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Abstract

The lithospheric architecture of passive margins is crucial for understanding the tectonic processes that caused the break-up of

Gondwana. We highlight the evolution of the South Atlantic passive margins by a simple thermal lithosphere-asthenosphere-

boundary (LAB) model based on rifting time, crustal thickness, and stretching factors. We simulate the different rifting stages

that caused the opening of the South Atlantic Ocean and pick the LAB as the T=1330 °C isotherm, which is calculated by 1D

advection and diffusion. In a synthetic example, we demonstrate that the initial crustal thickness has the largest effect on the

thermal LAB. For the South American passive margin, our modeled LAB shows a deep and smooth structure between 110-150

km depth at equatorial latitudes and a more variable LAB between 50-200 km along the southern part. This division reflects

different stages of the South Atlantic opening: initial opening of the southern South Atlantic causing substantial lithospheric

thinning, followed by rather oblique opening of the equatorial South Atlantic accompanied by severe thinning. The modeled

LAB reflects a high variability associated with tectonic features on a small scale. Comparing the LAB of the conjugate South

American and African passive margins in a Gondwana framework reveals a variable lithospheric architecture for the southern

conjugate margins. Along selected conjugate margin segments stark differences up to 80 km of the LAB depths correlate with

strong gradients in margin width. This mutual asymmetry suggests highly asymmetric melting and lithospheric thinning prior

to rifting.

1



manuscript submitted to Tectonics 

 

 1 

Modeling lithospheric thickness along the conjugate South Atlantic passive margins 2 

implies asymmetric rift initiation 3 

 4 

Peter Haas
1
, R. Dietmar Müller

2
, Jörg Ebbing

1
, Nils-Peter Finger

3,4
 and Mikhail K. 5 

Kaban
3,5

 6 

1
Institute of Geosciences, Kiel University, Kiel, Germany

 
7 

2
Earthbyte Group, School of Geosciences, The University of Sydney, Sydney, Australia   8 

3
GFZ Research Centre for Geosciences, Potsdam, Germany 9 

4
Free University of Berlin, Berlin, Germany 10 

5
Schmidt Institute of Physics of the Earth, Moscow, Russia 11 

 12 

Corresponding author: Peter Haas (peter.haas@ifg.uni-kiel.de)  13 

 14 

Key Points: 15 

 A simple thermal LAB model for the South Atlantic passive margins has been developed 16 

 The LAB model shows highly variable lithospheric thickness that reflects different rifting 17 

stages of the South Atlantic 18 

 The difference of LAB depths for conjugate margin pairs correlates with asymmetry in 19 

margin width, implying asymmetric lithospheric thinning 20 

  21 

mailto:peter.haas@ifg.uni-kiel.de)


manuscript submitted to Tectonics 

 

Abstract 22 

The lithospheric architecture of passive margins is crucial for understanding the tectonic 23 

processes that caused the break-up of Gondwana. We highlight the evolution of the South 24 

Atlantic passive margins by a simple thermal lithosphere-asthenosphere-boundary (LAB) model 25 

based on rifting time, crustal thickness, and stretching factors. We simulate the different rifting 26 

stages that caused the opening of the South Atlantic Ocean and pick the LAB as the T=1330 °C 27 

isotherm, which is calculated by 1D advection and diffusion. In a synthetic example, we 28 

demonstrate that the initial crustal thickness has the largest effect on the thermal LAB. For the 29 

South American passive margin, our modeled LAB shows a deep and smooth structure between 30 

110-150 km depth at equatorial latitudes and a more variable LAB between 50-200 km along the 31 

southern part. This division reflects different stages of the South Atlantic opening: initial opening 32 

of the southern South Atlantic causing substantial lithospheric thinning, followed by rather 33 

oblique opening of the equatorial South Atlantic accompanied by severe thinning. The modeled 34 

LAB reflects a high variability associated with tectonic features on a small scale. Comparing the 35 

LAB of the conjugate South American and African passive margins in a Gondwana framework 36 

reveals a variable lithospheric architecture for the southern conjugate margins. Along selected 37 

conjugate margin segments stark differences up to 80 km of the LAB depths correlate with 38 

strong gradients in margin width. This mutual asymmetry suggests highly asymmetric melting 39 

and lithospheric thinning prior to rifting.  40 

Plain Language Summary 41 

Passive margins mark the transition zone from a continent to the ocean without being an active 42 

boundary of tectonic plates. They are typical for all continents on the globe. In the South 43 

Atlantic, the passive margins are located adjacent to the eastern coastline of South America and 44 

the western coastline of Africa. Studying the architecture of passive margins is essential for 45 

understanding plate tectonic history of the earth because they define how the continents once 46 

belonged together and how they broke apart. Passive margin segments on opposite sides of an 47 

ocean form so called conjugate margin pairs. Most geophysical studies of passive margins focus 48 

on the near-surface architecture. However, their deeper extension to the base of the rigid shell of 49 

the earth, known as lithospheric thickness, is to a large extent unknown. Based on a simple 50 

temperature model we find that the lithospheric thickness is highly variable and shows structural 51 

variations along the South Atlantic passive margins. These differences are associated with the 52 

extension of conjugate margin pairs: where one margin is narrower than the conjugate, its 53 

lithospheric thickness is greater. This asymmetry indicates that the geodynamic processes, 54 

causing the break-up of the two continents, must have been asymmetric as well.   55 

1 Introduction 56 

The architecture and evolution of passive margins have been extensively studied over the last 57 

decades (e.g., Duretz et al., 2016; Geoffroy, 2005; Lister et al., 1986; Reston, 2009). For a long 58 

time, this was predominantly motivated by hydrocarbon exploration because numerous oil and 59 

gas reservoirs are connected to passive margin formation. Nowadays, passive margins become 60 

the focus of attention for sequestering carbon dioxide (e.g., Ringrose and Meckel, 2019), as well 61 

as for estimating the global carbon dioxide budget over deep time (e.g., Brune et al., 2017).  62 

The McKenzie model of rifting is a widely accepted model that explains thinning of the 63 

continental lithosphere and subsequent stretching in pure-shear mode associated with tectonic 64 

subsidence (McKenzie, 1978). Jarvis and McKenzie (1980) introduced a time-dependent 65 
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analytical model that relates variations in heat flow and subsidence history to the rate of 66 

extension. The formation of non-volcanic passive margins is the endmember of the McKenzie 67 

rifting model with passive upwelling of buoyant sublithospheric mantle material, driven by far 68 

field extension forces (Geoffroy, 2005; Sengör and Burke, 1978).  69 

In many places, volcanic passive margins have been interpreted as the result of active upwelling 70 

of a mantle plume, associated with a thick crust due to magmatic underplating and the formation 71 

of Seaward Dipping Reflectors (SDR; e.g., Geoffroy, 2005; Mutter et al., 1982). The occurrence 72 

of volcanic rifted margins does not necessarily require a pronounced thermal anomaly in the 73 

mantle related to a plume (e.g., Bown and White, 1995), but can be explained with transient 74 

small-scale mantle convection underneath the lithosphere (Nielsen, 2002; Simon et al., 2009) or 75 

plume-rift interaction (Morgan et al., 2020).  76 

The crustal architecture of passive margins shows a high diversity that cannot be characterized 77 

only in terms of magmatic budget (e.g., Tugend et al., 2018). One important observation is 78 

asymmetry of opposed margins, which requires other mechanisms than pure shear (Lister et al., 79 

1986). A proposed mechanism is detachment faulting along low-angle normal faults, which cut 80 

through the entire lithosphere (Lister et al., 1986). This concept is based on simple shear 81 

(Wernicke, 1981). Brune et al. (2014) showed that margin asymmetry is caused by rift migration 82 

of only upper crustal faults, associated with a large melt transfer between two rift sides. Tugend 83 

et al. (2018) propose that timing of decompression melting may be more important than 84 

estimates of the magmatic budget of passive margins to understand their evolution and 85 

variability. 86 

All rifting models have in common that the initial lithospheric thickness is thinned prior to 87 

rifting, followed by subsidence and cooling of the lithosphere. The concept of half-space cooling 88 

predicts lithospheric thickening with time during the first ~80 million years after crustal 89 

accretion at a mid-ocean-ridge (e.g., Turcotte and Schubert, 2018). However, at passive margins 90 

this concept fails as the oceanic crust is older than 80 Ma in many places and the relation of 91 

passive and active upwelling of mantle material is not known. Due to this ambiguity, the amount 92 

of lithospheric thinning prior to margin formation is also often unknown.  93 

In this study, we focus on the formation and lithospheric thickness of the South Atlantic passive 94 

margins. Their architecture cannot be explained by uniform rifting models only and shows a 95 

wide range of volcanic and non-volcanic passive margin types. In the Late Jurassic, rifting 96 

started and caused the disintegration of Western Gondwana, leading to the opening of the 97 

southern South Atlantic (e.g., Rabinowitz and LaBrecque, 1979). In the Late Aptian/Early 98 

Albian, the equatorial part of the South Atlantic opened (Moulin et al., 2010), characterized by a 99 

higher degree of oblique rifting (Brune et al., 2018). The equatorial opening of the South Atlantic 100 

was dominated by far field forces (e.g., Heine et al., 2013; Moulin et al., 2010). 101 

To what extent the Tristan Hotspot, which formed the Parana-Etendeka flood basalts (Granot and 102 

Dyment, 2015; Renne et al., 1992), contributed to the initial break-up is still discussed. 103 

Combined seismic imaging and potential field data analysis for the central and southern 104 

segments of the South Atlantic suggests that the Tristan Hotspot sourced the magmatism volume 105 

but might not necessarily have altered the process of rifted margin formation (Blaich et al., 106 

2011). Comparison between Large Igneous Provinces (LIP) and break-up age shows that rifting 107 

occurred before LIP emplacement. This indicates that rifting might have been initiated by 108 

tectonic forces and the Tristan plume only guides the mantle material towards the thinned 109 

lithosphere (Buiter and Torsvik, 2014). Morgan et al. (2020) propose that along-rift flow of 110 
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plume material causes the formation of volcanic passive margins, associated with thinning of the 111 

initial lithosphere. 112 

In recent years, several global and regional lithospheric thickness models have been published 113 

that cover the South Atlantic passive margins. Global models are, for example, derived from 114 

surface-wave dispersion maps (Pasyanos et al., 2014), conversion of seismic tomography to 115 

thermal LAB (Steinberger and Becker, 2018) or multi-probabilistic joint inversion (Afonso et al., 116 

2019). The global LAB models have a wide depth range, partly depending on the data sets and 117 

regularizations used in establishing the models. Due to the narrow and elongated margin 118 

geometry, many of these global models are not capable of mapping the LAB in this region. For 119 

example, Finger et al. (2021) present a regional model for the South American continent based 120 

on combined density, thermal, and compositional modeling, which can be converted to a LAB 121 

model. However, the thermal field, which can be converted to LAB depths, does not adequately 122 

represent the passive margins as their modeling approach focusses on the continental platforms. 123 

In this paper, we predict a thermal LAB depth of the stretched region along the passive margins 124 

of the South Atlantic. We first introduce our method for the South American passive margin. The 125 

thermal LAB depth is derived from three input parameters: stretching factors, rifting time, and 126 

crustal thickness. We calculate the stretching factors by accounting for crustal thickness 127 

gradients across the deforming region. Together with rifting time and published crustal thickness 128 

models, we then calculate a thermal model of the extended lithosphere. The LAB depth is 129 

defined by extrapolating the linear geotherm from the crust throughout the lithosphere after 130 

rifting occurred. Next, we discuss the evolution of the thermal LAB for the conjugate South 131 

Atlantic passive margins in a Gondwana framework using GPlates software (Müller et al., 2018). 132 

We further evaluate differences between conjugate margin basins by correlating the predicted 133 

LAB depth with margin width.  134 

2 Methods 135 

We calculate lithospheric thickness as a function of rifting time, crustal thickness, and stretching 136 

factor. For that, we use the python code RiftSubsidence based on software that was originally 137 

designed to calculate theoretical subsidence curves for rifting scenarios in 1D (White et al., pers. 138 

com.). In RiftSubsidence, the subsidence is calculated based on the amount and timing of pure 139 

shear lithospheric extension, as well as on the thermal and density structure of the lithosphere.  140 

In this approach, the lithospheric thickness is derived from the thermal structure after the 141 

lithosphere has been stretched. The temperature of the model is calculated by 1D advection and 142 

diffusion using finite differences. The top of the model is defined at sea level, while the base of 143 

the model is defined as the LAB. At these boundaries, the temperature is fixed throughout the 144 

entire rifting period.  145 

Prior to lithospheric stretching the LAB depth zLAB and LAB temperature TLAB must be defined. 146 

zLAB is balanced isostatically against a reference Mid-Ocean-Ridge (MOR). Figure 1 shows the 147 

isostatic model of the reference MOR on the left and passive margin on the right. Assuming that 148 

the thickness of the mantle lithosphere hm is the only unknown parameter, the isostatic equation 149 

can be defined as:   150 

 (1) 

 151 

The assumed values of density and thickness of each layer are listed in Table 1. The crustal 152 

thickness varies spatially for the passive margin. Accordingly, the initial LAB depth zLAB is 153 

individual for each point and is defined as: 𝑧𝐿𝐴𝐵 = ℎ𝑐 + ℎ𝑚. For crustal density, we calculate the 154 

ℎ𝑚 =
𝜌𝑤ℎ𝑤 + 𝜌𝑐(ℎ𝑐0 − ℎ𝑐) + 𝜌𝑎(ℎ𝑐 − ℎ𝑤 − ℎ𝑐,𝑟𝑒𝑓)

(𝜌𝑚 − 𝜌𝑎)
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average value over the entire deformable region (see Table 1). The value of 𝜌𝑐 = 2.809 g/cm³ is 155 

obtained by balancing isostatically thicknesses and densities of crystalline crust and sediments of 156 

the crustal model of Finger et al. (2021). Thus, it represents a mean value of the entire crust. 157 

 158 

Variable Name Value 

ρw Density of sea water  1.03 g/cm³ 

ρc Density of crust 2.809 g/cm³ 1 

ρm Density of lithospheric mantle Unknown 

ρa Density of asthenosphere 3.3 g/cm³ 3 

hw Height of sea water 2.5 km 2 

hc,ref Thickness of crust at MOR 7 km 2 

hc Thickness of crust Variable 1 

hm Thickness of lithospheric mantle Unknown 

Table 1. Layers of isostatic model at passive margin with respective densities. 
1
Thickness and 159 

density of the crust are taken from Finger et al. (2021). 
2
Thicknesses of MOR reference column 160 

are taken from Afonso et al. (2019). 
3
Density of asthenosphere taken from Zoback and Mooney 161 

(2010). 162 

 163 

 164 
Figure 1. Isostatic balance of MOR (left) and passive margin (right). Mantle density and 165 

thickness of mantle lithosphere are the unknown parameters. Full names of the parameters are 166 

given in Table 1. 167 

 168 

The isostatic balance in Eq. 1 assumes a constant mantle density. As the South American passive   169 

margin is bounded by different continental and oceanic tectonic regimes, its mantle density is 170 

heterogeneous. Estimates from global and regional inversions indicate varying mantle densities 171 

along the South American passive margin (e.g., Afonso et al., 2019; Finger et al., 2021).  172 

Therefore, the mantle density is the second unknown parameter of the isostatic column.  173 

Prior to rifting the thermal state of the lithosphere can be regarded as purely conductive with a 174 

linear geotherm. Assuming a constant linear geotherm for the entire lithosphere (blue lines in 175 

Figure 2), we calculate the mantle density and thickness of the mantle lithosphere in an iterative 176 

scheme: 177 
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 178 

1. Select a starting value of hm,0 179 

2. As the geotherm is linear throughout the lithosphere, the mantle temperature Tm can be 180 

directly derived from TLAB and the temperature at the Moho TMoho: 181 

           (2) 

 182 

  TMoho can be substituted by the quotient of crustal and lithospheric thickness: 183 

 (3) 

 184 

 185 

With hm,i = thickness of mantle lithosphere at iteration step i. 186 

 187 

3. Assume mantle density as a function of temperature, based on volumetric coefficient of 188 

thermal expansion α (e.g., Turcotte and Schubert 2018): 189 

 (4) 

 

 190 

Solve the differential: 191 

 (5) 

 192 

 193 

Solve Eq. 5 for mantle density: 194 

 (6) 

 195 

 196 

With ρm,i =mantle density at the iteration step i and α=thermal expansivity coefficient 197 

[1/K]  198 

 199 

4. Update hm based on Eq. 1 and mantle density of Eq. 6. 200 

 201 

5. Repeat Step 2-4  202 

 203 

The process is iterated until the density change reaches the threshold ‖𝜌𝑚,𝑖+1 − 𝜌𝑚,𝑖‖ < 0.001 204 

g/cm³. For TLAB and α we choose standard values of TLAB=1333 °C and α=3.28*10
-5

 1/K (e.g., 205 

Jarvis and McKenzie, 1980; Parsons and Sclater, 1977). More specific values of α for oceanic 206 

lithosphere exist (α=3.45), which are derived from mineral physics (Afonso et al., 2005). 207 

However, the effect on the modeled LAB is only minor.  208 

zLAB represents the depth of the LAB prior to rifting. If the lithosphere is not stretched, a linear 209 

geotherm for the entire lithosphere can be assumed. However, rifting causes lithospheric 210 

extension with subsequent non-linear displacement of the geotherm. After extension ceases, the 211 

lithosphere cools and the geotherm relaxes back to the linear state at infinite time. Depending on 212 

initiation and end of rifting and the amount of stretching, the geotherm will deviate from its 213 

initial linear state (Figure 2). If we assume that conductive heat transport in the crust is the 214 

 

 
𝑇𝑚 =

𝑇𝐿𝐴𝐵 + 𝑇𝑀𝑜ℎ𝑜

2
 

 

 

𝑇𝑚 =

𝑇𝐿𝐴𝐵  1 +
ℎ𝑐

ℎ𝑐 + ℎ𝑚,𝑖
 

2
 

 

 𝑑𝜌 = −𝜌𝛼𝑑𝑇 

𝜌𝑚,𝑖 =
𝜌𝑎

1 − 𝛼(𝑇𝐿𝐴𝐵 − 𝑇𝑚)
 

𝜌𝑎 − 𝜌𝑚,𝑖 = −𝜌𝑚,𝑖𝛼(𝑇𝐿𝐴𝐵 − 𝑇𝑚) 
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dominant heat source and that thermal expansion is constant both for the crust and lithosphere, 215 

we can extrapolate the geotherm of the crust throughout the mantle lithosphere.  As a result, zLAB 216 

is shifted upward (Figure 2). The difference between zLAB,init based on the isostatic model and 217 

zLAB,rifted based on the extrapolated crustal geotherm, is defined as ΔzLAB. 218 

 219 

 220 
Figure 2. Geotherms and the LABs. Dashed line: Initial geotherm before rifting, circles: uplifted 221 

geotherm after rifting and cooling, solid blue line: extrapolated linear geotherm based on thermal 222 

structure of crust (filled circles). The depth at which the extrapolated geotherm reaches TLAB 223 

provides an approximate estimate of zLAB. 224 

 225 

The amount of non-linearity of the distorted geotherm in Figure 2 depends on the elapsed time 226 

and on the amount of stretching. Based on the concepts described by McKenzie (1978), we 227 

define the stretching factor as the thickness of unthinned crust divided by thinned crust: 228 

 (7) 

 229 

hi defines the initial crustal thickness, whereas hs is the crustal thickness after stretching.  230 

Müller et al. (2019) used this approach to derive stretching factors globally for all deforming 231 

regions. However, their values are calculated based on uniform stretching and do not consider 232 

crustal thickness gradients. We derive new stretching factors for the South American passive 233 

margin, by selecting an updated crustal thickness model of South America by Finger et al. 234 

(2021), which is based on available seismic determinations.  235 

The Continent-Ocean-Boundary (COB) can be divided in an inner part, defined as the landward 236 

limit of stretched continental crust, and an outer part, defined as the oceanward limit of stretched 237 

continental crust (Müller et al., 2019). The area between the inner and outer COB is defined as 238 

the deforming region and represents the thinned crust hs (see Figure 3). In the following, we will 239 

ß =
ℎ𝑖

ℎ𝑠
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treat the term ‘deforming region’ as ‘passive margin’. To obtain the unthinned crust hi, the inner 240 

margin of the COB is extended 500 km towards the continent. Figure 3a shows the crustal 241 

thickness of Finger et al. (2021), where the South American passive margin is defined by its 242 

inner and outer COB. For the equatorial and southern margin different rifting stages are assumed. 243 

We define five different segments of extended COB, based on adjacent onshore crustal thickness 244 

and surface geology. For each segment, we calculate the mean value of crustal thickness, which 245 

represents unthinned crust hi (Figure 3b). Table 2 lists the average values of the different 246 

segments. Note that the average crustal thickness of units 2-5 is almost identical. Figure 3c 247 

shows the resulting stretching factor.  248 

 249 

Segment Geology Crustal Thickness [km] 

1 Colorado Basin (offshore) 29,9  

2 Parana Basin 38,2 

3 Sao Francisco 38,8 

4 Amazonia South 38,6 

5 Amazonia North 37,5 

Table 2. Average crustal thickness values for the different geological segments shown in 250 

Figure 3b. 251 

 252 
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 253 
Figure 3. Crustal thickness to calculate stretching factors. a: Crustal thickness model of Finger et 254 

al. (2021). Masked area: Geometry of the South American passive margin. The coral polygon 255 

corresponds to the early opening of the Atlantic from 141-120 Ma, the blue polygon to the later 256 

stage from 121-107 Ma (rifting time taken from the GPlates data base, as published in Müller et 257 

al., 2019). Blue dashed contours and numbers represent different segments of crustal thickness, 258 

extended 500 km towards the inner continent. b: Crustal thickness values for deformable region 259 

and inner extension area. Values for inner area are averaged. c: Stretching factors of deforming 260 

region of passive margin. 261 

 262 
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3 Synthetic example – Varying input parameters of RiftSubsidence 263 

Originally, RiftSubsidence was designed to calculate theoretical subsidence curves based on the 264 

input parameters rifting time, stretching factor, and crustal thickness (White et al., pers. com.). 265 

Within the following synthetic example, we show the effect of each parameter on the resulting 266 

lithospheric thickness after rifting.  267 

First, we select default values of the initial parameters. For rifting time trift we choose 130-50 Ma, 268 

stretching factor ß = 2, crustal thickness hc = 30 km. Each parameter is varied in a certain range, 269 

while the other parameters are fixed at the respective default values. Densities and thicknesses of 270 

the isostatic reference model are taken from Table 1. Here, we assume a constant mantle density 271 

of 𝜌𝑚 = 3.35 g/cm³. According to Eq. 1, the only unknown parameter is now hm. In another 272 

synthetic example, we vary the densities of the reference isostatic column and investigate to 273 

which extent this contributes to the LAB depth after rifting (supporting information S1). 274 

We investigate two different scenarios of trift: first, we set the initiation of rifting at 130 Ma and 275 

vary the end from 120 to 0 Ma. Second, we set a constant duration of rifting of 80 Ma and start at 276 

200 Ma. Figure 4 shows the end time of rifting versus the LAB depth after rifting zLAB,rifted. For 277 

constant time of rifting initiation at 130 Ma zLAB,rifted decreases towards the present time. The 278 

same trend can be observed for a constant duration of rifting, but zLAB,rifted is even shallower than 279 

before. zLAB,rifted is progressively decreasing towards the present day. The shorter the rifting time, 280 

the less time the lithosphere has to cool down, resulting in an uplifted geotherm and a stronger 281 

deviation from the initial isostatic LAB zLAB,init . Comparing both scenarios, the advection rate is 282 

the same only if the period of extension and the stretching factor are the same. zLAB,rifted becomes 283 

shallower for the model with constant duration of rifting because the extension has occurred until 284 

more recent times (For example, 130-0 Ma for the red curve vs. 80-0 Ma for the blue curve).  285 

By varying the stretching factor ß between 1-3 and taking the default values of the other 286 

parameters, we observe an almost linear shallowing of zLAB,rifted towards higher stretching factor 287 

(Figure 5). The difference of ~20 km between zLAB,rifted and zLAB,init  is of the same magnitude as 288 

with the variable rifting time in Figure 4. Figure 5 also shows the LAB depth after varying the 289 

initial crustal thickness between 20-40 km. Note that in this case zLAB,init is not constant. 290 

Increasing the Moho depth causes increasing the LAB depth. Isostasy shows that the mass deficit 291 

of a deeper Moho is compensated by a thicker mantle lithosphere (right column of Figure 1). 292 

This trend is not linear because the crustal thickness hc controls two coefficients ρc and ρa in Eq. 293 

1. At the of Moho depth ~26 km and LAB depth of ~60 km, zLAB,rifted starts to deviate from 294 

zLAB,init. The effect becomes stronger with increasing the Moho depth. Here, the effect of rifting 295 

and stretching becomes significant. For this configuration, a ratio of the Moho and LAB depths 296 

of 0.43 is the threshold for significant difference between zLAB,init and zLAB,rifted. 297 

This synthetic example demonstrates that the initial crustal thickness has the strongest effect on 298 

zLAB,rifted. In the supporting information we show how zLAB,rifted varies for spatially variable crustal 299 

thickness, using two recently published crustal thickness models of South America (Finger et al., 300 

2021; Haas et al., 2020). 301 

 302 
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 303 
Figure 4. Rifting time vs. LAB depth for different initiation time and duration of rifting. The red 304 

curve shows the zLAB,rifted for constant start of rifting at 130 Ma with variable end between 120 to 305 

0 Ma. The blue curve indicates zLAB,rifted for constant duration of rifting of 80 Ma with variable 306 

onset of rifting. The first red dot on the right side cuts the x-axis at 120 Ma and corresponds to a 307 

rifting period from 130-120 Ma. The first blue dot corresponds to a rifting period from 200-120 308 

Ma. The dashed blue line shows zLAB,init based on isostatic balance of Figure 1.  309 

          310 
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 311 

Figure 5. Stretching factor and Moho depth vs. LAB depth. The solid green line indicates 312 

zLAB,rifted  for varying stretching factors ß between 1-3, while the solid magenta line shows 313 

zLAB,rifted for variable initial crustal thickness between 20-40 km. The dashed lines represent LAB 314 

depths of the initial isostatic balance. 315 

4 Results 316 

4.1 LAB for the South American passive margin 317 

Figure 6 shows zLAB,rifted for the South American passive margin. The South American passive 318 

margin can be split into an equatorial and a southern part, separated by the Chain Fracture Zone. 319 

zLAB,rifted  varies from values locally lower than 50 km to deeper than 200 km. Remarkably, there 320 

are also large gradients of zLAB,rifted between the inner and outer COB. The magnitude depends on 321 

the distance between inner and outer COB. For example, in the Pernambuco-Parnaiba Basin 322 

zLAB,rifted varies ~100 km between inner and outer COB as the inner COB extends deeply into the 323 

Borborema Province.  324 

The sedimentary basins south of the Chain Fracture Zone have been formed during early opening 325 

of the South Atlantic. In this area, zLAB,rifted is characterized by a rather heterogeneous structure 326 

with values mostly lower than 100 km. Locally, there are large horizontal gradients, causing 327 

strong deviations of the lithospheric thickness even inside a single sedimentary basin. Very 328 

shallow lithosphere can be observed in the Campos, Santos, Punta del Este, and Colorado Basins 329 

with values lower than 50 km, indicating strong deformation due to high stretching factors. The 330 

shallow lithosphere of the Campos and Santos Basins is intersected by a thick lithospheric piece 331 

in the southern Santos and northern Pelotas Basin. Here, zLAB,rifted reaches values up to 160 km 332 

even towards the outer COB. 333 
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In contradiction to the southern part, zLAB,rifted reveals a rather smooth structure between 100-150 334 

km in the equatorial part of the South American passive margin. Even though the deforming 335 

region of the equatorial segment is narrower than for the southern segment, for most basins a 336 

high gradient of lithospheric thickness between inner and outer COB is present with thinning 337 

towards the outer COB. 338 

Most features of zLAB,rifted are already present in the isostatically derived zLAB,init (Figure 7a). 339 

However, in the equatorial part, the gradient of lithospheric thickness between the inner and 340 

outer COB is higher than for zLAB,rifted. The difference between zLAB,init  and zLAB,rifted, ΔzLAB, shows 341 

that in this area rifting causes more variety than for other parts of the margin (Figure 7b). ΔzLAB 342 

has a maximum of 12 km, with the highest values in the Borborema Province, which is the 343 

onshore continuation of the Pernambuco-Parnaiba and Sergipe-Alagoas Basins, and in the 344 

Pelotas and Santos Basins offshore of Brazil. For other regions ΔzLAB is mostly lower than 7 km. 345 

A cumulative plot of zLAB,init versus ΔzLAB follows a Gaussian distribution with a standard 346 

deviation of 22.5 km (Figure 8). ΔzLAB reflects the behavior of the geotherms as shown in Figure 347 

2. The isostatic equation (Eq. 1) shows that thin lithosphere correlates with thin crust. If both 348 

layers are thin, ΔzLAB has no time to propagate and is negligible for lower values of zLAB,init. Thick 349 

crust correlates with thick lithosphere. In this case, the geotherms deviate from each other in 350 

deeper levels which cannot be compensated by the mantle lithosphere. Consequently, ΔzLAB gets 351 

small for higher values of zLAB,init (Figure 8). Selecting ΔzLAB= 5 km as a benchmark shows that 352 

only a range of 110-170 km for zLAB,init cause deviations of zLAB,rifted during the rifting process. 353 

The maximum of the curve corresponds to zLAB,init=135 km and ΔzLAB=10 km. 354 

Figure 9a displays the mantle density of the isostatic column prior to rifting. Notably, ρm is 3.35 355 

g/cm³ for most areas. The difference to ρa (3.3 g/cm³) is 0.05 g/cm³ and reflects the temperature-356 

dependent decrease of density with depth from lithosphere to asthenosphere. The outermost 357 

Campos and Santos Basins show anomalous minima of ρm around 3.31-3.32 g/cm³. These 358 

structures partly require a higher number of iterations that are needed to satisfy the density 359 

threshold criterium (Figure 9b). 360 

Most of the points in Figure 9b reach the density threshold after i <=4 iterations. Only where 361 

lithospheric thickness is very shallow, the algorithm needs more time to converge. This shows an 362 

inherent stability between mantle density and thickness of the mantle lithosphere, which are the 363 

variable parameters of our inverse approach.  364 

 365 
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 366 
Figure 6. LAB after rifting at the passive margin of South America. Thick dashed black line 367 

indicates Chain Fracture Zone (CFZ). Thick dashed red polygon marks the extension of Large 368 

Igneous Provinces (LIPs) offshore South America, taken from the Johansson et al. (2018) data 369 

base. Dashed contours and numbers indicate offshore sedimentary basin locations, taken from 370 

Wen et al. (2019). 1: Guyana, 2: Foz do Amazonas-Marajo, 3: Para-Maranhao, 4: Barreirinhas, 371 

5: Ceara, 6: Potiguar, 7: Pernambuco-Parnaiba, 8: Sergipe-Alagoas, 9: Bahia Norte, 10: Bahia 372 

Sul, 11: Espirito Santo, 12: Campos, 13: Santos, 14: Pelotas, 15: Punta del Este, 16: Colorado.  373 

 374 
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 375 
Figure 7. a: Initial isostatic LAB before rifting, b: Difference of LAB before and after rifting. 376 

Dashed line indicated Chain Fracture Zone. 377 

 378 

 379 
Figure 8. Distribution of Initial Isostatic LAB vs. Difference of LAB before and after rifting. 380 

The horizontal dashed line indicates the difference benchmark of ΔzLAB= 5 km. 381 

 382 
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 383 
Figure 9. a: Mantle density before rifting, b: Number of iterations needed to satisfy density fit. 384 

Note that the resolution is kept to 1 degree to show the convergence at each point of the grid.   385 

 386 

4.2 LAB of the conjugate South Atlantic passive margins in a Western Gondwana 387 

framework 388 

 389 

We used the same approach to calculate zLAB,rifted for the African passive margin (see supporting 390 

information S2 for the crustal model, segments of crustal thickness, and stretching factors). 391 

Figure 10 shows zLAB,rifted in a Gondwana framework, rotated to 83 Ma while the entire South 392 

Atlantic had been opened. The conjugate margins between Ascension and Rio de Janeiro 393 

Fracture Zone are connected by flowlines, which have been calculated by a set of seed points 394 

located on the Mid Atlantic Ridge. The flowlines are used to calculate the width of the passive 395 

margins.  396 

In many parts of the African passive margin, the width is less than on the conjugate South 397 

American side, especially in the African equatorial segment. However, the general trend of 398 

deeper lithosphere in the equatorial segment and shallower lithosphere in the southern segment is 399 

also observed at the African passive margin. A notable difference appears at the northernmost tip 400 

of the African deforming region, where the lithospheric thickness is shallower than 50 km. 401 

For the central part of the African passive margin, the lithospheric thickness is less variable than 402 

for South America. The thickness is mostly lower than 100 km with lowest values offshore 403 

Congo and Kwanza Basin. In this area, the passive margin appears to be wider than for the South 404 

American counterpart, suggesting more constant lithospheric thinning. The across-margin 405 

gradients are not as pronounced as for the South American passive margin since zLAB,rifted is 406 

already quite shallow towards the inner COB.  407 

In the southern part, where the African passive margin is rich in volcanic material, the 408 

lithospheric thickness shows intermediate values ~100 km towards the inner COB. The across-409 
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margin gradient is relatively high with values lower than 50 km towards the outer COB. 410 

Compared to the South American counterpart, the African side shows less along-margin 411 

heterogeneity.  412 

 413 

  414 
Figure 10. Lithospheric thickness for the deforming region of the South American and African 415 

passive margins in Gondwana framework, rotated back to 83 Ma using GPlates software (Müller 416 

et al., 2018). In between, the age of the oceanic lithosphere is visualized (Seton et al., 2020). 417 

Thin dashed line represents the location of the Mid Atlantic Ridge at 83 Ma. AF=Ascension 418 

Fracture Zone, RF=Rio de Janeiro Fracture Zone. Grey lines represent flowlines intersecting the 419 

passive margins and are used to calculate margin width (see Fig. 12-14). Cratons on the 420 

continent are draped with geology. Craton boundaries are taken from Celli et al. (2020). Cratonic 421 

units are abbreviated: AM=Amazonia, SF=Sao Francisco, RDP=Rio de la Plata, WA=West 422 

Africa, CO=Congo, KA=Kalahari. Dark red polygons show location of LIPs, taken from the 423 

Johansson et al. (2018) data base.  424 

 425 

5 Discussion 426 

 427 

5.1 The role of magmatic underplating for the LAB structure along the South Atlantic 428 

passive margins 429 

 430 
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The two-part lithospheric structure with deeper lithosphere in the equatorial part and shallower, 431 

more heterogeneous lithosphere in the southern part along the South American passive margin 432 

offers insights in the rifting mechanism that controlled the break-up of Pangea. The smooth 433 

lithosphere at the equatorial margins, especially on the South American side, implies that far-434 

field edge forces are the dominant mechanism, causing only minor thinning of the pre-break-up 435 

continental lithosphere. The lithospheric thickness is in a range that can be expected for stable 436 

continental platforms (e.g., Artemieva, 2012). A lower amount of lithospheric thinning indicates 437 

that less magmatic material has been involved in the rifting process. This is the case for the 438 

equatorial passive margin of South America, where LIPs are absent.     439 

At the southern part of the passive margins the initial lithosphere has been thinned more 440 

extensively. This suggests a longer initial slow pre-rift phase with sufficient time to destruct the 441 

initial continental lithosphere. In some areas, like the Colorado Basin on the South American 442 

side, the LAB is even shallower than 50 km. Such a shallow LAB is rather unlikely and is a 443 

result of the assumed simplifications governing the initial isostatic equation.   444 

The heterogeneous lithospheric structure of the southern South American margin points to a 445 

more variable rifting process, which is strongly connected to underplating of magmatic material. 446 

On the one hand, magmatic underplating thickens the crust by adding partial melts from a stable 447 

magma chamber to the base of the crust and cooling over a longer time period (e.g., Cox, 1993; 448 

Thybo and Artemieva, 2013). On the other hand, crustal thickening due to magmatic 449 

underplating might not necessarily be an indicator for lithospheric thickening or thinning.  450 

The occurrence of LIPs (see polygons in Figures 6 and 10) shows that the bulk of the southern 451 

margin has been affected by volcanic underplating. In the Colorado Basin, volcanic underplating 452 

is associated with SDRs. McDermott et al. (2018) distinguish the SDRs in this area in two 453 

different types, representing the continuum from continental rifting to full plate separation with 454 

formation of new magmatic crust. While the first type was formed during stretching of the crust, 455 

the second type was formed as narrow lava flows due to the Tristan plume activity (McDermott 456 

et al., 2018). Even though the passive margin does not capture the entire sequence of SDRs, the 457 

modeled lithospheric thickness is characterized by very low values in this area. A transition of 458 

two different SDR types cannot be observed in terms of lithospheric thickness. 459 

According to McDermott et al. (2018) SDRs smoothly transition from combined passive 460 

continental rifting/plume activity to wider lavas, representing magmatic activity only. This 461 

transition zone is located offshore Uruguay/Brazil in the Pelotas Basin and correlates with a 462 

distinct transition of lithospheric thickness over a relatively short distance. While increased 463 

plume activity induces reinforced lithospheric thinning, our model shows the opposite behavior 464 

as the LAB increases from ~40 km to ~100 km under the Pelotas Basin (Figure 6). 465 

Morgan et al. (2020) showed that the formation of the volcanic rifted margins in the South 466 

Atlantic is a result of an asymmetric lateral drainage of the Tristan Plume. This asymmetric flow 467 

is triggered by along-strike variations in the geometry and opening of the rift, as well as lateral 468 

variations in the initial continental lithosphere. In the initial model setup, cratons are assumed to 469 

have thicker lithosphere than the surrounding regions. Using 3D numerical modeling, this 470 

structure is roughly preserved throughout the first 28 Ma of rifting (see Figure 3 and S4 in 471 

Morgan et al., 2020). The shallower lithosphere in the Morgan et al. (2020) model pulls the 472 

plume material southwards and coincides with the deeper lithosphere in the Santos and Pelotas 473 

Basins, as featured in our model.  474 

Both the SDR distribution as observed by McDermott et al. (2018) and the model of lateral 475 

plume drainage of Morgan et al. (2020) do not match our observation of deep lithosphere in the 476 
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Santos and Pelotas Basins. This raises two general questions regarding our modeled LAB: 1. Can 477 

small-scale patterns like different types of SDR be identified and distinguished? 2. Can larger-478 

scale patterns that arise from plume-rift interaction be identified and distinguished?  479 

SDRs are an indicator of increased magmatic activity. They are emplaced at a narrow time 480 

window in the synrift phase, whereas the underlying lithosphere can be modified over a much 481 

longer time frame afterwards. The distribution of SDRs points to different melting mechanisms 482 

in the lithosphere. Even though SDRs represent different episodes of lithospheric thinning, their 483 

size is too small to be recovered by our lithospheric model. 484 

The lithospheric structure of the Morgan et al. (2020) model at the Santos and Pelotas Basins is 485 

controlled by two parameters: location of the starting plume head and definition of the initial 486 

lithospheric thickness. Morgan et al. (2020) showed that different plume locations and plume 487 

fluxes do not impede southward migration of plume material (see their supplementary material). 488 

The shallow lithosphere in their model, located in the Santos and Pelotas Basin, is a combination 489 

of both parameters, but always based on a certain assumed geometry. Varying the initial 490 

geometry would cause a different pattern of the initial lithosphere. 491 

Qualitatively, our LAB model distinguishes patterns of both SDRs and location of volcanic 492 

material during rifting. Quantitatively, we cannot correlate our LAB model with different SDR 493 

types and the asymmetric plume flow, as observed by Morgan et al. (2020). Thus, the amount of 494 

volcanic material emplaced during rifting and plume activity remains enigmatic.  495 

 496 

5.2 Comparison of stretching factors 497 

 498 

The stretching factors of Müller et al. (2019) serve as a basis to define a global deforming plate 499 

motion model. The total stretching factor is defined by stacking all stretching factors over time 500 

for a certain point or area. This is beneficial when multiple rifting or collisional events occurred. 501 

As the stretching factors of Müller et al. (2019) are valid for plate motions since the Triassic, the 502 

opening of the South Atlantic is the only event contributing to the stretching factors. Müller et al. 503 

(2019) showed that globally most extensions range in stretching factors β=1-2. Stretching factors 504 

larger than 2 reflect highly extended areas. 505 

In Figure 11a the total stretching factors β for the South American passive margin are plotted. 506 

The stretching factor β varies between 1-3, indicating extensional tectonics only. Both the 507 

equatorial and southern passive margins comprise a heterogeneous distribution. The Amazonas-508 

Marajo Basin in the north and Bahia Basin, Espirito Santo Basin and Campos Basin in the south 509 

show highest values of stretching larger than 3.  510 

Rescaling the stretching factors of our approach (Figure 3c) to the same amplitude as in Figure 511 

11a reveals a considerably lower amount of stretching (Figure 11b). The pattern of stretching 512 

with the two-part structure of lower stretching in the equatorial segment and higher stretching in 513 

the southern segment is less pronounced. However, the highest stretching factors in the Campos 514 

and Santos Basins (ß=2) correlate with the distinct area of high stretching in Figure 11a (ß>=3). 515 

Other similarities are the lower stretching factors in the Pernambuco-Parnaiba Basin and adjacent 516 

Borborema Province, as well as the varying pattern in the Punta del Este and Colorado Basin 517 

further south.  518 

The high stretching factors of the Müller et al. (2019) model imply that crustal thickness of 519 

unthinned crust is more than three times larger than thinned crust. Our model does not reflect 520 

such high values due to averaging of the continental crust into certain segments (Figure 3a and 521 

3b). In Müller et al. (2019), crustal thickness prior to extension is defined by seismological 522 
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measurements along a given zone of extension, causing higher variability of the initial crustal 523 

thickness and consequently locally higher stretching factors.     524 

The underlying plate deformation in the Müller et al. (2019) plate motion model is approximated 525 

by a pure-shear, uniform extension model. As this is the only way to define a kinematic plate 526 

model without capturing ductile flow, rift-internal variations of stretching, representing strain 527 

localization or depth-dependent stretching, are not included. As a consequence, the stretching 528 

factors represent “wide rifts that lack margin-orthogonal strain rate and crustal thickness 529 

gradients” (Müller et al., 2019). In Figure 11a this becomes obvious as the pattern of stretching 530 

varies only along strike. The stretching factors of our approach are derived independent of a plate 531 

motion model by the crustal thickness model only. They comprise heterogeneities of the crustal 532 

model as margin-perpendicular and margin-alongside gradients.      533 

In Müller et al. (2019), the thinned crust is defined by integrating a surface dilatation rate over 534 

time. This may be a source of error because the dilatation rate is not exactly known at each time 535 

step. We approximate the recent crustal thickness in the deformable region as thinned crust. This 536 

method might be another source of error because not each crustal unit of the deformable region 537 

represents thinned crust due to rifting only but might be thickened by magmatic underplating as 538 

well. Less underplating would cause lower crustal thickness in the passive margin and higher 539 

stretching factors.  540 

 541 

 542 
Figure 11. Stretching facors along the South American passive margin. a: Stretching factors of 543 

Müller et al. 2019, b: Stretching factors of this study 544 

 545 

5.3 Relation of lithospheric thickness and passive margin width 546 

 547 
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The South Atlantic passive margins are strongly related in age. While classical 2D-rifting models 548 

like McKenzie (1978) suggest uniform extension of both margin sides, recent studies showed 549 

that initial rift asymmetry leads to different widths of conjugate margins (Brune et al., 2014). 550 

This is also reflected in the deforming regions of the Müller et al. (2019) plate motion model. 551 

Comparing the lithospheric thickness of both margin sides can be an indicator of how much 552 

lithospheric thinning has contributed to rift asymmetry.  553 

We used the conjugate Bahia/Espirito Santo/Campos Basins on the South American side and the 554 

(offshore) Congo/Kwanza Basins on the African side to study the lithospheric thickness of both 555 

margins jointly because the asymmetry of conjugate margin width is particularly pronounced in 556 

this area. Using flowlines, the difference is determined by subtracting the lithospheric 557 

thicknesses at the outer COB of conjugate margin pairs. The width of a passive margin is 558 

calculated by shifting flowlines, propagating from the Mid Atlantic Ridge, towards the inner 559 

COB of the respective passive margin (see Figure 10). 560 

The conjugate margins are characterized by large differences in the lithospheric thickness 561 

(Figure 12). In the northern Bahia and Congo Basins the difference is moderate with 20 km 562 

deeper lithosphere in the Congo Basin. For the southern Bahia/Congo Basins this changes 563 

abruptly. Here, the LAB is 80 km deeper in the South American Bahia Basin, coincident with 564 

distinct narrowing of the margin. This pattern proceeds throughout the Espirito Santo/Lower 565 

Congo Basins with 50-60 km thicker lithosphere at the South American margin. For these 566 

particular conjugate basins, a considerable amount of magmatic underplating has been mapped 567 

on the South American side (Johansson et al., 2018), whereas these structures are absent on the 568 

African side. Towards the Campos/Kwanza Basins the lithospheric thickness pattern gradually 569 

changes to 30 km thinner lithosphere at the South American margin. This part of the Campos 570 

Basin is characterized by a very wide margin, while the Kwanza Basin narrows towards the Rio 571 

de Janeiro Fracture Zone. 572 

Plotting the differences of LAB depth and margin width against each other shows a linear 573 

correlation of both parameters (Figure 13). Locally, the South American margin is up to 600 km 574 

wider than the African conjugate. That is because the wide extension of the Campos Basin is 575 

amplified by an oblique distribution of the flowlines. In this area, the South American 576 

lithosphere is up to 40 km thinner than the African lithosphere. Following the linear trend shows 577 

that up to 20 km shallower South American LAB occurs for margin width differences between 578 

±100 km, independent of the margin side. For the narrower South American margin, the linear 579 

trend of increasing lithospheric thickness difference is more distinctive than for the wider 580 

margin. A maximum difference of -200 km in margin width correlates with 80 km deeper LAB 581 

for the South American margin. 582 

The highest LAB differences are found in the Bahia Basin, where the passive margin is locally 583 

narrower than 100 km. In this area, the across-margin gradients of lithospheric thickness are less 584 

pronounced, causing a relatively deep LAB at the outer COB (Figure 6 and Figure 10). Possible 585 

magmatic underplating could have strengthened this effect. The African conjugate shows a very 586 

shallow LAB, mainly caused by shallow crust and high stretching factors in the deforming 587 

region. Besides that, no magmatic underplating has been mapped. Even for the narrow margin in 588 

the southern Kwanza Basin the LAB is rather shallow, causing only moderate differences in 589 

lithospheric thickness for the conjugate margin pairs. 590 

A contribution of magmatic underplating to lithospheric thinning cannot be defined by our 591 

models. But they show that magmatic underplating might not necessarily be accompanied by 592 

extensive melting at the lithospheric base. Our results suggest that the asymmetry of the rifts 593 
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rather causes differences in lithospheric thickness of both margins. However, this is only valid 594 

for a scenario where lithospheric thickness is initially constant for both margin sides. Our initial 595 

isostatic LAB could be regarded as pre-Gondwana-breakup, but its amplitude is too close to our 596 

final model. However, establishing a LAB model in a Gondwana framework is beyond the scope 597 

of this paper.  598 

 599 

 600 
Figure 12. Difference of lithospheric thickness for selected conjugate South American and 601 

African basins, rotated back to 105 Ma. Red colours indicate deeper LAB in South America, blue 602 

colours deeper LAB in Africa. Thick lines at the inner COBs indicate directly adjacent cratons 603 

(Red: Sao Francisco and northern Congo Craton, purple: Southern Congo Craton, Blue: No 604 

craton adjacent). Red polygons indicate LIPs, for abbreviations see Figure 10.   605 

 606 
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 607 
Figure 13. Difference of margin width of conjugate margin pairs versus difference of 608 

lithospheric thickness at the respective points at the outer COB. Red colours indicate deeper 609 

LAB in South America, blue colours deeper LAB in Africa. Dashed lines show the linear fit for 610 

the pairs with wider African margin (negative Δ Margin width) and for the pairs with wider 611 

South American margin (positive Δ Margin width). Colour map is same like in Figure 12.  612 

5.4 The role of cratons and Parana Flood Basalts for lithospheric thickness in deforming 613 

regions 614 

Distinguishing the individual lithospheric thickness and margin width for the margin segments 615 

per continent shows a linear trend that is surrounded by several outliers (Figure 14). To 616 

investigate how much the cratons contribute to these deviations, we marked each point by colors. 617 

For the South American margin, thicker lithosphere occurs in the vicinity of the Sao Francisco 618 

Craton, which is also characterized by narrow margin widths (Figure 14a). 619 

For the African side, we distinguish between the southern and northern Congo Craton. Together 620 

with the area where the southern Congo Craton reaches the coastline the points outside the craton 621 

boundary form a linear trend. Stronger deviations belong to those points, where the northern 622 

Congo Craton intersects the deforming region. Overlapping geometries of the craton and 623 

deforming region can introduce errors in the modeled lithospheric thickness. In this case, 624 

unthinned crust contains some portions of cratonic lithosphere. Consequently, stretching is 625 

underestimated, which causes subsequent overestimation of the lithospheric thickness. This trend 626 

can clearly be reproduced in the distribution of the outliers (Figure 14b). 627 

The profiles of margin width versus lithospheric thickness for both continents evince that the 628 

location of the cratons controls the LAB depth. Deeper values of LAB are preferably observed in 629 

areas, where the inner COB reaches the craton. In the south, the Parana Flood Basalts are located 630 

between the Sao Francisco and Rio de la Plata Cratons. In this area, the deep LAB in the adjacent 631 

Santos and Pelotas Basins reflects high stretching factors and a strong contrast between 632 

unthinned and thinned crust (Figure 6). Our interpretation is that the relatively short, but intense 633 

magmatic activity, forming the Parana Flood Basalts (Thiede and Vasconcelos, 2010), caused a 634 
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crustal thickening in the area of the Parana Basin. This can also be seen in Figure 3b, where the 635 

average crustal thickness of the Parana Basin is similar to the cratons. However, in the deforming 636 

region, the volcanic activity occurred in a later stage and lead to rifting with crustal and 637 

lithospheric thinning. 638 

 639 

 640 
Figure 14. Margin width of conjugate margin pairs versus lithospheric thickness for the 641 

individual passive margins. Linear trend is visualized as black dashed line. a: South America, b: 642 

Africa  643 

6 Conclusions 644 

We have derived a new thermal lithospheric thickness model for the South Atlantic passive 645 

margins. Our model is calculated as a function of rifting time, crustal thickness, and stretching 646 

factor. The stretching factors are obtained by the amount of unthinned crust divided by thinned 647 

crust, using state-of-the-art crustal models for the South American and African continent. The 648 

new stretching factors account for across rift crustal gradients at the passive margin and are a 649 

refinement compared to the Müller et al. (2019) model. 650 

From our model, the lithospheric structure of the conjugate passive margins can be distinguished 651 

in two parts: the equatorial part with deep lithosphere along the relatively narrow margins and 652 

the southern part with rather thin lithosphere. For the South American passive margin, the 653 

lithospheric thickness reveals a very heterogeneous structure, which can be related to different 654 

rifting mechanisms that lead to the opening of the South Atlantic. Magmatic underplating and 655 

SDRs indicate more complex tectonics with a large amount of volcanic material, which is 656 

reflected in the heterogeneous LAB depth. The subsequent equatorial opening of the South 657 

Atlantic, driven by far-field forces, is evident in a minor destruction of the initial continental 658 

lithosphere. For Africa, the lithospheric thickness is rather shallow along the entire margin.   659 

Analyzing the lithospheric thickness in a Western Gondwana framework evinces its large 660 

variability in conjugate basins of the South American and African passive margins. The 661 

differences in lithospheric thickness are up to 80 km. We propose that these differences reflect 662 

highly asymmetric melting and lithospheric thinning prior to rifting. This is also in accordance 663 

with the margin widths. Wider margins have higher across gradients and a shallower LAB at the 664 

outer COB compared to conjugate basins of the other margin. This asymmetry is manifested in 665 

the different distribution of margin width and lithospheric thickness for each continental margin.   666 

Our modeling approach does not capture the amount of melting and volcanic underplating. This 667 

is reflected in very shallow LAB regions in the southern passive margins. The mechanism of 668 

underplating control on lithospheric thickness cannot be resolved by our model. Furthermore, the 669 



manuscript submitted to Tectonics 

 

lithospheric thickness strongly depends on the initial crustal model and the governing isostatic 670 

equation. Despite these simplifications, our LAB model represents the thermal state of the rifted 671 

margins at present day, which generally agrees with other studies. 672 

Future efforts should focus on including melting and magmatic underplating, once a 673 

comprehensive data set outlining underplated crustal thickness on both conjugate margins is 674 

available. This could be easily included in the governing isostatic equation. The modeling of the 675 

thermal structure can be extended to 2D rifting scenarios instead of the 1D approach that we are 676 

using. Given the potential of improvements, we are confident that our approach opens a new 677 

pathway for more extensive analysis of the lithospheric structure of passive margins. Our 678 

procedure can be easily extended to other passive margins on the globe. Ultimately, this would 679 

fill the gaps of reconstructed lithospheric models for the Gondwana Supercontinent.    680 
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Services: https://doi.org/10.5880/GFZ.1.3.2020.006 (Finger et al., 2021). For Africa, the data is 695 

in preparation. The rifting times of the South Atlantic opening are part of the deforming plate 696 
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https://www.earthbyte.org/webdav/ftp/Data_Collections/Muller_etal_2019_Tectonics/ 698 

A version of the code RiftSubsidence.py that generates the presented results will be made 699 

available for the public. This code will be distributed, probably with GitHub, within the final 700 

submission of the manuscript.   701 

 702 

References 703 

Afonso, J. C., Salajegheh, F., Szwillus, W., Ebbing, J. & Gaina, C. (2019): A global reference 704 

model of the lithosphere and upper mantle from joint inversion and analysis of multiple data sets. 705 

In: Geophysical Journal International 217 (3), S. 1602–1628. DOI: 10.1093/gji/ggz094. 706 

Artemieva, I. M. (2012): A lithospheric perspective on structure and evolution of Precambrian 707 

cratons. In: Phanerozoic Regional Geology of the World: Elsevier, S. 94–111. 708 

Blaich, O. A., Faleide, J. I. & Tsikalas, F. (2011): Crustal breakup and continent-ocean transition 709 

at South Atlantic conjugate margins. In: J. Geophys. Res. 116 (B1), S. 9. DOI: 710 

10.1029/2010JB007686. 711 

https://www.earthbyte.org/webdav/ftp/Data_Collections/Muller_etal_2019_Tectonics/


manuscript submitted to Tectonics 

 

Bown, J. W. & White, R. S. (1995): Effect of finite extension rate on melt generation at rifted 712 

continental margins. In: J. Geophys. Res. 100 (B9), S. 18011–18029. DOI: 10.1029/94JB01478. 713 

Brune, S., Heine, C., Pérez-Gussinyé, M. & Sobolev, S. V. (2014): Rift migration explains 714 

continental margin asymmetry and crustal hyper-extension. In: Nature communications 5, S. 715 

4014. DOI: 10.1038/ncomms5014. 716 

Brune, S., Williams, S. E. & Müller, R. D. (2017): Potential links between continental rifting, 717 

CO2 degassing and climate change through time. In: Nature Geosci 10 (12), S. 941–946. DOI: 718 

10.1038/s41561-017-0003-6. 719 

Brune, S., Williams, S. E. & Müller, R. D. (2018): Oblique rifting. The rule, not the exception. 720 

In: Solid Earth 9 (5), S. 1187–1206. DOI: 10.5194/se-9-1187-2018. 721 

Buiter, S. J.H. & Torsvik, T. H. (2014): A review of Wilson Cycle plate margins. A role for 722 

mantle plumes in continental break-up along sutures? In: Gondwana Research 26 (2), S. 627–723 

653. DOI: 10.1016/j.gr.2014.02.007. 724 

Celli, N. L., Lebedev, S., Schaeffer, A. J. & Gaina, C. (2020): African cratonic lithosphere 725 

carved by mantle plumes. In: Nature communications 11 (1), S. 92. DOI: 10.1038/s41467-019-726 

13871-2. 727 

Cox, K. G. (1993): Continental magmatic underplating. In: Phil. Trans. R. Soc. Lond. A 342 728 

(1663), S. 155–166. DOI: 10.1098/rsta.1993.0011. 729 

Crameri, F. (2018): Geodynamic diagnostics, scientific visualisation and StagLab 3.0. In: 730 

Geosci. Model Dev. 11 (6), S. 2541–2562. DOI: 10.5194/gmd-11-2541-2018. 731 

Duretz, T., Petri, B., Mohn, G., Schmalholz, S. M., Schenker, F. L. & Müntener, O. (2016): The 732 

importance of structural softening for the evolution and architecture of passive margins. In: 733 

Scientific reports 6, S. 38704. DOI: 10.1038/srep38704. 734 

Finger, N.‐P., Kaban, M. K., Tesauro, M., Haeger, C., Mooney, W. D. & Thomas, M. (2021): A 735 

Thermo‐Compositional Model of the Cratonic Lithosphere of South America Geochemistry, 736 

Geophysics, Geosystems. In: Geochem. Geophys. Geosyst. DOI: 10.1029/2020GC009307. 737 

Geoffroy, L. (2005): Volcanic passive margins. In: Comptes Rendus Geoscience 337 (16), S. 738 

1395–1408. DOI: 10.1016/j.crte.2005.10.006. 739 

Granot, R. & Dyment, J. (2015): The Cretaceous opening of the South Atlantic Ocean. In: Earth 740 

and Planetary Science Letters 414, S. 156–163. DOI: 10.1016/j.epsl.2015.01.015. 741 

Haas, P., Ebbing, J. & Szwillus, W. (2020): Sensitivity analysis of gravity gradient inversion of 742 

the Moho depth—a case example for the Amazonian Craton. In: Geophysical Journal 743 

International 221 (3), S. 1896–1912. DOI: 10.1093/gji/ggaa122. 744 

Heine, C., Zoethout, J. & Müller, R. D. (2013): Kinematics of the South Atlantic rift. In: Solid 745 

Earth 4 (2), S. 215–253. DOI: 10.5194/se-4-215-2013. 746 

Hunter, J. D. (2007): Matplotlib. A 2D Graphics Environment. In: Comput. Sci. Eng. 9 (3), S. 747 

90–95. DOI: 10.1109/MCSE.2007.55. 748 

Jarvis, G. T. & McKenzie, D. P. (1980): Sedimentary basin formation with finite extension rates. 749 

In: Earth and Planetary Science Letters 48 (1), S. 42–52. DOI: 10.1016/0012-821X(80)90168-5. 750 

Johansson, L., Zahirovic, S. & Müller, R. D. (2018): The Interplay Between the Eruption and 751 

Weathering of Large Igneous Provinces and the Deep‐Time Carbon Cycle. In: Geophys. Res. 752 

Lett. 45 (11), S. 5380–5389. DOI: 10.1029/2017GL076691. 753 

Lister, G. S., Etheridge, M. A. & Symonds, P. A. (1986): Detachment faulting and the evolution 754 

of passive continental margins. In: Geol 14 (3), S. 246. DOI: 10.1130/0091-755 

7613(1986)14<246:DFATEO>2.0.CO;2. 756 



manuscript submitted to Tectonics 

 

McDermott, C., Lonergan, L., Collier, J. S., McDermott, K. G. & Bellingham, P. (2018): 757 

Characterization of Seaward‐Dipping Reflectors Along the South American Atlantic Margin and 758 

Implications for Continental Breakup. In: Tectonics 37 (9), S. 3303–3327. DOI: 759 

10.1029/2017TC004923. 760 

McKenzie, D. (1978): Some remarks on the development of sedimentary basins. In: Earth and 761 

Planetary Science Letters 40 (1), S. 25–32. DOI: 10.1016/0012-821X(78)90071-7. 762 

Morgan, J. P., Taramón, J. M., Araujo, M., Hasenclever, J. & Perez-Gussinye, M. (2020): Causes 763 

and consequences of asymmetric lateral plume flow during South Atlantic rifting. In: 764 

Proceedings of the National Academy of Sciences of the United States of America 117 (45), S. 765 

27877–27883. DOI: 10.1073/pnas.2012246117. 766 

Moulin, M., Aslanian, D. & Unternehr, P. (2010): A new starting point for the South and 767 

Equatorial Atlantic Ocean. In: Earth-Science Reviews 98 (1-2), S. 1–37. DOI: 768 

10.1016/j.earscirev.2009.08.001. 769 

Müller, R. D., Cannon, J., Qin, X., Watson, R. J., Gurnis, M., Williams, S. et al. (2018): GPlates. 770 

Building a Virtual Earth Through Deep Time. In: Geochem. Geophys. Geosyst. 19 (7), S. 2243–771 

2261. DOI: 10.1029/2018GC007584. 772 

Müller, R. D., Zahirovic, S., Williams, S. E., Cannon, J., Seton, M., Bower, D. J. et al. (2019): A 773 

Global Plate Model Including Lithospheric Deformation Along Major Rifts and Orogens Since 774 

the Triassic. In: Tectonics 38 (6), S. 1884–1907. DOI: 10.1029/2018TC005462. 775 

Mutter, J. C., Talwani, M. & Stoffa, P. L. (1982): Origin of seaward-dipping reflectors in oceanic 776 

crust off the Norwegian margin by “subaerial sea-floor spreading”. In: Geol 10 (7), S. 353. DOI: 777 

10.1130/0091-7613(1982)10<353:OOSRIO>2.0.CO;2. 778 

Nielsen, T. K. (2002): Formation of volcanic rifted margins. Are temperature anomalies 779 

required? In: Geophys. Res. Lett. 29 (21), S. 3623. DOI: 10.1029/2002GL015681. 780 

Parsons, B. & Sclater, J. G. (1977): An analysis of the variation of ocean floor bathymetry and 781 

heat flow with age. In: J. Geophys. Res. 82 (5), S. 803–827. DOI: 10.1029/JB082i005p00803. 782 

Pasyanos, M. E., Masters, T. G., Laske, G. & Ma, Z. (2014): LITHO1.0. An updated crust and 783 

lithospheric model of the Earth. In: J. Geophys. Res. Solid Earth 119 (3), S. 2153–2173. DOI: 784 

10.1002/2013JB010626. 785 

Rabinowitz, P. D. & LaBrecque, J. (1979): The Mesozoic South Atlantic Ocean and evolution of 786 

its continental margins. In: J. Geophys. Res. 84 (B11), S. 5973. DOI: 787 

10.1029/JB084iB11p05973. 788 

Renne, P. R., Ernesto, M., Pacca, I. G., Coe, R. S., Glen, J. M., Prévot, M. & Perrin, M. (1992): 789 

The age of parana flood volcanism, rifting of gondwanaland, and the jurassic-cretaceous 790 

boundary. In: Science (New York, N.Y.) 258 (5084), S. 975–979. DOI: 791 

10.1126/science.258.5084.975. 792 

Reston, T. J. (2009): The structure, evolution and symmetry of the magma-poor rifted margins of 793 

the North and Central Atlantic. A synthesis. In: Tectonophysics 468 (1-4), S. 6–27. DOI: 794 

10.1016/j.tecto.2008.09.002. 795 

Ringrose, P. S. & Meckel, T. A. (2019): Maturing global CO2 storage resources on offshore 796 

continental margins to achieve 2DS emissions reductions. In: Scientific reports 9 (1), S. 17944. 797 

DOI: 10.1038/s41598-019-54363-z. 798 

Schaeffer, A. J. & Lebedev, S. (2013): Global shear speed structure of the upper mantle and 799 

transition zone. In: Geophysical Journal International 194 (1), S. 417–449. DOI: 800 

10.1093/gji/ggt095. 801 



manuscript submitted to Tectonics 

 

Sengör, A. M. C. & Burke, K. (1978): Relative timing of rifting and volcanism on Earth and its 802 

tectonic implications. In: Geophys. Res. Lett. 5 (6), S. 419–421. DOI: 803 

10.1029/GL005i006p00419. 804 

Seton, M., Müller, R. D., Zahirovic, S., Williams, S., Wright, N. M., Cannon, J. et al. (2020): A 805 

Global Data Set of Present‐Day Oceanic Crustal Age and Seafloor Spreading Parameters. In: 806 

Geochem. Geophys. Geosyst. 21 (10), S. 104508. DOI: 10.1029/2020GC009214. 807 

Simon, K., Huismans, R. S. & Beaumont, C. (2009): Dynamical modelling of lithospheric 808 

extension and small-scale convection. Implications for magmatism during the formation of 809 

volcanic rifted margins. In: Geophysical Journal International 176 (1), S. 327–350. DOI: 810 

10.1111/j.1365-246X.2008.03891.x. 811 

Steinberger, B. & Becker, T. W. (2018): A comparison of lithospheric thickness models. In: 812 

Tectonophysics 746, S. 325–338. DOI: 10.1016/j.tecto.2016.08.001. 813 

Thiede, D. S. & Vasconcelos, P. M. (2010): Paraná flood basalts. Rapid extrusion hypothesis 814 

confirmed by new 40Ar/39Ar results. In: Geology 38 (8), S. 747–750. DOI: 10.1130/G30919.1. 815 

Thybo, H. & Artemieva, I. M. (2013): Moho and magmatic underplating in continental 816 

lithosphere. In: Tectonophysics 609, S. 605–619. DOI: 10.1016/j.tecto.2013.05.032. 817 

Tugend, J., Gillard, M., Manatschal, G., Nirrengarten, M., Harkin, C., Epin, M.-E. et al. (2018): 818 

Reappraisal of the magma-rich versus magma-poor rifted margin archetypes. In: Geological 819 

Society, London, Special Publications, SP476.9. DOI: 10.1144/SP476.9. 820 

Turcotte, D.; Schubert, G. (2018): Geodynamics: Cambridge University Press. 821 

Wen, Z., Jiang, S., Song, C., Wang, Z. & He, Z. (2019): Basin evolution, configuration styles, 822 

and hydrocarbon accumulation of the South Atlantic conjugate margins. In: Energy Exploration 823 

& Exploitation 37 (3), S. 992–1008. DOI: 10.1177/0144598719840751. 824 

Wernicke, B. (1981): Low-angle normal faults in the Basin and Range Province. Nappe tectonics 825 

in an extending orogen. In: Nature 291 (5817), S. 645–648. DOI: 10.1038/291645a0. 826 

Zoback, M. L. & Mooney, W. D. (2010): Lithospheric Buoyancy and Continental Intraplate 827 

Stresses. In: International Geology Review 45 (2), S. 95–118. DOI: 10.2747/0020-6814.45.2.95. 828 

 829 

 830 


