
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