
HAL Id: insu-03602626
https://insu.hal.science/insu-03602626

Submitted on 9 Mar 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Gondwana break-up controlled by tectonic inheritance
and mantle plume activity: insights from Natal rift

development (South Mozambique, Africa)
Vincent Roche, Sylvie Leroy, Sidonie Révillon, François Guillocheau, Gilles

Ruffet, W. Vétel

To cite this version:
Vincent Roche, Sylvie Leroy, Sidonie Révillon, François Guillocheau, Gilles Ruffet, et al.. Gondwana
break-up controlled by tectonic inheritance and mantle plume activity: insights from Natal rift de-
velopment (South Mozambique, Africa). Terra Nova, 2022, 34 (4), pp.290-304. �10.1111/ter.12590�.
�insu-03602626�

https://insu.hal.science/insu-03602626
https://hal.archives-ouvertes.fr


LEROY Sylvie (Orcid ID: 0000-0002-3188-8802) 
 
 

Gondwana break-up controlled by tectonic inheritance and mantle plume 

activity: insights from Natal rift development (South Mozambique, Africa) 

 

Roche V.1, Leroy S.1, Revillon, S.2, Guillocheau, F.3, Ruffet, G. 3, Vétel, W.4 

 
1 Sorbonne Université, CNRS, Institut des Sciences de la Terre de Paris, ISTeP, Paris, France 
2 Sedisor/LGO-IUEM, Brest, France  
3 Univ Rennes, CNRS, Géosciences Rennes, UMR 6118, 35000 Rennes France 
4 TotalEnergies Exploration et Production, Pau, France  

 

@ vincent.roche@sorbonne-universite.fr 

This article has been accepted for publication and undergone full peer review but has not been
through the copyediting, typesetting, pagination and proofreading process which may lead to
differences between this version and the Version of Record. Please cite this article as doi:
10.1111/ter.12590

This article is protected by copyright. All rights reserved.

http://orcid.org/0000-0002-3188-8802
mailto:vincent.roche@sorbonne-universite.fr
http://dx.doi.org/10.1111/ter.12590
http://dx.doi.org/10.1111/ter.12590
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fter.12590&domain=pdf&date_stamp=2022-03-08


  

KEY POINTS: 

• The Natal magma-rich segment is characterized by seaward dipping reflectors 

corresponding to large volume of basalts 

• Isotope data suggest that basaltic samples from wells were generated through melting 

of similar primitive mantle reservoir 

• Tectonic inheritance favors extension and upwelling from a deep mantle 

thermomechanical anomaly 

• The oceanic seafloor spreading of the Natal oceanic basin should have occurred at ca. 

160 Ma at 30°S  



  

ABSTRACT 

 

The breakup of Eastern Gondwana started during the Early Jurassic with the separation of 

Antarctica and Madagascar from Africa. While margins architecture has been described along 

the Western Somalia Basin and the central Mozambique, the spatial extent of rifting further 

south – i.e. the Natal Valley – remains poorly documented. Seismic reflection profiles 

interpretation, 40Ar/39Ar ages and isotopic data show the existence of a plume related magma-

rich margin – the Natal segment – characterized by a large volume of seaward dipping reflectors 

inferred to be basalts. In particular, the contrast in lithosphere rheology, probably caused by a 

Meso-Neoproterozoic belt between the Kaapval and Grunehogna Archean cratons, favored 

extension and upwelling from a deep mantle thermomechanical anomaly, the so-called Karoo 

superplume that started at around 180 Ma. Further, the presence of stretched continental crust 

at around 30°S implies a more southerly position of Antarctica which will need to be considered 

in future kinematic models. 

  



  

1. INTRODUCTION 

 

The Mozambique oblique magma-rich passive margin (SE offshore Africa, Fig. 1a) related to 

the breakup of Gondwana, is constituted by three distinct segments, (i) the Angoche, (ii) the 

Beira-High, and (iii) the Natal segments (Fig. 1b), separated by major fractures zones (FZ). The 

complexity of this margin is mainly caused by pre-existing structures with contrast trends (e.g., 

NE-SW and N-S, Mahanjane, 2012; Senkans et al., 2019; Roche et al., 2021) and by a long-

lived magmatic activity from ca. 180 Ma to the present (Fig. 2) (e.g., Jourdan et al., 2007a; 

Mueller & Jokat, 2017; Senkans et al., 2019; Watremez et al., 2021). 

It is generally assumed that the Jurassic extension along the Mozambique margins results from 

mantle plume activity (e.g., Cox, 1992; White 1997; Storey & Kyle, 1997; Roche et al., 2021). 

However, based on structural features (Watkeys, 2002; Klausen, 2009; Hastie et al., 2014), and 

geochemical and geochronological data (Jourdan et al., 2006; Jourdan et al., 2007b), a number 

of studies explained the large volumes of extrusive basalts by tectonic crustal thinning. At the 

regional-scale, the basalts formed the large igneous province (LIP) at ca. 180 Ma (Jourdan et 

al., 2007a), dike swarms interpreted as a failed branch of a rift (White & McKenzie, 1989; 

Watkeys, 2002), lava delta (Roche et al., 2021) and sills recognized in seaward dipping 

reflectors (SDRs) (e.g., Watkeys, 2002; Riley et al. 2004; Mueller & Jokat, 2017, 2019; 

Senkans et al., 2019). These events were followed by NW-SE oceanic spreading from ca. 164 

Ma to ca. 156 Ma, depending on the considered segment (Beira High being younger than 

Angoche segment) and the interpretation (e.g., Mahanjane, 2012; Senkans et al., 2019; Mueller 

& Jokat, 2019). Subsequently, a clockwise rotation of the regional stress-field to N-S, related 

to the southward drift of Madagascar and Antarctic plates relative to the African plate (e.g., 

Cox, 1992; König & Jokat, 2006; Leinweber & Jokat, 2012; Bhattacharya & Duval, 2016; 

Klimke et al., 2018; Mueller & Jokat, 2019) formed ENE-WSW oriented magnetic anomalies 



  

and main transform segments (e.g., the Davie FZ - Roche and Ringenbach, 2021 and the 

Mozambique FZ - Limpopo FZ - Roche et al., 2021). Although the Mozambique Basin is 

known to follow this evolution, there is no consensus on plate reconstructions (Eagles & König, 

2008; König & Jokat, 2010; Leinweber & Jokat, 2012; Thompson et al., 2019; Mueller & Jokat, 

2019) which depend mainly on the interpretation of the nature of the crust in different places 

(i.e., oceanic vs. continental) (Fig. 1b). 

The Natal Valley (south Mozambique) is the key segment to address this question (Fig. 1b). It 

is bounded by the Mozambique FZ and the Limpopo FZ (Roche et al., 2021) to the east and by 

the Jurassic Karoo volcanic rocks of the Lebombo Monocline to the west (Fig. 1b). The crust 

in the north of the Natal Valley (Zululand basin, Fig. 1b) has been variously interpreted as 

continental and/or transitional (e.g., Dingle & Scrutton, 1974; Raillard, 1990; Goodlag, 1986; 

Hanyu et al., 2017) or oceanic (e.g., Green, 1972; Tikku et al., 2002; Leinweber & Jokat, 2011). 

Recent P-waves refraction models show a 30 km-thick continental crust with possible magmatic 

underplating below the Zululand basin and a rapid thinning of the crust toward the south (20 

km in 60 km, Moulin et al. 2020; Leprêtre et al., 2021). In addition to structural domains 

characterization, the style of deformation and the influence of magmatism related to the Early 

Jurassic Karoo event described along the Lebombo Monocline have yet to be investigated. 

Offshore seismic reflection profiles combined with 40Ar/39Ar ages and isotopic data from wells 

enable us to discuss for the first time the structural and volcanic character of the Natal segment 

compared with the mantle plume activity. These new elements provide major constraints on 

plate tectonic reconstructions. 

 

2. DATA AND METHODS 

 



  

2.1. Seismic data set and stratigraphy 

 

Our seismic data set consists of different seismic surveys available at TotalEnergies, merged 

with seismic refraction profiles from the PAMELA-MOZ3/5 cruise on the R/V Pourquoi Pas? 

(Moulin et al., 2016a, 2016b; Watremez et al., 2021). In particular, we used the CGG 2D 

seismic survey which contains 42 lines spaced over the Durban and Zululand Basins (see 

Bhattacharya and Duval, 2016) to present a new map of sub-crustal domains. Crustal thickness 

maps from Hanyu et al. (2017) (Fig. 2a) derived from marine gravity data from Sandwell and 

Smith (2009) jointly with magnetic data have also been combined to define the major crustal 

domains, including a magmatic continental domain (thick and thinned), a transitional domain 

made of SDRs and the magmatic oceanic domain (Fig. 2b). 

We present here two simplified cross-sections based on multichannel seismic reflection profiles 

to characterize the margin crustal architecture (see Fig. 2a for location). Seismic profiles 

interpretations were carried out in time-domain. Particular attention has been paid to the thick 

volcanic packages imaged at depth below the acoustic basement defined by various sets of 

reflectors. The base of sediments is picked as a volcanic erosional surface which corresponds 

to the top unit 1 (TU1) and the top volcanics (TU2 to TU4). TU1 may tentatively be attributed 

to the Early Jurassic (Flores, 1984; Raillard, 1990; Salman & Abdula, 1995) whereas others 

have unknown ages. In order to confirm this age, we collected mafic whole-rock fragments 

from the Zululand well and we applied the 40Ar/39Ar method detailed in the Supplementary 

Material. This well is located on the proximal margin in the onshore domain (Fig. 2a). Other 

wells available at TotalEnergies have been used to constrain markers and seismic facies (Fig. 

2a). Interestingly, the northern part of the continental margin (the Mozambique Coastal Plain, 

MCP) recorded a significant tectonic and sedimentary hiatus during the margin evolution from 

the Early Jurassic to Valanginian (e.g., Flores, 1984; Roche et al., 2021). 



  

 

2.2. Isotopic data 

 

We analyzed a subset of 20 mainly basaltic samples from four wells for Sr, Nd and Pb isotopes 

located along the Lebombo Monocline, in the MCP and northeast of the MCP along the Beira 

High segment (Fig. 1b). All samples analyzed are located at the bottom of the wells below 

Valanginian sediments. Fractions were chemically separated following conventional column 

chemistry procedures described in Revillon et al. (2011) and Gale (1996). Sr and Pb isotope 

compositions were measured in static mode on a Thermo TRITON and a Neptune Multi-

collector Inductively Coupled Plasma Mass Spectrometer at the PSO (Pôle de Spectrométrie 

Océan) in Brest, France. All measured Sr and Nd ratios were normalized to 86Sr/88Sr = 0.1194 

and 146Nd/144Nd = 0.7219 respectively. During the course of analysis, Sr isotope compositions 

of standard solution NBS987 gave 87Sr/86Sr = 0.710267 ± 0.000008 (2σ) (n=7, recommended 

value 0.710250). Pb isotope ratios were corrected for instrumental mass fractionation and 

machine bias by the Tl doping method of White et al. (2000) and SRM981 Pb standard 

bracketing every 3 samples. Pb isotope reproducibility, based on 16 replicate analyses of NIST 

SRM981 is 0.0008 (2 σ) for 206Pb/204Pb and 207Pb/204Pb and 0.0023 (2 σ) for 208Pb/204Pb. 

 

3. RESULTS 

 

3.1. Seismic observations and interpretations 

 

Figure 3 shows a simplified NNW-SSE cross-section based mainly on our seismic observations 

(MZ7 seismic profile). In detail, this section can be subdivided into three distinct structural sub-



  

domains (Fig. 3a). In the proximal domain, the top of unit 1 (TU1) is quasi-horizontal under a 

thin sedimentary cover of 1 s TWTT (2 km) to the north which decreases progressively 

southward (Figs. 3b and 3c). Below, seismic reflectors R1 are observed. They are characterized 

by a set of 10 to 20 km-long bright and coherent reflectors. They have medium amplitudes and 

low to medium frequencies. Interestingly, rocks dated from Zululand (Fig. 4) and from 

Funhalouro (Roche et al., 2021) wells belong to this seismic unit according to our seismic 

interpretation (Fig. 3a). Such a correlation implies a volcanic affinity for R1. This is also 

consistent with the observed seismic pattern showing similar characteristics of large lava flows 

or interstratified volcanoclastics and lava flows (e.g., Planke et al., 2000). This domain 

underwent modest stretching compared to the south. The necking domain is wide and it contains 

various groups of R2 reflectors bounded by TU1, TU2a, and TU2b (Figs. 3c and 3d). Below 

these horizons, reflectors R2 are characterized by bright and coherent reflectors with medium 

amplitudes and medium frequency, onlapping onto basement highs (e.g., Fig. 3d). These groups 

of reflectors are interpreted as magmatic volcanic series dipping toward the southeast. They 

show a remarkable divergent geometrical pattern guided by a series of high-angle normal faults 

(Figs. 3b and 3d). We, therefore, consider them as inner SDRs following the primary definition 

of SDRs (Planke, 1994; Planke et al., 2000). They are limited southwards by an outer magmatic 

high – the Naude Ridge – which is characterized here by a fairly strong top reflection and 

chaotic internal reflection (see the mound in Fig. 3b). To the south of this structural high, a 

thick basin (around 2 s TWTT, Durban Basin in Fig. 3a) covers the relatively flat TU3c. TU3a 

is disturbed by many E-W trending faults witnessing normal to transtensional movement during 

the Cretaceous (Fig. 3d). Here, several sub-units are again recognized (Figs. 3b and 3e), but the 

wedge geometries are not controlled by faults (Fig. 3e). Similar to R2 reflectors, reflections R3 

are strong, continuous, smooth and onlap is often observed (Fig. 3d). They are interpreted as 



  

lava flows corresponding to the outer SDR sequences belonging to the magmatic domain (Fig. 

3e). 

Figure 5 shows a simplified WNW-ESE cross-section based on our seismic observations, and 

the recent observations of Li et al. (2021). The section can be subdivided into four distinct 

domains, from west to east. The first one corresponds to the proximal domain, which is 

characterized by two different groups of reflectors R1 and R0 (Fig. 5b), separated by a major 

unconformity. As previously mentioned, R1 have a volcanic affinity yielding an Early Jurassic 

age (Fig. 4). Below this unit, R0 are characterized by a set of transparent to low amplitude 

reflectors, showing wedge-shaped geometries with probable onlaps onto a westward basement 

high (Fig. 5b). We suggest that U0 is mainly composed of sediments but magmatic addition 

cannot be totally excluded. This seismic package is only observed to the west reaching several 

kilometers of thickness close to the normal fault (Fig. 5b), and cannot be totally excluded in the 

eastern part of the section. TU1 appears to be quasi horizontal in its western part, and it is 

locally cross-cut by Cretaceous faults showing mainly a normal to transtensional component 

(Fig. 5a). The necking domain related to the Natal rifted margin (domain-a) shows similar 

features as the previous cross-section. Below post-rift sediments, various groups of seismic 

reflectors (R2) are identified overlapping progressively westwards (Fig. 5c), parallel to the TU1 

(Fig. 5a). R2 are characterized here by inclined and alternating strong and weak reflectors (Li 

et al., 2021), and correspond to SDRs in our interpretation. The third domain corresponds to a 

secondary long necking domain (90 – 100 km, domain-b in Fig. 5a), which is characterized by 

a strong thinning of the crust. This thinning seems to be accommodated on high angle strike-slip 

faults and strongly intruded by multiple magmatic features (e.g., dikes, sills) (Fig. 5c). The seismic 

pattern here is characterized by westward-dipping reflectors controlled by a major fault and by 

discontinuous dipping reflectors. This unit shows again seismic patterns similar to R2 and R3, 

and may therefore correspond to volcanic layers. But, they are observed within the Limpopo 



  

FZ. Finally, the last domain corresponds to the oceanic domain. It is bounded westward by the 

major escarpment related to faulting (Fig. 5c). 

Our interpretations of seismic data combined with well dating and regional structural analyzes 

allow us to revise the previously proposed limits and we present a new map of sub-crustal 

domains along the Natal Valley with regards to the Mozambique continental margins. 

According to previous geophysical interpretations (Hanyu et al., 2017; Moulin et al., 2020; 

Leprêtre et al., 2021) and the presence of large inner SDRs over a thinned crust, the continental 

domain extending up to 30°S latitude is bounded by the Limpopo FZ to the east and close to 

the northern termination of the Weddell Sea to the west (Fig. 2b). The southern part of the 

necking zone (i.e., the Naude Ridge which corresponds to the distal necking, Fig. 3a) consists 

of outer SDRs implying that the crust below is rich to entirely magmatic. This is consistent with 

P-waves velocities (Moulin et al., 2020; Leprêtre et al., 2021). Interestingly, a piece of 

continental crust extends southwards along the Mozambique Ridge. The presence of continental 

rocks within the DSDP 249 and the intensity of magnetization like the northern Natal Valley 

(Hanyu et al., 2017) tend to support a continental affinity. 

 

3.2. Isotopic interpretation 

 

The radiogenic isotope compositions of our samples undoubtedly confirm that the basalts and 

associated volcanic rocks have erupted in a Continental Flood Basalt (CFB) (Fig. 6). Indeed, 

samples from three wells (Zululand, Funhalouro and Nhachengue) plot very close to the field 

defined by the Siberian CFB. It should also be noticed that Zululand and Funhalouro samples 

are very close to the Rooi Rand Dyke complex composition which is characteristics of the 

Karoo LIP (Jourdan et al., 2007a). In addition, these samples yield an Early Jurassic age (Fig. 

4; see Roche et al. (2021) for the Funhalouro well). Samples from Nhachengue well, although 



  

very close geographically to Funhalouro well, display higher 206Pb/204Pb at an almost constant 

87Sr/86Sr ratio, indicating either melting of a more enriched mantle source such as the EM2 

mantle type or some contamination of magma en route to the surface by upper continental crust 

(Fig. 6). On the other hand, samples from Nhamura well display both higher 207Pb/204Pb and 

87Sr/86Sr at a constant 206Pb/204Pb likely indicating that another source, more likely another 

continental lithospheric mantle or crust, was involved in the generation of the magma. Anyhow, 

whatever process is invoked to explain the formation of these magmas, it appears that volcanics 

from the Lebombo Monocline and the MCP are compositionally different from those from 

Nhamura which is located northeastward. It can therefore be suggested that these two sets of 

samples are affected by a different type of crustal component during their formation. Such an 

idea is also supported by the study of Turunen et al. (2019) showing geochemical similarities 

between picrites located north of Nhamura well and the Karoo flood basalts.  

 

4. DISCUSSION 

 

4.1. Tectonic activity during the break-up of Gondwana 

 

The first set of faults – i.e. the N-S trending – is located along the Mozambique coast and may 

extend onshore with the eastward dipping lava flows reported by Riley et al. (2004) along the 

central part of the Lebombo Monocline. This lava wedge controlled by N-S trending faults is 

dated at ca. 180 Ma (our new argon ages; Jourdan et al., 2007a) and thus corresponds to the 

Karoo LIP. The negative gravity anomaly located in the same area (see Leinweber & Jokat, 

2011) may also constrain the extension of the regional N-S trending half grabens system filled 

by Early Jurassic volcanic rocks. The second set of faults – i.e. the NE-SW trending set – is 



  

also associated with volcanic wedges. These inner magmatic SDRs are likely linked with Early 

Jurassic extension and develop during the thinning of the crust by faulting of the upper brittle 

crust. This is also consistent with the crustal distribution of the magnetization showing both 

normal and reversed polarity periods (Hanyu et al., 2017), implying also a multistage magmatic 

activity through this time. Thus, it is assumed that NE-SW faults become younger toward the 

oceanic domain controlling the crustal thinning which led to the onset of oceanic spreading. 

The third set of faults trends N-S and is related to the Limpopo FZ. Here, the inner SDRs are 

cross-cut by a major sub-vertical strike-slip fault. Finally, several Early Cretaceous faults 

reactivate older structures (e.g., the Jurassic faults), in particular along the Naude Ridge (Fig. 

2b). 

 

4.2. The mantle plume hypothesis 

 

The abundance of magmatism through ongoing extension in the Natal Valley (Fig. 2b) (e.g. 

inner and outer thick-SDRs, magmatic underplating…) implies particular thermal conditions in 

the area. The inferred huge volume of magma cannot be explained by a classic adiabatic melting 

process related to rifting. In addition, all our geochemical results are very consistent with most 

magmas being formed through melting of mantle sources with very primitive compositions as 

other well-documented CFB domains as well as most of the Karoo LIP (Fig. 6) (Turunen et al., 

2019). All elements described before lead us to adhere to a plume hypothesis as suggested by 

some previous studies (e.g., White & McKenzie, 1989; White, 1997; Storey & Kyle, 1997). 

Such a hypothesis is also consistent with previous works (e.g., Larsen, 1990) suggesting that 

much wider SDRs are imaged near hot-spot trails. These latter are also probably caused by the 

thinning of the crust, which favors decompression in the underlying mantle, which in turn, 

increases melt localization and production (White & McKenzie, 1989; Berndt et al., 2001). In 



  

any case, the impingement and influence of a mantle plume that may be responsible for such 

an abrupt continent to oceanic transition (see Fig. 3a) suggests a protracted thermal activity 

ranging from ca. 183 Ma to 165 – 160 Ma that also drove the Natal rifting. Such thermal impact 

on rift localization is consistent with previous numerical studies (e.g. Buck, 2004; Watremez et 

al., 2013).  

 

4.3. Tectonic and lithospheric inheritance: a precursor to the break-up of Gondwana 

 

Watkeys (2002) showed evidences of tectonic activity at least 70 m.y. before the arrival of the 

plume along the Limpopo Belt. Based on the seismic reflection profile along the eastern part of 

the south MCP, Roche et al. (2021) showed also N-S trending faults related to a Permo-Triassic 

event. This suggests that pre-existing structures influence the location of the future plume and 

rift. Further, various studies proposed a correlation between the trend of the faults and the nature 

of the basement (e.g., Watkeys & Sokoutis, 1998; Roche et al., 2021). They showed that Permo-

Triassic and Jurassic faulting in the Archean region (i.e., in the Kaapvaal craton, Fig. 1b) 

displays N-S trending faults whereas faults in the region of Proterozoic basement display ENE-

SWS trends. Following this interpretation, we suggest that Archean crust is mainly located 

along the proximal parts of the Mozambique coast whereas Proterozoic crust can be observed 

in the southern part of Zululand basin and in the Natal Valley (Fig. 1b). This hypothesis is also 

consistent with (i) our isotopic data showing that the compositions of samples from wells 

located next to the Lebombo Monocline and within the MCP (Zululand, Funhalouro and 

Nhachengue) are different from those located eastward such as Nhamura, and (ii) Moulin et al. 

(2020) who point to the resemblance between the MCP and the Kaapval craton through a 

comparison of their seismic data with these data from the Lebombo monocline (e.g., Kwadiba 

et al., 2003). Therefore, the ascending plume-related material is probably channeled by the 



  

presence of contrasting lithosphere age and rheology. Koptev et al. (2016) reported similar 

effects through high-resolution 3D thermo-mechanical numerical models in the Central East 

African Rift. 

 

4.4. Geodynamic implications 

 

We propose a simplified continental breakup model (Fig. 7) with regional implications (Fig. 8), 

the key features of which are summarized in Figure 9. The geodynamic boundary conditions 

are (i) the structural inheritance at lithospheric-scale, (ii) the high and sustained magmatic 

activity during the Early Jurassic (the Karoo LIP at ca. 183 Ma; Jourdan et al., 2007a; Svensen 

et al., 2012) to Middle Jurassic related to a mantle plume impingement below the Natal Valley 

(White & McKenzie, 1989; White, 1997; Storey & Kyle, 1997) and (iii) the migration of 

Antarctica with respect to Africa in two stages. 

Early Jurassic rifting is localized in the Proterozoic domain between the two Archean African 

and Antarctica domains at around 180 Ma (Fig. 7a and T2 stage, Figs. 8b and 9). Preexisting 

basement structures (T1 stage, Fig. 8a and 9) thus likely favor the formation of the N-S and NE-

SW basins filled by volcanic rocks. They both result from an oblique extension that is consistent 

with a NW-SE opening during several Myr (Figs. 7b and 7c). Although our observations do not 

allow us to estimate the age of oceanic spreading onset, the simplest interpretation is probably 

at around 160 Ma (Fig. 7d) as it is the case in the Angoche segment (Senkans et al., 2019). 

Indeed, both areas not only display the same geometry but also belong to the same geodynamic 

system. The presence of SDRs reveals that the formation of this magmatic crust may be rapid 

at the rift scale (few Myr, Sapin et al., 2021). In our interpretation, the continental rocks from 

the DSDP 249 may be a Precambrian continental fragment (similar to the Limpopia fragment, 

Reeves et al., 2016) that remained part of Antarctica (Fig. 8). Transfer faults zone along the 



  

western side of the Dana and Galathea plateaus thus may have formed at ca. 160 Ma, whereas 

the eastern side was affected by the transform movement at ca. 156 Ma. Here, volcanic wedges 

related to the Limpopo transform fault activity may be locally preserved. 

After 156 Ma (T3 stage, Figs. 8c and 9), the Jurassic NE-SW trending basins were locally 

reactivated through a strike-slip faults system during the Cretaceous that was probably related 

to the right-lateral movement of the Agulhas FZ. This faulting was coeval to subsidence that 

started in the Early Cretaceous in the entire region (Baby et al., 2018), and might have been 

related to the decreasing influence of the mantle plume. The southern part of the Zululand basin, 

and especially the southern part of the Mozambique F.Z. then records an intense volcanic 

activity (Gohl et al., 2011; Fischer et al., 2016; Jacques et al., 2019). Although a 

correspondence with the Madagascar Province at 90 Ma cannot be totally excluded (e.g., Storey 

et al., 1995; Bardintzeff et al., 2010), this LIP must have formed rapidly at around 130 Ma 

(Fischer et al., 2016) as the Agulhas Plateau (Gohl et al., 2011; Fischer et al., 2016). Such 

activity may be also related to the opening of the Weddell Sea. 
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FIGURE CAPTIONS 

 

 

Figure 1: Location maps. (a) Red box in the top right corner shows the location of Fig. 1b. (b) 

Location map of the Mozambique-Natal area showing the main structures as the fracture zones 

and shear zones, and the distribution of Karoo Large Igneous Province (LIP) modified from 

Roche et al. (2021). Note that the Zululand and Durban basins are subdivided by the NE-SW 

trending Naude Ridge. F = Funhalouro, FZ = Fracture Zone, N = Nhachengue, Nh = Nhamura, 

M = Monocline, S = segment, Z = Zululand. 



  

 

 



  

Figure 2: Overview of the study area. (a) Map modified from Hanyu et al. (2017) showing 

estimated crustal thicknesses in km based on gravity data. Well locations and the general cross-

sections are indicated. Even though these values are smaller than the recently reported crustal 

thicknesses which were obtained by the wide-angle seismic method (Moulin et al., 2020; 

Leprêtre et al., 2021), the lower values in the Durban basin (10 km) fit well with our interpreted 

oceanic domain in Fig. 2b. Note that such a difference in the continental domain between the 

two methods may be explained by an underestimation of the basement density values in the 

gravity inversion method. The abbreviations are indicated in the previous figure. (b) Map 

showing simplified offshore crustal domains of the Natal area based on seismic observations, 

including previous observations from Roche et al. (2021) for the Limpopo transform segment. 

Small dots indicate magnetic anomalies identified by Goodlad et al. (1982) and Mueller and 

Jokat (2019). AFZ = Agulhas Fracture Zone; LIP = Large Igneous Province, LFZ = Limpopo 

Fracture Zone, MFZ = Mozambique Fracture Zone, SDRs = Seaward Dipping Reflectors, W = 

Weddell. 

 



  

 

Figure 3: (a) Simplified interpretation of the combined MZ7 seismic profile and velocity model 

modified from Leprêtre et al. (2021). Note that oceanic crustal thickness in the southwards 

termination of the profile reaches approximatively 9 km and is thicker than normal oceanic 

crust suggesting that crust here is highly magmatic. Three domains are recognized: (i) the 

Proximal domain is mainly preserved onshore and it underwent modest stretching; (ii) the 

Necking domain corresponds to the onset of crustal thinning and inner SDRs to the limit of the 

continental crust; it is characterized by a proximal necking with a large basin of inner SDRs 

packages and a distal short necking (~ 60 km) that shows a radical thinning and outer SDRs; (iii) 

the Magmatic domain (M. d.) forms distal necking accommodated by magmatic additions 

(outer SDRs). Note that the horizon ca. 180 Myr is constrained by several wells (see main text). 

(b) Raw and interpreted Profile MZ7, modified from Leprêtre et al. (2021), corresponding to 

the previous cross-section. (c) Zoom showing relationships between TU1 and TU2a and R1 and 

R2. (d) Various set of inner SDRs (R3) controlled by NE-SW trending faults. These volcanic 



  

sequences may be separated by nearly continuous reflectors tentatively labeled TU2a and 

TU2b. (e) Insert showing the most distal domain which is characterized by thick outer SDR 

packages (R3) thinning toward a classic oceanic crust. The data are courtesy of Pamela-

MOZ03. D.B. = Durban Basin, Neoc. = Neocomian, TU = Top Unit, R = Reflectors. 

 

 

Figure 4: 40Ar/39Ar age spectra and inverse isochron (36Ar/40Ar vs. 39Ar/40Ar) diagrams of two 

mafic whole rock. Rock fragments collected from the Zulu-1-2150 cuttings and the Zulu-1-133 

plug, both from the Zululand drill core. The isochrone calculations provide reliable parameters 

((40Ar/36Ar)i and MSWD) that allow the validation of isochrones ages, concordant with each 



  

other and with the above-mentioned pseudo-plateau ages. Sample locations are indicated in Fig. 

2a and detailed results are present in Supplementary Material (see Tables 1, 2 and 3). Apparent 

age error bars are at the 1σ level; errors in the J-parameter are not included. Pseudo-plateau and 

pseudo-isochron ages are given with 1σ uncertainties and include errors in the J-parameter. 

 

 

Figure 5: (a) Simplified interpretation based on several seismic profiles. Velocity model and 

Moho are from the MZ1 seismic profile from Moulin et al. (2020). This section is oblique to 

the previous one and cross-cuts the previous domains. The proximal domain is characterized 

by a thick pre-rift wedge made of a Permo-Triassic sedimentary trough and early syn-rift 

magmatic features related to the Karoo LIP (according to our new Argon ages). The first 

necking domain (Necking domain-a) corresponds to the thinning of the crust related to the rifted 

segment whereas the second one (Necking domain-b) is associated with the LFZ. This second 

necking shows a strong thinning of the continental crust and it is bounded by two major vertical 

strike-slip faults. In-between several intermediate faults may be observed controlling both 

seaward and landward dipping reflectors (see also Li et al., 2021). The most distal domain 

corresponds to the oceanic crust. (b) Zoom of MZ1 seismic line showing the different groups 



  

of reflectors, probably ranging from Permo-Triassic (R0) to Early Jurassic in age (R1 and R2). 

The data are courtesy of Pamela and more information can be found in Leprêtre et al. (2018). 

(c) Line drawing of MZ1 seismic line modified from Li et al. (2021) showing the main features 

across the eastern Natal margin. The necking domain-a show the inner SDRs (R2), 

characterized by several onlap and pinch out on deeper reflections. In the first kilometers, the 

necking domain-b shows discontinuous deep reflections attesting the existence of several minor 

vertical to sub-vertical faults. Reflectors located at the end of this domain have a wedge-shaped 

geometry and are interpreted as lava flows (R4). They are controlled by a fault implying 

magmatic infilling during the fault activity. D = Domain, M.B. = Mozambique Basin, TU = 

Top Unit, R = Reflectors, V = Volcano. 

 



  

 

Figure 6: Initial 206Pb/204Pb versus initial 87Sr/86Sr and 207Pb/204Pb of basaltic samples and 

related volcanic rocks from Zululand, Funhalouro, Nhachengue and Nhamura wells as well as 

other Continental Flood Basalt (CFB) related fields and South West Indian Ridge (SWIR) 

samples. Detailed results are present in Supplementary Material (see Table 4). Initial isotope 

compositions were calculated at 180 Ma. Arrows represent assimilation-fractional 

crystallization (AFC) process involving Archean Crust, Upper Crust and Lower Crust as 

defined in Heinonen et al. (2010). Figure with source of data modified from Heinonen et al. 



  

(2010). DM = depleted mantle; EM = enriched mantle components; SCLM = subcontinental 

lithospheric mantle. 

 

 

Figure 7: Conceptual model illustrating the tectonic evolution of the area consistent with data 

in a magma-rich setting. (a) Diffuse large-scale mantle temperature anomaly lead to vertical 



  

melt transport with surface expression (LIP) and underplating across a broad region. (b) Mantle 

plume started to localize below the Natal valley, in-between both cratonic lithospheres. 

Extensive structures as high-angle normal faults may then be formed whereas volcanic activity 

is ongoing. The total extension is around 150 km compared to the previous cartoon. (c) Strong 

vertical thermal gradient related to the upwelling asthenosphere that induces several magmatic 

chambers within upper structural levels. The cumulated extension is around 200 km. (d) High 

thermal anomaly from focused mantle plume activity, weaks the crust, localizing and favoring 

initial burst of oceanic crust with a high degree of melting. (e) The extension has ceased in the 

South Natal area and seafloor oceanic spreading onset at chron M33.  

 



  

 

Figure 8: Simplified 3D geodynamic evolution of the southern Gondwana. (a) The Permo-

Triassic period is characterized by localized rifts. (b) The beginning of the Karoo mantle plume 

and its tectonic interactions before and during the onset of oceanic spreading along the Angoche 

and Natal segments. Note also that mantle plume started to localize below the Zululand basin, 



  

in-between the two cratonic lithospheres - i.e. in the Meso-Neoproterozoic domains showing a 

relevant structural inheritance. (c) Seafloor spreading is ongoing in the whole Mozambique 

area. The age of 156 Ma age corresponds to the onset of the Limpopo transform margin. The 

future plate triple junction leads to the dislocation of a part of Gondwana at around 130 Ma 

triggering the formation of the Weddell Sea and the Atlantic Ocean. The proposed Antarctica 

position is based on the craton location (see Fig. 8a), but the plate evolution of Antarctica 

through time is not shown. Abbreviations are indicated in previous Figs. 1 and 2. 

 

 



  

Figure 9: Simplified geodynamic chart modified from Roche et al. (2021). The violet color 

represents the magmatic systems. The red color represents a rifting period. Rift2a is an 

orthogonal rifting. Rift2b is oblique to hyper-oblique rifting. Note that Permo-Triassic aborted 

rifts existing along the south Mozambican coast may be present in the Natal area. The blue 

color represents the ocean marked by the onset of oceanic spreading. Uplifts and unconformity 

are fully described in Ponte et al. (2018; 2019) and Baby et al. (2018) and briefly in this study. 

Abbreviations are indicated in previous Figs. 1 and 2. M = Movene. 
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