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Abstract

The southern South Atlantic has often been considered a classic example of continental

break-up in the presence of a starting mantle plume. Evidence for a mantle plume includes

the Paranà-Etendeka continental flood basalts, which are associated with the Rio Grande Rise

and Walvis Ridge, and the wide-spread presence of seaward dipping reflectors and high-velocity

lower-crustal bodies along the conjugate margins. Observations from seaward dipping reflector

distributions suggested that lithospheric segmentation played a major role in the pattern of

volcanism during break-up in this region, and consequent numerical modelling was used to test

this. We tested this hypothesis ourselves by measuring the thickness of the earliest oceanic crust

generated. This was done through the use of 37 measurements of initial oceanic crustal thickness

from wide-angle and multichannel seismic profiles collected along the conjugate margins. These

measurements show that at 450 km south of the Paranà-Etendeka flood basalts the oceanic crust

is thicker than the global average at 11.7 km. Farther south the oceanic crust thins, reaching

6.1 km at a distance of 2300 km along-strike. Overall, the along-strike trend of oceanic crustal

thickness is linear with a regression coefficient of 0.7 and little indication of segmentation. From

numerical models representing extension of the lithosphere, we find that observed melt volumes

are matched with the presence of a hot layer. If we assume this region of hot mantle has a

thickness of 100 km, its excess temperature relative to the asthenosphere has to decrease from 200

to 50 ◦C, north to south. This decrease in temperature, also seen in published thermobarometry

results, suggests that temperature was the primary control of volcanism during the opening of

the southern South Atlantic.
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2D viscous modelling

1. Introduction1

Rifting and magmatism are fundamental geological processes that shape the surface of our2

planet. A relationship between the two is acknowledged, but its precise nature is still not3

fully understood. White and McKenzie (1989) were among the first to observe a variability4

in the volume of volcanism during continental break-up world-wide. From a simple 1-D model5

of lithosphere extension, they concluded that initial lithosphere thickness had little influence6

on this variability. As a result, mantle temperature was considered as the most influential7

control on volcanism and the source of increased temperature was suggested to be mantle plumes8

(White and McKenzie, 1989; White and McKenzie, 1995; Storey, 1995). According to this9

model, a starting mantle plume impinges the rheological barrier of the lithosphere-asthenosphere10

boundary, causing its head to flatten and spread into a disk with a diameter of 2000-2500 km11

(Griffiths and Campbell, 1990, 1991). It is assumed that the highest temperatures are found at12

the plume axis, with the hot conduit of material supplying this central area, and a reduction13

in temperature towards the fringes of the plume head (Campbell, 2007). In the North Atlantic,14

the spread of the mantle plume head is represented by the volcanic passive margins, seen north15

and south of the Greenland-Iceland-Faeroe aseismic ridges (White and McKenzie, 1989), with16

a systematic reduction in volcanism along-strike (Holbrook et al., 2001; Collier et al., 2009).17

Later workers proposed more complicated shapes than the classic “mushroom head” geometry18

(Houseman, 1990), and that sublithospheric bathymetry, forming an ‘upside-down drainage19

pattern’, can have a profound effect on the lateral flow of plume material (Sleep, 1996, 2006).20

The validity of temperature as the main control over the degree of volcanism has been21

questioned by many authors. This work suggests that volcanism during break-up can be strongly22

influenced by other factors. Previous rift history, initial lithosphere thickness, and possibly even23

sedimentation, can alter the melting characteristics during margin formation (e.g. Hopper et al.,24

1992; Lizarralde et al., 2007; Bialas and Buck, 2009; Minshull et al., 2008; Armitage et al.,25

2010; Buiter and Torsvik, 2014; Fromm et al., 2015). Two contrasting examples are found26

in the North Atlantic and north-west Indian Ocean pertaining to previous rift history and27

initial lithosphere thickness. In the North Atlantic, extension before rifting caused a focused28
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upwelling, enhancing melt generation. If this previous extension had not occurred, the thermal29

anomaly would have been held beneath a 125 km thick lithosphere and not produced ocean30

crust 17 km thick (Armitage et al., 2010). In opposition to this, in the Indian Ocean, a previous31

extension event had the opposite effect, causing the mantle thermal anomaly to exhaust with32

reduced melt generation represented by ocean crust only 5.2 km thick (Armitage et al., 2010).33

As an alternative to the “mantle plume-volcanic margin” association, lithospheric structure can34

therefore be considered a major factor.35

In the South Atlantic, the association between mantle plumes and volcanic margins has36

also been challenged. Unlike in the North Atlantic, no systematic increase towards the start-37

ing plume was observed within the extent and volumes of seaward dipping reflectors (SDRs)38

(Franke et al., 2007). Instead it was suggested that the lithospheric segment boundaries act as39

rift-propagation barriers to convecting asthenospheric mantle material, resulting in enhancing40

and focusing volcanic activity south of these zones (Koopmann et al., 2014a). The increased41

melting resulted in increased SDR thicknesses and volumes (Franke et al., 2007; Koopmann42

et al., 2014a,b, Fig. S1). In numerical models, a lateral pressure gradient between sequentially43

opening segments causes a rift-parallel flow, with consequent elevation in temperature at seg-44

ment boundaries. The modelling results show increased decompression melting relative to the45

interior of the segments (Koopmann et al., 2014a). Thus, segmentation is suggested to be an46

influential control of volcanism in this region.47

Here we investigate the primary cause of along-strike variation of volcanism in the South48

Atlantic by compiling measurements of initial oceanic crustal thickness and testing the influence49

of temperature and segmentation. Initial oceanic crust provides an independent test of melt50

volumes previously inferred from syn-rift magmatism, consisting of SDRs and high-velocity51

lower-crustal intrusions (underplating). The ocean crust thickness represents a ‘snapshot’ of52

the asthenosphere conditions immediately post break-up, and can hence be used as a proxy for53

temperature. To test the primary cause of along-strike variation, we first map the thickness of54

early onset oceanic crust, and then match these observations to numerical model predictions of55

volcanism to explore the controls on magmatism within this region.56
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2. Geological Setting57

The break-up of West Gondwana during the Cretaceous to form the South Atlantic (Fig. 1)58

is commonly associated with the arrival of the Tristan Plume (White and McKenzie, 1989;59

O’Connor and Duncan, 1990; Renne et al., 1992; Campbell, 2007). The region is often regarded60

as a classic example of the association between continental break-up with onshore flood basalt61

provinces, volcanic aseismic ridges and an active volcanic island. The modern-day volcanic island62

of Tristan da Cunha is spatially and temporally linked via the Rio Grande Rise and Walvis63

Ridge to the Paranà-Etendeka traps in Brazil and Namibia respectively (Fig. 1a and 2a). The64

continental margins also display voluminous SDRs and high-velocity lower-continental crustal65

bodies (Hinz, 1981; Hinz et al., 1988; Gladczenko et al., 1998; Bauer et al., 2000; Franke et al.,66

2007; Schnabel et al., 2008; Hirsch et al., 2009; Becker et al., 2014).67

There are however several departures from the classic starting plume model. Among them68

is the asymmetry between the Rio Grande Rise and Walvis Ridge, which has been explained69

by plume drift from the mid-ocean ridge to the African plate around 80 Ma (e.g. O’Connor and70

Duncan, 1990). This stopped the ‘feed’ to the Rio Grande Rise, causing the aseismic ridge to71

terminate production on the South American plate (White and McKenzie, 1989; O’Connor and72

Duncan, 1990). The Walvis Ridge continued to form, and is traced to the volcano still active73

today on the Tristan da Cunha island (White and McKenzie, 1989; O’Connor and Duncan,74

1990; O’Connor et al., 2012). An additional observed asymmetry is between the volumes of75

continental flood basalts, where the Paraná traps are significantly larger than the Etendeka76

traps, with areas of 1.5 million km 2 (Courtillot et al., 1999; Peate, 1997) and 80,000 km 2 (Erlank77

et al., 1984) respectively. It has been suggested that the disparity between the Paraná-Etendeka78

traps could be the result of the topographical profile of the base of the lithosphere, causing an79

asymmetry in ponded plume material (Fromm et al., 2015; Sleep, 2006). The margin likewise80

has an asymmetric distribution in volcanism from north to south. South of the Rio Grande81

Rise and Walvis Ridge, the conjugate margins are volcanic with an abundance of SDRs. North82

of the Ridges, the conjugate margins are magma-poor and lack SDRs (Contrucci et al., 2004;83

Aslanian et al., 2009; Reston, 2010). This does not fit with the classic plume model, where the84

plume head would flatten with an axisymmetric geometry, and the presence of volcanism would85

be expected both north and south of the Rio Grande Rise and Walvis Ridge.86
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The duration of the continental flood basalts is debated. From 39Ar/40Ar dating and pale-87

omagnetic results, Renne et al. (1992) concluded that the eruption of the Paranà occurred at88

133±1 Ma in a time frame of less than a million years, in agreement with Bellieni et al. (1983)89

and Hawkesworth et al. (1992). However, it is believed these previous samples did not represent90

the province as a whole (Peate et al., 1992). Turner et al. (1994) showed by using laser spot91

Ar-Ar analyses evidence of the eruption lasting for ∼10Myr, between 137Ma and 127Ma (Turner92

et al., 1994; Stewart et al., 1996). From recent magnetostratigraphy studies for the Etendeka93

portion of the large igneous province, the Tristan Plume is suggested to be already present by94

at least magnetic isochron M15n (Dodd et al., 2015), dated 135.96 Ma by Gee and Kent (2007).95

The South Atlantic opened in a south to north unzipping fashion, with break-up happening96

in stages. Moulin et al. (2010) summarised the break-up by sub-plate, with five in our study area,97

the São Francisco, Santos, Rio de la Plata, Argentina, and Salado blocks, where the movement98

is fixed relative to the African plate. The sub-plates movements are timed according to sea99

floor magnetic isochrons M7, M4, M2 and M0 (127.23 Ma, 126.57 Ma, 124.05 Ma and 120.6 Ma100

respectively, locations in Fig. 2). Towards the south of our study area, there is evidence the101

Salado and Argentina sub-plates had started to move westward relative to the African plate102

prior to magnetic isochron M7. Between M7 and M4, the Rio de la Plata sub-plate moved103

westward, allowing the opening of the northern part of our study area. Following M2, the Rio104

de la Plata, Salado and Argentina sub-plates moved as one, and movement of the Santos plate105

also commenced. North of the Rio Grande Fracture Zone the timing of the Atlantic initiation is106

less well constrained as it occurred within the Cretaceous Magnetic Quiet Zone (CMQZ), ∼121-107

83Ma (Gee and Kent, 2007). Compared to the ages of the Paranà-Etendeka continental flood108

basalts, the timing of the first magnetic isochrons (M4 and M7) recognised on the conjugate109

margins in the south of our study area suggests the presence of an elevated mantle temperature110

prior to break-up.111

Like most continental margins, the southern South Atlantic has clear segmentation present112

along-strike. The continents of South America and Africa contain areas of structural weak-113

ness, which are inferred to have influenced continental break-up and initial sea floor spreading114

(Rosendahl, 1987; Clemson et al., 1997, 1999; Jungslager, 1999; Franke et al., 2007). Franke115

et al. (2007) and Koopmann et al. (2014b) presented four major transfer zones in the South116

American and African margins respectively, linked to the Proterozoic mobile fold belts found117
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on adjacent continents. Seen from observations of increasing volumes of SDRs towards segment118

boundaries (Fig. S1), they proposed that increased magmatism towards these zones is due to119

increased decompression melting. Franke et al. (2007) and Koopmann et al. (2014b) both sug-120

gested that segmentation has a high influence on magmatism in the South Atlantic region, seeing121

no systematic increase in SDR volumes towards the Rio Grande Rise and Walvis Ridge.122
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3. Methodology123

3.1. Tectonic framework: along-strike variability124

We analysed the spatial variation of the thickness of initial oceanic crust for our study125

area. In order to compare the data from conjugate margins, we assessed the current plate126

reconstruction models. We investigated in detail the models of Torsvik et al. (2009), Moulin127

et al. (2010) and Heine et al. (2013). Using the GPlates software package, we combined these128

reconstructions with the most-recent satellite gravity and magnetic data sets (Sandwell et al.,129

2013; Maus et al., 2007). From the reconstructed gravity and magnetic data, we concluded that130

within our study area the magnetic isochrons correlated best with the Moulin et al. (2010) plate131

reconstruction (Fig. 1). Using this framework, we then measured distance along-strike relative132

to the reconstructed locations for the Rio Grande Rise and Walvis Ridge respectively (shown133

by the two ‘+’ symbols in Fig. 1).134

To map the lithospheric segment boundaries, we started with those identified by Franke et al.135

(2007) on the South American margin and Koopmann et al. (2014b) on the African margin, both136

largely defined by continental structural variations (Fig. S1). We then independently picked the137

locations of the major fracture zones from the satellite gravity and magnetic data sets (Sandwell138

et al., 2013; Maus et al., 2009) and tested for conjugate symmetry using GPlates, making small139

refinements to the boundary locations. Within our study area, the Moulin et al. (2010) model140

has five sub-plates forming part of the South American continent (São Francisco, Santos, Rio de141

la Plata, Argentina, and Salado blocks, Fig. 2), with a single sub-plate forming part of Africa142

(Austral block). The sub-plate boundaries on the South American margins are used to define143

our ‘first-order segments’, numbered 1 - 4. These sub-plates boundaries also coincide with major144

fracture zones (defined as having a minimum offset of 50 km at the modern ridge axis), craton145

locations (Gubanov and Mooney, 2009), and other onshore zones of weakness (Moulin et al.,146

2010; Heine et al., 2013). In addition, we recognised ‘second-order segments’ that show clear147

fracture zone traces on conjugate sides, numbered alphabetically (e.g. Segments 3b & 3a).148
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3.2. Initial Oceanic Crustal Thickness149

To explore the thermal structure of our study area immediately post break-up, the thickness150

of the first oceanic crust generated was used as a proxy for melt production. To measure151

this thickness, we compiled wide-angle and multichannel seismic reflection (MCS) profile data152

within our study area. In total we sourced 37 profiles, consisting of 7 wide-angle profiles and153

30 MCS profiles. The wide-angle profiles are distributed across both the conjugate margins and154

along-strike, with 4 on the African side (AF1 - 4) and 3 on the South American side (SA1 - 3;155

Bauer et al., 2000; Schinkel, 2006; Hirsch et al., 2009; Becker et al., 2014; Schnabel et al., 2008;156

see Table 1). The MCS data was limited to the South American margin, as we required that157

these seismic lines imaged both the top basement and the Moho. We used ten MCS published158

sections from Hinz et al. (1999) and Franke et al. (2007, 2010) (Fig. 4). Six additional MCS159

profiles (Fig. 4 and S7) were from Winterbourne et al. (2014), which originate from a mixture160

of unpublished seismic industry data and published seismic data. Finally, we used fourteen161

lines of unpublished, industry, high quality seismic reflection survey lines from the BasinSPAN162

acquisition project of ION Geophysical.163

In order to obtain a consistent indication of melt production along-strike, we measured the164

thickness of oceanic crust on each profile using a criterion known as Landward Limit of Oceanic165

Crust (LaLOC). The LaLOC is defined as the ‘boundary which delimits relatively homogeneous166

oceanic crust ocean-ward from either extended continental crust or exhumed continental litho-167

spheric mantle landward or Seaward Dipping Reflectors (SDRs), where an interpretation of the168

Moho and/or the extent of continental crust is not possible’ (Heine et al., 2013).169

A combination of magnetic and seismic characteristics was used to locate the LaLOC. Firstly,170

in our study area, magnetic isochrons M2 and M0 (Fig. 2) are generally recognised as sea floor-171

spreading being underway (Moulin et al., 2010). Secondly, the SDRs, which are relatively well-172

imaged on all lines, are normally located landward of the oldest oceanic crust. On wide-angle173

profiles, high P-wave velocity bodies in the lower crust (underplating), typically with values174

>7.0 km s−1 (Becker et al., 2014; Trumbull et al., 2015), are taken to indicate the presence of175

highly intruded stretched continental or transitional crust. Hence, the LaLOC must be seaward176

of all underplating observed on wide-angle seismic profiles. As an additional check, we extracted177

depth-Vp profiles from the wide-angle models and tested for the presence of oceanic, stretched178
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transitional or continental crust. We used the Vp limits from White et al. (1992) to define179

mature oceanic crust. Using this extra criterion, the LaLOC can coincide with overlying SDRs180

when supported by evidence. Finally, we considered the reflectivity character, with true ocean181

crust typically being devoid of internal reflectivity and showing a recognisable ‘bumpy surface’,182

as an indication of the presence of pillow lavas (Fig. S3 - S6).183

An example of our identification of the LaLOC location is given for wide-angle profile AF2 in184

Fig. 3. Underplating for this profile is characterised with a Vp > 7.15 km s−1, and we present 3185

possible LaLOC locations seaward of this velocity body, representing a degree of uncertainty for186

initial oceanic crustal thicknesses (Fig. 3a). They are found near magnetic isochron M4 (Moulin187

et al., 2010), and as this coincides with SDRs, we tested the depth-Vp profiles for the seismic188

velocity boundaries of mature oceanic crust (White et al., 1992). This allowed us to locate the189

initial production point for oceanic crust (Fig. 3b) and verify we are not in transitional crust.190

This process was followed for all of the wide-angle profile (Fig. S2).191

In order to ensure consistency between oceanic crust thickness measurements at the LaLOC192

made from MCS profiles, all measurements were performed on time sections (Fig. 4). These193

were then converted to distance using a mean Vp value for oceanic crust of 6.7 km s−1 (White194

et al., 1992). White et al. (1992) found 90 % of the ocean crust velocity estimates fall within a195

range of 6.4 − 7.0 km s−1, representing a ±0.45 km error for a crustal thickness of 10 km.196

The majority of the available seismic profiles stop soon after the LaLOC as they were collected197

to study the continent-ocean transition. The ION Geophysical lines however extend up to198

∼ 660 km into oceanic crust. This allowed us to measure the age trend of oceanic crustal199

production in the north of our study area (Fig. 2). To map the oceanic crust thickness to200

sea floor age, we used the Gee and Kent (2007) time scale and Moulin et al. (2010) magnetic201

isochrons for our study area. This allowed for distance along the profile to be converted to age,202

and subsequently we averaged the thickness into 1.5 Myr bins.203

3.3. Numerical Modelling204

To better our understanding of our study area’s initial break-up conditions, we use a 2D205

viscous model of the upper mantle to simulate continental break-up. The numerical model,206
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based on CitCom (Moresi et al., 1996), is a finite element code designed to solve incompressible207

thermochemical convection problems relevant to the Earth’s mantle. It is a fluid dynamic208

model capable of handling large viscosity contrasts where Stokes equations are solved in a fixed209

Cartesian domain (Moresi et al., 1996). This model was modified by Nielsen and Hopper (2004)210

to include melt production due to decompression melting. Equations are solved in 2D, using the211

Boussinesq approximation with the understanding that (1) density variations are sufficiently212

small that they only affect gravitational forces and (2) effect on mantle density due to mass213

transfer during melting is small (Cordery and Morgan, 1993). The model is set up with a214

non-Newtonian dislocation creep as described in Appendix A.215

The model space is represented by a domain 2,800 km wide, 700 km deep, with 256x256216

elements (Fig. 5). An increased resolution of 512x512 elements was tested by Nielsen and Hop-217

per (2004), however the differences in predicted crustal thicknesses were in the order of a few218

percent, so the less computationally expensive resolution was used. The initial lithosphere is219

assumed to be melt depleted and therefore compositionally buoyant relative to the astheno-220

sphere. A hot layer is introduced, simulating the presence of an impacted plume head at the221

lithosphere/asthenosphere boundary (Fig. 5). Extension is imposed by a surface velocity bound-222

ary condition at a fixed spreading rate, driving the lithosphere apart laterally (see for example223

Nielsen and Hopper, 2004; Armitage et al., 2010). As the lithosphere extends and thins, material224

moves upwards leading to decompression melting.Crustal thickness (hc) is calculated with the225

assumption that all melt is focused and accreted at the ridge axis using226

hc =
2

uz

(
ρm
ρl

)∫ ∫
melt

ṁ dx dz (1)

where uz is the mantle flow in the vertical direction, ρm is the density of the lithospheric227

mantle, ρl the melt density and ṁ is the melt production rate (Ito et al., 1996; Nielsen and228

Hopper, 2004). Further details of the model can be found in Appendix A. The sides of the229

model domain are reflective boundaries, with no lateral flow of heat or material across them230

(Fig. S9). This is assumed not to affect melt thickness results, as the reflective boundaries231

(example Fig. S9) are considered to be far enough from the centre of extension (Nielsen and232

Hopper, 2004).233
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3.3.1. Understanding model sensitivity234

To understand the sensitivities of the model, we started with a simple simulation with a235

model asthenosphere temperature of 1300 ◦C, spreading velocity of 12 mm yr−1, and an initial236

lithosphere thickness of 125 km. In some of the models, we introduced a 100 km thick hot layer as237

the impacted plume head at the lithosphere/asthenosphere boundary. Three model runs are first238

demonstrated with no hot layer, a 100 ◦C hot layer, and a 200 ◦C hot layer in excess of the model239

asthenosphere temperature (Fig. 6a). Three main stages of melt production can be seen for the240

model as the lithosphere thins and is finally broken (Fig. 6a): pre-rift, syn-rift and post-rift.241

The pre-rift stage is where there is little magmatism and syn-rift is where there is a magmatism242

peak. There is a clear increase in output magmatism as the hot layer temperature increases,243

with ∼3 times as much for the 200 ◦C hot layer relative to no hot layer (Fig. 6a). Following the244

peak magmatism in the syn-rift phase, the post-rift phase represents a shift towards steady-state245

sea floor spreading (Fig. 6a). The first instance of ocean crust will occur along this decreasing246

trend, and can be matched to observations of the seismic data.247

The evolution of the numerical model from pre-rift to post-rift is a function of the hot layer248

temperature (Fig. 6a). The hottest model, with a thermal anomaly 200 ◦C hotter than the model249

asthenosphere temperature, displays peak melt production ∼3 Myr earlier than the equivalent250

model that has a 100 ◦C hot thermal anomaly (Fig. 6a). For model runs without a hot layer251

present, there is no syn-rift peak in magmatism for any of the models. Increasing the model252

asthenosphere temperature reduces the model duration for the pre-rift phase, and increases the253

steady-state oceanic crustal thickness (Fig. 6b). Varying the spreading rate likewise affects the254

duration of pre and syn-rift phases, and ultimately when the post-rift phase is achieved (Fig. 6c).255

Doubling the rate of extension reduces the pre-rift duration by at least half. A faster spreading256

rate creates a larger pulse of decompression melting during the syn-rift phase when a hot layer is257

present, and a slower spreading rate will significantly increase the duration of the pre-rift phase258

(Fig. 6c). This is because a faster rate of extension causes a greater amount of material to be259

fluxed through the zone of partial melting (Fig. S9b and c).260

To explore how the model that includes a thermal anomaly (e.g. Fig. 6a) evolves for a range261

of hot layer temperatures (50 to 200 ◦C) and initial lithosphere thicknesses (100 to 140 km),262

we plotted the melt thickness at three model times, 10, 15 and 20 Myr (Fig. 7). If the hot263
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layer temperature is 50 ◦C, then the melt thickness is always less than 10 km. Increasing this264

temperature increases the volume of melt, but the time of maximum melt production is a function265

of the hot layer temperature (Fig. 6a) and also of the initial lithosphere thickness (Fig. 7). For266

models with an initial lithosphere thickness of 140 km and hot layer temperatures ≥100 ◦C, at267

10 Myr melting is reduced. However, if the initial lithosphere thickness is 100 km, then by 20 Myr268

the thermal anomaly is exhausted (Fig. 7). This demonstrates the importance for understanding269

the timing of initial oceanic crustal thickness, and to constrain the initial lithosphere thickness270

from the available geophysical evidence.271

3.3.2. Initial lithosphere thickness and rate of extension272

To reduce the number of unknowns, we assumed that the initial lithospheric thickness and273

extension rate could be estimated from geophysical observations. The initial lithosphere thick-274

ness is estimated from the point at which the available seismic imaging suggests un-stretched275

continental crust to be present. To estimate the lithosphere thickness at this point, we used276

the tomographic models of Priestley and McKenzie (2006) for the South American side, and277

Fishwick and Bastow (2011) for the African side (Table 2). We used the Fishwick and Bastow278

(2011) model for the African side for several reasons. The increased number and distribution of279

seismic station allows more ray coverage in this region, with Fishwick and Bastow (2011) having280

a specific focus on Southern Africa (Fishwick, 2010). Although it uses the empirical parameter-281

isations from the Priestley and McKenzie (2006) model, the latter has an automated code and282

the former employs a semi-automated code, using a manual comparison of multiple inversions283

for each path (Fishwick, 2010). Through the use of a model based on petrology, mineral physics,284

gravity anomaly and heat flow, Fernandez et al. (2010) gave an estimate of lithosphere thickness285

in the Namibia region. Given the different methods and different resolution, the lithosphere286

thickness model agrees better with the model from Fishwick and Bastow (2011), and therefore287

consider the latter more reliable in this area (Fig. S10). In order to address the observational288

uncertainties and differences seen in the two models (Fig. S10), we included simulations with289

varying initial lithosphere thicknesses (Table 2) to ensure the robustness of our excess model290

asthenosphere temperature predictions.291

The reliability of using present day estimates of lithosphere thickness as a proxy for pre-292

break-up lithosphere thickness was explored by McKenzie et al. (2015). They presented a map293
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of lithospheric thickness for Pangea, using a reconstruction of continental plates within the294

Permian, assuming the lithosphere moves with overlying continents. They found a continuity295

of thicker and thinner lithosphere, for example at the Pan-African orogenic zones and cratons.296

If lithosphere deformation had occurred since the Permian, there should be no reason for them297

to fit within a reconstruction of Pangea. We tested this using the rotation poles from Moulin298

et al. (2010) with the lithospheric grid from Priestley and McKenzie (2006), the latter covering299

both sides, and likewise found that there was a good correlation between the conjugate sides in300

terms of lithospheric thickness (Fig. 1b). Hence, we assumed present day values could be used301

as a parameter for initial lithosphere thickness within the model.302

Heine et al. (2013) summarised sea floor spreading rates through the South Atlantic break-303

up from 126.57 Ma (magnetic isochron M4) to 100 Ma. These range from 10 to 18 mm yr−1,304

increasing in speed towards the south (Table 2). In our modelling, we assumed the pre-break-up305

extension rates matched those seen during early sea floor spreading. The primary value we used306

is 12 mm yr−1, as this applied to Segments 3b, 3a and 2 until 126.57 Ma (M4). Following this,307

the rate increased to 35 mm yr−1 for the period 126.57-120.6 Ma, and subsequently increased308

to 58 mm yr−1 (Heine et al., 2013). Moulin et al. (2010) has similar rates for these times, at309

38 mm yr−1 and 50 mm yr−1 respectively, but does not suggest a rate prior to M4. Heine et al.310

(2013) found the spreading rate of 18 mm yr−1 in the extreme south of our study area, covering311

Segments 1b and 1a.312

3.3.3. Model asthenosphere temperature structure313

The choice of the model asthenosphere temperature range is crucial, with a change in tem-314

perature of 12.5 ◦C accounting for melt thickness changes by up to 1 km (McKenzie et al., 2005).315

Herzberg et al. (2007) found that mid-ocean ridge basalts (MORBs) with a 10-13 % MgO con-316

tent would have potential temperature range of 1280-1400 ◦C. This should cover the feasible317

range for model asthenosphere temperature in the South Atlantic. To refine this range of tem-318

peratures, we made use of the long-offset ION Geophysical lines found in the north-west region319

of our study area. These profiles record the reduction in oceanic crustal thickness away from320

the passive margin and towards steady-state. We can therefore compare this crustal thickness321

farthest from the margin with that generated by the model at a steady-state.322
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A hot layer with a temperature in excess of the model asthenosphere temperature was added323

to recreate the distal regions of the mantle plume or thermal anomaly (Fig. 5; Armitage et al.,324

2010). The hot layer can vary in temperature where, classically, temperature is considered the325

main driver of crustal thickness (White and McKenzie, 1989). In all models, we assumed the hot326

layer was present below the lithosphere before the onset of extension. The excess temperature327

of the hot layer closest to the centre of the province can be estimated from the thickness of328

the basaltic crust from the Rio Grande Rise and Walvis Ridge. The Walvis Ridge thickness is329

observed between ∼ 26-28 km from seismic sections (Fromm et al., 2015). When the McKenzie330

and Bickle (1988) melting model is used, a 200 ◦C excess temperature is required to match this331

thickness (Campbell, 2007). We assumed such an excess temperature for the hot layer with332

proximity to the Rio Grande Rise and Walvis Ridge and varied it along-strike. We solved for333

decompression melting at various hot layer temperatures and compared the results to the along-334

strike variation in ocean crust thicknesses measured at the LaLOC for the wide-angle profiles335

(Fig. S2). We used the relative ages of the oceanic crust at the LaLOC location, known from336

location of magnetic isochrons, to discriminate between results from models with different hot337

layer temperatures.338
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4. Results339

4.1. Observed variation in ocean crustal thicknesses340

When all the initial oceanic crustal thickness measurements were considered (Table 1), there341

was a clear negative trend with oceanic crust thinning with increasing distance along-strike from342

the Rio Grande Rise and Walvis Ridge (Fig. 8a). The trend has a gradient of −2 × 10−3 and343

a correlation coefficient of 0.7. This translates to a reduction in oceanic crustal thickness of344

0.16 km per 100 km in a southern direction from the aseismic ridges. On the African margin,345

we observed a thicker ocean crust towards the Walvis Ridge. The wide-angle seismic profile346

AF1 has an initial oceanic crustal thickness measuring 11.7 km at an along-strike distance of347

∼450 km (Fig. S2), which reduces to a thickness of 7.0 km at profile AF4 in the south at an348

along-strike distance of ∼1420 km (Fig. S2). This trend is very similar on the South American349

margin, with a maximum thickness of 10.0 km from the most northern ION Geophysical profile350

∼260 km away, to only 6.0 km in the southern edge of measurements ∼2300 km away.351

When the oceanic crustal thickness measurements at the LaLOC location were compared to352

the segment boundaries (Fig. 8), we did not find any obvious thickening south of the segment353

boundaries. By using the ION Geophysical long-profiles that extend to a distance of 660 km354

offshore, covering an age range of approximately 15 Myr (Fig. 9), we checked if there was a signal355

in the oceanic crustal thickness as the profiles cross segment boundaries (Fig. 9 and 10). The356

long-profiles have an overlying trend of a decrease in oceanic crustal thickness with distance from357

the passive margin and no clear indication of increased decompression melting at the segment358

boundaries (Fig. 10). From the seismic sections, we could see clear oceanic crust, devoid of359

internal structure with a bumpy surface, representative of pillow lavas.360

We further investigated Lines 1 and 2, both transgressing segment boundaries (Fig. 10). The361

ocean crust thickness for both of the lines show local thickness variations with an amplitude of362

1 km. Oceanic crustal thickness decreases from 10.2 to 6.3 km along Line 1 (Fig. 10a), and 8.5 to363

6.5 km for Line 2 (Fig. 10b). We did not observe a sharp change in melt production as described364

by Franke et al. (2007) and Koopmann et al. (2014b), but there is an overall decreasing trend365

with age.366
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4.2. Results from numerical model367

4.2.1. Establishing model asthenosphere temperature368

The long offset ION Geophysical data demonstrates the decreasing oceanic crustal thickness369

with distance from the passive margin (Fig. 10). Having age-assigned the lines according to370

location, we found for Segments 3b, 3a and 2 that the oceanic crustal thickness trends to 7.2,371

6.7, and 6.6 km respectively (Fig. 11). This suggests that towards the end of these profiles372

steady-state oceanic crustal production has been achieved.373

Comparing these trends to our model predictions without any thermal hot layer allowed us to374

conclude that the model asthenosphere temperature was in the range of 1315-1325 ◦C (Fig. 11).375

We saw a higher thickness for Segment 3b due to local thickening of the ocean crust over Line 1376

(Fig. 10a), causing an overall increased thickness. However, before this, the thickness was also377

tending to 1315 ◦C. Therefore, we used 1315 ◦C as our model asthenosphere temperature in all378

our models.379

4.2.2. Establishing hot layer temperatures380

Having established a model asthenosphere temperature of 1315 ◦C, we then solved for the381

excess temperature of the hot layer. For all models, we assumed the hot layer was present below382

the lithosphere prior to the onset of extension (as demonstrated in Fig. 6a). We estimated383

the temperature of the hot layer by comparing variations in ocean crustal thicknesses for our384

wide-angle profiles at the LaLOC location (Fig. 12).385

We assumed that the present day continental lithosphere thickness at the margin is represen-386

tative of the initial configuration (Fig. 1b) and we varied the temperature of the hot layer within387

the range of 50 to 200 ◦C. Using a model asthenosphere temperature of 1315 ◦C and spreading388

rates of 12 and 18 mm yr−1 covering Segments 1 - 3, we tested several scenarios. To demonstrate389

the effect of initial lithosphere thickness and the importance of timing, we ran a model with390

an initial lithosphere thickness of 125 km (Fig. 12a). The model was capable of matching all391

values for the initial oceanic crust in the post-rift stage (ie. Fig. 6a) from wide-angle seismic392

profiles AF1 to AF4 on the African side of the South Atlantic, but this match required a 20 Myr393
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difference in age along the margin (Fig. 12a). With magnetic isochron data from Moulin et al.394

(2010) and using the Gee and Kent (2007) timescale, we estimated the range in age along the395

margin for the initial oceanic crust produced. We found a range of ages of 1.0 Myr for the396

African profiles and 5.7 Myr for the South American profiles.397

If we allowed the temperature of the hot layer to vary along-strike, we found that the model398

with an excess temperature of 200 ◦C matched the observations for wide-angle seismic profile399

AF1 (Fig. 12b) in its post-rift stage. Moving southward along the African margin, models with400

a reduced excess temperature of 150, 75 and 50 ◦C and varying initial lithosphere thicknesses401

were in line with the observed thickness, fitting the first oceanic crustal thickness for profiles402

AF2, AF3 and AF4 respectively (Fig. 12b). We therefore found that by taking the observed403

continental lithosphere thickness and changing the hot layer temperature, we could match the404

thickness of the first oceanic crust within a consecutive time range of 2.5 Myr, much closer to405

the observed range of 1.0 Myr. If our assumption of a constant extension rate is correct, then406

these models also imply that the total duration of rifting in the South Atlantic was of the order407

of 25 to 30 Myr.408

Rates of early sea floor spreading along the South American margin vary from 12 mm yr−1409

for profile SA1 in Segment 3a to 18 mm yr−1 for profiles SA2 and SA3 in Segment 1a and 1b410

(Table 2). To capture this, we modelled two extension rates along with varying the temperature411

of the hot layer. Accounting for this difference, we found a set of models that could match the412

distribution of initial oceanic crustal thickness in the post-rift stage close to the 5.7 Myr age413

window of the three measurement points (Fig. 12c). A model with an excess temperature of414

100 ◦C is concurrent with observations for SA1, and moving south, this reduced to 75 ◦C for415

SA3 (Fig. 12c). These fits imply a reduced duration of extension for the most southerly part of416

the South American margin relative to the more northerly conjugate margins in South America417

and on the African side. We predict a rift duration of 15 Myr due to the faster rate of extension418

for profiles SA2 and SA3, compared to 25 to 30 Myr for profiles AF1 - 4 and SA1.419

4.2.3. Results for segment-age trends420

To compliment our results from wide-angle profiles, we used our segment-age trend obser-421

vations from the long offset ION Geophysical profiles (Fig. 11). The oceanic crustal thickness422
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was plotted for each segment binned into 1.5 Myr intervals (Fig. 13). Since this data is from423

Segments 3b, 3a and 2, we assumed a model spreading rate of 12 mm yr−1 (Table 2). Although424

this rate of extension is valid until 126.57 Ma (Heine et al., 2013), once at steady-state, changing425

the spreading rate produces oceanic crustal thickness within the same range of values (Fig. 6c).426

Therefore, for simplicity the spreading rate was kept at 12 mm yr−1. As before, the models have427

a model asthenosphere temperature of 1315 ◦C, with varying hot layers and initial lithosphere428

thickness per segment. The preferred model was determined by calculating a normalised root429

mean square error (NRMSE).430

We compared the post-rift stage of the models with hot layers of 50 to 200 ◦C against the431

trend of reducing oceanic crustal thickness with age for each segment (Fig. 13). We found for432

Segment 3b that a model with a hot layer of 200 ◦C provided the best fit to the observations433

(Fig. 13a). This model implied that extension initiated at 147 Ma. For Segment 3a, the best fit434

model had a hot layer of 150 ◦C where extension was also initiated at 147 Ma (Fig. 13b). Segment435

2 was best matched by a model with a hot layer of excess temperature 75 ◦C, suggesting extension436

initiated at 141 Ma. As for the comparison to the wide-angle data (Fig. 12), these models suggest437

a similar Late Jurassic age for the initiation of extension in the southern South Atlantic.438

The modelling matches to the oceanic crustal thickness from the wide-angle seismic lines439

(Fig. 12) and the long offset ION Geophysical profiles (Fig. 13) allow for the change in hot layer440

temperature to be plotted against distance along-strike for both margins (Fig. 14). Here we441

observe a general temperature decrease trend from a thermal anomaly of 200 ◦C in the north442

to 75 ◦C in the south (Fig. 14). A linear fit to all the data points would suggest a reduction443

of ∼40 ◦C per 500 km distance along-strike. Within this general trend, we found evidence, for444

example within both Segments 3b and 3a, for a drop of temperature of ∼50 ◦C over roughly445

100 km distance. While there is a large degree of uncertainty on these model predictions, these446

drops in temperature occur within the segments and not at their edges. This may suggest that447

segment boundaries play only a minor role in the volcanic nature of continental break-up.448
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5. Discussion: Evidence for a mantle plume?449

Franke et al. (2007) and Koopmann et al. (2014b) have suggested lithospheric segmentation450

as a highly influential factor affecting volcanism in the South Atlantic. They established this451

from increasing widths and volumes of SDRs towards segment boundaries, and did not take452

initial oceanic crustal thicknesses into account (Fig. S1). Our study differs from these pre-453

vious publications on continental break-up in the southern South Atlantic, as it concentrates454

on post-rift volcanism, where initial production of ocean crust is located, rather than syn-rift455

volcanism, where SDRs are found (Franke et al., 2007; Koopmann et al., 2014b,a). From our456

results, we suggest that oceanic crustal thickness is primarily controlled by temperature and457

initial lithosphere thickness. There is no clear systematic trend for increased magmatism rela-458

tive to segments boundaries from ocean crust thickness observations and consequent modelling459

(Figs. 8b, 10, and 14).460

In the North Atlantic (Fig. 8a), Collier et al. (2009) presented ocean crust measurements461

both south and north of the Greenland-Iceland-Faeroe Ridges. The trend for this area was a462

reduction of 1.67 km per 100 km increased distance from the aseismic ridges, a stark difference463

to the trend seen in the South Atlantic, with a reduction of 0.16 km per 100 km (Fig. 8a). In the464

past, continental break-up in the North and South Atlantic have been regarded similar, with465

mantle temperature being deduced as the primary factor (e.g. White and McKenzie, 1989). The466

North Atlantic is considered in line with the classic ‘mushroom head’ plume model, with an467

axisymmetric geometry inferred from volcanic margins both north and south of the Greenland-468

Iceland-Faeroe Ridges. This is not seen in the South Atlantic, where volcanic passive margins469

are found on conjugate margins south of the Rio Grande Rise and Walvis Ridge, but magma-470

poor passive margins are found to the north (Contrucci et al., 2004; Aslanian et al., 2009;471

Reston, 2010; Fromm et al., 2015). Additionally, the North Atlantic underwent a pre-thinning472

extension event prior to break-up, causing enhanced melt generation through focused upwelling473

(Armitage et al., 2010). This is not seen in our study area, and given the effect of temperature474

and lithosphere thickness on break-up volcanism modelled here (e.g. Fig. 10), we suggest that475

the varying trends seen between the North and South Atlantic indicate differing initial break-up476

conditions, in both initial lithosphere structure and mantle temperature.477

Through our simulations, we show a simple 2D model can match initial ocean crust thickness,478
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and is sensitive to changes in initial lithosphere thickness, mantle asthenosphere temperatures479

and hot layer temperatures (Fig. 7 and 14). Our results indicate the presence of a reduction of480

temperature, both in direction parallel to the margin along-strike and in time. The along-strike481

decrease can be linked to a reduction in temperature as we move from a mantle plume axis to482

its fringes (e.g. Campbell, 2007). From modelling the thickness of oceanic crust generated by483

decompression melting, we estimate that there is a reduction in temperature from 1515 ◦C near484

the Rio Grande Rise and Walvis Ridge (Profile AF1 with a distance of 450 km) to 1365 - 1390 ◦C485

at the edge of the segments in the south (Profile SA3 at a distance of 2300 km). This suggests486

the presence of a mantle plume, or at the very least a thermal anomaly, reaching temperatures487

of 200 ◦C above the model asthenosphere temperature of 1315 ◦C.488

Putirka (2005) calculated the temperature for the Hawaii and Iceland plumes, finding them489

to be 250± 50 ◦C and 165± 60 ◦C hotter than asthenosphere temperature, which is within range490

of our maximum excess temperature of 200 ◦C. Coupled with a model asthenosphere temperature491

of 1315 ◦C, our maximum temperature of 1515 ◦C falls in the limits of the maximum potential492

temperature for the Rio Grande Rise and Walvis Ridge in the northern region of our study493

area, estimated at 1450 - 1540 ◦C (Gallagher and Hawkesworth, 1994). Furthermore, our results494

agree with thermobarometry results from Trumbull (2014), where from a compilation of onshore495

basalts, a north to south decrease in temperatures of 140 ◦C from 1520 ◦C in the north to 1380 ◦C496

in the south is seen.497

With our models, we can also estimate the duration of rifting. We predict a rift duration498

in the order of 23.5 to 30 Myr for Segments 2 and 3, reduced to 15 Myr for Segment 1. Given499

that the first magnetic isochrons are roughly 126 Ma, this places the onset of extension for our500

study area to be within the Late Jurassic. Despite the simplifications of the geodynamic model,501

such an age for the onset of extension is quite reasonable. Several studies have found evidence502

for the commencement of rifting in the Late Jurassic (e.g. Maslanyj et al., 1992; Light et al.,503

1993; Clemson et al., 1997, 1999; Gallagher and Brown, 1999; Aizawa et al., 2000), and syn-504

rift sediments within the Namibian passive margin are dated to be between 130 and 150 Ma505

(Clemson et al., 1997; Guillocheau et al., 2012).506

There have been several suggestions for the origin of magma-rich and magma-poor margins.507

A suggestion for the asymmetry seen is shift of the plume centre over the mid-ocean ridge at508
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93 Ma to the South American side (O’Connor and Jokat, 2015), forming the São Paulo Plateau509

(Fig. 2; Pérez-Dı́az and Eagles, 2014). Therefore, this tectonic event could be the cause of510

the sharp transition from 26 - 28 km thick Walvis Ridge to the 6 km thin oceanic crust in An-511

gola. Another possible explanation for the asymmetry in volcanism north and south of the Rio512

Grande Rise and Walvis Ridge is the role of lithosphere thickness. We have already established513

its importance for our numerical modelling. Taking a north-south transect of reconstructed514

lithosphere thickness at time of break-up (133Ma, from Moulin et al., 2013), the location of the515

Congo craton causes a significant increase in lithosphere thickness to the north of the approxi-516

mate location of the plume axis (Fig. 15). This is coupled with slowed spreading rates in this517

region, ranging from 4−8 mm yr−1 (Heine et al., 2013) as rifting moves northward. Sleep (1996)518

suggested the sublithospheric bathymetry has a profound effect on the mantle plume near a519

ridge axis, forming an ‘upside-down drainage pattern’. Through numerical models, it was found520

only a relatively thin layer of plume material would spread up slope to a ridge axis, and that521

normal lithosphere surrounding a plume material would ‘to some extent act as a levée’ (e.g.522

Sleep, 1996; Nielsen et al., 2002). Cores in the Etendeka volcanic province, dated at magnetic523

isochron 15n (Dodd et al., 2015) and with an age of 135.96 Ma (Gee and Kent, 2007), confirm524

the presence of the plume, or at least a hot layer, before break-up of our study area. We suggest525

that in the southern South Atlantic, as the plume impinged the base of the lithosphere, it would526

have ponded towards the thinner lithosphere (Nielsen et al., 2002) and spread preferentially527

towards the South where extension had already commenced. As a result, it would have caused528

the asymmetry observed with respect to volcanism along the passive margins south and north529

of the Rio Grande Rise and Walvis Ridge.530
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6. Conclusions531

We identified the LaLOC location and measured initial oceanic crustal thickness for 37532

seismic profiles along conjugate margins in the southern South Atlantic. We measured the533

along-strike distance from the commencement of the Rio Grande Rise and Walvis Ridges for all534

of these points and studied the spatial variability of ocean crust thickness. We found a trend of535

reduction in initial oceanic crustal thickness of 0.16 km per 100 km south from the Rio Grande536

Rise and Walvis Ridge (Fig. 8a), with thickness ranging from 11.7 km adjacent to the ridges,537

decreasing to 6.1 km at the most southerly point. We found no strong correlation between538

segment boundaries and oceanic crustal thickness (Fig. 8b and 10).539

The relatively simple numerical model of continental break-up used here has previously540

demonstrated the importance of lithosphere thickness on break-up volcanism (Armitage et al.,541

2010). We used the present-day lithosphere values with the assumption of little change since542

break-up (McKenzie et al., 2015). By also assuming the sea floor spreading rates are indicative543

of the rate of extension during break-up, we then varied mantle potential and hot layer temper-544

atures in an attempt to fit the observed age and thickness of the first oceanic crust produced.545

From the long-offset ION Geophysical lines, we first determined the model asthenosphere546

temperature to be 1315 ◦C using the observed reduction in oceanic crustal thickness with time547

and distance from the passive margin (Fig. 11). To match the initial oceanic crustal thicknesses548

from the seismic data, we found there must have been an increased temperature relative to549

the model asthenosphere temperature. From an initial value of 1515 ◦C with proximity to the550

Rio Grande Rise and Walvis Ridge, representing an excess temperature of 200 ◦C, there was a551

reduction of ∼40 ◦C per 500 km, matching the initial oceanic crustal thickness estimated from552

the seismic data (Fig. 14). This supports the evidence of the presence of a mantle plume or553

thermal anomaly as the origin for excessive melt production in our study area. In addition, our554

rifting duration range from 15 - 30 Myr, suggesting rifting had started in the Late Jurassic, in555

agreement with evidence from sedimentary accumulations (e.g. Clemson et al., 1997; Guillocheau556

et al., 2012). Therefore, while other factors, such as segmentation or sediment loading (e.g. Bialas557

and Buck, 2009; Koopmann et al., 2014b), can influence rift architecture, the volcanic nature of a558

rifted margin is fundamentally controlled by the structure of the lithosphere and asthenosphere.559
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By reconstructing the lithosphere thickness at break-up, we suggest the sublithospheric to-560

pography had a strong influence on volcanism throughout the South Atlantic, including the561

asymmetry in volcanism along the margins. The magma-poor area north of the Rio Grande562

Rise and Walvis Ridge is adjacent to the Congo Craton. As previously suggested by Sleep563

(1996), the lateral flow of the potential mantle plume could have been hindered by this conti-564

nental root. To the south of the Congo Craton, the volcanism observed due to break-up is found565

to be a result of a more subtle interplay between lithosphere thickness and mantle temperature.566
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Figure 1: Reconstructions using GPlates shown at 121 Ma using rotation poles of Moulin et al. (2010) with the

sub-plates of South America (thin black lines). (a) Reconstruction showing the major geological features. The

positions of cratons are from Gubanov and Mooney (2009), the location of the Etendeka-Paraná flood basalts is

Coffin and Eldholm (1994). The seven wide angle seismic profiles used in this study are labelled AF1 to AF4

and SA1 to SA3. The ‘+’ marks the reconstructed landfall of the Rio Grande Rise and Walvis Ridge. (b)

Reconstruction of lithosphere thickness using the data set of Priestley and McKenzie (2006), the latter covering

the whole area.
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Figure 2: Map of the gravity gradient from Sandwell et al. (2013) for our study area. (a) Main tectonic fea-

tures with age progressive LIPs (Coffin and Eldholm, 1994): 1 = Karoo, 2 = Sao Paolo, 3 = Vitoria-Trinidade,

4 = Falkland 5 = Discovery, 6 = Agulhas Plateau, 7 = Hardman volcano, and 8 = Meteor Ridge. Also shown are

the sub-plate boundaries (thin black lines) from Moulin et al. (2010). (b) Interpreted location of the major

segment boundaries. We identify 4 major segments (numbered 1 - 4) consistent with the sub-plate boundaries of

South America from Moulin et al. (2010). Also shown are sea floor spreading magnetic anomalies M7, M4, M2

& M0 from Moulin et al. (2010), C34 from Seton et al. (2012). Sub-plates: Arg = Argentina, Sal = Salado,

Rio = Rio de la Plata, San = Santos, Sao = São Francisco.
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Figure 3: Example of oceanic crustal thickness measurement at the Landward Limit of Oceanic Crust (LaLOC),

using the AF2 seismic velocity profile (Bauer et al., 2000). (a) Depth-Vp profile showing positions of SDRs (red

boxes) and OBS locations (black circles) from Bauer et al. (2000), and magnetic anomaly M4 (grey arrow) from

Moulin et al. (2010). White arrows are potential locations for LaLOC that are compared to the White et al. (1992)

seismic velocity boundaries for mature oceanic crust in part b. (b) Depth-Vp plot for the three test locations for

the LaLOC (white arrows) and the seismic velocity limits for mature oceanic crust (grey shading) from White

et al. (1992). The mid and seaward points are within the seismic velocity boundaries and can be considered as

oceanic. As the LaLOC location is the first instance of ocean crust, the mid point is therefore the LaLOC for

AF2.
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Figure 4: Map of the Landward Limit of Oceanic Crust (LaLOC) locations for all MCS profiles used in this study

(Table 1). Topography and bathymetry is from ETOP01 Armante (2009). The sea floor spreading magnetic

anomalies (M0, M2, M4 and M7) and plate boundaries (thin black lines) are from Moulin et al. (2010). The data

is divided into three types: (1) published sections from Franke et al. (2007), Franke et al. (2010) and Hinz et al.

(1999) (Fig. S3 - S6), (2) published points from Winterbourne et al. (2014) (Fig. S7), and (3) ION Geophysical

MCS data.
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Figure 5: Example of the initial conditions for the numerical model. (a) Model domain for the 2D simulation.

Extension is driven by a divergent velocity boundary condition on the upper surface. The initial lithosphere

thickness is within the range of 95 and 140 km, and the hot layer is assumed to have a thickness of 100 km and

a temperature of 50 to 200 ◦C in excess of the model asthenosphere temperature. (b) An example of an initial

temperature profile with depth, where in this case the model asthenosphere temperature is 1315 ◦C and the hot

layer has an excess temperature of 200 ◦C.
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Figure 6: Base model runs to demonstrate dependence of melt production on initial model parameters. All models

have an initial lithosphere thickness of 125 km and spreading rate of 12 mm yr−1 unless otherwise specified. (a)

Varying hot layer temperatures, with a 1300 ◦C model asthenosphere temperature. The interpreted location of the

pre, syn and post-rift phases are shown. (b) Varying model asthenosphere temperatures. (c) Differing spreading

rates with a 1300 ◦C model asthenosphere temperature and a 200 ◦C hot layer.
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(b). In all cases, there is a spreading rate of 12 mm yr−1. Note how varying initial lithosphere thickness results
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Figure 8: Initial oceanic crustal thickness plotted against distance along-strike. Data sources are given in Table 1.

(a) Initial oceanic crustal thickness versus distance along-strike for all measured locations. The error bars on

individual measurement points come from the uncertainty in locating LaLOC on individual profiles (Table S1).

Regression analysis shows a reasonable linear relationship (green line with a regression coefficient, R2 = 0.7). For

comparison, the trend found for the initial oceanic crustal thickness in the North Atlantic is shown by the black

line (from Collier et al., 2009). (b) Initial oceanic crustal thickness shown relative to segment boundaries (red

lines).
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Figure 10: Ocean crustal thickness from two of the ION Geophysical long-offset data plotted against age. Locations

of Lines 1 and 2 are found in Fig. 9. Ages assigned in accordance to the Gee and Kent (2007) time scale and

Moulin et al. (2010) magnetic isochrons. Thickness averaged over 1.5 Myr bins (maroon dots), and smoothed with

a Gaussian filer (blue lines).
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Figure 12: Models results for wide-angle profiles. Model asthenosphere temperature of 1315 ◦C, and spreading

rate of 12 mm yr−1 unless specified otherwise. The ages between profiles have been calculated according to the

LaLOC location (Fig. S2). Panel (a) has a hot layer of 200 ◦C and an initial lithosphere thickness of 125 km,

capable of matching values of AF1 - 4 over a 20 Myr period. For panels (b) and (c) each wide-angle profile has been

tested for different hot layer models and corresponding initial lithosphere thickness (Table 2). On the African

margin, panel (b) shows matches of first ocean crust thicknesses over 2.5 Myr, much closer to the observed range

of 1.0 Myr. For the South American margin, the models in panel (c) have a range of spreading velocities, where

Segment 3a (for SA1) has a rate of 12 mm yr−1, and Segment 1 (for SA2 and 3) has a rate of 18 mm yr−1. Here

the models match over a time of 7.7 Myr, relatively close to the observed time of 5.7 Myr.
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Figure 13: Model results per segment on the South American margin. Model asthenosphere temperature of

1315 ◦C, and spreading rate of 12 mm yr−1. Each segment is tested for different hot layer models. The best match

model trend was found by calculating a normal root mean square error (NMRSE) for each of the 1.5 Myr binned

observation points (pink dots) with the preferred result in bold. Results for Segments 3b (a), 3a (b) and 2 (c)

have hot layers with temperatures of 200 ◦C, 150 ◦C and 75 ◦C respectively.
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8. Tables813

Table 1: Crustal thickness measurements at the LaLOC for all seismic sections used in this study. The sections

themselves are reproduced in the supplement (Fig. S2 - S7). Distance along-strike refers to the location of the

LaLOC relative to the commencement of the Rio Grande Rise and Walvis Ridge, marked with ‘+’ in Fig. 1.

Uncertainties in the measured oceanic crustal thickness are found in Table S1.

Profile Name Reference Long. Lat. Distance along-

strike (km)

Thickness

(TWTT s)

Thickness

(km)

AF1 Bauer et al., 2000 11.9 -23.8 450 n/a 11.7

AF2 Bauer et al., 2000 12.1 -24.6 538 n/a 8.2

AF3 Schinkel et al., 2006 13.8 -30.1 1174 n/a 7.2

AF4 Hirsch et al., 2009 14.6 -32.3 1422 n/a 7

SA1 Becker et al., 2014 -51.6 -35.4 922 n/a 8.2

SA2 Schnabel et al., 2008 -56.6 -43.5 1895 n/a 7.8

SA3 Becker et al., 2014 -58.1 -47.2 2288 n/a 6.9

BGR87-01 Hinz et al., 1999 -52.6 -37.9 1197 2.26 7.6

BGR98-18 Franke et al., 2010 -55.8 -43.4 1844 2.23 7.4

BGR98-07 Franke et al., 2010 -55.9 -43.8 1884 2.30 7.7

BGR98-20 Franke et al., 2010 -56.5 -44.0 1931 2.27 7.6

BGR98-01 Franke et al., 2007 -53.6 -40.0 1439 2.16 7.2

BGR98-41 Franke et al., 2007 -55.2 -42.1 1697 2.12 7.1

BGR98-15 Franke et al., 2007 -55.6 -42.7 1774 2.06 6.9

BGR98-05 Franke et al., 2007 -55.7 -43.3 1829 2.32 7.8

BGR98-22 Franke et al., 2007 -56.8 -44.4 1982 2.05 6.9

BGR04-08/13 Franke et al., 2007 -56.7 -47.5 2263 1.80 6.0

Profile 300 Winterbourne et al., 2014 -49.6 -32.6 593 n/a 7.7

Profile 231 Winterbourne et al., 2014 -53.3 -39.6 1380 n/a 5.9

Profile 233 Winterbourne et al., 2014 -54.8 -41.0 1578 n/a 8.4

Profile 230 Winterbourne et al., 2014 -54.5 -41.3 1595 n/a 6.8

Profile 229 Winterbourne et al., 2014 -57.2 -46.7 2210 n/a 5.1

Profile 232 Winterbourne et al., 2014 -57.3 -47.3 2261 n/a 5.1

PS1-0090 ION Geophysical -46.5 -31.3 262 2.94 9.9

PS1-0070 ION Geophysical -48.2 -31.5 405 2.87 9.6

PS1-0060 ION Geophysical -48.8 -32.0 488 3.35 11.2

PS1-0040 ION Geophysical -49.7 -32.9 609 3.24 10.9

PS1-0030 ION Geophysical -48.9 -34.6 695 2.17 7.3

PS1-0010 ION Geophysical -50.7 -35.0 828 2.55 8.5

UY1-4700 ION Geophysical -51.2 -35.6 911 2.18 7.3

UY1-4500 ION Geophysical -51.6 -36.3 992 2.39 8.0

UY1-4300 ION Geophysical -51.9 -37.1 1076 2.36 7.9

UY1-4000 ION Geophysical -52.4 -37.9 1176 2.25 7.5

AR1-3800 ION Geophysical -52.8 -38.2 1220 2.54 8.5

AR1-3500 ION Geophysical -53.5 -39.5 1369 2.73 9.1

AR1-3000 ION Geophysical -54.4 -41.4 1583 1.93 6.4

AR1-2600 ION Geophysical -55.9 -42.5 1760 2.89 9.7
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Table 2: Assigned model parameters: lithosphere thickness and spreading rates per segment. Opening ages are

assumed by sub-plate from Moulin et al. (2010). M7, M4, M2 and M0 are dated 127.23 Ma, 126.57 Ma, 124.05 Ma

and 120.6 Ma respectively (Gee and Kent, 2007). Seismic tomography models from Fishwick and Bastow (2011)

and Priestley and McKenzie (2006) grids (Fig. S10). Spreading rates are from Heine et al. (2013).

Opening

Ages

Lithosphere thickness (km) Spreading Rates

Segment African margin

(Fishwick)

African margin

(Priestley)

S. American margin

(Priestley)

(mmyr−1)

3b M2-M0 135-140 105-110 125 12

3a M2-M0 125-130 100-105 125 12

2 M4-M2 130-135 95-100 100-110 12

1b pre-M7 130-135 95-100 110-115 18

1a pre-M7 135-140 95-105 95-100 18
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Supplemental814

8.1. Seaward Dipping Reflector distributions815
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Figure S1: SDRs and segment boundaries from Franke et al. (2007) and Koopmann et al. (2014b). There is a

general widening of SDRs approaching the segment boundaries, attributed to increased decompression melting.
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8.2. Wide-Angle Seismic Profiles816
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Figure S2: Ocean crust measurement points at the LaLOC for wide-angle seismic profiles. AF1 & 2, 3 and 4 from

Bauer et al. (2000), Schinkel (2006) and Hirsch et al. (2009) respectively, SA1 & 2 and SA3 from Becker et al.

(2014) and Schnabel et al. (2008) respectively. Ages are determined from an age grid using the Gee and Kent

(2007) time scale and Moulin et al. (2010) magnetic isochrons.
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8.3. MCS Profiles817

Figure S3: Crustal thickness measurement at the LaLOC locations for BGR98-01, 41 and 05 (line locations

Fig. S8). Modified from Franke et al. (2007).
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Figure S4: Crustal thickness measurement at the LaLOC locations for BGR98-15, 18 and 07 (line locations

Fig. S8). Modified from Franke et al. (2007, 2010).
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Figure S5: Crustal thickness measurement at the LaLOC locations for BGR98-20, 22 and 08/13 (line locations

Fig. S8). Modified from Franke et al. (2007, 2010).
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Figure S6: Crustal thickness measurement at the LaLOC location for BGR87-01B (line location Fig. S8), modified

from Hinz et al. (1999). Red and yellow packages represent SDRs, blue arrow represent location of LaLOC.

Figure S7: Crustal thickness measurement at the LaLOC locations for Winterbourne et al. (2014) data. Ocean

crust depicted by ‘+’, and sediment by dots.
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Figure S8: Map of the BGR MCS line locations for Fig. S3 - S6 and published points from Winterbourne et al.

(2014) for Fig. S7. Topography and bathymetry is from ETOP01 Armante (2009). The sea floor spreading

magnetic anomalies (M0, M2, M4 and M7) and plate boundaries (thin black lines) are from Moulin et al. (2010).
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Figure S9: A comparison of the model at different timesteps in terms of evolving temperature and viscosity. There

is a 200 ◦C hot layer, with a lithosphere thickness of 140 km and spreading rate of 12 mm yr−1. (a) Represents

the model at 0 Myr, similar to Fig. 5. (b) Represents the model at 16.4 Myr, during the syn-rift stage and

approximately matching peak melt thickness, and (c) represents the model at 31.2 Myr, in the post-rift phase. In

parts (b) and (c) the zone of partial melting is observed at the centre top of the model. The reflective boundaries

can be seen in (b) and (c), and are considered far enough not to affect melt thickness production.
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Table S1: Crustal thickness measurements, with maximum and minimum ranges at the LaLOC for all seismic

sections used in this study. These ranges provide the error bars shown in Fig. 8. The sections themselves are

reproduced in Fig. S2 - S7. The measurements reported in Winterbourne et al. (2014) are from proprietary data.

Distance along-strike refers to the location of the LaLOC relative to the commencement of the Rio Grande Rise

and Walvis Ridge, marked with ‘+’ in Fig. 1.

Profile Name Reference Distance

along-strike (km)

Thickness

(km)

Thickness

max. (km)

Thickness

min. (km)

AF1/Mamba 1 Bauer et al., 2000 450 11.7 12.9 11.2

AF2/Mamba2 Bauer et al., 2000 538 8.2 10.9 8

AF3/Orange Schinkel et al., 2006 1174 7.2 8.2 6.2

AF4/Springbok Hirsch et al., 2009 1422 7 11.7 6.7

SA1/BGR04-REFR1 Becker et al., 2014 922 8.2 8.2 7.9

SA2/BGR98-REFR2 Schnabel et al., 2008 1895 7.8 8.7 6.2

SA3/BGR98-REFR2 Becker et al., 2014 2288 6.9 6.9 3.8

BGR87-01B Hinz et al., 1999 1165 7.6 7.9 7.3

BGR98-18 Franke et al., 2010 1850 7.4 7.7 7.1

BGR98-07 Franke et al., 2010 1894 7.7 8.0 7.4

BGR98-20 Franke et al., 2010 1925 7.6 7.9 7.3

BGR98-41 Franke et al., 2007 1681 7.1 7.4 6.8

BGR98-05 Franke et al., 2007 1790 7.8 8.1 7.5

BGR98-15 Franke et al., 2007 1804 6.9 7.2 6.6

BGR98-22 Franke et al., 2007 1981 6.9 7.2 6.6

BGR04-08/13 Franke et al., 2007 2258 6 6.3 5.7

Profile 300 Winterbourne et al., 2014 593 7.7 8.0 7.4

Profile 231 Winterbourne et al., 2014 1380 5.9 6.2 5.6

Profile 233 Winterbourne et al., 2014 1578 8.4 8.8 8.0

Profile 230 Winterbourne et al., 2014 1595 6.8 7.1 6.5

Profile 229 Winterbourne et al., 2014 2210 5.1 5.3 4.9

Profile 232 Winterbourne et al., 2014 2261 5.1 5.3 4.9

PS1-0090 ION Geophysical 262 9.9 10.3 9.5

PS1-0070 ION Geophysical 405 9.6 10.0 9.2

PS1-0060 ION Geophysical 488 11.2 11.7 10.7

PS1-0040 ION Geophysical 609 10.9 11.4 10.4

PS1-0030 ION Geophysical 695 7.3 7.6 7.0

PS1-0010 ION Geophysical 828 8.5 8.9 8.1

UY1-4700 ION Geophysical 911 7.3 7.6 7.0

UY1-4500 ION Geophysical 992 8 8.4 7.6

UY1-4300 ION Geophysical 1076 7.9 8.3 7.5

UY1-4000 ION Geophysical 1176 7.5 7.8 7.2

AR1-3800 ION Geophysical 1220 8.5 8.9 8.1

AR1-3500 ION Geophysical 1369 9.1 9.5 8.7

AR1-3000 ION Geophysical 1583 6.4 6.7 6.1

AR1-2600 ION Geophysical 1760 9.7 10.1 9.3
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8.4. Numerical Modelling Parameters818
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Figure S10: Comparison of two seismic tomography models of lithospheric thickness of South West Africa used in

the study from Priestley and McKenzie (2006) and Fishwick and Bastow (2011). Labelled lines show the location

of the wide-angle profiles used.
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Figure S11: Models run with asthenosphere temperature of 1315 ◦C and spreading rate of 12 mm yr−1 for maximum

and minimum ranges of the African wide-angle profiles. Panel (a) uses the minimum error range of initial ocean

crustal thicknesses, however this results in the same hot layer temperature matches as in Fig. 12a. Panel (b) uses

the maximum error range of initial ocean crustal thickness. AF4 is not included here due to its larger error range.

Although hotter layers are required for AF2 and AF3, we still see a decrease in temperature along-strike.
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Appendix A: Model Equations819

Table A1: Paremeters used for 2D-modelling.

Variable Definition Value

A rheological parameter

cp specific heat capacity, J kg−1 K−1 1200

d reference length, km 700

g acceleration of gravity, m s−2 9.8

E activation energy, J mol−1 530 x 103

F melt fraction

hc crustal thickness, km

L latent heat upon melting, J mol−1

ṁ dimensionless melt production rate

n stress exponent 3

p pressure, Pa

R gas constant, J K−1 mol−1 8.314

Ra Rayleigh number 4.877 x 105

∆S change in entropy upon melting, J kg−1 K−1 400

T mantle temperature, K

Td super-adiabatic temperature drop, K

Tm mantle reference temperature K

Ts wet or dry solidus temperature, K

Ts0 dry solidus surface temperature K

u mantle creep, m s−1

V activation volume, J mol−1 5 x 10−6

X concentration of perfectly compatible trace element

x displacement, km

z depth, km

α coefficient of thermal expansion, K−1 3.3 x 10−5

δp density change due to temperature and melt generation

ε̇ strain rate, s−1

η viscosity, Pa s

η0 reference viscosity, Pa s 1021

κ thermal diffusivity, m2 s−1 10−6

λi unit vector in vertical direction

φ retained melt (porosity)

∆ρ density change due to temperature and melt generation, kg m−3

ρm mantle reference density, kg m−3 3340

ρl melt density, kg m−3 2800

ρr density of mantle at reference residue Xr , kg m−3 3295

τ deviatoric stress, Pa

χH2O viscosity increase due to dehydration

χm viscosity decrease factor due to interstitial melt
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A1.1. Equations of Conservation820

CitCom is a combined Stokes and energy equation solver, used for incompressible flow oc-821

curring over large viscosity contrasts (Moresi et al., 1996). The model assumes the mantle has822

a non-Newtonian rheology (Nielsen and Hopper, 2004). Equations are solved in 2D, using the823

Boussinesq approximation with the understanding that (1) density variations are sufficiently824

small that they only affect gravitational forces and (2) effect on mantle density due to mass825

transfer during melting is small (Cordery and Morgan, 1993). The dynamics of the system is826

solved by equations of thermal convection, the conservation of mass, momentum and energy827

(Eqs. 2 - 4)828

∂ui
∂xi

= 0 (2)

−∂τij
∂xj

+
∂p

∂xi
= ∆ρgλi (3)

∂T

∂t
= −ui

∂T

∂xi
+ κ

∂2T

∂x2j
− Lṁ

cp
(4)

where u is the solid mantle creep, τij is the deviatoric stress tensor, ∆ρ is the density change829

due to temperature and melt generation, λi is the unit vector in the vertical direction, and T is830

the mantle temperature. More details of the constants can be found in Table A1. L, the latent831

heat of melting, is calculated by832

L = Tm∆S (5)

where Tm is the mantle reference and ∆S is the entropy change upon melting.833

A1.2. Decompression Melting834

The model considers the effect of mantle depletion and dehydration. This is done by con-835

sidering X, the concentration of a perfectly compatible trace element (Scott, 1992), given as:836
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∂X

∂t
+ ui

∂X

∂xi
=

X

1 − φ
ṁ (6)

where φ is melt volume and ṁ is melt production rate. When no melting has occurred, the837

concentration of X = 1. The value of X is always positive throughout melting. By assuming838

batch melting for each time step, the melt fraction F can be calculated (Scott, 1992) using,839

X (1 − F ) = 1 (7)

The conservation of energy (Eq. 4) and the continuity of the concentration of X (Eq. 6) are840

linked by the melt production rate ṁ. Melt production rate ṁ is dependent on the solidus, here841

defined as a function of depth and depletion of X, from Scott (1992) and Phipps Morgan (2001),842

T real
s = Ts0 + z

(
∂Ts
∂z

)
X

+

(
∂Ts
∂X

)
z

(X − 1) (8)

where Ts0 is the dry solidus temperature at the surface, where z is 0 at the surface. By cor-843

recting for the adiabatic temperature change, T real
s can be converted to potential temperature,844

(
∂T

∂z

)
s

=
gαT

cp
, (9)

and the solidus for dry rock can be defined,845

T dry
s = Ts0 + z

((
∂Ts
∂z

)
X
−
(
∂T

∂z

)
S

)
+

(
∂TS
∂X

)
z

(X − 1) . (10)

To acknowledge volatiles in a mantle affecting melting depth, we introduce a deeper wet846

solidus following Braun et al. (2000) where,847

T wet
s = T dry

s − ∆Ts
1.02 −X

∆X
. (11)
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Wet melting is considered to occur until 2% of melt is produced. Once this point is reached,848

the mantle is devoid of mantle volatiles and the dry solidus (Eq. 10) is reached. To achieve this849

the melt productivity is lowered during wet melting. The melt production is further computed850

for each time step, using the positioning of the wet and dry solidus (Eqs. 10 and 11) , calculated851

by852

δm =
δt

L
cp

+ ∂Ts
∂φ

(12)

where Ts is the temperature of the wet or dry solidus, cp is the specific heat capacity,853

δT = T − Ts and δt is the model timestep size. The differential ∂Ts/∂φ is different for the wet854

and dry melting regime (from Braun et al. (2000)), calculated for the dry regime by855

∂Ts
∂φ

= 300
X

1 − φ
. (13)

and the wet regime by856

∂Ts
∂φ

= 1300
X

1 − φ
. (14)

Following this, the melt production rate can be calculated by857

ṁ =
δm

δt
, (15)

where δt represents the advection time step. Following Ito et al. (1996), the crustal thickness858

hc can be calculated by weighing the degree of melting (F ) by melt production (ṁ),859

hc =
2

uz

(
ρm
ρl

)∫ ∫
melt

ṁ dx dz (16)

where for each timestep, there is the assumption that all melt generated erupts at the centre860

of extension.861
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A1.2.1. Dimensions862

The main equations of flow (Eqs. 2, 3 and 4) are made non-dimensional by the following,863

x = dx′, t =
d2

κ
t′, T = TdT

′, η = η0η
′ (17)

where d is the depth of the model space and Td is the super adiabatic temperature drop864

from the base of the model to the surface.865

The Rayleigh number is defined as,866

Ra =
αgρTdd

3

κη0
(18)

Where α is the coefficient of thermal expansion and g is the acceleration due to gravity. The867

Rayleigh number defines the viscosity η, where868

η = AχH2Oχmexp

(
E + pV

nRT

)
ε̇

1−n
n (19)

where E is the activation energy, p is the pressure, V is the activation volume, n is the869

stress exponent, R is the gas constant and ε is the strain rate. A is the rheological parameter,870

accounting for mantle strengthening due to the removal of volatiles (χH2O) and the weakening871

of the mantle due to the presence of melt (χm).872

64



         ‘n’ number of   
    timesteps reached

-  Rayleigh number de�ned (Eq. 18)
- Viscosity de�ned by Rayleigh value (Eq. 19)
- New input conditions created 

Set-up for next iteration

Output of melt thickness
           (Eq. 16, Fig. 6)

-  Solves for conservation of mass, momentum 
 and energy (Eq. 2-4)
- Tracks perfectly compatible element X (Eq. 6) and 
 determins melt fraction (Eq. 7)
- De�nes solidus - wet and dry melting (Eq. 8-11)
- Calculates melt production rate (Eq. 15)

Decompression Melting
.

Application of velocity conditions

Inputs
- Resolution de�ned (256 x 256) 
- ‘n’ number of timesteps de�ned
- Boundary conditions de�ned  (Fig. 5)
- Initial lithosphere thickness (Section 3.3.2)
- Asthenosphere temperature (Section 4.2.1)
- Hot layer temperature and thickness (Section 4.2.2)
-  Spreading rate (Section 3.3.2)

Model Set-up

Ite
ra
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e 

tim
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Figure S12: Basic flowchart for the CitCom model. The green box represents the start of the model, blue boxes

represent inputs, orange boxes represent processes, grey boxes represent notes, the purple box represents the

output and the red box represents the end of the model.
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