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ABSTRACT 

 
The first order information on palaeogeography can be obtain from the reconstruction of the 
previous alignments of continents. The high preservation potential and distinct orientations of 
short-lived mantle-generated magmatic events establish them as an important tool in 

reconstructing continents. This study presents a high-resolution U-Pb baddeleyite age for a new 
dyke sample from Côte d’Ivoire in West Africa using Thermal Ionisation Mass Spectrometry 
(TIMS) for precise and accurate results. The NW-SE trending sample SP-22 yields an age of 
182.29 ± 0.12 Ma, however, further analyses was not attempted for the N-S trending sample 
Mon-1 due to the lack of baddeleyites and zircon crystals. The date obtained from SP-22 is a 
contrast to the Central Atlantic Magmatic Province (CAMP) event of ~200 Ma commonly 
associated with many of the dykes in the West African Craton. The age for sample SP-22 better 
correlates with the nearby Karoo-Ferrar Large Igneous Province (LIP) which had the peak of 
its magmatism between 183-178 Ma. This study also used an integrated approach, comparing 
the Côte d’Ivoire samples against the compilations of geochemical datasets for CAMP and 
Karoo, as well as georeferenced magmatism datasets for nearby contemporaneous dates to 
sample SP-22. The analyses of the geochemical datasets were able to discriminate the CAMP 
and Karoo sample populations but unable to confirm the origin of the Côte d’Ivoire samples. 
The georeferenced magmatism datasets, however, support the possible association of the Côte 
d’Ivoire samples with the Karoo-Ferrar LIP. The reconstruction to 180 Ma of the alignments of 
georeferenced magmatism from Côte d’Ivoire and Karoo presents a synchronous linear 
magmatic belt of ~14,400 km that cut across Gondwana. With previous research regarding the 
Karoo LIP suggesting plate tectonics played a bigger role in its development, this linear belt is 

not all a single LIP but rather, sample SP-22 is another expression of a major extensional event 
within the Gondwana supercontinent.   
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1.0. INTRODUCTION 

1.1. PALAEOGEOGRAPHY 

 
Palaeogeography is the study of continents and cratonic blocks’ position and orientations at 
periods in the geological past. It contributes to the field of palaeoclimatology, palaeobiology, 
metallogenesis, mantle dynamics and tectonics (Ernst et al., 2008; Jessell et al., 2015). The 
primary information on palaeogeography can be collected from the reconstruction of the 
previous alignments of continents, although this field remains a work in progress (Ernst et al., 
2008). It was stated by Roberts et al. (2003) that the only quantitative basis for reconstructing 
palaeogeography in pre-Jurassic Period was by palaeomagnetic studies.  
 
In the last few decades, the increasing development of methods and technologies allows the 
dating of many short-lived mantle-generated magmatic events to a precision of ±2 Ma or better 
(Bleeker and Ernst, 2006; Heaman and Lecheminant, 1993; Krogh et al., 1987). Precise dates 
of magmatic events are integral part to growing the ‘barcode record’ for their respective 
cratonic blocks. These barcode record provide graphical representation of the magmatic events 
within that cratonic block and can be used to relate multiple cratonic blocks by correlating 

similarly aged magmatic events from different cratonic blocks (Bleeker and Ernst, 2006).This 
method has been used recently by Shellnutt et al. (2018) to support the idea that Southern India 
and Western Australia were once linked during the Palaeoproterozoic and separated around 
1,880 Ma. Halls et al. (2011) also used this method to identify change in magnetic polarity in 
the Melville Bugt dyke swarm of western Greenland. Another study by French and Heaman 
(2010) utilised this precise dating technology to analyse Paleoproteozoic mafic dyke swarms 
of Dharwar Craton, India; with results being linked to the existence of the Neoarchean 
supercraton Sclavia.  
 
Importance of palaeogeography goes beyond reconstructing positions of continents and 
cratonic blocks, they also provide critical information for many scientific fields including 
palaeotectonics, palaeoclimatology, and metallogenesis. Condie et al. (2015) recently 
addressed palaeotectonics with their primary dataset deduced from published palaeogeographic 
data. The study found variable speed in continental assembly, with supercontinent Nuna taking 
300 million years, supercontinent Rodinia 100 million years, supercontinent Pangea 200 
million years, and with the breakup duration estimated between 100-200 million years (Condie 
et al., 2015). Another study by Brunetti et al. (2015) focused on palaeoclimatology by 

modelling the ocean circulation during the Middle Jurassic by also using palaeogeographical 
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data. It was found that Middle Jurassic bathymetry of the Central Atlantic and Proto-Caribbean 
seaway had weak current of the order of 2 Sverdrup (Sv) or 2,000,000 cubic metres per second 
in the upper 1,000m. The closing of the western boundary of the Proto-Caribbean helped 
increase the salinity in the Neo-Tethys, and the presence of weak upwelling rates in the nascent 
Atlantic Ocean was also observed (Brunetti et al., 2015).  Palaeogeography is also important 

for tracing ore-deposit belts across previously continuous landmasses, as well as guiding 
petroleum exploration. Stephenson and Cadman (1994) utilised palaeogeographical data to 
present an interpretation of the detailed palaeoenvironments of the Western Australian basin 
from the Middle Triassic to the Oligocene, with the study producing proposals for new 
hydrocarbon area in the basin.  
 
This paper looked at two dyke samples in the West African Craton (WAC) for the purpose of 
examining their location in time and space, as well as that of the WAC by contributing precise 
dates to its poorly constrained barcode record. The available dates for the craton are the results 
of less precise geochronological methods or analyses conducted more than 20 years ago. The 
improvement in the quality of geochronological techniques, in combination with integrated 
mapping, and palaeomagnetism of short-lived mantle-derived events, paved the way for a 
robust palaeogeographic reconstruction methodology (Bleeker and Ernst, 2006). With a greater 
volume of data available for reconstruction, the more detailed a picture of previous continent 
configuration can be recreated.  
  

1.2. RECONSTRUCTION METHODOLOGY 

 
The reconstruction of the previous alignment of continents in both time and space yields 
essential information on the palaeogeography of these continents. There are several approaches 
to reconstructing the previous positions of continents. For instance, ‘piercing points’, where a 
high angle linear structure or feature to a boundary (e.g. dykes) are intersected by a rifted margin 
can be matched (Moores, 1991). Faulting within sedimentary basin, ancient orogenic front or 
fold-thrust belt, and orogenic internides can provide piercing points for reconstruction. This 
concept, however, contains several complications, as break-up margins lacks well-defined 
piercing points (Bleeker and Ernst, 2006). It is common for break-up margins to follow older 
sutures or crustal boundaries, which decreases the chance of having well-defined, high-angled 
piercing points (Bleeker and Ernst, 2006). Other complications include inherently fuzzy 
piercing points due to geometry or/and age, and high susceptibility to tectonic activities 

(Bleeker and Ernst, 2006).  
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Palaeomagnetism has helped with the reconstruction of the previous arrangements of 
continents, and is a key technique in establishing the theories of continental drift and plate 
tectonics (McElhinny, 2000). Location of previous magnetic poles were identified using the 
alignment of magnetic minerals in a cooled igneous rock. These magnetic minerals align with 

the magnetic field during or soon after cooling, with the angle the magnetic minerals dip 
indicating the latitude where the minerals cooled. Reconstruction of previous locations of 
continents can be done by realigning and matching these magnetic minerals (Morel and Irving, 
1981).  
 
The reliability of global palaeomagnetic data, however, decreases due to subduction destroying 
continental crust containing palaeomagnetic data older than 500 myr (Cocks and Torsvik, 
2002). Palaeontology, or specifically the distribution of faunas, provides additional evidence 
for relative continental positioning. It is important to emphasise, however, that the similarities 
in fauna alone does not necessarily suggest geographic continuity. Cocks and Fortey (1982) 
introduced the faunal criteria, to help determine the relative position of separated old continents. 
The criteria include: contrasting between shallow-water fauna of opposite shorelines; the 
recognition of deep-water facies surrounding continental edges; and the recognition of 
disposition of ancient climatic belts (Cocks and Fortey, 1982). 
 
The concept of continental reconstruction can be explained through the hypothetical 
supercraton illustrated in Figure 1, containing diverse geological elements. An intact 
hypothetical supercraton is shown in (a) before its break-up, with large igneous province, flood 

basalts, and associated magmatic events arranged along the developing rift. Two new cratons 
(A and B) were generated in (b) from the break-up of the original hypothetical supercraton 
which can later be reconstructed using clusters of piercing points and matching features (e.g. 
marked as Px), so long as they are not too altered (e.g. African and South American margins). 
The present-day position of the fragmented hypothetical supercraton has been illustrated in (c), 
with cratons breaking up into a more complex and highly altered margins, making several 
piercing points less effective for reconstruction. With a more complex break-up history, the 
original supercraton was reconstructed in (d) using only precise piercing points and other 
information from the dyke swarms.  
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1.3. SHORT-LIVED MANTLE-GENERATED MAGMATIC EVENTS 
 
The study of short-lived mantle-derived dykes and sills of the Phanerozoic Eon had often been 
neglected, with focus traditionally on abundant above-ground lava samples (Svensen et al., 
2012). The spatial and temporal records of short-lived mantle-derived dykes are preserved as 

rifts within, or as a specific stage of the large igneous provinces, thus leaving remnants of the 
event on the conjugate margins (Hill, 1991). The source of melting is generally related to the 
ascent of mantle plumes, along with simultaneous instances of melts across large area (Sharkov 
et al., 2017). These magmatic events are short-lived and can last less than 1 million years, 
although where an overall event may be longer (e.g. >1 million years for a large igneous 

Figure 1: Illustrated reconstruction of a hypothetical supercraton. Various piercing points are marked 
with Px.1a) represents the supercraton prior to break up; 1b) the break-up of the super craton resulting 
in the creation of two smaller cratons; 1c) the break-up boundary highly modified; 1d) reconstruction 
of the original supercraton using dykes and several piercing points (Bleeker and Ernst, 2006).  
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provinces), discrete short-lived magma pulses tend to occur (Bleeker and Ernst, 2006). A study 
conducted by Svensen et al. (2012) on fourteen dykes and sills spaced by as much as 1,100 km 
across the large Karoo Basin, yielded coherent ages and analysed through probability modelling 
that the emplacement of dykes and sills in the Karoo Basin occurred within the interval of  < 
0.90 million years.  

 
Dykes are excellent geological features for reconstructing previous continental alignment due 
to several characteristics. They are spatially extensive, resulting in large footprints that extend 
outside the craton margin which can provide precise piercing points (Buchan and Ernst, 1997; 
Halls, 1982). This characteristic becomes important when considering the rifting and break-up 
margins are difficult to preserve as successive tectonic events alter and rework the associated 
volcanic materials, eventually wiping them out (Bleeker and Ernst, 2006). It is more likely to 
preserve the high-resolution record of spatial and temporal information due to the higher 
preservation rate observed on associated dyke swarms, relative to other geological features 
(Jessell et al., 2015). These mantle-generated magmatic rocks also have distinct geophysical 
expression, therefore identifiable aeromagnetically through areas with covered and poor 
outcrops (Bleeker and Ernst, 2006).  
 
An integral step in the precise reconstruction of the previous position of cratons and continents 
is attaining precise ages of these short-lived mantle-derived magmatic events. Justifying further 
work on an event can be obtained through the availability of precise ages, allowing various 
magmatic events to be temporarily arranged, while laying out potential reconstruction (Bleeker 
and Ernst, 2006). Dykes that have been precisely dated within an individual craton contributes 

to the existing and growing ‘barcode record’. This barcode record provides graphical 
representation of the magmatic events within that crust fragment (Bleeker and Ernst, 2006).  
The barcode record examples in Figure 2 illustrate five hypothetical cratons, each with different 
barcode bars. The image shows how precise dating allows the matching of two different cratons. 
Multiple matches of precise ages between craton A and D, as well as craton C and E, indicate 
the high likelihood that these pairs of cratons were adjacent pieces of crust or were adjacent in 
an ancestral supercraton. While craton B shares no match with any of the other cratons despite 
having reasonably well-populated barcode. Craton B could represent a distant craton, unrelated 
fragment to the other cratons.   
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A tentative palaeogeographic reconstruction can be completed through a single precise age, 
even in the absence of any geochemical and geophysical information. This is achieved through 
the temporal and possible spatial matching of dyke swarms in two different cratons (Bleeker 
and Ernst, 2006).  
 

1.4. STUDY AREA 
 
This study analyses two different dyke samples collected from Côte d’Ivoire, in the WAC. The 

craton has a geological history spanning over 3.5 Ga (Potrel et al., 1996). The craton is the 
product of the accretion of several cratons, and has been stable since 2 Ga (Youbi et al., 2013). 
The oldest rocks in the WAC are of Archaean age, found in Mauritania, Morocco, Côte d’Ivoire, 
Liberia, Sierra Leone, and Guinea (Kouyaté et al., 2013b). The Archaean domain (Figure 3) 

Figure 2 
Illustrated hypothetical barcodes of five cratons. Each individual bars contains age range of magmatic 
events on a vertical time lines. Barcodes with matching ages (e.g. A & D, and C & E) shows strong 
indication that the two cratons once shared common history and likely adjacent to each other in an 
ancestral supercraton. Craton B shared no matches with the other cratons and must represent a distant, 
unrelated crustal fragments (Bleeker and Ernst, 2006). 
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lies adjacent to the Paleoproterozoic domains and are both unconformably overlain by the 
Neoproterozoic and younger sediments (Jessell et al., 2015). 
 

 
Large amount of mafic intrusions are hosted within WAC in an intraplate setting, with the 
geological record going back at least 2.73-2.68 Ga and was last active less than 500,000 years 
ago (Crevola et al., 1994; Söderlund et al., 2014; Tait et al., 2013). The map showing the 
locations and orientations of dyke swarms interpreted from aeromagnetic data of north-western 
Africa (Figure 4) conducted by Jessell et al. (2015), illustrates that the WAC contains dyke 

Figure 3 
Map of the West Africa, showing the ages of the major terranes and with the dotted line indicating the 
approximate limit of the present-day WAC. Côte d’Ivoire samples are marked as (1) Mon-1; (2) SP-
22. Two-letter country codes: BF: Burkina Faso; CI: Côte d’Ivoire; DZ: Algeria; GH: Ghana; GM: 
The Gambia; GN: Guinea; GW: Guinea-Bissau; LR: Liberia; MA: Morocco; ML: Mali; MR: 
Mauritania; NE: Niger; SL; Sierra Leone; SN: Senegal; and TO: Togo (modified from Jessell et al., 
2015). 
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swarms of many orientations superimposed upon each other, with presumably differing ages. 
There are up to 25 distinct dyke swarms identified across the WAC based on their orientation, 
with up to five different dyke orientations identified in a local scale across the craton, indicating 
a long and complex history of mafic magmatism across the craton (Jessell et al., 2015). 
 

Similar orientation alone, however, will not conclusively determine whether two dykes are of 
the same age or if they are part of the same system. The relationships between sets of dykes are 
therefore uncertain until systematic dating of the different swarms is completed. The current 
geochronological datasets of the WAC only have reliable ages from the northern margin in 
Morocco, Mauritania and Algeria (Jessell et al., 2015). Many of the dykes dated in the last 
decade in Morocco have not been extensively mapped (Youbi et al., 2013), therefore even the 
most precisely dated dykes are not well mapped on a regional scale (Jessell et al., 2015). The 
interpreted aeromagnetic mapping has the reverse situation, where dykes extensively mapped 
commonly have no precise date.  
 

1.4.1. Current data  

 

The tectonic significance of all dykes mapped in the southern section of the WAC remains 
uncertain due to the lack of geochronological information. There has been significant increase 
in studies conducted on the WAC, focusing on improving datasets for the West African mafic 
dyke swarms since the initial interpretation by May in 1971 (e.g. Bertrand and Villeneuve, 
1989; Jessell et al., 2015; Youbi et al., 2013). Studies were also done on individual dykes or 
dyke swarms as an indicator of their mantle composition (e.g. Chabou et al., 2010), 
palaeomagnetic poles (e.g. Silva et al., 2006), and relationship with the opening of the Central 
Atlantic Ocean (e.g. Diallo et al., 1992; Whiteside et al., 2007). Early mapping of the West 
African dykes was conducted as part of a global dyke swarm map and related compilations (e.g. 
Ernst and L. Buchan, 2001; Ernst et al., 1996). These global dyke swarm maps provide the most 
extensive summary of the WAC; however, the map only display a single schematic dyke to 
represent a dyke swarm.  
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Jessell et al. (2015) constructed a more detailed map of the dykes in the WAC with the use of 
an aeromagnetic datasets (Figure 4). There are several limitations to mapping dykes remotely 
using aeromagnetic data as pointed out by Coltice et al. (2007) where previously interpreted 
dykes can be mapped as other features on regional maps, due to other structures such as faults 
having strong linear magnetic signatures. The aeromagnetic maps should therefore be 
approached with reservation until field visits validates the result. 
 

1.5. LARGE IGNEOUS PROVINCES 
 

Figure 4 
Map showing the locations and orientations of West African dyke swarms that were interpreted from 
aeromagnetic data. Letters A to Y, as well as their corresponding colours, refer to the locally distinct 
orientation sets. Côte d’Ivoire samples are marked as (1) Mon-1; (2) SP-22 (modified from Jessell et 
al., 2015). 
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These mafic dykes in the West African Craton were initially interpreted by May (1971) to be 
associated with the Late Triassic to Early Jurassic opening of the Atlantic Ocean. Further 
studies on the WAC have found that some of these regional dyke swarms represent part of the 
plumbing system of a Large Igneous Province, the Central Atlantic Magmatic Province (Jessell 
et al., 2015). Large Igneous Provinces, or LIPs, are large volume, short duration intraplate 

magmatic events consisting mainly of flood basalts and their associated plumbing system (Ernst 
and Bleeker, 2010). LIPs are defined as having areal extent of >0.1 Mkm2, with an igneous 
volume of >0.1 Mkm3, and a maximum lifespan of ~50 Ma with short duration igneous pulse(s) 
of around ~1-5 Ma (Bryan and Ernst, 2008). Magmatic groups of smaller size or aerial extent 
called ‘fragments’ are suggested to formerly belong to a LIP scale event that have been eroded 
or weathered by tectonic fragmentation (Ernst and Bleeker, 2010). These ‘fragments’ have the 
essential characteristics to imply emplacement as part of a larger size LIP event.  
 
The origin of LIPs remains contentious, with proposed origins including plumes originating 
from the mantle, rifting due to decompression melting of mantle with above-average 
temperature, bolide impact, and the replacement of the delaminated lithosphere with a hot 
asthenosphere (Ernst and Bleeker, 2010; Sharkov et al., 2017). Extensional melting anomalies 
smaller than LIP scale magmatism can be explained through back-arc rifting and ridge 
subduction settings (Ernst and Bleeker, 2010). The dyke swarms associated with LIPs can be 
grouped into three main types; parallel dyke swarms, small radiating dyke swarms, and giant 
radiating dyke swarms – related to the local latent stress field (Hou, 2012). Parallel dyke swarms 
are usually controlled by the regional extensional stress field where tectonic boundaries form 
due to extensional tectonic forces in a block or a plate. Small radiating dyke swarms are 

associated with stress surrounding plutonic or volcanic edifices and are not related to any 
mantle plume, while the giant radiating ‘fan-shaped’ dyke swarms may be related to mantle 
plumes during the onset of supercontinent break-up (Hou, 2012).  
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1.5.1. Central Atlantic Magmatic Province  

 

Figure 5 
Reconstructed map of during the pre-break-up process of Pangea at around ~180 Ma showing the 
approximate extent of the Central Atlantic Magmatic Province (red) from Davies et al. (2017), and the 
Karoo-Ferrar Large Igneous Province (blue) according to Hastie et al. (2014). 
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The Central Atlantic Magmatic Province (CAMP) is the LIP associated with the breakup of 
Pangea and the opening of the Atlantic Ocean at ~201 Ma (Blackburn et al., 2013; Davies et 
al., 2017; Marzoli et al., 2018; Marzoli et al., 1999). The main bulk of magmatism occurred 
within the first few million years of the initial magmatism and have been suggested to have 
possibly occurred in distinct pulses, with the latest magmatic activity occurring ~190 Ma 
(Blackburn et al., 2013; Knight et al., 2004; Nomade et al., 2007). It is the most aerially 

extensive continental LIP in the geological record, with a surface area of 7 x 106 km2 and a 
volume of 2.3 x 105 km3 (Marzoli et al., 1999; McHone, 2003; Figure 5 and 6). The LIP mainly 
consisting of tholeiitic basalts and mafic intrusions, and today extends four present-day 
continents, mostly preserved as dykes and sills in west and central Africa, north-eastern Brazil, 

Figure 6 

Map of dyke, sills, and lavas, as originally emplaced at around ~200 Ma. (McHone, 2000).  
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southwestern Europe, and south-eastern United States (Marzoli et al., 1999; Nomade et al., 
2007).   
 
As with many other LIPs, the provenance of CAMP magmatism remains contentious (Bertrand 
et al., 1982; Jourdan et al., 2003; Marzoli et al., 1999; McHone, 2000; McHone, 2003; Nomade 

et al., 2007). It has been initially suggested by earlier publications that CAMP magmatism had 
been activated by a plume head under the continental lithosphere (Cebriá et al., 2003; Ernst and 
Buchan, 2002; May, 1971). Recent publications had proposed an alternative scenario where 
heat formation under the thick continental lithosphere. This is likely connected with edge-
driven convection that was caused by the instability around the boundary of thicker and thinner 
lithosphere (Coltice et al., 2007; King and Ritsema, 2000; McHone et al., 2005). 
 

1.5.2. Karoo-Ferrar Magmatic Provinces  

 
Another LIP that has far-reaching expressions in Africa and adjacent cratons is the Karoo-Ferrar 
LIP; developing after CAMP, it is significant due to its large reach (Figure 5). The magmatic 
province consists of preserved tholeiitic basalt rocks covering an area of ~3 x 106 km2 (Cox, 

1988; Jourdan et al., 2005). It is preserved in southern Africa (Karoo), Antarctica, Australia, 
and New Zealand (Ferrar), and is associated with the break-up of Gondwana and the opening 
of the Indian Ocean (Jourdan et al., 2005). The bulk of magmatism for Karoo-Ferrar occurred 
between ~183 Ma and ~178 Ma, although remained active up to ~174 Ma with the emplacement 
of the N-S trending Rooi rand dyke swarm in the southern Lebombo (Duncan et al., 1997; 
Jourdan et al., 2005).  
 
The Ferrar province is linked to lava flows, including the Kirkpatrick basalts in Antarctica, the 
Tasmanian dolerite in Australia, several dyke swarms in the Dronning Maud Land, and sills 
along the Transantarctic Mountains (Fleming et al., 1995; Hastie et al., 2014). The Karoo 
province is dominated by the giant dyke swarm (Figure 7), with the main dyke system - 
Okavango dyke swarm, Save-Limpopo dyke swarms, and north Lebombo and Rooi Rand dyke 
swarms – all converging at the Mwenezi Triple Junction in southern Zimbabwe (Hastie et al., 
2014; Jourdan et al., 2007a).  
 
A mantle plume hypothesis has been suggested for the Karoo LIP due to evidence including 
the geometry of the triple junction with lateral magma flow (Hastie et al., 2014), the more 

evolved high-Fe basalts in the central section of the Lebombo (Sweeney et al., 1994), the 
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drainage patterns of rivers in the northern Lebombo that corresponds to the perimeter of the 
proposed plume location (Cox, 1989; White and McKenzie, 1989). However, Hastie et al. 
(2014) questions the relatively simple scenario, suggesting that the regional magma flow data 
does not support the mantle plume hypothesis. In addition to the geochemistry and the 
geodynamic data of Karoo, the difference in relative timing of the different dyke swarms is 

inconsistent in association with a main mantle plume, with several dyke swarms having no 
relation with the triple junction (Hastie et al., 2014).  
 

 
The entire Karoo LIP, related magmatism and collection of dyke swarms emplaced over a 
period of ~10 Ma are suggested to not have been caused by a single and large scale geological 
event (Hastie et al., 2014). Overall Karoo magmatism is considered to be caused by thermal 

Figure 7 
Map showing the reconstruction of the southern Gondwana supercontinent at ~180 Ma with the 
inferred extent of Karro-Ferra LIP (dark grey). Major dyke swarms of southern Africa and Dronning 
Maud Land are shown in red. ODS: Okavango dyke swarm; SLDS: Save-Limpopo dyke swarms; 
LDS: Lebombo and Rooi Rand dyke swarms; MTJ: Mwenezi Triple Junction. Modified from Hastie 
et al. (2014). 
 

ODS 

MTJ 

LDS 

SLDS 
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incubation during the assembly of Gondwana with evidence identified from the modelling of 
assembly of continents, dyke swarm structure and flow, geochronology and geochemistry 
(Hastie et al., 2014). Plate tectonics played a bigger role in the development of the Karoo LIP 
rather than a fluid dynamic plume sourced from the mantle (Hastie et al., 2014). Although, there 
is no doubt that a melt in the sub-continental lithospheric mantle is the likely source of melt for 

the magmas of the Karoo LIP (Jourdan et al., 2009), the relatively smaller, independent igneous 
centres is a more feasible explanation to the presence of several dyke swarms due to magma 
flow data, as well as field and geochronological data (Hastie et al., 2014).  
 
With the concept of palaeogeography, the importance of short-lived mantled-derived magmatic 
events and the different LIPs in the area of study identified, this paper will now look at two 
dyke samples in the WAC for the purpose of examining their location in time and space.  

 

2.0. METHODOLOGY 

2.1. U-Pb GEOCHRONOLOGY 

2.1.1 Samples 

Two previously undated mafic dykes were sampled from Côte d’Ivoire in West Africa (Figure 
3) with the intention of extracting minerals for geochronology. Samples were collected from 
the outcrops by Lenka Baratoux of the University of Toulouse and Augustin Koffi of the 
Université Félix Houphouët-Boigny. Samples were collected from the interior of each dykes 
due to less weathered samples and that coarser grained located in the interiors are more likely 
to recover baddeleyite samples for geochronological analyses. The first sample (Mon-1) is a 
fine-grained (<1mm) dolerite sample from a North-South trending dyke outcrop. It contains 
pyroxene (clinopyroxene) arranged between the weathered phenocryst of plagioclase minerals. 
It has a typical lighter colour due to the more felsic composition. The second sample (SP-22) is 
a darker in composition, coarse-grained (up to 2mm in size) doleritic sample from a Northwest-
Southeast trending dyke outcrop. It contains coarse pyroxene minerals and plagioclase rods 
observable in both hand-sample and under the microscope.  
 
Baddeleyite (ZrO2) is a prevalent accessory mineral in silica-undersaturated dykes and has been 
preferred in this study due to being recognised as an ideal chronometer for mafic rocks 

(Söderlund and Johansson, 2002; Wu et al., 2015). The mineral contains a U content of around 
200-100 ppm, with miniscule measurement of initial Pb (Söderlund and Johansson, 2002). This 
essentially gives the mineral finite initial U-parent to Pb-daughter ratio, allowing for precise 
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and typically concordant U-Pb ages (Heaman and Lecheminant, 1993; Söderlund and 
Johansson, 2002; Wu et al., 2015). Xenocrystic baddeleyite is also uncommon as during 
metamorphism, baddeleyites converts into polycrystalline zircon instead (Heaman and 
Lecheminant, 1993; Schärer et al., 1997).  
 

It is not common to find baddeleyite minerals with zircon (ZrSiO4) as the latter requires 
oversaturation of both SiO2 and ZrO2 to crystallise from silicate melts (Boehnke et al., 2013; 
Watson and Harrison, 1983). Zircon can be present in mafic rocks and melts, including in melts 
derived from partial melting of depleted Mid-Ocean Ridge Basalt mantle, and zircon 
megacrysts have been found in some alkali basalts (Xu et al., 2018). Furthermore, there have 
been examples of xenocrysts of zircon crystals with varying older U-Pb ages contained in some 
basalts interpreted as being captured from metasomatic lithospheric mantle (Wolfgang et al., 
2009) or felsic wallrocks (Zhang et al., 2011) during the ascent of the basaltic magma.  
 
Although preference of U-Pb baddeleyites is high with many scientists in comparison with U-
Pb zircon dating (Buchan et al., 2000; Söderlund and Johansson, 2002), the amount of literature 
with baddeleyite ages is relatively small. This is due to the small grain size of baddeleyites, 
often ≤30 μm in width, with high surface to volume ratio due to the non-spherical crystal shape 
(Söderlund and Johansson, 2002). As a result, the mineral can be very hard to extract and special 
care is needed for isolating it from other finer minerals in a sample (Söderlund and Johansson, 
2002).  
 

2.1.2. Sample Extraction 

 
Avoiding contamination in an efficient way is one of the common principles during mineral 
separation and extraction (Söderlund and Johansson, 2002). In order to achieve this for this 
project, a simplified method was employed, where separation stages were kept to a minimum 
to avoid losing desired minerals at each stage.  The first stage of baddeleyite extraction consist 
of careful crushing and milling around 100-300g from each dyke sample to ~500 microns; 
liberating as many grains along grain boundaries as possible however trying to avoid destroying 
baddeleyite mineral.  
 
The second stage separates the high-density minerals, including baddeleyites, from the finest 
minerals using a Wilfley water-shaking table. Although baddeleyites have a high density of 5.7 

g/cm3, its high surface/volume ratio resulting from its small elongated crystal morphology, 
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causes the mineral to behave as a less dense mineral (Söderlund and Johansson, 2002). The 
water-shaking table was tilted slightly flat forward (7° forward or water flow direction and 2° 
for slope), with gentle water flow as recommended by Heaman and Lecheminant (1993) in 
order to minimise the loss of baddeleyite minerals on the water table. Samples of around 50g 
were loaded on the water-shaking table each time, allowing samples to flow freely down the 

table and avoid any clustering.  
 
As samples flow down the table, coarser and higher density minerals are concentrated above 
the main water flow on a dark millimetre-thick trace, while fine and less dense materials were 
quickly washed out.  The higher density samples were extracted from the table using a pipette 
after majority of the samples have been discharged from the table. This delay in sample 
recovery allows for higher yield of baddeleyite and less of unwanted material. Recovered 
samples were transferred onto a small flat-bottom glass container, large enough to fit and 
concentrate the extracted samples, which were then placed under an optical microscope for 
hand picking baddeleyites. 
 
When baddeleyite mineral extraction was not successful, samples went through another stage 
of mineral separation to obtain zircon minerals for U-Pb dating. Zircon geochronology remains 
a commonly-used method due to zircon’s chemical robustness, its ability to endure high-grade 
metamorphism, and even partial melting, without necessarily resetting its U-Pb systematics 
(Cherniak and Watson, 2001; Zheng et al., 2004). The additional separation stage involves 
gradually feeding the powdered, washed samples through a Franz Isodynamic Separator, to 
separate any magnetic minerals from non-magnetic minerals, including zircons. A small flat-

bottom glass container is used to contain all the non-magnetic minerals. To facilitate picking 
out zircons under microscope, a short-waved ultraviolet light is used on the non-magnetic 
minerals, with zircons fluorescing due to uranium in the mineral being excited (Dill et al., 2012; 
Foster, 1948).  
 
Baddeleyite grains were obtained from sample SP-22; however due to the lack of baddeleyites 
and zircon, no dateable minerals were able to be extracted from sample Mon-1.  
 

2.1.3. Thermal Ionization Mass Spectrometry (TIMS) 

 
Baddeleyite grains from sample SP-22 were dated using U-Pb Isotope Dilution Thermal 

Ionization Mass Spectrometry (ID-TIMS). This method has been used for U-Pb isotope 
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measurement for over 50 years (Parrish and Noble, 2003). Its status as a superior method for 
dating Earth materials can be attributed to key qualities including: reasonable ionisation 
efficiency; small-order mass fractionation; simple mass spectrum; minor Pb and U 
contamination from instrument; good signal to noise characteristics; and the lack of mineral 
standard reliance during calibration process (Parrish and Noble, 2003). TIMS is considered as 

one of the most precise isotopic methods available for U-Pb geochronology (Parrish and Noble, 
2003). The method, however, also has its limitations including the need for pure solutions in 
order to avoid any isobaric interference which results in time consuming preparation, it is 
costly, and achieving low blanks is difficult (Schoene and Baxter, 2017). The accuracy and 
precision of TIMS in comparison with other dating methods has been demonstrated by  
Cocherie et al. (2005) who achieved an analytical uncertainly of only 1 Ma with TIMS, 
precision from 2-5 Ma for sensitive high-resolution ion microprobe (SHRIMP), and 4 to 8 Ma 
for Pb-evaporation technique. In order for this project to resolve the age differences, or firmly 
establish the similarities, between the two dyke samples and their associated LIP, the accuracy 
and precision of ID-TIMS U-Pb geochronological method is required. 
 
Six baddeleyite grains from sample SP-22 were each washed by nitric acid (HNO3) and spiked 
with a 205Pb-235U spike. A mixture of hydrofluoric acid (HF) and Nitric Acid (10:1 by volume) 
were used to digest the grains at 240-245 °C in Teflon containers inside metal bombs and 
dissolution vessels. After dissolution, the HF was evaporated and hydrochloric acid (HCl) was 
added to the samples with phosphoric acid (H3PO4) in order to reduce the sample to a small 
volume of liquid. Samples were loaded directly onto a Re filament with silica gel, which were 
then loaded into the source of a Thermo Triton Plus mass spectrometer at Curtin University.  

 
Precise measurement is measured by applying ~8000-10000 V electric potential through the Re 
filaments under vacuum (Schoene, 2014). The ions created on the filaments are accelerated 
through an electric potential gradient of up to 10 KV (Georgiou and Danezis, 2015). It is then 
focused into a beam along a series of slits and electrostatic charged plates. When the ion beam 
passes through a magnetic field, it dissipates into multiple beams on the basis of their mass to 
charge ratio, Pb and U ratios were determined in peak-jumping mode using a secondary electron 
multiplier, where uranium was measured as an oxide (UO2). An electron multiplier detects the 
signals of ions emerging from the mass analyser of the mass spectrometer. A magnetic field 
whose intensity varies through a tuneable current (peak-jumping) is repeatedly changed to 
select different isotope (Jose, 2016). The Faraday cups, which involves organising ion beams 
into a collector, were not used due the reliability of measuring the small baddeleyite samples. 
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Fractionation and deadtime were monitored using Pb standards SRM981 and SRM 982. Mass 
fractionation was 0.02 ± 0.07 %/amu. Data were reduced and plotted using the software 
packages Tripoli (from CIRDLES.org) and Isoplot 4.15 (Ludwig, 2003).  All uncertainties are 
reported at 2σ. The weights of the baddeleyite crystals were calculated from measurements of 
photomicrographs and estimates of the third dimension. The weights are used to determine U 

concentration and do not contribute to the age calculation, and an uncertainty of 50% may be 
attributed to the concentration estimate. 
 

2.2. DATASET INTEGRATION 
 
A multidisciplinary approach is used in this study for a robust methodology of 
palaeogeographic reconstruction. The precise U-Pb geochronological date is used in 
combination with data from previous research relating to this study; including geochronological 
dates of non-whole rock samples, geochemical properties, and location of magmatism.   
 

2.2.1. Geochemical Datasets 

 
The two samples from Côte d’Ivoire were initially analysed by the Bureau Veritas Commodities 
Canada Ltd for the Université Félix Houphouët-Boigny using X-ray fluorescence (XRF) and 
inductively coupled plasma mass spectrometry (ICP-MS) for elemental and chemical analyses. 
The results of these analyses were provided for the two dyke samples in this study. These 
geochemical properties were compared with the geochemical properties of local CAMP 
intrusions in West Africa, as well as the nearest Karoo intrusions in the Okavango Dyke Swarm 
(refer to Appendix II and III). To give an overview of the local chemistry of CAMP and Karoo, 
geochemical properties for each set of mafic intrusive rocks were sourced and compiled from 
multiple published studies. These collected datasets were plotted and compared with each other 
and with the samples from this study. 
 

The first comparison involved plotting the immobile trace elements Nb, Zr, and Y in a 
discrimination diagram of Meschede (1986). Discrimination diagrams based upon incompatible 
and immobile elements have been an important tool for determining the tectonic setting of 
basaltic rocks. The immobile trace element Nb is a sensitive indicator for tectonic environment 
of the mid-ocean ridge basalt (MORB) (Meschede, 1986). The concentration of Nb reflects the 
mantle-related depletion or enrichment process; the combination of Nb with Zr and Y in the 
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ternary plot produce subdivisions of basalts into four fields: normal MORB, plume-influenced 
MORB, tholeiitic basalts, and alkali basalts (Meschede, 1986).  
 
Source characterisation was accomplished through the plotting of the rare earth elements 
(REE). REE as a group behave similarly in a range of geochemical situations, making them 

useful for examining specifics of igneous petrogenesis. These elements can best be seen by 
plotting geochemical patterns as a spider diagram which are convenient representations of the 
complete trace element analyses of individual samples. In order to achieve smooth and readily 
comparable patterns, the datasets were normalised using the Cl Chondrite values by 
McDonough and Sun (1995). Chondritic meteorites are commonly used for normalising REE 
as they are thought to be the nearest representation of unfractionated material from the solar 
system (McDonough and Sun, 1995).  
 

2.2.2. Dykes and Intrusion Datasets 

 
Dykes with similar age from adjacent LIPs were collated from previously published studies 
(refer to Appendix IV). Each of these dyke swarms were georeferenced using QGIS, a free and 

open-source geographic information system (GIS) application. The main Coordinate Reference 
System (CRS) used is the World Geodetic System (WGS) 84, while the South Pole 
Stereographic projection was used for dyke referencing in Antarctica. The georeferenced dyke 
swarms were joined using the continuous global plate kinematic reconstruction model by 
Matthews et al. (2016) which can reconstruct from 410–0 Ma. This reconstruction model is a 
relative plate motion model bound to the spin axis of Earth from a palaeomagnetic reference 
frame for age older than 70 Ma, with moving hotspot reference frame for younger dates (Cao 
et al., 2017; Matthews et al., 2016). Georeferenced dyke swarms were loaded into GPlates, 
another open source application, allowing for interactive reconstruction of the previous 
alignment and position of these dyke swarms in regards to their respective cratonic block 
according to (Matthews et al., 2016).  
 

3.0. RESULTS 

3.1. U-Pb GEOCHRONOLOGY 

 
Five baddeleyite grains were extracted from sample SP-22, with sample Mon-1 providing no 
baddeleyites or zircon grains that could be used for age determination. The uranium and lead 



 27 

isotopic results for sample SP-22 are given in Table 1, with all uncertainties and error ellipses 
at 2σ. A large proportion of the total 207Pb is common due to the small size of the fractions 

(between 0.1-0.2 µg).  The most reliable age was attained from the 238U-206Pb system because 

of the low laboratory blanks and concordant data. The age presented in this study is a weighted-
mean of the 238U-206Pb ages for sample SP-22. U decay constants are from Jaffey et al. (1971) 
and were plotted using Isoplot 4.15 (Ludwig 2011). 
 

 
The northeast-southeast trending SP-22 dyke was dated with one baddeleyite crystals per 
fraction. The baddeleyite grains recovered from SP-22 (Figure 8) are dark brown, thin, and 
ranging between 50-120 μm in the largest dimension. The geochronological results (Figure 9) 
indicate a concordant age with error ellipses overlapping within error and yield a weighted-
mean 238U-206Pb age of 182.29 ± 0.12 Ma (N = 5, MSWD = 0.3). 
  

Figure 8 
Extracted baddeleyite crystal from 
sample SP-22, with the largest 
measuring around 120 μm in the 
largest dimension.  
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3.2. LIPs AGE DISTRIBUTION 
 
The difference in the timeline of magmatic activities between CAMP and Karoo LIP is shown 
in a compilation of geochronological dates from each LIP, presented in Figure 10 (refer to 
Appendix I for raw data).  Majority of CAMP magmatism occurred between ~201-197 Ma, in 

contrast the bulk of Karoo magmatism was between ~183-178 Ma; although both LIP age 
population seems to spread and even overlap. The calculated average mean 238U-206Pb age of 
182.29 Ma for sample SP-22 correlates with the peak of magmatism of the Karoo LIP. 
 

 

3.3. GEOCHEMICAL DATASETS 
 
In order to better constrain the environment of formation for both the Côte d’Ivoire samples 
and compare them with African CAMP and Karoo, the ternary diagram Nb-Zr-Y (Meschede, 
1986; Figure 11) was used (refer to Appendix II for raw data). The diagram illustrates that both 
samples, Mon-1 and SP-22, plot in the field of tholeiitic basalts from within-plate environments 
(WPTB), with similar geochemistry. The compiled dataset for West African CAMP also plotted 

mainly in the WPTB field, with several samples plotting in the plume-influenced region of 
enriched mid-ocean ridge basalt (E-MORB), as well as within the normal mid-ocean ridge 
basalts (N-MORB). The dataset for the Okavango Dyke Swarm of Karoo LIP differ as the data 
lie in a discrete region of the plot, in the field of WPTB, as well as in alkali basalts from within 
plate environments (WPAB).  Therefore, these swarms can be identified by their high field 
strength (HFSE) geochemistry, though the samples from Côte d’Ivoire plot where these two 
populations meet. 

Figure 10 
Age distribution of the compiled dates for both CAMP and Karoo LIP, with distinct magmatism for 
CAMP from 201-197 Ma, and Karoo from 183-178 Ma.   
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The CAMP and Karoo datasets show distinct difference in chondrite-normalise REE patterns 
(Figure 12; refer to Appendix III for raw data). The REE are strongly enriched in the Karoo 
dataset relative to chondritic abundances, with the samples showing large overall enrichment 
of light rare-earth elements (LREE) over heavy rare-earth elements (HREE). Around half of 
Karoo samples have LREE more than 100 times chondrite, and HREE around 25 times 
chondrite. The CAMP dataset show a slight LREE enrichment (majority between 8 – 15 times 
chondrite) and relatively flat patterns of chondrite-normalise rare-element abundances in the 
Karoo tholeiitic basalts. Sample Mon-1 and SP-22 plotted with similar pattern between the 
CAMP and Karoo datasets, with SP-22 slightly more enriched than Mon-1 (~80 vs ~50 times 
chondrite respectively). Both samples also have a near flat patterns, with a low LREE/HREE 
ratio relative to CAMP and Karoo. The Côte d’Ivoire samples also plot between the CAMP and 
Karoo datasets, similar with the ternary plot, making it difficult to associate the samples to 
either LIP.  

Figure 11 
Nb-Zr-Y ternary diagram for the sample Mon-1, SP-22, CAMP dataset, and Karoo dataset.  
 

Note: WPAB, within-plate alkali basalts; P-MORB, enriched mid-ocean ridge basalts from plume-
influenced regions; WPTB, within-plan tholeiitic basalts; N-MORB, normal-type mid-ocean ridge basalts  
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3.4. DYKES AND INTRUSION DATASETS 
 

 
Nearby dyke swarms and related magmatism with similar age to SP-22 (182.29 ± 0.12 Ma) 
were georeferenced and plotted in Figure 13 (refer to Appendix IV for references). This 
includes the Karoo LIP with its sills and radiating dyke swarms; the Dronning Maud Land 
dykes; magmatism stretching across Antarctica and into Australia; and the Transminas dyke 
swarm in southeast Brazil. The Transminas dyke swarm have not been associated with any LIP 
and has been described as a crustal extension that did not lead to any continental break-up 
(Peyve, 2010). The only extensive research on these dykes was conducted by Lima et al. (1984) 
who calculated an age of ~170 Ma using K-Ar geochronology, and Cordeiro and Mara (1994) 
with ages between 194-170 Ma for six samples also using K-Ar.  However, existing data 

indicates a likely age match with the Karoo LIP. 

Figure 13 
Georeferenced magmatic features including dykes (black), sills (white), and magmatism (orange). (1) Côte 
d’Ivoire SP-22 sample; (2) Transminas dyke swarms; (3) Karoo LIP; (4) Ferrar LIP.  
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The relative position of these georeferenced features can be seen in Figure 14 with the 
reconstructed alignments of continents through time. The reconstructed timeframe of 182 Ma 
(Figure 14d) presents a striking pattern where the contemporary aged Côte d’Ivoire samples, 
Transminas dyke swarm, Okavango dyke swarm of Karoo LIP, and magmatism of Ferrar LIP 

indicate a linear belt of synchronous mafic magmatism that cuts completely across Gondwana. 
The distance between Côte d’Ivoire and Australia along the linear trend measures to ~10,400km 
(Figure 7e), with the dyke trend alone measuring ~4,800 km from Côte d’Ivoire to the Triple 
Mwenezi Junction of the Karoo LIP in Zimbabwe.  
 

4.0. DISCUSSION  

4.1. AFFINITY OF THE CÔTE D’IVOIRE SAMPLES  
 
The absence of any geochronological data for sample Mon-1 produces difficulty in interpreting 
the origin of the sample. The close proximity of sample Mon-1 with SP-22 makes it an attractive 
proposal to relate the two samples genetically. However, the different direction of the dyke 
trend for both samples (N-S trend for Mon-1, and NW-SE) suggests otherwise. Previous studies 

of dykes in the West African Craton have shown that dykes can be located a short proximity 
from each other with differing trend and having different ages. This can be observed from the 
updated map of dyke swarms in West Africa by Jessell et al. (2015; Figure 3); For example, 
dyke set A in Morocco, with an ESE trend has been dated to 1747 ± 4 Ma (Youbi et al., 2013), 
while a cross-cutting dyke set B with a SW trend was dated to 885 ± 13 (Kouyaté et al., 2013a). 
The pattern of dyke sets in close proximity to each other with different orientations and age of 
emplacement is repeated across West Africa. If the pattern extends throughout the craton, then 
both sample Mon-1 and SP-22 are of different origin due to their differing orientations. This 
however cannot be confirmed until sample Mon-1 is precisely dated.  
 
When comparing the geochemical properties of both Côte d’Ivoire samples, they have similar 
geochemistry; both plotting in the field of tholeiite basalts from a within-plate setting 
environment (Figure 11) and having high enrichment in the REE relative to chondritic 
abundances with a flat chondrite-normalised pattern (Figure 12). This flatter pattern indicates 
that the source of the two Côte d’Ivoire sample is common to both, and has a more primitive 
composition, and/or underwent a higher degree of partial melting (Hirschmann et al., 1998). 
Despite the have similar geochemistry, the evidence on the different dyke orientations suggest 
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they were emplaced at different times. The near similarities in geochemical patterns could be 
due to the local magma source dictating the geochemical signatures of these dykes rather than 
the events that generated them.  
 

4.2. POTENTIAL EXTENSION TO THE KAROO-FERRAR LIP 

 
The precise U-Pb radio-isotopic age of 182.29 ± 0.12 Ma for sample SP-22 clearly rules out a 
link with the with the CAMP LIP which had been agreed on by many published research to had 
been largely emplaced in a short interval at 200 Ma with the latest activity occurring at around 
190 Ma (Blackburn et al., 2013; Knight et al., 2004; Nomade et al., 2007). The sample can 
instead be associated with the contemporary Karoo-Ferrar LIP. The age distribution of the 
compiled dates for both CAMP and Karoo (Figure 10) presents the clear difference in age for 
each LIP, with CAMP activity concentrated between 201-197 Ma and Karoo between183-178 
Ma. Although majority of these dated age grouping resolve the CAMP-aged magmatism from 
the Karoo-aged magmatism, there seems to be some spread and even overlap between some 
data within the populations. The spread in age between the two LIPs can be associated with 
geochronological dates obtained by less reliable dating methods more than 20 years ago. The 

slight overlap of the single youngest CAMP age with the Karoo-age magmatism in Figure 10 
is a K-Ar date determined from a dyke in Liberia in 1975 by Dalrymple et al. (1975). More 
recent analyses, particularly the use of precise CA-TIMS U-Pb method, indicates a much 
shorter and well-defined period of igneous activity for CAMP around 200 Ma (e.g. Davies et 
al., 2017; Marzoli et al., 2018).  
 
This association between sample SP-22 with the Karoo-Ferrar LIP can be used to define a linear 
belt of synchronous mafic magmatism that cuts completely across the breadth of Gondwana 
(Figure 14d). The locus of magmatism that includes this dyke in Côte d’Ivoire can be traced to 
Mwenezi giant dyke swarm located ~4,800 km away in southern Africa. This would indicate a 
link between dyke swarms previously thought to be independent from each other – the 
Okavango dyke swarm (ODS) of the northwest-southeast trending arm of the Karoo LIP; the 
Transminas dyke swarm in south-eastern Brazil; and the NW-trending dykes of Côte d’Ivoire.  
 
This potential extension of the Karoo LIP into West Africa would make the overall dyke swarm  
twice the length of the 2,100 km-long Mackenzie swarm of the Canadian Shield, considered to 
be the longest dyke swarm on Earth (Hou, 2012; Hou et al., 2010; Lecheminant and Heaman, 

1989). Giant radiating dyke swarms of similar size have been interpreted on Mars (Wilson and 
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Head, 2002) and on Venus (McKenzie et al., 1992), with lateral emplacement said to be an 
important feature in the genesis of many radiating dyke swarms. With indication that the 
geochemistry of rocks are sourced from local melting, hence why nearby dykes have similar 
composition in contrast with those from more distant swarms, then that suggest that the magma 
is not being transported long distance. These localised melting could have caused by 

extensional tectonic forces across the middle of Gondwana, generating melt across ~14,000 km 
linear belt. It is therefore suggested that this is not all a single LIP, rather that sample SP-22 is 
another expression of some pulling-apart of Gondwana that also caused magmatism all along 
the linear belt that includes Karoo.  
 

4.3. INTEGRATED APPROACH 
 
An interdisciplinary approach is a robust tool for studying continental reconstructions (e.g. 
Bleeker, 2004; Buchan et al., 2007) as emphasised by the results of this study. The comparison 
of the geochemical properties of the samples from Côte d’Ivoire with the compiled geochemical 
datasets from nearby CAMP and Karoo LIP (Figure 11 and Figure 12) demonstrates that using 
these geochemical properties alone are not enough to form any robust conclusions. Figure 11 

and Figure 12 indicate that samples Mon-1 and SP-22 plot in between CAMP and Karoo 
datasets, making the two samples’ geochemistry indistinguishable from the two otherwise 
distinct LIP populations. Without the age determination for sample SP-22, there would have 
remained an impasse in assigning this sample to a discrete magmatic event. Likewise, 
information on the different orientations of the dyke samples supports the idea that sample 
Mon-1 and SP-22 are from different events even with similar geochemistry.  
 
An integrated approach is important, and it is also essential to highlight the high-resolution age 
as an efficient guide for this study, leading to the identification of contemporaneous ages 
outside the West African Craton, rather than focus known ages of nearby dykes. This led to the 
collation of dykes in close proximity in relation to age and location of sample SP-22. 
Georeferencing and projecting these dykes (Figure 14) help visualise a linear correlation trend 
between these similarly aged dykes and sample SP-22. Rocks of the same age are not 
necessarily related as they can be simultaneous magmatism occurring independently from each 
other elsewhere in the world, but it is a striking trend that sample SP-22’s dyke trend in the 
same direction as the other dyke of similar age. Previous research on the Karoo LIP suggest 
that plate tectonics played a bigger role in the development of the Karoo LIP rather than a fluid 

dynamic plume sourced from the mantle (Hastie et al., 2014). This plate tectonic explanation 
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can also justify the presence of a ~14,000 km linear belt of contemporaneous magmatism that 
cuts across Africa. This linear belt could be a remnant of an incomplete break-up of Gondwana, 
a divergent plate boundary and an early attempt to open up the Southern Atlantic Ocean.  
 
 

4.4. FURTHER STUDY 
 
This study opens new potential areas of research with respect to both the Karoo LIP and the 
WAC generally.  Further research is needed to confirm the relationship and tectonic setting 
potentially linking the synchronous mafic magmatism which forms a 14,000 km linear belt 
across Gondwana or 1/3 the circumference of Earth. The Transminas dyke swarm in south-
eastern Brazil, for example, was dated over 30 years ago (Peyve, 2010)  using the frequently-
unreliable whole-rock K-Ar method; K-Ar dating has been superseded by Ar-Ar and U-Pb 
dating due largely to the limitations of this method, including the need to measure two different 
samples, relying in no excess argon, and consideration of argon loss which could reset the K-
Ar clock to zero (Kelley, 2002). Use of the ID-TIMS U-Pb methodology will definitively test 
whether this magmatism can be affiliated with the larger system proposed here. Further 

geochronology will also serve to locate possible Karoo extensions in Namibia and Angola 
where dyke data is currently sparse. The southern portion of the WAC, which has historically 
been overlooked in favour of the northern region, will require further research of additional 
dykes of similar orientation to SP-22, to determine the full extent of dyke emplacement as 
indicated by this study.  
 

5.0. CONCLUSION  

 
This study presents a possible extension of the Karoo-Ferrar Large Igneous Province (LIP) in 
West Africa. This study contributes to the existing and growing LIP barcode record database, 
which will help reconstruct and locate the West African Craton in time and space.  
 
Baddeleyite crystals from a NW-SE trending mafic dyke, sample SP-22, in Côte d’Ivoire was 
dated to a precise U-Pb age of 182.29 ± 0.12 Ma which is interpreted to reflect its age of 
crystallisation. This date is contemporaneous with the Karoo-Ferrar LIP which had the bulk of 
its magmatism around 183-178 Ma. This is in contrast to the 201-197 Ma magmatism of the 
Central Atlantic Magmatic Province (CAMP), which has been widely associated with the 
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WAC. Due to lack of baddeleyites and zircon crystals for dating, N-S trending sample Mon-1, 
wasn’t able to be dated in this study. The pattern of dyke sets in close proximity to each other 
with different orientations correlating to differing age of emplacement in the West African 
Craton suggest that both Côte d’Ivoire samples with differing orientation will also be of 
differing age. Their similarities in geochemistry, however, are considered to be due to the local 

magma source dictating the rocks geochemistry rather than specific events.  
 
An integrated approach was used in this study, with the high-resolution geochronology helping 
focus the study towards particular geochemistry and magmatism datasets, which were compiled 
for local CAMP and Karoo LIP. The geochemical analyses were able to differentiate the CAMP 
samples from the Karoo samples, however were inconclusive in confirming the classification 
of the Côte d’Ivoire samples due to both samples plotting in between the two LIP dated age 
groups. The dyke and magmatism datasets provided a better result, with synchronous mafic 
magmatism from Côte d’Ivoire samples, Transminas dyke swarms, and Karoo-Ferrar LIP 
creating a linear belt measuring a distance of ~14,400 km that cuts across Gondwana which is 
1/3 the circumference of Earth. If we accept a Karoo origin, the source of activity that formed 
the dyke in Côte d’Ivoire, stem from triple junction located ~4,800 km away in southern Africa. 
This would be twice the length of the 2,100 km-long Mackenzie dyke swarm of the Canadian 
Shield, which is considered to be the longest dyke swarm on Earth, and that does not even 
consider the Antarctic extensions to the LIP.  
 
This study highlights the importance of acquiring precise geochronological data in order to 
reconstruct palaeogeography. Although the geochemistry datasets and dyke dataset are 

powerful discrimination tools, by themselves are not enough to form robust conclusions. It also 
opens new potential areas of studies and suggests the need to re-examine old results. In 
particular, areas or region where data is currently unavailable or unreliable (e.g. Namibia, 
Angola, and southern portion of the WAC), which would help support the results of this study. 
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APPENDIX I 

 
Compilations of related magmatism of CAMP and Karoo LIPs.  
 

Compilation of CAMP related dates 

Country Sample Name Age (Ma) Method Reference 

Algeria Ksi-Ksou Dyke 198 Ar-Ar (Sebai et al., 1991) 

Algeria 
Hank-Reggane- 
Fersiga Sills & Dykes  

197.9 ± 2.0 - 195.0 
± 1.6 

Ar-Ar (Chabou et al., 2007) 

Guinea 
Kakoulima-Fouta 
Djalon Dyke Swarm  

200.4 ± 0.2 - 194.8 
± 0.5  

Ar-Ar (Deckart et al., 1997; Nomade et al., 2007) 
 

Guinea 
Bafata-Burquelem 
Dyke Swarm  

197 ± 7 - 153 ± 3  K-Ar (Bassot et al., 1986) 

Liberia  Liberia Dyke Swarm  
185.0 ± 4.4 - 187.0 
± 3.4  

Ar-Ar (Dalrymple et al., 1975) 

Mali  
Taoudenni Dyke 
Swarm  

203.7 ± 2.7 - 200.9 
± 2.5  

Ar-Ar (Sebai et al., 1991) 

Mali  
Taoudenni Dyke 
Swarm  

200.0 ± 0.7 - 197.6 
± 0.8  

Ar-Ar (Verati et al., 2005) 

Mali  
Taoudenni Dyke 

Swarm  

199.8 ± 2.6 - 196.6 

± 1.0  
Ar-Ar (Verati et al., 2005) 
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Mali  
Taoudenni Sills 
Drilling ONU  

202.4 ± 1.6 - 198.9 
± 1.2  

Ar-Ar (Verati et al., 2005) 

Mauritania 
Hodh & Akjoujt Dyke 
Swarm  

201 - 172  K-Ar (Dosso, 1975) 

Mauritania Hank Dyke Swarm  
206-147 / 1507-
1429 / 307-223  

K-Ar (Dosso, 1975) 

Morocco  
Anti-Atlas-Ighrem-
Asdrem Dyke  

210 ± 10  - 174 ± 5  K-Ar (Huch, 1988) 

Morocco  
Anti-Atlas-Foum 
Zguid Dyke  

168 ± 5 - 152 ± 5 / 
235 ± 10  

K-Ar (Leblanc, 1973) 

Morocco  
Anti-Atlas-Foum 
Zguid Dyke  

196.9 ± 1.8  Ar-Ar (Sebai et al., 1991) 

Nigeria  
Oban-Obudu Dyke 
Swarm  

219.9 ± 4.7 - 204.0 
± 9.9  

K-Ar (Ekwueme et al., 1997) 

Nigeria  
Oban-Obudu Dyke 
Swarm  

140.5 ± 0.7  Ar-Ar (Ekwueme et al., 1997) 

Sierra Leone  Freetown Complex  194 ± 8 - 165 ± 10  K-Ar (Briden et al., 1971) 

Sierra Leone  Freetown Complex  
196.3 ± 3 - 232.1 ± 
9  

Ar-Ar (Barrie, 2006) 

Spain Messejana Dyke 201.585 ± 0.034 U-Pb (Davies et al., 2017) 

Canada Shelburne Dyke 201.364 ± 0.084 U-Pb (Davies et al., 2017) 

Canada North Mt. Basalt 201.498 ± 0.028 U-Pb (Davies et al., 2017) 
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Morocco Foum Zguid Dyke 201.111 ± 0.071 U-Pb (Davies et al., 2017) 

Mauritania Hodh Sill 201.440 ± 0.031 U-Pb (Davies et al., 2017) 

Guinea Fouta Djalon Sill 201.493 ± 0.051 U-Pb (Davies et al., 2017) 

Guinea Kakoulima Intrusion 201.635 ± 0.029 U-Pb (Davies et al., 2017) 

Brazil Amazonas Sill 201.364 ± 0.023 U-Pb (Davies et al., 2017) 

Brazil Amazonas Sill 201.525 ± 0.065 U-Pb (Davies et al., 2017) 

Bolivia Tarabuco Sill 201.612 ± 0.046 U-Pb (Davies et al., 2017) 

United States 
Newark-Culpeper 
Basin 

201.4 ± 0.9 Ar-Ar (Marzoli et al., 2011) 

Portugal Algrave 197.7 ± 0.6 Ar/Ar (Nomade et al., 2007) 

Morocco 
Oued Ammasine; 
lower 

200.5 ± 1.1 Ar/Ar (Nomade et al., 2007) 

Morocco Oued Lahr; upper 199.8 ± 2.1 Ar/Ar (Nomade et al., 2007) 

Morocco Tiourjdal, lower 200.0 ± 1.1 Ar/Ar (Nomade et al., 2007) 

Morocco Tiourjdal, lower 199.5 ± 1.6 Ar/Ar (Nomade et al., 2007) 

Morocco Tiourjdal, intermediate 200.1 + 2.8 Ar/Ar (Nomade et al., 2007) 

Morocco Tiourjdal, intermediate 199.9 ± 1.6 Ar/Ar (Nomade et al., 2007) 

Morocco Jebel Imizar, lower 199.3 ± 0.7 Ar/Ar (Nomade et al., 2007) 

Morocco Tiourjdal, lower 198.7 ± 1.0 Ar/Ar (Nomade et al., 2007) 

Morocco Oujda, lower 198.0 ± 0.8 Ar/Ar (Nomade et al., 2007) 

Morocco Telouet, intermediate 200.7 ± 1.6 Ar/Ar (Nomade et al., 2007) 

Morocco Tijghuit, recurrent 197.6 ± 2.3 Ar/Ar (Nomade et al., 2007) 
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Morocco Tiourjdal, lower 199.1 ± 0.5 Ar/Ar (Nomade et al., 2007) 

Morocco Tazgaoute, lower 198.6 ± 1.9 Ar/Ar (Nomade et al., 2007) 

Morocco Telouet, recurrent 194.3 ± 2.4 Ar/Ar (Nomade et al., 2007) 

Morocco Jebel Imizar, recurrent 196.6 + 1.1 Ar/Ar (Nomade et al., 2007) 

Morocco Ait Ourir, recurrent 196.1 ± 1.0 Ar/Ar (Nomade et al., 2007) 

Morocco 
Oued Touama, 
recurrent 

195.9 ± 1.3 Ar/Ar (Nomade et al., 2007) 

Morocco Ikouker, lower 198.9 ± 0.7 Ar/Ar (Nomade et al., 2007) 

Morocco Oued Lahr, lower 197.3 ± 0.6 Ar/Ar (Nomade et al., 2007) 

Mali Taoudenni dike (NS) 196.8 ± 1.2 Ar/Ar (Nomade et al., 2007) 

Mali Taoudenni dike (int.) 200.6 ± 2.6 Ar/Ar (Nomade et al., 2007) 

Mali Taoudenni dike (int.) 197.5 ± 1.4 Ar/Ar (Nomade et al., 2007) 

Mali Taoudenni dike (int.) 197.5 ± 2.9 Ar/Ar (Nomade et al., 2007) 

Mali Taoudenni dike (int.) 197.3 ± 1.1 Ar/Ar (Nomade et al., 2007) 

Mali Taoudenni dike (E–W) 199.9 ± 1.0 Ar/Ar (Nomade et al., 2007) 

Mali Taoudenni dike (E–W) 197.4 ± 1.1 Ar/Ar (Nomade et al., 2007) 

Mali Taoudenni sill 198.1 ± 1.2 Ar/Ar (Nomade et al., 2007) 

Mali Taoudenni sill 202.5 ± 1.7 Ar/Ar (Nomade et al., 2007) 

Mali Taoudenni sill 198.6 ± 1.4 Ar/Ar (Nomade et al., 2007) 

Guinea Fouta Djalon sill 194.8 ± 1.0 Ar/Ar (Nomade et al., 2007) 

Guinea Fouta Djalon sill 200.4 ± 0.4 Ar/Ar (Nomade et al., 2007) 

Guinea Fouta Djalon sill 189.4 ± 1.2 Ar/Ar (Nomade et al., 2007) 
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Guinea Kakoulima 193.8 ± 4.4 Ar/Ar (Nomade et al., 2007) 

Guinea Kakoulima 201.4 ± 3.0 Ar/Ar (Nomade et al., 2007) 

Morocco Recurrent 196.7 ± 1.9 Ar/Ar (Nomade et al., 2007) 

Morocco Lower 198.6 ± 1.3 Ar/Ar (Nomade et al., 2007) 

Morocco Lower 199.0 ± 2.0 Ar/Ar (Nomade et al., 2007) 

Brazil Roraima dike 200.3 ± 0.6 Ar/Ar (Nomade et al., 2007) 

Brazil Maranhão lava flow 198.5 ± 0.8 Ar/Ar (Nomade et al., 2007) 

Brazil Ceara lava flow 198.4 ± 1.4 Ar/Ar (Nomade et al., 2007) 

Brazil Anari lava flow 198.0 ± 0.4 Ar/Ar (Nomade et al., 2007) 

Brazil Roraima dike 203.2 ± 1.8 Ar/Ar (Nomade et al., 2007) 

Brazil Cassiporé dike 202.0 ± 2.0 Ar/Ar (Nomade et al., 2007) 

Brazil Maranhão lava flow 190.5 ± 1.6 Ar/Ar (Nomade et al., 2007) 

Brazil Maranhão lava flow 191.1 ± 0.8 Ar/Ar (Nomade et al., 2007) 

French Guyana Cassiporé dike 197.1 ± 0.9 Ar/Ar (Nomade et al., 2007) 

USA SC dike (NW) 198.8 ± 2.2 Ar/Ar (Nomade et al., 2007) 

USA SC dike (NW) 199.5 ± 1.8 Ar/Ar (Nomade et al., 2007) 

USA NC dike (NS) 197.5 ± 1.7 Ar/Ar (Nomade et al., 2007) 

USA NC dike (NE) 198.6 ± 0.4 Ar/Ar (Nomade et al., 2007) 

USA NC dike (NW) 198.9 ± 1.8 Ar/Ar (Nomade et al., 2007) 

USA SC dike (NE) 198.8 ± 2.3 Ar/Ar (Nomade et al., 2007) 

USA NC dike (NS) 199.8 ± 1.6 Ar/Ar (Nomade et al., 2007) 

USA NC dike (NNE–SSW) 195.8 ± 1.6 Ar/Ar (Nomade et al., 2007) 
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USA NC dike (NW) 200.9 ± 1.5 Ar/Ar (Nomade et al., 2007) 

USA NC–SC (NW) 199.5 ± 1.6 Ar/Ar (Nomade et al., 2007) 

USA NCdike (NW) 199.0 ± 2.0 Ar/Ar (Nomade et al., 2007) 

 

Compilation of Karoo LIP related dates 

Country Sample Name Age (Ma) Method Reference 

Botswana bot 16 182.5 ± 3.2 Ar-Ar (Jourdan et al., 2004) 

Botswana bot0089 180.2 ± 5.2 Ar-Ar (Jourdan et al., 2004) 

Botswana bot0078 179.4 ± 3..8 Ar-Ar (Jourdan et al., 2004) 

Botswana bot0040 186.6 ± 2.6 Ar-Ar (Jourdan et al., 2004) 

Botswana bot0048 180.5 ± 2.6 Ar-Ar (Jourdan et al., 2004) 

Botswana bot0080 177.7 ± 3.0 Ar-Ar (Jourdan et al., 2004) 

Botswana bot0051 180.5 ± 3.4 Ar-Ar (Jourdan et al., 2004) 

Botswana bot00100 173.6 ± 8.5 Ar-Ar (Jourdan et al., 2004) 

Botswana bot00109 184.6 ± 3.8 Ar-Ar (Jourdan et al., 2004) 

Botswana bot0081 180.1 ± 4.2 Ar-Ar (Jourdan et al., 2004) 

Botswana bot0041 180.5 ± 1.7 Ar-Ar (Jourdan et al., 2004) 

Botswana bot0061 182.4 ± 3.6 Ar-Ar (Jourdan et al., 2004) 

Botswana bot0050 187.3 ± 5.5 Ar-Ar (Jourdan et al., 2004) 

Botswana bot0059 175.6 ± 10.0 Ar-Ar (Jourdan et al., 2004) 

Botswana bot0090 184.2 ± 11.3 Ar-Ar (Jourdan et al., 2004) 

Botswana bot0043 179.9 ± 0.4 Ar-Ar (Jourdan et al., 2004) 
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Botswana bot0058 178.9 ± 0.4 Ar-Ar (Jourdan et al., 2004) 

Botswana bot0064 181.5 ± 1.0 Ar-Ar (Jourdan et al., 2004) 

Botswana bot0047 181.2 ± 1.4 Ar-Ar (Jourdan et al., 2004) 

Botswana bot0098 179.4 ± 0.4 Ar-Ar (Jourdan et al., 2004) 

Botswana bot00103 179.0 ± 0.5 Ar-Ar (Jourdan et al., 2004) 

Karoo Basin K08-31 182.7 ± 0.9 U-Pb (Svensen et al., 2012) 

Karoo Basin QU1-2 182.7 ± 0.3 U-Pb (Svensen et al., 2012) 

Karoo Basin K08-41 182.5 ± 0.5 U-Pb (Svensen et al., 2012) 

Karoo Basin K08-1  183 ± 0.5 U-Pb (Svensen et al., 2012) 

Karoo Basin K08-48 182.9 ± 0.3 U-Pb (Svensen et al., 2012) 

Karoo Basin K08-47  182.4 ± 0.7 U-Pb (Svensen et al., 2012) 

Karoo Basin SP08-05 183 ± 0.3 U-Pb (Svensen et al., 2012) 

Karoo Basin K08-6 182.5 ± 0.3 U-Pb (Svensen et al., 2012) 

Karoo Basin K08-9 182.8 ± 0.4 U-Pb (Svensen et al., 2012) 

Karoo Basin SP-07-05 182.6 ± 0.3 U-Pb (Svensen et al., 2012) 

Karoo Basin SP-06-05  182.5 ±0.3 U-Pb (Svensen et al., 2012) 

Karoo Basin K08-34  182.9 ± 0.5 U-Pb (Svensen et al., 2012) 

Karoo Basin K08-13  182.8 ± 0.4 U-Pb (Svensen et al., 2012) 

Karoo Basin K08-16  182.3 ± 0.6 U-Pb (Svensen et al., 2012) 

Karoo Basin G39974-596 m 182.5 ± 0.4 U-Pb (Svensen et al., 2012) 

SLDS Bo48 179 ± 4 Ar-Ar (Jourdan et al., 2006) 

SLDS Z53 174 ± 3 Ar-Ar (Jourdan et al., 2006) 
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Souther 
KwaZulu-Natal 

SA.3.1 176.08 Ar-Ar (Riley et al., 2006) 

Souther 
KwaZulu-Natal 

SA.7.1 177.11 Ar-Ar (Riley et al., 2006) 

Souther 
KwaZulu-Natal 

SA.19.1 181.53 Ar-Ar (Riley et al., 2006) 

Souther 
KwaZulu-Natal 

SA.19.1 172.09 Ar-Ar (Riley et al., 2006) 

Lebombo SA27 178.0 ± 1.0 Ar-Ar (Jourdan et al., 2007b) 

Lebombo SA30 178.1 ± 1.1 Ar-Ar (Jourdan et al., 2007b) 

Lebombo SA27 177.8 ± 0.7 Ar-Ar (Jourdan et al., 2007b) 

Rooi Rand SA5 173.9 ± 3.8 Ar-Ar (Jourdan et al., 2007b) 

Rooi Rand SA7 172.1 ± 2.3 Ar-Ar (Jourdan et al., 2007b) 

Rooi Rand SA8 164.7 ± 3.2 Ar-Ar (Jourdan et al., 2007b) 

Rooi Rand SA41 173.9 ± 0.7 Ar-Ar (Jourdan et al., 2007b) 

Mwenezi Z18 177.2 ± 0.8 Ar-Ar (Jourdan et al., 2007b) 

Mwenezi Z121 178.2 ± 1.7 Ar-Ar (Jourdan et al., 2007b) 

Mwenezi Z22 176.8 ± 0.7 Ar-Ar (Jourdan et al., 2007b) 

Mwenezi Z35 177.2 ± 2.4 Ar-Ar (Jourdan et al., 2007b) 

Mwenezi Z47 177.7 ± 0.8 Ar-Ar (Jourdan et al., 2007b) 

Mwenezi Z49 174.4 ± 0.7 Ar-Ar (Jourdan et al., 2007b) 

Mwenezi Z52 175.8 ± 0.7 Ar-Ar (Jourdan et al., 2007b) 
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South Africa: 
Lesotho 

oxb-01 186.5 ± 1.9 Ar-Ar (Duncan et al., 1997) 

South Africa: 
Lesotho 

mlp-172 179.5 ± 2.1 Ar-Ar (Duncan et al., 1997) 

South Africa: 
Lesotho 

bus-18 182.4 ± 1.7 Ar-Ar (Duncan et al., 1997) 

South Africa: 
Lesotho 

rom-01 180.0 ± 2.1 Ar-Ar (Duncan et al., 1997) 

South Africa: 
Lesotho 

  184.4 ± 1.0 Ar-Ar (Duncan et al., 1997) 

South Africa: 
Lesotho 

BMC-04 184.3 ± 1.7 Ar-Ar (Duncan et al., 1997) 

South Africa: 
Lesotho 

NN-01 182.9 ± 2.1 Ar-Ar (Duncan et al., 1997) 

South Africa: 
Lesotho 

KF-10 Omeg 183.9 ± 1.0 Ar-Ar (Duncan et al., 1997) 

South Africa: 
Lesotho 

  183.9 ± 0.7 Ar-Ar (Duncan et al., 1997) 

South Africa: 
Lesotho 

KRB-7 Moshesh 181.0 ± 1.7 Ar-Ar (Duncan et al., 1997) 

South Africa: 
Lesotho 

KR-29 186.5 ± 1.1 Ar-Ar (Duncan et al., 1997) 
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South Africa: 
Lebombo 

KVU-5 Jozini 179.7 ± 0.7 Ar-Ar (Duncan et al., 1997) 

South Africa: 
Lebombo 

KSA-12 Jozini 178.1 ± 0.6 Ar-Ar (Duncan et al., 1997) 

South Africa: 
Lebombo 

RSS-82 Sabie 181.2 ±1.0 Ar-Ar (Duncan et al., 1997) 

South Africa: 
Lebombo 

KOL-2 Sabie 183.2 ± 1.3 Ar-Ar (Duncan et al., 1997) 

South Africa: 
Lebombo 

RSV-35 Sabie 184.2 ± 1.0 Ar-Ar (Duncan et al., 1997) 

South Africa: 
Lebombo 

  184.2 ± 0.6 Ar-Ar (Duncan et al., 1997) 

South Africa: 
Lebombo 

KP-121 Letaba 182.7 ± 0.8 Ar-Ar (Duncan et al., 1997) 

South Africa: 
Lebombo 

KP-92 Mashikiri 182.1 ± 1.6 Ar-Ar (Duncan et al., 1997) 

South Africa: 
Transvaal 

TRA-76 181.4 ± 1.1 Ar-Ar (Duncan et al., 1997) 

South Africa: 
Transvaal 

TRA-84 182.8 ± 1.6 Ar-Ar (Duncan et al., 1997) 

South Africa: 
Transvaal 

TRA-95 180.3 ± 1.8 Ar-Ar (Duncan et al., 1997) 
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Namibia: 
Hardap 

HAR-02 183.0 ± 0.6 Ar-Ar (Duncan et al., 1997) 

Namibia: 
Hardap 

HAR-08 184.2 ± 1.0 Ar-Ar (Duncan et al., 1997) 

Namibia: 
Hardap 

HAR-13 186.0 ± 0.8 Ar-Ar (Duncan et al., 1997) 

Namibia: 
Keetmanshoop 

KEE-05 181.5 ± 0.8  Ar-Ar (Duncan et al., 1997) 

Namibia: 
Keetmanshoop 

KEE-10 184.7 ± 0.7 Ar-Ar (Duncan et al., 1997) 

Namibia: 
Keetmanshoop 

  180.5 ± 0.7 Ar-Ar (Duncan et al., 1997) 
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APPENDIX II 
 
Compilations of the rare earth elements (REE) from CAMP and Karoo LIP, plotted in a REE-spider diagram along with the Côte d'Ivoire 
samples for comparison.  
 
 La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Yb Lu 

Côte d'Ivoire 

Mon 1  7.9  20.4  2.90  13.9  3.95  1.40  4.80  0.80  4.90 0.97  2.59 2.36 0.35 

SP22  13.6  33.7  4.96  23.6  6.55  2.20  7.62  1.22  7.70 1.56  4.31 3.72 0.55 

Karoo 
(Elburg and Goldberg, 2000; Jourdan et al., 2007a) 

Bot02 15.28 36.05 5.30 22.73 6.10 1.87 6.22 0.94 5.41 1.13 3.03 2.72 0.41 

Bot03 25.99 59.61 8.59 34.08 7.95 2.35 7.84 1.06 6.03 1.23 3.21 2.91 0.41 

Bot06 30.45 69.05 9.86 39.68 9.25 2.69 8.63 1.18 6.54 1.34 3.39 2.88 0.38 

Bot07 29.46 68.44 10.02 42.28 10.37 2.93 10.03 1.48 8.16 1.71 4.32 3.79 0.52 

Bot10A 27.21 63.08 9.27 38.88 9.67 2.74 8.97 1.21 6.68 1.35 3.45 2.96 0.42 

Bot16 18.19 40.95 5.96 24.78 6.29 1.87 5.83 0.83 4.58 0.94 2.41 2.24 0.32 

Bot19 17.62 42.59 6.27 26.72 6.70 1.98 6.54 0.96 5.37 1.07 2.87 2.48 0.36 

Bot20 14.71 33.94 5.05 22.08 5.75 1.75 5.95 0.92 5.39 1.14 3.03 2.98 0.43 

Bot0039 22.97 54.56 7.39 29.56 7.25 2.08 6.71 0.98 5.25 1.12 2.89 2.59 0.37 

Bot0040 30.41 71.14 9.58 38.54 8.72 2.40 8.07 1.13 6.07 1.18 3.21 2.78 0.41 

Bot0041 30.08 71.74 10.10 42.83 10.52 2.96 9.68 1.38 7.45 1.49 3.81 3.32 0.45 
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Bot0042 42.77 98.95 13.21 51.59 11.75 3.08 11.14 1.49 7.70 1.60 4.20 3.62 0.51 

Bot0043 44.62 104.66 14.25 56.54 12.83 3.34 11.55 1.60 8.40 1.72 4.34 3.64 0.52 

Bot0044 45.03 107.04 14.21 57.50 12.90 3.39 12.07 1.60 8.44 1.68 4.35 3.85 0.54 

Bot0045 44.95 105.55 14.17 57.32 12.97 3.32 11.73 1.59 8.44 1.64 4.40 3.81 0.53 

Bot0046 31.78 74.15 9.72 39.76 9.03 2.57 8.61 1.22 6.54 1.29 3.46 2.91 0.41 

Bot0047 52.44 121.83 16.25 67.06 14.60 3.79 13.41 1.77 9.35 1.84 4.82 4.17 0.58 

Bot0048 29.59 68.72 9.13 37.54 8.58 2.40 7.89 1.07 5.96 1.14 2.94 2.51 0.38 

Bot0049 90.33 207.07 28.09 110.94 24.38 5.54 21.72 2.86 15.11 2.99 7.94 6.72 0.93 

Bot0050 20.59 51.46 7.23 30.52 7.60 2.26 7.29 1.06 5.97 1.21 3.17 2.80 0.41 

Bot0051 22.33 54.78 7.59 32.32 7.96 2.30 7.60 1.11 6.19 1.25 3.33 2.78 0.40 

ME98B7 10.03 22.21 3.00 13.03 3.11 1.05 3.81 0.62 3.97 0.87 2.30 2.43 0.38 

ME98B9 10.35 24.27 3.56 15.96 4.37 1.44 5.03 0.81 4.98 1.07 2.78 2.63 0.41 

ME98B29 26.46 60.19 8.32 34.07 7.64 2.34 7.52 1.07 6.11 1.22 3.00 2.68 0.40 

CAMP 
(Bensalah et al., 2011; Deckart et al., 2005) 

GUI1 wherlite 3.73 8.3 1.07 4.66 1.11 0.36 1.26 0.2 1.16 0.23 0.68 0.6 0.09 

GUI64 wherlite 1.28 2.83 0.38 1.68 0.42 0.16 0.48 0.08 0.48 0.1 0.29 0.27 0.04 

GUI74 wherlite 3.4 7.61 1.01 4.43 1.06 0.36 1.15 0.17 0.99 0.19 0.54 0.47 0.07 

GUI110 1.26 2.6 0.36 1.55 0.43 0.3 0.55 0.09 0.66 0.14 0.41 0.4 0.06 

GUI76 1.23 2.63 0.41 1.9 0.73 0.43 0.85 0.15 0.99 0.2 0.59 0.61 0.1 

GUI114 1.99 4.26 0.58 2.4 0.6 0.31 0.74 0.13 0.83 0.17 0.48 0.45 0.06 

GUI116 2.46 5.77 0.83 3.81 1.09 0.48 1.3 0.23 1.52 0.31 0.89 0.8 0.12 
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GUI124 1.72 3.79 0.55 2.53 0.84 0.39 1 0.18 1.15 0.25 0.73 0.76 0.11 

GUI117 1.58 3.42 0.48 2.08 0.58 0.34 0.79 0.13 0.9 0.19 0.58 0.52 0.08 

GUI118 1.05 2.22 0.33 1.5 0.46 0.28 0.54 0.1 0.65 0.13 0.4 0.4 0.06 

GUI75a 2.3 3.29 0.66 3.12 1.02 0.53 1.62 0.26 1.62 0.37 1.01 0.7 0.11 

GUI141 2.07 4.58 0.66 2.97 0.88 0.46 1.1 0.19 1.28 0.26 0.77 0.69 0.09 

GUI61 5.43 11.62 1.48 6.13 1.53 0.59 1.84 0.3 1.85 0.38 1.11 1.03 0.15 

GUI26 15.29 32.52 3.92 15.79 3.79 1.17 4.44 0.68 4.13 0.84 2.47 2.29 0.33 

GUI66 7.36 16.22 2.09 8.9 2.35 0.89 2.76 0.46 2.84 0.57 1.66 1.55 0.22 

GUI80 Qz-diorite 26.4 57.29 7.15 28.77 6.59 1.63 7.21 1.12 6.54 1.32 3.81 3.28 0.47 
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APPENDIX III 

 
Compilations of the trace elements Nb, Zr, and Y from CAMP and Karoo LIP, plotted in a 
ternary discrimination diagram along with the Côte d'Ivoire samples for comparison.  
 
 Nb Zr Y 
Côte d'Ivoire 

Mon 1 5.7  109.0  25.4 

SP22 10.1  188.2  40.1 

Karoo  

(Elburg and Goldberg, 2000; Jourdan et al., 2007a; Le 
Gall et al., 2005) 
Bot02 9.40 152.50 30.72 

Bot03 18.77 225.00 32.80 

 Bot06 19.84 244.00 34.98 

Bot07 15.79 286.00 44.83 

Bot10A 17.95 246.00 35.80 

Bot16 12.75 154.50 24.83 

Bot19 11.98 169.50 28.97 

Bot20 8.99 179.50 32.35 

Bot0039 16.07 205.00 29.57 

Bot0040 20.61 261.00 31.66 

Bot0041 18.36 288.00 39.55 

Bot0042 31.51 362.00 41.45 

Bot0043 33.42 397.00 45.07 

Bot0044 34.60 381.70 45.62 

Bot0045 34.00 368.00 44.81 

Bot0046 23.34 249.00 36.28 

Bot0047 36.40 414.00 50.28 

Bot0048 21.18 245.00 30.44 

Bot0049 54.51 324.00 79.91 

Bot0050 12.55 215.00 32.08 

Bot0051 11.71 224.00 32.57 

Bot0053 9.84 163.50 33.40 
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Bot0054 9.32 152.00 32.50 

Bot0055  29.46 215.00 24.72 

Bot 0056 15.86 225.00 30.67 

Bot0057 9.40 168.10 30.40 

Bot0058 41.13 455.00 48.83 

Bot0059 14.58 259.00 38.56 

Bot0060' 20.22 252.00 36.77 

Bot0061 16.79 284.00 37.73 

Bot0062 17.42 233.00 34.46 

Bot0063 13.51 291.00 32.86 

Bot0065 15.44 246.00 29.08 

Bot0066 16.60 253.00 40.53 

Bot0067 36.72 341.00 33.90 

Bot0068 36.00 369.60 41.90 

Bot0072 12.44 221.78 30.91 

Bot0073 13.90 224.50 36.90 

Bot0074 14.58 336.33 41.72 

Bot0075 13.80 268.80 42.40 

Bot0076 13.50 234.40 37.20 

Bot0077 14.40 172.00 27.64 

Bot0078 8.80 169.70 37.60 

Bot0079 20.35 230.00 33.81 

Bot0080 9.95 150.50 29.28 

Bot0081 10.17 167.50 32.46 

Bot0082 17.70 210.00 32.05 

Bot0090 9.04 146.50 28.38 

Bot0091 13.50 295.80 30.66 

Bot 0096 18.06 263.00 39.63 

Bot0097 10.91 208.00 36.85 

Bot0098 17.67 288.00 40.75 

Bot0099 32.22 352.00 39.33 

Bot00100 17.62 288.00 39.72 

Bot00101 34.41 360.00 46.07 

Bot00102 14.37 183.00 29.21 
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Bot00103 16.03 179.50 29.42 

Bot00104 22.80 436.70 48.20 

Bot00105 39.87 382.00 44.18 

Bot00106 17.61 199.50 31.66 

Bot00107 20.60 251.00 37.25 

Bot00108 11.58 176.00 35.78 

Bot00109 10.97 205.00 36.00 

Bot00110 9.67 168.50 31.23 

Bo52 11.40 203.60 38.50 

Bo17 15.40 293.40 46.10 

Bo19 24.40 267.00 37.10 

Bo22 28.40 378.30 44.20 

Bo23 25.41 263.00 37.37 

Bo24 22.91 368.00 38.33 

Bot0022 23.92 393.00 32.47 

Bot0028 25.79 293.00 38.48 

Bot0010 19.74 367.00 49.75 

Z1 15.54 271.19 34.81 

Bot0019 26.81 302.00 35.65 

Bot0020 25.55 338.00 37.53 

Bot0026 26.24 301.00 39.30 

Bo4 15.20 263.00 40.84 

Bo5 31.38 479.00 48.00 

Bo6 31.20 462.00 47.72 

Ckp8 C1-4 6.73 87.50 25.97 

Ckp8A1 9.17 151.00 41.07 

ME98B1 15.70 267.90 43.10 

ME98B2 16.10 274.30 42.10 

ME98B3 15.20 269.80 43.70 

ME98B5 16.10 274.20 44.00 

ME98B6 17.40 302.20 47.00 

ME98B7 6.60 92.30 25.40 

ME98B8 7.40 97.70 25.80 

ME98B9 6.70 121.60 31.80 
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ME98B29 20.20 218.60 34.60 

BOT03 17.00 221.00 31.00 

BOT10A 17.00 249.00 34.00 

BOT19 12.00 185.00 26.00 

BOT20 8.00 151.00 30.00 

BOT0020 23.00 302.00 38.00 

BOT0028 23.00 276.00 36.00 

BOT0055 30.00 236.00 26.00 

BOT0039 15.00 191.00 29.00 

BOT0099 29.00 357.00 36.00 

CAMP 
(Bensalah et al., 2011; Deckart et al., 2005; Verati et 
al., 2005) 

GUI1 wherlite 3 37 6 

GUI64 wherlite 1 17 3 

GUI74 wherlite 3 34 6 

GUI110 0 5 4 

GUI76 0 5 5 

GUI114 1 11 5 

GUI116 1 15 9 

GUI124 1 10 6 

GUI117 1 9 6 

GUI118 0 5 4 

GUI75a 0 8 13 

GUI141 0 10 8 

GUI61 4 38 11 

GUI70A 8 58 16 

GUI18 gabbroic sills 9 63 17 

GUI26 13 81 23 

GUI66 6 50 17 

GUI52 doleritic dykes 8 89 24 

GUI57 9 88 24 

GUI80 Qz-diorite 18 135 39 

Ta1 12.70 182.00 38.00 
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Ta6 9.20 135.00 29.00 

Ta7 9.60 138.00 30.00 

Ta10 9.00 127.00 27.00 

Ta11 8.50 132.00 28.00 

Ta15 5.00 72.00 20.00 

Ta16 4.40 81.00 20.00 

Ta17 10.30 123.00 26.00 

Ta18 11.30 126.00 26.00 

Ta19 4.30 72.00 18.00 

Ta20 6.20 115.00 25.00 

Ta21 7.40 114.00 26.00 

Ta23 9.20 131.00 28.00 

Ta25 7.90 127.00 27.00 

Ta26 5.70 95.00 21.00 

Ta27 10.40 123.00 27.00 

Ta29 10.30 155.00 32.00 

Ta33 11.10 128.00 26.00 

Ta35 7.50 109.00 25.00 

Ta37 9.80 139.00 30.00 

Ta38 7.30 108.00 24.00 

Ta39 3.90 69.00 18.00 

Ta42 8.00 123.00 27.00 

Ta31 10.50 156.00 33.00 

Ta14 9.90 146.00 30.00 

Ta54 7.00 102.00 23.00 

Ta2 14.70 167.00 27.00 

Ta3 14.50 166.00 27.00 

Ta4 17.30 184.00 30.00 

Ta5 14.90 170.00 28.00 

Ta8 18.00 190.00 31.00 

Ta9 13.00 154.00 25.00 

Ta12 14.90 164.00 26.00 

Ta28 12.50 147.00 25.00 

Ta32 19.10 196.00 32.00 
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Ta34 15.70 175.00 28.00 

Ta36 13.50 152.00 25.00 

AN401 11.7 143 24.2 

AN402 11.7 134.8 22.6 

AN403 13.7 162.2 29.2 

AN404 11.9 140.5 24.7 

AN405 12 132.3 25.1 

AN406 10.2 124.2 25.1 

AN407 12.9 152.8 26.6 

AN408 6.9 104.7 22.5 

AN409 7.2 103.6 23.9 

MHW 9-1 8 120 25.5 

MHW 9-2 7.6 116 25 

MHW 9-3 7.8 118 25.2 

MHW 9-5 7.3 110 23.8 

MHW 9-6 7.7 116 24.8 

MHW 9-7 8.1 120 28 
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APPENDIX IV 
 
List of scientific papers used georeferencing magmatic features. 
 

Transminas 
Chaves and Neves (2005) 

 
Karoo-Ferrar 
Elburg and Goldberg (2000) 
Hastie et al. (2014) 
Jourdan et al. (2004) 
(Le Gall et al., 2005) 
(Reeves, 2000) 

 
 


