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Abstract 20 

The rift-to-drift transition at rifted margins is an area of active investigation due to unresolved 21 

issues of the ocean-continent transition (OCT). Deep structures that characterize modern OCTs 22 

are often difficult to identify by seismic observations, while terrestrial exposures are preserved in 23 

fragments separated by tectonic discontinuities. Numerical modeling is a powerful method for 24 

contextualizing observations within rifted margin evolution. In this article, we synthesize 25 

geological observations from fossil ocean-continent transitions preserved in ophiolites, a recent 26 

seismic experiment on the Ivorian Margin of West Africa, and GeoFLAC models to characterize 27 

mantle deformation and melt production for magma-poor margins. Across varied surface heat 28 

fluxes, mantle potential temperatures, and extension rates our model results show important 29 

homologies with geological observations. We propose that the development of large shear zones 30 

in the mantle, melt infiltration, grain size reduction, and anastomosing detachment faults control 31 

the structure of OCTs. We also infer through changes in fault orientation that upwelling, melt-32 

rich asthenosphere is an important control on the local stress environment. During the 33 

exhumation phase of rifting, continentward-dipping shear zones couple with seaward-dipping 34 

detachment faults to exhume the subcontinental and formerly asthenospheric mantle. The mantle 35 

forms into core-complex-like domes of peridotite at or near the surface. The faults that exhume 36 

these peridotite bodies are largely anastomosing and exhibit magmatic accretion in their 37 

footwalls. A combination of magmatic accretion and volcanic activity derived from the shallow 38 

melt region constructs the oceanic lithosphere in the footwalls of the out-of-sequence, 39 

continentward-dipping detachment faults in the oceanic crust and subcontinental mantle.  40 

Plain Language Summary 41 

When continents break-up and create oceanic lithosphere in between, the resultant transition 42 

zone between the continental and oceanic crust is an area of active investigation. These areas are 43 

difficult to study because they’re often underwater or they’re only partially preserved where 44 

continentents have collided. Since the mantle is the strongest part of the lithosphere, 45 

understanding what kinds of deformation processes are taking place is important for 46 

understanding how the transition between continental lithosphere and oceanic lithosphere comes 47 

about. We combine previous studies of fragmentary transition zones with newly published 48 

seismic images of the transition zone off the Ivory Coast with computer simulations to 49 

understand how the mantle behaves during rifting. We come to three major conclusions: 1) large 50 

shear zones in the mantle are important for thinning the lithosphere, 2) the transition between 51 

continent and ocean is marked by complex, braided-looking faults, and 3) the upward push from 52 

magma in the mantle changes how faults are shaped when the oceanic lithosphere begins to 53 

form. 54 

1 Introduction 55 

How the mantle lithosphere deforms during rifting remains one of the most debated issues in 56 

plate tectonics. However, two mechanisms that complement each other are preferred by the 57 

community. These are the magma assisted diking or weakening of the mantle (Buck, 2006; 58 

Piccardo et al., 2007) and depth-dependent thinning (DDT) (Huismans & Beaumont, 2011; 59 

Huismans & Beaumont, 2008, 2014; Kusznir et al., 2005; Lavier et al., 2019; Royden & Keen, 60 

1980). DDT is the process by which the mantle lithosphere initially thins passively and weakens 61 

through the localization of deformation along lithosphere-scale shear zones and the upwelling of 62 

a buoyant mantle (Huismans & Beaumont, 2011). This latter mechanism is preferred for magma 63 
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poor margins where little volcanism is expressed at the rift surface before the transition to 64 

oceanic crust. Observations of exhumed or denuded mantle lithosphere in the southern European 65 

Alps (Lanzo peridotite) show that melt migration through porous mantle lithosphere at depths 66 

between 50 and 15 km can also weaken the mantle by reducing viscosity (Kaczmarek & 67 

Müntener, 2008; Piccardo et al., 2007) and likely lead to DDT (Huismans & Beaumont, 2011; 68 

Lavier et al., 2019; Ros et al., 2017; Svartman Dias et al., 2015). The mantle lithosphere in this 69 

model thins and delaminates, reducing the lithosphere’s yield stress and allowing the continental 70 

rift to split the lithosphere into two plates (Davis & Kusznir, 2016; Svartman Dias et al., 2015, 71 

2016). This mode of rifting is supported by both global surveys of crustal and lithospheric 72 

thinning factors (Kusznir & Karner, 2007) and numerical models of magma-poor rifted margins 73 

(e.g., Huismans and Beaumont, 2011, Ros et al., 2017; Lavier et al., 2019). In this article, we 74 

address interactions between mantle deformation and magmatic processes that control magma-75 

poor rifted margin evolution, focusing on the rift-to-drift transition using field geological 76 

evidence, seismic imaging, and numerical modeling. 77 

Despite the rich literature on fossil rifted margins, progress on this issue requires further 78 

observations to spatially link (both in depth and along the OCT) structures and magmatic 79 

emplacements prior to the establishment of a stable seafloor spreading center. One locality that 80 

can provide these observations is the Deep Ivory Coast Basin (DICB; also referred to as the 81 

Ivorian margin or Deep Ivorian Basin) rifted margin off West Africa. The DICB is a small 82 

magma-poor margin situated between two transform margins associated with the St. Paul and 83 

Romanche Transform Zones (Basile et al., 1993; Mascle & Blarez, 1987). The DICB has 84 

recently been the subject of a high-resolution, 3D seismic experiment, making it a convenient 85 

natural laboratory for studying the whole rift-to-drift transition. In this paper we interpret seismic 86 

sections from the Ivory Coast margin that clarifies the mechanisms controlling the transition 87 

from rift to drift. In addition, we test our hypotheses using numerical experiments simulating 88 

lithospheric extension with boundary and initial conditions consistent with magma-poor 89 

margins. Because modern rifts and preserved rifted margins only preserve snapshots or end-90 

states of rifted margin evolution, numerical models are crucial for understanding how these 91 

systems evolve through time and in situ. 92 

1.1 Mantle deformation processes 93 

Slow and ultra-slow spreading at mid ocean ridges provide a window into mantle deformation 94 

processes. At first order, core-complexes exhume mantle to the ocean floor along large-offset 95 

normal faults (Cann et al., 1997; Tucholke et al., 1998). These detachment structures form 96 

through weakening by serpentinization and melt infiltration of abyssal peridotites that facilitate 97 

the large amount of extension needed to bring mantle lithosphere from ~10-15 km depth to the 98 

surface (Escartín et al., 2001). More recent work in the Southwest Indian Ridge (SWIR) and in 99 

Western Alpine ophiolites shows that other weakening mechanisms such as dynamic grain 100 

recrystallization and melt infiltration may also control the formation of detachment faults in the 101 

mantle (e.g., Kaczmarek & Müntener, 2008; Linckens et al., 2011; Warren & Hirth, 2006). 102 

Similarly, at continental rifts, magma-poor margins experience a phase of mantle 103 

exhumation preceding seafloor spreading initiation (Franke, 2013; Manatschal, 2004; Peron-104 

Pinvidic et al., 2013; Tugend et al., 2018; Boillot et al.,1989). 105 

Seismic reflection and refraction experiments at the Newfoundland-Iberian conjugate margins 106 

show large domains (in excess of 50 km) of exhumed mantle (McIntosh et al., 2013; Pedrera et 107 
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al., 2017; van Avendonk et al., 2006, 2009). This is also observed at magma-poor margins in the 108 

Angola-Gabon margin, East India margin, and Australia-Antarctica conjugate margins (Gillard et 109 

al., 2013; Harkin et al., 2019; Peron-Pinvidic et al., 2013, McCarthy et al. 2020). Drilling and 110 

dredging in Iberia and Newfoundland have confirmed the presence of peridotite and serpentinite 111 

(Boillot et al., 1987; Manatschal et al., 2007). Overall, the character of magma-poor margins is 112 

that of exhumed or denuded mantle in along oceanic core-complex-like structures and a limited 113 

amount of volcanic activity prior to seafloor spreading initiation (Franke, 2013; Peron-Pinvidic 114 

et al., 2013; Tugend et al., 2018) (Fig. 1). Understanding the dynamics and kinematics of the 115 

mantle lithosphere, which makes up the bulk of lithospheric strength (Buck, 2006), is therefore 116 

fundamental to understanding extensional tectonics. While there is a fair amount of evidence for 117 

mantle exhumation, the transition from mantle exhumation to seafloor spreading at magma-poor 118 

margins is still poorly constrained and leads to the broad use of “ocean-continent transition” 119 

(OCT) or “continent-ocean transition” (COT) to characterize this key domain for addressing 120 

breakup processes and the birth of a Mid Oceanic Ridge. For example, at the Newfoundland- 121 

Iberia conjugate margins, the transition is highly controversial due to differing interpretations of 122 

a strong magnetic anomaly, which may or may not represent a sharp or diffuse boundary between 123 

lithospheric necking and seafloor spreading (Bronner et al., 2011; Nirrengarten et al., 2017, 124 

2018). Similar debates surround the East Coast Magnetic Anomaly (ECMA) and the Blake Spur 125 

Magnetic Anomaly (BSMA) of the Eastern North American rifted margin (Biari et al., 2021; 126 

Shuck et al., 2019). Whether or not these magnetic anomalies represent paleomagnetic isochrons 127 

or whether they are magma bodies generated by another, earlier, ultimate rifting process has 128 

important implications for characterizing the rift-to-drift transition. 129 

 130 

Figure 1. The classical view of lava-poor rifted margin (magma-poor or non-volcanic in other 131 

literature) as typified by previous interpretations of the Alpine-Tethys paleomargin, the Iberia-132 

Newfoundland margins, and elsewhere in the Atlantic, Arctic, Indian Oceans and Antartic-133 

Australian margins (e.g., Franke, 2013; Tugend et al., 2019, McCarthy et al. 2020). Lava-poor 134 

margins are characterized by an absence of seaward dipping reflectors (SDRs), seaward dipping 135 

normal faults along the rift flanks, exhumation of the lower crust and mantle by low-angle 136 

detachment faults, and structural asymmetry between conjugate margins. While volcanism is not 137 

as widespread as at volcanic margins, it is not absent or even rare in lava-poor settings except in 138 

the end-member case of the Iberia-Newfoundland margin. Magma bodies form in the mantle and 139 
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lower crust in the lead up to seafloor spreading, but are not expressed at the surface as 5-15 km 140 

thick SDRs 141 

Serpentinization has been invoked as a weakening mechanism to explain lithospheric rupture 142 

at magma-poor margins for temperature and depth conditions of less than 350ºC and less than 15 143 

km (Lavier & Manatschal, 2006; Pérez-Gussinyé & Reston, 2001, Gillard et al. 2019). As 144 

subcontinental mantle and former asthenospheric mantle are brought near to or at the surface by 145 

detachment faults, serpentinization reactions transform the shallow rheology of the lithosphere. 146 

Serpentinite is weaker than peridotite (Escartin et al., 2001) and may allow for enhanced 147 

detachment faulting while also acting as a “seal” that prevents melt migration (and fluid 148 

migration more generally) once the fault shuts off (Skelton et al., 2005). In a well preserved 149 

ocean-continent transition in the Eastern Central Alps, the hydration of detachment faults and the 150 

conversion of peridotite to serpentinite or serpentine cataclasite in the fault gouge suggests that 151 

serpentinization is a potential weakening mechanism during extensional tectonics (Manatschal et 152 

al., 2007, Gillard et al. 2019). However, studies of serpentinized mantle exposed at the 153 

Newfoundland-Iberia conjugate margins point towards serpentinization having an insufficient 154 

effect to rupture the lithosphere to initiate seafloor spreading. Pre-seafloor-spreading magmatism 155 

(manifested as the J magnetic anomaly) was widespread even as serpentinized mantle was 156 

exhumed over >50 km, which is difficult to reconcile with a regime in which serpentinization 157 

incites final break-up (Nirrengarten et al., 2017). 158 

In the Alpine, Pyrenean, and Uralide orogens, fossil margins preserve evidence of mantle 159 

exhumation along detachment faults and offer hints of the processes governing the deformation 160 

of the mantle lithosphere. The Err-Platta ophiolite represents a shallow domain of rifted margins 161 

where extension brought mantle rocks into contact with surficial sedimentary rocks (Manatschal 162 

& Nievergelt, 1997; Schaltegger et al., 2002). The Lanzo Massif also preserves a section of an 163 

Alpine-Tethyan magma-poor margin, specifically the intra-mantle structures associated with 164 

extension, (Fig. 2a). The Lanzo detachment fault system forms a network of anastomosing shear 165 

zones, visible from patterns of foliation in Fig. 2a and represented in 3-D in Fig. 2b. Enrichment 166 

of incompatible elements associated with the shear zone of this detachment suggest that it was a 167 

conduit for melt migration (Kaczmarek & Müntener, 2010 (Fig. 2c). This is consistent with 168 

observations in other core complexes, such as the Cemetery Ridge continental-core complex in 169 

Arizona where Miocene igneous bodies intrude into the detachment fault system (Seymour et al., 170 

2018; Strickland et al., 2018) as well as with geothermal activity at oceanic core-complexes 171 

(Blackman et al., 2011; Harding et al., 2017; Hayman et al., 2011; Zhao et al., 2013). This melt 172 

percolation at high temperature weakens faults, shear zones, and the lithosphere as a whole and 173 

may prove to be a powerful weakening mechanism to explain lithospheric rupture and final beak-174 

up before seafloor spreading initiates (e.g., Müntener & Piccardo, 2003; Piccardo et al., 2007). 175 
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Figure 2. a) Geological map of the northeastern part of the Lanzo Massif peridotite body, 177 

including context within the Western Alps. The northern region of Lanzo features a progression 178 

of peridotite textures from proto-granular,, porphyroclastic, proto- mylonite, to mylonite that 179 

mark the evolution of a detachment fault dipping towards the northeast. The hanging-wall of 180 

this detachment fault has proto-granular textures. Having a detachment fault with sheared 181 

mylonites below it and relatively undeformed rocks above is diagnostic of metamorphic core-182 

complex style extension (e.g., Davis, 1983). Foliation in the mylonite shear zone shows 183 

sigmoidal trends that are most prominent near the detachment fault which indicates an 184 

anastomosing detachment fault and shear zones. b) 3-D- model of the anastomosing detachment 185 

faults and shear zones based on the mapped foliation within the Lanzo Massif peridotite. c) A 186 

cross section of the Lanzo Massif with aluminum silicate, magnesium oxide, and ytterbium 187 

content as a function of textural units. Within the mylonites and proto-mylonites, aluminum 188 

oxide and Yb concentrations rise to 32.5-34 wt% and 0.35-0.38 ppm, respectively, while the 189 

magnesium oxide concentrations drop to 39.0-39.3 wt%. In the proto-granulite of the foot wall, 190 

magnesium oxide has a concentration of 39.7 wt% compared to 41 wt% in the hanging wall. The 191 

Yb concentration in the proto-granulite between the foot wall and hanging wall also changes, 192 

from 0.33 to 0.28 ppm. The variability implies the refertilization of the shear zone by melt 193 

moving through it as well as higher temperatures and melt concentration in the peridotite that 194 

composes the foot wall. Figure is modified from Kaczmarek & Müntener (2010) and from Vieira 195 

Duarte et al., (2020). 196 

The Nurali Massif in the Urals echoes the findings of the Lanzo Massif. Nurali is a peridotite 197 

body which is part of an ophiolite complex bounded on the west by the Main Uralian Fault and 198 

on the east by gabbros and a serpentinized tectonic mélange. This system of ophiolites was 199 

emplaced during the Uralide orogeny and preserves the rifted margin of the Paleo-Uralian Ocean 200 

(Puchkov, 2009; Spadea et al., 2003).. Throughout the peridotite, sigmoidal patterns of foliation 201 

suggest the presence of anastomosing shear zones. The foliation in the dunite and gabbro units 202 

dip steeply (~80º) westward towards where the Paleo-Uralian coastline would have been. REE 203 

and LREE analysis suggests fertilization by MORB-like melts. The easternmost domain of the 204 

preserved Nurali rifted margin is often cut by continent-dipping (with respect to the 205 

paleogeography) faults. A favored interpretation of the Nurali massif ophiolite is of a continent-206 

ocean transition from the opening of the Paleo-Uralian Ocean, where the transition from 207 

peridotite to gabbro represents the transition from sub-continental mantle to oceanic crust 208 

(Spadea et al., 2003). 209 

One key weakening mechanism implicated at Lanzo and Nurali is dynamic grain 210 

recrystallization. Analysis of deformed mineral grains within the anastomosing shear zone at 211 

Lanzo shows evidence of chemical disequilibrium and decreasing grain size with degree of 212 

deformation, suggesting that high-temperature deformation and melt infiltration were happening 213 

simultaneously, with melt-rock interactions and grain recrystallization causing localization of 214 

deformation (Higgie & Tomasi, 2014; Kaczmarek & Müntener, 2008; Müntener & Piccardo, 215 

2003). This mechanism is also prevalent at modern slow spreading ridges, such as the SWIR 216 

(Bickert et al., 2021) and suggest that it plays an important role in determining the deformation 217 

processes in the mantle lithosphere under magma-poor conditions. Recent work by Ruh et al. 218 

(2021) showed that lithospheric-scale shear zones, in which diffusion creep is dominant and 219 

grain size reaches down 100  reduce lithospheric strength and dominates tectonic 220 

deformation. They used a paleowattmeter to calculate grain size (Austin & Evans, 2007). 221 

Viscosity was obtained by calculating the geometric average of diffusion and dislocation creep 222 
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and by using the slow rate of grain growth on the order of millions of years given by (Speciale et 223 

al., 2020). Here we approach the same process using the work of Bickert et al. (2020) that 224 

provides an additional constraint to the onset of DRX at high temperature in the mantle 225 

lithosphere. DRX initiates for a given critical strain for a given temperature and strain rate 226 

condition in a wide range of materials (Jonas & Poliak, 2003; Poliak & Jonas, 1996; Sakai et al., 227 

2014). Materials undergoing dynamic grain recrystallization first undergo a phase of hardening 228 

until a maximum stress is reached after which strain softening occurs (Cho et al., 2019; Sakai et 229 

al., 2014). This phenomenon is observed for DRX in olivine at various strain rates and 230 

temperatures (Hansen et al., 2012). In order to simulate the onset of DRX in a mantle lithosphere 231 

primarily composed of dry olivine deforming by dislocation creep we chose the approach of 232 

Poliak and Jonas (1996) which states that DRX occurs for a critical energy threshold,  233 

corresponding to a critical stress,  for a range of strain rate,   (  is the square 234 

root of the second invariant of the strain rate tensor or effective strain rate). This critical 235 

condition occurs when the amount of tectonic work provided is equal to the rate of irreversible 236 

deformation in the olivine crystal. Here we assume that the critical stress corresponds to an 237 

effective stress of 200 MPa estimated from recrystallized grain sizes in shear zone samples from 238 

the SWIR (Bickert et al., 2021; Bickert et al., 2020). We chose an effective strain rate of 10-14 s-1 
239 

to match long term tectonic evolution rates of deformation. This is a crucial assumption as 240 

localization in lithospheric scale mantle shear zone will control the strength and weakening of 241 

the mantle lithosphere. 242 

 243 

2 Ivorian OCT imaged by reflection seismic data 244 

2.1 Geological context 245 

The Ivorian (or DICB) rifted margin and its Brazilian Para-Maranhao conjugate formed as one 246 

of the Equatorial Atlantic pull-apart rift segments formed between separating Africa and South 247 

America at Cretaceous times. It formed between the Saint Paul and Romanche transforms 248 

located respectively north and South of the present-day DICB (Fig. 3a). Rifting started in the 249 

early Barremian (~131 Ma) and lasted until the Late Albian when lithospheric breakup occurred 250 

separating the DICB from the Para-Maranhao rift basins with the Equatorial Atlantic oceanic 251 

crust (Blarez, E. & Mascle,1988; Basile et al., 1993, 2005; Labails et al., 2010; Moulin et al., 252 

2010; Gillard et al; 2019). From this time onwards, post-rift sedimentation passively sealed the 253 

DICB ocean-continent transition imaged by both seismic reflection and field method data we use 254 

in this study (magnetic and gravity anomaly from www.geomapapp.org / CC BY, Ryan et al., 255 

2009, Fig. 3b & 3c). 256 

Depth-migrated seismic reflection data of the Ivory Coast reveal a non-overprinted 257 

ocean-continent transition in high resolution and in three dimensions. The area of study provides 258 

a coverage from the tip of the thinned continental crust to the first tabular oceanic crust from 259 

proximal to distal (Fig 3). It is noteworthy that this OCT was reported to be magma-poor by 260 

Gillard et al. (2019) who proposed it is formed by a “hybrid” crust made of exhumed mantle 261 

rocks overprinted by subsequent magmatic additions. Here we further use a 3D seismic dataset to 262 

characterize the spatio-temporal interaction between extensional tectonics and magmatism 263 

transitionally leading to steady-state seafloor spreading. 264 

http://www.geomapapp.org/
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Figure 3. Geological context and results for the Ivory Coast rifted margin seismic experiment. 266 

The three panels show (a) topographic, (b) free air anomaly, and (c) magnetic anomaly contexts 267 

for the Deep Ivory Coast Basin and the Ivorian rifted margin. The Ivorian rifted margin is a lava-268 

poor situated between the two well- preserved transform margins associated with the Saint Paul 269 

and Romanche Fracture Zones offshore of the Ivory Coast and Ghana. The Romanche FZ 270 

produces the Ivory Coast-Ghanaian Ridge (ICGR) that bounds the Deep Ivory Coast Basin. The 271 

domed mantle is correlated to the westernmost 30 mgal free air anomaly in the study area. The 272 

onset of seafloor spreading is marked by a 40 nT magnetic anomaly to the west, as well. Made 273 

using GeoMapApp (www.geomapapp.org) / CC BY (Ryan et al., 2009). d) The base sediment 274 

horizon of the study area, characterized by the prominent dome in the spreading direction and 275 

positive, linear features landward. e) The four interpreted seismic profiles and their location 276 

within the study area. Except for Profile 1, which departs from a straight line to cross from the 277 

continental shelf to the denuded mantle dome to the incipient oceanic crust, each profile cuts 278 

straight across different parts of the Ivory Coast rifted margin. However, each section shows 279 

similar features: 1) continental crust and denuded mantle extended by seaward dipping 280 

detachment faults, 2) out-of-sequence detachment faults that further exhume the mantle to 281 

produce the characteristic dome, 3) increasing volcanism and magmatism in the seaward 282 

direction that eventually results in layered oceanic crust, and 4) anastomosing shear zones at the 283 

root of the out-of-sequence detachment faults that bring mantle intruded by igneous bodies near 284 

to the surface. A segment of the “M” reflector is labeled in Section 1 as a pink line. 285 

2.2 Characterization 286 

In this paper, we show 4 sections taken from the 3D seismic data located in the map in Fig. 3e as 287 

well as a 3D base sediment horizon (Fig. 3d). Continentward (i.e. on the western side), the base 288 

sediment horizon displays prominent, positive, linear topographic features proximal to the 289 

continent trending NNW-SSE. The seaward side of these features are characterized by scarps 290 

that show clear striations (or corrugations) trending in the direction of extension (WSW-ENE) 291 

and terminate into a rough, chaotic surface. This “floor” is marked by escarpments and its depth 292 

compared to the rest of the study area. Seaward (westward) of these features is a high, dome-like 293 

structure also covered by striations trending in the same direction (WSW-ENE). The 294 

continentward face of this dome is smooth, gently sloping, and corrugated parallel to the 295 

striations. On the seaward face of the dome, the slope is gentle but rough and lacks obvious 296 

striations. Note that a positive gravity anomaly in Fig. 3b is consistent with the location of the 297 

corrugated “dome.” The most distal part of the top- basement surface is deep and hummocky, 298 

slightly shallower than the basement flooring the opposite side of the dome, and riven by 299 

escarpments trending NNE-SSW. Importantly, this last set of escarpments are not perpendicular 300 

to the spreading direction. 301 

The 2D seismic sections crosscutting the surface further reveal the basin and crustal structure 302 

across the study area and show the transition between the hyperextended continental lithosphere 303 

and the oceanic lithosphere (Fig. 3e). The interpretation of the Ivory Coast seismic sections was 304 

done by distinguishing eight seismic units and 2 main set of faults as described below. 305 

Unit 1 (transparent/white): This unit is characterized by thinly spaced, high amplitude, 306 

sigmoidal to parallel reflectors that are ubiquitous across the upper sections of each profile. 307 

Strata imaged in this seismic unit show clear onlap relationships above the units located below. 308 

This pattern of reflectors as mostly flat lying along with its position in the section, informs the 309 
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interpretation that this is a post-tectonic sedimentary depositional sequence made of continental 310 

slope and oceanic sediments. 311 

Unit 2 (green): Unit 2 is characterized by thinly spaced, slightly diverging reflectors with 312 

varying dip angle that decrease in seismic amplitude with depth. Seismic reflectors display fan-313 

shaped growth strata in association with seaward-dipping normal faults (as indicated by offset 314 

reflectors). Fan-shaped growth strata associated to normal fault in a domain where continental crust can 315 

be identified (see below) suggest this unit to be a syn-rift depositional sequence. 316 

Unit 3 (purple): Characterized by a mix of chaotic reflectors and low amplitude, widely spaced 317 

complexly layered reflectors. Both sets of reflectors become fewer with increased depth. Due to 318 

the parallel lying stratigraphic reflections, this unit is interpreted to be pre-kinematic sedimentary 319 

layers in respect of the rift-related normal faults. 320 

Unit 4 (light brown): This is characterized by a homogenous seismic facies with only some 321 

diffractions and chaotic reflectors in association with the lateral continuation of normal faults 322 

(shown by offsets in units or by bright reflectors). The fairly uniform features and position in 323 

relation to other units possibly indicates a crustal basement lithology. 324 

Unit 5 (black): A unit with complex layering of high-amplitude reflectors and some regions with 325 

few to no reflectors. The upper boundary of this unit corresponding to the base of Unit 4 is a 326 

high-amplitude, thick reflector indicating a high impedance contrast referred to as the “M” 327 

reflector in this paper (mapped in 3D as the base sediment horizon). We propose the “M” 328 

reflector to be the continental Moho capping the subcontinental mantle corresponding to Unit 5. 329 

This interpretation is geometrically and isostatically consistent with a regional seaward rise of 330 

this reflector going along the deepening of the base sediment.  331 

Unit 6 (light red): Characterized by wedge-shaped bodies of discontinuous, diverging reflectors 332 

mixed with chaotic reflectors, all of which vary in amplitude. We interpret them as syn-333 

kinematic lava flows as reflections are shifted by normal faults (i.e. pillow basalts, hyaloclastites 334 

and/or basaltic breccias). They are observed on top of Unit 2 and Unit 7 where they correspond 335 

to the classical Layer 2a of Penrose type-oceanic crust (e.g., Cann, 1970; Nicolas 1989; Gómez-336 

Romeu et al., 2022). 337 

Unit 7 (medium red): A unit characterized by a seismic facies of low-amplitude reflectors. 338 

Because of its location below volcanic flows of Unit 6, we interpret this unit as sheeted mafic 339 

dikes equivalent to Layer 2b of Penrose type-oceanic crust (e.g., Cann, 1970; Nicolas 1989). 340 

Unit 8 (dark red): This unit exhibits a similar characterization as Unit 5, but with the addition of 341 

sigmoidal reflectors interpreted to be sheared gabbros and other gabbroic bodies. The gabbroic 342 

bodies are in turn interpreted as intruding the mantle in a manner consistent with Gillard et al. 343 

(2019) and are part of a region equivalent to Layer 3 of Penrose-type oceanic crust (e.g., Cann, 344 

1970; Nicolas 1989). 345 

Distal margin detachment fault system (green): Faults defined by offsets in Units 2, 3, 4, and 346 

5 that sole into the high-amplitude reflector atop the Unit 5 dome. This system’s single 347 

decollement dips towards the ocean and recorded a top-to-the ocean senses of shear as shown by 348 

syn-rift wedging bounded by synthetic normal faults (generally dipping seaward as well) that are 349 

the shallow expressions of this system (exclusively found in the continentward part of the rifted 350 

margin). 351 
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Out-of-sequence detachment fault system (red): This system of faults offsets Units, 2, 3, 4, 5, 352 

6, 7, and 8. It also crosscuts the distal margin detachment system and is therefore considered out-353 

of- sequence with respect to this latter. These out-of-sequence faults are geometrically distinct, 354 

with high-angle normal faults locally soling into an extensional duplex that dips towards the 355 

continent. The duplex contains sigmoidal boudins of Units 5 and 8 bounded by anastomosing 356 

high-amplitude reflectors interpreted as shear zones. 357 

2.3 Interpretation 358 

Based on the seismic reflection images provided across the DICB, the Ivory Coast rifted margin 359 

records the transition from magma-poor continental rifting to seafloor spreading. Near the 360 

continent there is a seaward dipping, distal margin detachment faults system which bounds 361 

blocks of continental crust (extensional allochthon blocks), accommodates syn-rift basins above 362 

tapering continental crust and exhumes mantle further outboard. Towards the ocean basin, this 363 

set of faults are crosscut by out-of-sequence, continentward-dipping top-basement faults; 364 

anastomosing shear zones in the mantle; magmatism and volcanism; further exhumation of the 365 

mantle; and layered oceanic crust. 366 

The earliest evidence of tectonic activity is the formation of the distal margin detachment system 367 

that accommodates the final extension of the continental  and exhumes its underlying sub-368 

continental mantle (Units 3, 4, and 5). The fanning reflectors in Unit 2 is indicative of growth 369 

structures and suggests that it’s a syn-kinematic depositional system coeval with the earlier 370 

extensional phase in the area covered by the seismic survey (late rifting at the scale of the entire 371 

margin). The high-angle normal faults sole into a low-angle detachment fault with sub-372 

continental mantle in its footwall. This is interpreted as relating to the ultimate tapering of the 373 

continental crust leading to mantle exhumation. 374 

The second major phase of deformation is the development of an out-of-phase sequence of 375 

detachment faults with opposite vergence, hereby referred to as OCT detachment systems. The 376 

volcanic wedges of Unit 6 appear to be coeval with the shallow, high-angle faults associated 377 

with this set of faults. The seaward increase in Unit 6 thickness correlates to increased evidence 378 

of plutonic bodies in the mantle (Unit 8). Unlike distal margin detachment faulting, the OCT 379 

detachment system soles into multiple levels of decollement to form extensional duplexes. 380 

Blocks within these duplexes contain sub-continental mantle while the footwall of the whole 381 

system contains mantle material with sigmoidal reflectors interpreted to be sheared gabbroic 382 

bodies (similar to anastomosing shear zones at Lanzo, Nurali, and elsewhere). These gabbroic 383 

bodies increase in frequency and thickness in the seaward direction until they form Unit 8. 384 

Unit 8 is the lowermost unit of the oceanic crust pseudo-stratigraphy (Nicolas 1989) seen in the 385 

most distal parts of the seismic section. Atop the sheared gabbros (Unit 8) are the sheeted dikes 386 

identified by the lack of reflectors and the presence of diffractions (Unit 7) and the pillow basalts 387 

and volcanics indicated by the mix of chaotic and divergent reflectors (Unit 6). These three units 388 

are Layers 3, 2b, and 2a of oceanic crust (Nicolas 1989). Layer 1, oceanic sediments, is 389 

represented by Unit 1, the most recent geologic unit in the study area. 390 

3 Numerical modeling methods 391 

3.1 Methods justification 392 

While geological observations and seismic experiments provide observational constraints on 393 

rifted margin evolution, they are limited because they only provide snapshots of rifting stages. 394 
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Numerical modeling is necessary to link these localities in a spatio-temporal context to construct 395 

a framework for the evolution of a continental rift. The program GeoFLAC (FLAC stands for 396 

Fast Lagrangian Analysis of Continua) has been a useful tool for researchers for the past three 397 

decades by providing a means to explore the rheological, petrological, thermal, and kinematic 398 

evolution of rifting (Davis & Lavier, 2017; Detournay & Hart, 1999; Geoffroy et al., 2015; 399 

Poliakov et al., 1993). Recent work using geodynamic modelling purports to show that doming 400 

and exhumation of mantle peridotite via out-of- sequence detachments is the result of a “strength 401 

competition” between weak, frictional-plastic shear zones and thermal weakening beneath the 402 

necking domain of a continental rift (Theunissen & Huismans, 2022). Theunissen & Huismans 403 

(2022) also suggest that the mode of deformation is a consequence of varying extension rate and 404 

fault strength. Ruh et al. (2021) invoke dynamic grain recrystallization as a key process of 405 

lithospheric rupture in their own numerical modeling work. In this case, grain size reduction in 406 

olivine weakens the mantle lithosphere and allows for the formation of continentward-dipping 407 

shear zones. Our work can test these hypotheses by characterizing the roles that dynamic grain 408 

recrystallization, melt production and migration, and initial thermal conditions play in rifting. 409 

3.2 Boundary conditions 410 

All models presented here share initial geometries. The starting box is a two-dimensional slice of 411 

the lithosphere, 300 km wide and 150 km deep. The crustal thickness is initially 30 km for all 412 

models. To localize deformation in the center of the model space we impose thinning of the 413 

sub-continental mantle. Extensional velocity boundary conditions (1 or 2 cm./yr-1) allow the box 414 

to extend passively until remeshing is needed and the box’s width reset to 300 km. Remeshing 415 

occurs when the minimum angle in the triangular elements in the mesh drops below 15o. The 416 

Winkler foundation and the addition of material during remeshing at the lower boundary allows 417 

for asthenosphere to be upwelled from below. The foundation simulates isostatic balance for 418 

each column of elements in the model box. The compensation depth is assumed to correspond to 419 

the bottom of the model box and the elastic, viscoelastic and plastic properties of the model 420 

simulate the regional isostatic response. The top boundary is free in both temperature and stress 421 

and the side boundaries experience no heat flow. The bottom boundary temperature is varying 422 

across the box as it is calculated using the adiabat geotherm for the asthenosphere (0.003oC/km) 423 

(Davis & Lavier, 2017). 424 

The boundary between the lithosphere and the asthenosphere is initially defined as the 1300ºC 425 

isotherm, though elements which subsequently cross the isotherm remain labeled as 426 

asthenosphere or lithosphere even as their rheology changes in response to temperature 427 

variations (this is necessary to visually demonstrate the provenance of mantle material during the 428 

exhumation and transition phases of rifting). Melt is produced by the method described by (Katz 429 

et al., 2003) based on anhydrous decompression melting of fertile mantle and adapted by Davis 430 

& Lavier (2017) for GeoFLAC. In the numerical experiments presented here we assume that for 431 

pre-rift conditions the mantle is anhydrous and is equivalent to normal mantle lherzolite, though 432 

we use the slightly damp solidus parameterized by Hirschmann et al. (2009). Once produced, 433 

melt moves with the solid mantle and is not extracted but recrystallizes when its temperature is 434 

below the solidus (Schmeling, 2010). When the melt crystalizes, the material in the element 435 
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undergoes a phase change that assigns the physical properties of plagioclase and olivine in 436 

proportions corresponding to the actual melt fraction in the particle. 437 

The ten models were chosen to showcase a range of mantle potential temperatures from 1300ºC 438 

to 1400ºC, extension rates from 1 cm/yr to 2 cm/yr, and 45 mW/m
2 to 75 mW/m

2. From all those 439 

possible combinations of parameters, we chose the ones that exhibited homologous features to 440 

rifted margins and excluded models that failed to complete the rift-to-drift transition resulted in 441 

margins that were not reaching seafloor spreading or too melt-dominated to be considered 442 

magma-poor margins (> ~ 40% melt). 443 

3.3 Rheological assumptions 444 

In the crust, mantle lithosphere and asthenosphere we mainly use the same rheological 445 

assumptions as Lavier et al. (2019). To simulate the formation of ductile shear zones by dynamic 446 

recrystallization of olivine in the mantle lithosphere we use temperature and dissipation 447 

thresholds to initiate grain size reduction and viscous flow by diffusion creep (Bickert et al., 448 

2020). This localization mechanism simulates the formation of high temperature anastomosing 449 

shear zones that are observed at Lanzo Massif, Nurali Massif, and elsewhere (e.g., Kaczmarek & 450 

Müntener, 2005; Kaczmarek & Müntener, 2010; Spadea et al., 2003). We use dislocation creep 451 

laws to calculate the deformation of mantle, crust, serpentinized mantle, weakened crust, basaltic 452 

crust, and sedimentary phases (Table 1) (Lavier et al., 2019). Localization of deformation in the 453 

brittle lithosphere is modeled by cohesion loss as a function of accumulated plastic strain in an 454 

elastoplastic material with a Mohr-Coulomb yield criterion (Lavier et al., 2000). The formation 455 

of ductile shear zones in the lower crust is achieved by simulating reaction or compositional 456 

weakening using a yield criterion with a work threshold dependent on both brittle (plastic) and 457 

ductile (dislocation creep) work (Lavier et al., 2019). This assumes that there always is a 458 

sufficient amount of meteoric or metamorphic fluids for a reaction to occur up to 15 km depth in 459 

the continental crust and 10 km depth for mantle serpentinization (Fricke et al., 1992). The work 460 

and temperature thresholds are given in Table 1. 461 

 462 
Parameter Mantle Serpentinized 

Mantle shear 

zones 

Crust Ductile 

shear 

zones in 

Crust 

Basaltic 

Crust 
Sediments High 

temperature 

mantle 

shear zones 

Density (kg.m-3) 3300 3000 2800 2800 3000 2400-280 3300 
Creep exponent, n 3 3 3 3 3.05 3 3 
Creep pre-exponent (MPa-ns-1) 7x104 1.25x10-1 3x10-6 5x102 1.25x10-1 3x10-6 3x10-6 

Creep Activation Energy 

(kJ.mol-1) 
520 176 180 300 376 300 300 

Friction angle ( ) 30-15 5-5 30-15 5-1 30-15 30-15 5-1 

Cohesion (MPa) 44-4 4-4 44-4 4-4 44-4 4-4 4-4 

Lamé parameters  (Pa) 3x1010, 3x1010 3x1010, 3x1010 3x1010, 3x1010 3x1010, 

3x1010 
3x1010, 

3x1010 
3x1010, 3x1010 3x1010, 

3x1010 

Work and Energy Thresholds 

(J) 
5x107  
depth< 10 

km, T<400  

 
1x107  
depth< 15 km,  

200<T<350  
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Thermal Cond (W.m-1.K-1) 3.3 3.3 2.8 2.8 3.3 2.2 5 

 463 

Table 1. Physical and rheological parameters used for the different types of material in the 464 

numerical models. Mantle and asthenosphere follow first a dislocation creep law for dry olivine 465 

before reaching a critical threshold at a diffusion creep, grain-size sensitive flow occurs. The 466 

olivine flow laws are from Hirth and Kohlstedt (2003). We assume that the oceanic crust is 467 

dominated by a plagioclase rheology given by Shelton and Tullis (1981) with a higher activation 468 

energy to make the oceanic crust stronger. For the continental crust, feldspar and wet quartz 469 

rheology are controlled by dislocation creep laws (Rybacki et al., 2008, 2010). The general 470 

equation for creep law is  with  the creep law pre-exponent that is determined 471 

experimentally ( );  the activation energy (in J.mol-1); n the stress exponent; p the grain 472 

size exponent in the diffusion creep law. 473 

The formation of high temperature (>800oC) ductile shear zones in the mantle by dynamic 474 

recrystallization (DRX) is confirmed by petrological observations in oceanic core complexes 475 

(Warren and Hirth 2006, Bickert et al., 2021), in rifts in the Lanzo peridotite (Kaczmarek & 476 

Müntener, 2008), and potentially by the observation of earthquakes in the East African rift 477 

system and the southwest Indian ridge (SWIR) (Lindenfeld & Rümpker, 2011; Zhao et al., 2013). 478 

The onset of DRX and diffusion creep follows the approach discussed in the introduction. The 479 

recrystallized mantle (mantle2) is modeled as dry olivine and we use the diffusion creep, grain 480 

size-dependent rheology of (Hirth & Kohlstedt, 2003) (Table 1). When conditions of temperature 481 

and energy are appropriate, we use the Van der Wal et al. piezometer (Van der Wal et al., 1993) to 482 

calculate a recrystallized grain size from the local stress value (Bickert et al., 2020). We then 483 

calculate a new viscosity using the diffusion creep law. We delay the onset of DRX until 2 484 

Myr to enhance localization of deformation in the center of the model space during the 485 

stretching phase of rifting. Erosion and sedimentation transport are modeled with a diffusive 486 

formulation and deposition is modeled a source term in the diffusion equation for sediments.  487 

Some transport of sediments occurs by the advection of the grid in the Lagrangian grid.  The 488 

equation for sediment erosion is:  where  is the diffusivity of the sediments in 489 

m2.s-1 and  (10-11 m2.s-1) is the source for the deposition of sediments, x is the horizontal direction 490 

and  the topography. Transport occurs as the numerical grids deform. k varies whether the 491 

sediments are under water (k = 10-7 m2.s-1) or above sea-level (k = 5x10-7 m2.s-1). If the 492 

sediments are below sea-level, they are water loaded and compacted following Atty's law for 493 

standard siliciclastic sediments (Allen & Allen, 2013). We did not vary the erosional parameters 494 

to study their effect on the thermomechanical evolution of the margin. 495 

4 Numerical modeling results 496 

We present nineteen models that possess homologous features with respect to observed magma-497 

poor margins from both field geology and seismic experiments by varying mantle potential 498 

temperature (MPT); which controls LAB depth, surface heat flux (SHF), and extension rate. 499 

(Homologies are here defined as similarities between models and observations with respect to 500 

structure, composition, and spatio-temporal relations). All are relatively cold rifts with MPTs 501 

from 1300 to 1400ºC and SHFs from 45 to 75 mW.m-2 (Table 2). For each model, we record the 502 

percentage of partial melting, oceanic lithosphere thickness (depth to the melt region), margin 503 
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widths, difference between conjugate flanks (asymmetry), number of lithospheric boudins, 504 

crustal boudins, and mantle boudins, the minimum and maximum length of boudins, the number 505 

of mantle core complexes, and the modal width of each model’s anastomosing, extensional 506 

duplexes. The relationship between these observables and MPT, SHF, and extension rate are 507 

shown in Figs. S1-9, and the table of observed values is Table S1. 508 

 509 
Surface Heat Flux 

(mW/m2) 
Extension Rate 

(cm/yr) 
Mantle Potential Temperature (ºC) 

  
1300 1350 1400 

45 1 — — Model 7 

55 1 Model 11 Model 12 Model 8 

2 Model 1 Model 13 Model 9 

65 1 Model 2 Model 4 Model 14 

2 Model 3 Model 5 Model 10 

75 1 Model 15 Model 6 Model 16 

2 Model 17 Model 18 Model 19 

Table 2. The independent variables tested for each model presented in this study: surface heat 510 

flux, extension rate, and mantle potential temperature. “Hotter” cases with eleveated surface heat 511 

fluxes and mantle potential temperatures lie in the bottom right of the table, while “colder” cases 512 

lie in the top left. Empty cells are where rifts failed to form. 513 

4.1 Model 1 case study 514 

Model 1 is the primary model we will be examining in this study (Fig. 4). On both the phase and 515 

strain rate evolution image series we show six isotherms (1300ºC, 1100ºC, 800ºC, 450ºC, 300ºC 516 

and 150ºC). 1300ºC corresponds to the depth of the thermal lithosphere, 1100ºC the minimum 517 

temperature for the presence of melt in the lithosphere, 800ºC the minimum depth for the 518 

initiation of DRX, 450ºC the initial depth to Moho, 300ºC the average depth for the formation of 519 

ductile shear zones in the middle crust, and 150ºC the maximum temperature for the generation 520 

of hydrocarbons. The model shows most of the diagnostic features of magma-poor margins and 521 

the ocean-continent transition in detail. It therefore serves as a useful comparison to the Ivory 522 

Coast margin and to the Alpine Tethys and Uralide margins. The initial conditions of Model 1 (0 523 

Myr) are a 1300ºC MPT, 55 mW.m-2 SHF, and 2 cm.yr-1 full extension rate. An imposed 524 

thinning of the lithosphere (compositional and thermal lithosphere) as a normal distribution with 525 

an amplitude of 10 km and a half width of 50 km localizes deformation in the center of the 526 

model. These initial conditions define a thermal anomaly located at the base of the lithosphere. 527 
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Figure 4. Key frames in the evolution of Model 1, with focus on lithology (left) or phase (right) 529 

strain-rate. 2.1 Myr: localized crustal deformation and initiation of sub-continental mantle shear 530 

zones (necking phase). 4.0 Myr: coupling between crustal detachment faults and the sub-531 

continental mantle shear zones produces asymmetry in detachment faults and upwelling of the 532 

asthenosphere (exhumation phase begins). 6.5 Myr: formation of mantle lithosphere boudins and 533 

doming; melt production matures and the 1300ºC isotherm ceases rising because of the latent 534 

heat of melting; out-of-sequence detachment faults initiate.. 8.0 Myr: melt focuses underneath 535 

rift axis, "choosing" the site of future seafloor spreading. 10.0 Myr: crustal detachment system 536 

shuts off except for the rift axis; percentage melt reaches highest value. 10.3 Myr: new faults 537 

form with the opposite vergence; asthenosphere-derived material reaches the surface; seafloor 538 

spreading initiated. 12.0 Myr: end-state of the model, producing oceanic crust. The waviness of 539 

the lower boundary is an artifact how our data visualization software extracts subsets and doesn’t 540 

indicate anything meaningful. Isotherms for 400, 600, 800, 1000, 1200, and 1300 ºC are plotted 541 

from yellow to red. 542 

At 1.0 Myr distributed extension along high-angle normal faults (stretching phase) begins, as 543 

does the attenuation of the mantle lithosphere. This is particularly visible in figure 4b where 544 

zones of high strain rate (>10-13 s-1) mark the localization of high-angle normal faults in the 545 

crust, the initiation of H-block formation and mantle thinning (Lavier and Manatschal, 2006; 546 

Huismans and Beaumont, 2011; Lavier et al., 2019). After 2.1 Myr crustal deformation becomes 547 

localized in an H-block with a 5 km thick root and sub- continental mantle shear zones (red shear 548 

zone dipping at ~ 20º) are initiated and accelerate mantle lithosphere attenuation. These shear 549 

zones form as a result of DRX being activated at 2 Myr. Subsequent deformation is characterized 550 

by the formation detachment faults rooted in low angle ductile shear zones in the middle crust. 551 

At 4.0 Myr coupling between crustal detachment faults and the sub-continental mantle shear 552 

zones begins and produces of lithospheric scale detachment faults dipping at < 20 and upwelling 553 

of the asthenosphere to within < 30 km of the surface. At this stage the extension becomes highly 554 

asymmetric as is clearly seen in the strain rate and localized to the conjugate located on the right 555 

of the model. Rapid necking of the lithosphere is characteristic of magma- poor margins and 556 

observed in many models (Huismans and Beaumont, 2001, Svartman Dias et al., 2015; Ros et 557 

al., 2017; Lavier et al., 2019). 558 

Starting at 5.7 Myr melt production begins and the 1300ºC isotherm ceases to rise through 559 

transport because heat dissipation by latent heat of melting depresses the geotherms beneath the 560 

melt region. Between 4 and 5.7 Myr, out-of-sequence landward dipping detachment faults 561 

initiate in the crust and mantle with a tendency to dip landward and away from the rift axis. This 562 

lithospheric scale detachments are causing the formation of concave upward domes in the 563 

mantle underlying and thinning the crust locally down to 5 km. The high-temperature mantle 564 

shear zone forming by DRX generate a network of anastomosing shear zones. While deformation 565 

is more intense at the rift axis, a large 100 km wide horizontal detachment system connecting 566 

crustal normal faults and landward dipping high-temperature mantle shear zones is still active at 567 

the right flank of the rift. Reaching 6.5 Myr, the mantle lithosphere continues to form domes and 568 

lithospheric boudins under the influence of the out-of-sequence detachment faults. Melt 569 

production reaches 6% and is focused on the rift axis. The asymmetry is active and deformation 570 

persists off axis. 571 

At 8.0 Myr the melt area (reaching 14% melt) displays some skewness as it is transported to the 572 

right of rift axis in contact with the crust (thinned to < 5km) and focuses deformation and uplift 573 
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beneath one of the crustal boudins that was previously formed. High temperature shear zones at 574 

the Moho depth laterally transport the subcontinental mantle to make space for the 575 

asthenospheric mantle that was initially located beneath the continent. The intensity of the 576 

deformation (strain rate) correspondingly increases at this site but remains distributed. The 577 

temperature structure at and below this crustal block (originating from the H-block) is following 578 

a pure shear model of deformation (McKenzie, 1978). The top of the thermal structure is at the 579 

seafloor at 10ºC while the base is located at the 1100ºC isotherm and Moho remains near 800ºC. 580 

The area of asthenospheric mantle bounded by the 800ºC and the 1100ºC isotherm (Min 581 

temperature for the presence of active melt) below the former rift axis delineates a new mantle 582 

lithosphere layer that expands through extensional processes occurring in the crust and denuded 583 

former mantle lithosphere. 584 

At 10.0 Myr: The crustal detachment system shuts off except for the rift axis; percentage melt 585 

reaches highest value of 19%. The crustal boudin is extruded by detachment structures 586 

originating in the high-temperature mantle and the mantle lithosphere thins by pure shear. 587 

Transport of melt across the solidus in the new mantle lithosphere layer generates pods of 588 

crystalized melt that are trapped in a new lithosphere formed by mechanical processes. 300 kyr 589 

later, at 10.3 Myr, new high temperature mantle shear zones form with opposite vergence in the 590 

new asthenospheric layer; asthenosphere-derived material reaches the surface; pods of 591 

recrystallized melt continue forming in the asthenosphere and seafloor spreading initiated as 592 

deformation and melt production are fully localized. When the model reaches 12.0 Myr oceanic 593 

lithosphere is formed by mantle core complexes and flip flop detachments rooted in high 594 

temperature mantle shear and weak recrystallized melt pods as in a very slow spreading 595 

environment (Bickert et al., 2020), homologous to what is seen as slow-spreading centers and 596 

seafloor spreading as described by Hess (Hess, 1962; Reston, 2018). However, the melt 597 

production area is expanding instead of being extruded by processes such as diking. A situation 598 

like that in our model may be possible only if DRX high temperature mantle shear zones become 599 

a barrier to melt migration. 600 

 601 

4.2 All model results 602 

The following are brief descriptions of each case with initial conditions outlined in Table 2 and 603 

shown in Figs. 5-7. Models are grouped by mantle potential temperature, then by extension rate, 604 

then by surface heat flux.  605 
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Figure 5. The end-state of each GeoFLAC model with an initial mantle potential temperature of 607 

1300 ºC. Models 11, 2, and 15 have a full-spreading rate of 1 cm/yr and models 1, 3, and 17 have 608 

a full-spreading rate of 2 cm/yr. They are further arranged by surface heat flux, from 55 to 75 609 

mW/m2 in descending order. Isotherms for 400, 600, 800, 1000, 1200, and 1300 ºC are plotted as 610 

well as the melt fraction (scaled for each individual model to bring out details for low melt 611 

fractions).  612 

4.2.1 1300 ºC mantle potential temperature cases 613 

Model 11: MPT = 1300ºC, SHF = 55 mW/m2, full spreading rate = 1 cm/yr. There’s no clear rift 614 

axis, nor is there any melt production occurring. Incredibly large boudinage of the 615 

lithosphere with complex interactions between crustal and mantle detachment faults and shear 616 

zones (still anastomosing). 617 

Model 2: MPT = 1300ºC, SHF = 65 mW/m2, full spreading rate = 1 cm/yr. A very asymmetric 618 

rift where the right flank shows a large, complex network of anastomosing detachment faults in 619 

the subcontinental mantle beneath a thinned continental crust while the left flank shows tens of 620 

kilometers of denuded mantle and allochthonous crustal blocks near the seafloor spreading axis. 621 

Magma production is highly localized and only reaches 8.3% partial melt. The mechanical 622 

oceanic lithosphere is 16 km thick above the melt triangle, which is twice as thick as Model 1 623 

where the thermal conditions are the same but extension rate is halved. 624 

Model 15: MPT = 1300ºC, SHF = 75 mW/m2, full spreading rate = 1 cm/yr. A very 625 

asymmetric and melt-poor rift. Widespread exhumation of the asthenospheric mantle 626 

serpentinization. There is a large block of continental lithosphere separated from the right rift 627 

flank by exhumed asthenospheric mantle. There is very little magmatic accretion and the melt 628 

producing region is irregularly shaped and deep. Melt fraction peaks at 2.5% and the mechanical 629 

oceanic lithosphere is 20 km thick. 630 

Model 1: MPT = 1300ºC, SHF = 55 mW/m2, full spreading rate = 2 cm/yr. A moderately 631 

asymmetric rift with large (>20 km long) boudins of subcontinental mantle, widely distributed 632 

crustal allochthons, and doming of the mantle beneath continental crust and at the continent-633 

ocean transition. The highest degree of magma production is 19% partial melting localized 634 

beneath the estimated seafloor spreading axis (white, vertical bar). Anastomosing detachment 635 

faults (in red) extend the subcontinental mantle, especially where adjacent to mantle domes. The 636 

mechanical oceanic lithosphere is 10 km thick above the melt triangle. 637 

Model 3: MPT = 1300ºC, SHF = 65 mWm2, full spreading rate = 2 cm/yr1. A slightly 638 

asymmetric rift with a wider left flank than right flank. Allochthons are widespread, with a large 639 

crustal block on the right flank. Anastomosing detachment faults are present in the mantle 640 

lithosphere, but only on the right flank and to a minor extent. At peak melt production, 20% 641 

partial melting is reached, and the region of melting is more distributed than in Model 2. The 642 

mechanical oceanic lithosphere is thinned to only 9 km at the seafloor spreading axis. 643 

Model 17: MPT = 1300ºC, SHF = 75 mW/m2, full spreading rate = 2 cm/yr. This case exhibits a 644 

wide, mostly symmetrical structure, limited anastomosing faults (until the onset of seafloor 645 

spreading), and limited lithospheric boudinage. Subcontinental mantle is not exhumed much, but 646 

widespread crust allochthons sit atop exhumed and intruded asthenospheric mantle. Relatively 647 

isotropic magmatic accretions on both rift flanks forms a mechanical oceanic lithosphere only 8 648 

km thick. Melt fraction peaks at 20%. 649 



manuscript submitted to Geochemistry, Geophysics, Geosystems 

 

 650 



manuscript submitted to Geochemistry, Geophysics, Geosystems 

 

Figure 6. The end-state of each GeoFLAC model with an initial mantle potential temperature of 651 

1350 ºC. Models 12, 4, and 6 have a full-spreading rate of 1 cm/yr and models 13, 5, and 8 have 652 

a full-spreading rate of 2 cm/yr. They are further arranged by surface heat flux, from 55 to 75 653 

mW/m2 in descending order. Isotherms for 400, 600, 800, 1000, 1200, and 1300 ºC are plotted as 654 

well as the melt fraction (scaled for each individual model to bring out details for low melt 655 

fractions). 656 

4.2.2 1350 ºC mantle potential temperature cases 657 

Model 12: MPT = 1350ºC, SHF = 55 mW/m2, full spreading rate = 1 cm/yr. Widespread 658 

denudation and anastomosing detachment faults, with both crustal and sub-continental mantle 659 

boudins present. The mechanical oceanic lithosphere is 18 km thick at the rift axis. The rift is 660 

very asymmetric. The left flank is wide and exhibits anastomosing faults, moderate magmatic 661 

accretion, and small allochthons of continental provenance. The right flank is narrow, with only 662 

slight accretion and a large block of continent crust derived from the H-block. Melt fraction 663 

reaches 19% at lithospheric rupture and break-up. Serpentinization is more widespread here than 664 

in any other case. 665 

Model 4: MPT = 1350ºC, SHF = 65 mW/m2, full spreading rate = 1 cm/yr. Another slightly 666 

asymmetric rift, but with a more complex structure than Model 3. There is major doming and 667 

exhumation of the mantle, with rolling hinge detachment faults extending both the sub- 668 

continental mantle and former asthenosphere. Anastomosing detachments are present in the right 669 

flank, but small scale (~2 km across). On the left flank, normal faults which merge into a roof 670 

detachment along the Moho deform a sub-continental mantle boudin. Peak melt production 671 

reached 20% partial melt. The mechanical oceanic lithosphere is very thick at 19 km. 672 

Asthenospheric buoyancy is also large since the active melt lithospheric layer is 20% filled with 673 

melt. This may explain the high domal topography observed near the rift axis and the large 674 

proportion of recrystallized melt pods in the mechanical oceanic lithosphere. 675 

Model 6: MPT = 1350ºC, SHF = 75 mW/m2, full spreading rate = 1 cm/yr. A moderately 676 

asymmetric rift with widespread. The left flank of the rift hosts a 20 km across crustal boudin 677 

and anastomosing mantle detachment faults, while the right flank hosts high-angle normal faults 678 

which exhumes the melt active mantle into the mechanical layer forming a large mantle core 679 

complex. Melt production peaks at 22% partial melt, and melt crystallization is especially 680 

concentrated in the shear zones beneath rolling hinge detachment faults. The mechanical oceanic 681 

lithosphere is relatively thick at 12 km at the seafloor spreading rift axis. Again, the spreading 682 

rates controls the thickness of the mechanical ocean lithosphere. 683 

Model 13: MPT = 1350ºC, SHF = 55 mW/m2, full spreading rate = 2 cm/yr. This case is a 684 

slightly asymmetric rift with widespread crustal allocthons. The melt fraction reaches 28% and 685 

melt crystallization is lopsided towards the right rift flank. The left flank has extensively 686 

anastomosed shear zones in the subcontinental mantle yet has relatively few mantle 687 

megamullions. The mechanical oceanic lithosphere is 8 km thick at the seafloor spreading axis.  688 

Model 5: MPT = 1350ºC, SHF = 65 mW/m2, full spreading rate = 2 cm.yr-1. A slightly 689 

asymmetric rift based on the wider left flank than right flank. The rift also demonstrates minor 690 

doming of the mantle and anastomosing detachment faults on the left flank which are less 691 

prominent on the right flank. 31% partial melting is reached. The “bottom-heavy” distribution 692 

below the rift flanks indicates that the melt should extrude or intrude the lower continental crust 693 
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in a more realistic model with melt percolation. At the seafloor spreading axis, the mechanical 694 

oceanic lithosphere is 6 km thick, which very thin and likely caused the high initial surface heat 695 

flow, MPT and fast spreading rate. 696 

Model 18: MPT = 1350ºC, SHF = 75 mW/m2, full spreading rate = 2 cm/yr. Due to a lack of 697 

melt extraction in this formulation of GeoFLAC, deformation has localized into two different rift 698 

axes. Accounting for this, this case has a very similar structure as Models 17 and 19: widespread 699 

crustal allochthons, lack of exhumed sub-continental mantle, and wide flanks; except that 700 

magmatic accretion is elevated and concentrated on the right flank. The mechanical lithosphere 701 

is 11 km thick and the melt fraction peaks at 25%. 702 
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Figure 7. The end-state of each GeoFLAC model with an initial mantle potential temperature of 704 

1350 ºC. Models 7, 8, 14, and 16 have a full-spreading rate of 1 cm/yr and models 9, 10, and 19 705 

have a full-spreading rate of 2 cm/yr. They are further arranged by surface heat flux, from 55 (45 706 

in the case of model 7) to 75 mW/m2 in descending order. Isotherms for 400, 600, 800, 1000, 707 

1200, and 1300 ºC are plotted as well as the melt fraction (scaled for each individual model to 708 

bring out details for low melt fractions). 709 

4.2.3 1400 ºC mantle potential temperature cases 710 

Model 7: MPT = 1400ºC, SHF = 45 mW/m2, full spreading rate = 1 cm/yr. A very asymmetric 711 

rift system with a very buoyant mantle lithosphere. On the left flank, anastomosing detachment 712 

faults are large and hyperextend the sub-continental mantle for ~50 km, while the crust forms 713 

into boudins of a similar scale. On the right, the distance over which the sub- continental mantle 714 

is hyperextended is shortened to only ~30 km, with a whole-lithosphere boudins at the continent-715 

ocean transition. Melt crystallization is again especially focused in the shear zones beneath anti-716 

listric detachment faults. Peak partial melting is at 32%. The mechanical oceanic lithosphere is 717 

15 km thick at the seafloor-spreading axis. 718 

Model 8: MPT = 1400ºC, SHF = 55 mW/m2, full spreading rate = 1 cm/yr. Another very 719 

asymmetric rift, but both structurally and magmatically. Melt is widespread and production peaks 720 

at 35% partial melt and the crystallization of that melt is concentrated on the left flank. The left 721 

rift flank also hosts a ~40 km long crustal boudin. Crustal allochthons are widespread throughout 722 

but are thicker on the right rift flank. Anastomosing detachment faults present throughout the 723 

crust-mantle contact. The mechanical oceanic lithosphere is 14 km thick at the seafloor-724 

spreading axis. 725 

Model 14: MPT = 1400ºC, SHF = 65 mW/m2, full spreading rate = 1 cm/yr. Widespread crustal 726 

allochthons across a moderately asymmetric rift. The left flank has a greater degree of 727 

asthenospheric mantle exhumation, serpentinization, and subcontinental mantle boudinage. The 728 

right flank exhibits more magmatic accretion and possesses a large crustal block derived from 729 

the H-block. The melt fraction peaks at 28% and the mechanical oceanic lithosphere is 16 km 730 

thick. 731 

Model 16: MPT = 1400ºC, SHF = 75 mW/m2, full spreading rate = 1 cm/yr. This is showing an 732 

asymmetric rift with extensive crustal allochthons on the left rift flank. There is less boudinage 733 

of the subcontinental mantle and of the crust, limited mostly to the right rift flank. Anastomosing 734 

detachment faults are present along the Moho on the left flank where magmatic accretion is 735 

active. Peak melt production reaches 27% melt fraction and the mechanical lithosphere is 17 km. 736 

Model 9: MPT = 1400ºC, SHF = 55 mW/m2, full spreading rate = 2 cm/yr. This rift exhibits 737 

moderate asymmetry, with the left flank being significantly wider than the right flank and 738 

hosting a sequence of sub-continental mantle boudins and mantle domes. Anastomosing 739 

detachment faults are prominent along the hyperextended mantle. Crystallization of melt is 740 

especially focused in the shear zones beneath detachment faults in the mantle. Partial melting is 741 

widespread and reaches 35% and the mechanical oceanic lithosphere is 10 km thick at the 742 

seafloor-spreading axis. 743 

Model 10: MPT = 1400ºC, SHF = 65 mW/m2, full spreading rate = 2 cm/yr. Structurally very 744 

similar to Model 9, but with wider margins and slightly less partial melting (32%). The 745 

mechanical oceanic lithosphere is 11 km thick, melt crystallization is focused in the shear zones 746 
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of mantle detachment faults. This case is asymmetric, though some of this comes from 747 

deformation being localized in two locations due to the absence of melt extraction during sea-748 

floor spreading to create true oceanic crust. 749 

Model 19: MPT = 1400ºC, SHF = 75 mW/m2, full spreading rate = 2 cm/yr. The structure of this 750 

case is nearly identical to Model 17: wide margins, widespread crustal allochthons, etc.; but with 751 

an elevated melt fraction of 36% and a greater degree of melt accretion. The mechanical oceanic 752 

lithosphere is particularly thin here: only 6 km thick. 753 

4.3 Generalized numerical model results 754 

Each of the nineteen models presented in this paper follow similar evolutionary stages, though 755 

the timing and spatial relations may be different based on extension rate or thermal conditions. 756 

As in Model 1, each rift scenario includes: 1) Symmetrical shear zones dipping a low angle (< 757 

20) away from the rift axis in the sub-continental mantle. These shear zones facilitate the necking 758 

of the lithosphere, the upwelling of the asthenosphere, and the focusing of the melt region 759 

beneath the rift axis. 2) Seaward dipping detachment faults in the continental crust and high 760 

temperature landward dipping detachments faults in the mantle originating between 800ºC and 761 

1000ºC. 3) An anastomosing network of crustal and mantle detachment faults that exhume both 762 

sub-continental mantle and asthenosphere. The denuded asthenosphere eventually forms a new 763 

layer in the mantle lithosphere that is intruded by pods of recrystallized melt and is bounded at its 764 

base by active melt. This layer mechanically becomes part of the oceanic lithosphere in which 765 

brittle and ductile mechanical processes occur. We name it the “mechanical oceanic lithosphere.” 766 

4) High temperature landward dipping detachment faults initially sole under the continent and 767 

couple with crustal faults to form core complexes. 5) The region of melt production is a diffuse 768 

triangle that is focused beneath the rift axis. Increased buoyancy in this region drives the 769 

asthenosphere towards the surface, this motion is accommodated by the mantle shear zones 770 

described previously. As the asthenosphere moves upward, cools and passes through the solidus 771 

due to conductive cooling, melt crystallizes above the melt producing region and then migrates 772 

as solidified bodies laterally with the tectonic blocks. The density of crystallized melt 773 

increases towards the rift axis. 6) Below the melt production region, latent heat of fusion of 774 

the melt causes the 1300ºC isotherm to be depressed, marking what we refer to as the “thermal 775 

lithosphere” through the rest of this article. High temperature mantle shear zones are active in the 776 

upper layer forming a ultraslow spreading oceanic crust (Bickert et al., 2020). 777 

The end-states of each model case have important structural and compositional homologies. One 778 

is asymmetry, though the degree of asymmetry is highly variable. The width of one rifted margin 779 

or flank (the distance between the start of seafloor spreading and the relatively unattenuated 780 

continental crust) is often different from its conjugate. In addition, asymmetry also exists in the 781 

structure of the rifted margin, often with regards to the presence and scale of lithospheric boudins 782 

(mantle, crust, or both) and in whether the crust or sub-continental mantle extends furthest 783 

towards the rift axis. 784 

Another structural feature present throughout is the “shelf” of sub-continental mantle protruding 785 

below the thinned continental crust. It is visible where the lithosphere-scale mantle shear zones 786 

and detachment faults create a platform of mantle on each flank of the rift underlying the 787 

continental crust. These shelves form as the mantle is upwelled to 15-10 km depth and sub- 788 

horizontal anastomosing faults begin to accommodate hyperextension and exhumation. The shelf 789 

shallows towards the rift axis, but often forms domes or boudins of sub-continental mantle. It can 790 
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also have highly variable dimensions in different rift flanks and different model cases, ranging 791 

from ~5 km to >50 km across. The mantle detachment faults that form these boudins, domes, and 792 

mantle core-complexes generally dip landward in contrast to the earlier, continental detachments 793 

that dip seaward. 794 

Melt crystallization (also referred to as underplating, magmatic accretion, or refertilization) in 795 

our models occurs above the melting region before being migrated laterally as rift evolves. Melt 796 

crystallization is also enhanced in high temperature mantle shear zones that form the soles of 797 

anti-listric detachment faults. Sometimes this leads to underplating being concentrated on one rift 798 

flank rather than another. This magmatic accretion forms the proto- oceanic and oceanic 799 

lithosphere. 800 

By varying mantle potential temperature (MPT), surface heat flux (SHF), and extension rate it is 801 

possible to predict specific features in each rifted margin case. Structural trends are difficult to 802 

quantify, such as degree of asymmetry or the scale of extensional duplexes/ anastomosing faults. 803 

However, such structural trends are important predictions for future geological and geophysical 804 

observations. A summary of these observable properties in each model can be found in 805 

Supplementary Table 1. 806 

The scale of anastomosing detachment faults (quantified by measuring the maximum and 807 

minimum widths of individual extensional duplexes within the mantle detachment fault system 808 

in each model) appears inversely correlated with surface heat flux. The less heat flowing through 809 

the lithosphere, the stronger it is and the larger the individual anastomosed, sigmoidal blocks 810 

within the detachment fault systems (Fig. S3). The relationship between SHF and extensional 811 

duplexes is also clear in the correlation between SHF and the number of individual anastomosed 812 

blocks, which decreases with increased SHF (Fig. S9). However, the frequency of anastomosed 813 

blocks has a slight, positive relationship with MPT (Fig. S8). 814 

One of the most important and most obvious trends in the data is the correlation between 815 

mechanical oceanic lithosphere thickness and full spreading rate. Of the two extension rates 816 

tested using GeoFLAC, the 1 cm/yr cases consistently produce thicker oceanic lithosphere than 817 

their 2 cm/yr counterparts (Fig. S4). The thickness of the oceanic lithosphere doesn’t have a clear 818 

correlation to either MPT or SHF (Figs. S5 & S6), though this may just be a limit of our models, 819 

which don’t include the effects of melt extraction and volcanism on building oceanic crust. 820 

Relationships between MPT, SHF, and oceanic lithosphere thickness should be consistent with 821 

the observations of oceanic lithosphere at fast- and slow- spreading ridges (Langmuir & Forsyth, 822 

2007; Macdonald, 2001; Searle, 2013), and thus melt extraction is an important caveat regarding 823 

this work. Mantle exhumation, quantified here by the number of mantle core complexes (domes 824 

of mantle material) that develop, is observed to decrease as SHF increases (Fig. S9). However, 825 

colder MPT cases exhibit larger core complexes that are not associated with the initiation of 826 

seafloor spreading (Fig. 5) Given that melt extraction has not been implemented, this result 827 

reflects a bias towards physical processes associated with amagmatic extension in our models. 828 

The degree of partial melting and of melt crystallization is also observed to be a function of MPT 829 

and of extension. In the 1300ºC MPT cases, the percentage of partial melt ranges from 3% to 830 

20%. For cases with a MPT of 1400ºC the percentage of partial melt ranges from 27% to 36%, a 831 

smaller range but with greater percentage melt (Fig. S5). A similar relationship holds for 832 

extension rate, where range of melt fractions is 3-35% for 1 cm/yr full spreading rates and 19-833 

36% for 2 cm/yr full spreading rates (Fig. S4). The crystallization of this melt in the form of 834 
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underplating or magmatic accretion also increases with MPT and SHF, as seen from the general 835 

increase in crystallization from the top to bottom and from left to right of Fig. 4. The relatively 836 

high percentage of partial melt in some of these cases may be a result of our lacking of melt 837 

extraction; fractionation, melt conduits, and heterogeneities in the mantle among other necessary 838 

simplifications in our numerical models may change the parameters that determine melt 839 

percentage. However, the trends and structures observed in each model appear to reflect 840 

observed features of real rifted margins, especially the Ivorian margin. 841 

5 Discussion 842 

The experiments in GeoFLAC give new insight into the rifting processes. Our numerical 843 

modeling results provide a framework for the kinematic and magmatic development of rifted 844 

margins. Extension of the mantle lithosphere during the necking phase is accommodated by 845 

large, lithosphere-scale shear zones in the mantle that dip under the continental lithosphere and 846 

away from the rift axis. As per Ruh et al. (2022), these shear zones are regions where grain-size 847 

reduction enhances diffusion creep and weakens the lithosphere to the point where it can rupture. 848 

In previous work, models that don’t incorporate dynamic grain recrystallization lack some key 849 

features shown in this article. Without dynamic grain recrystallization, there is no change in fault 850 

orientation during the emplacement of oceanic lithosphere, no doming of the mantle in core-851 

complexes, and no lithospheric-scale mantle shear zones (e.g., Lavier et al., 2019). Since the 852 

Ivorian, Alpine Tethys, Uralide, and other margins (Clerc et al., 2018) show evidence of out-of-853 

sequence detachment faults, mantle core complexes, and anastomosing shear zones it can be 854 

surmised that dynamic recrystallization plays a major role in continental rifting. Serpentinization, 855 

while present in some models, does not play an important role and is limited to the shallow crust 856 

at low temperature, where H2O is available. Decompression melting in the mantle under the rift 857 

axis increases the buoyancy of the mantle and enhances upwelling of the asthenosphere along the 858 

lithosphere-scale mantle shear zones. This is a mechanism by which the mantle lithosphere is 859 

attenuated and asthenospheric material is brought towards the surface as part of lithospheric 860 

breakup. 861 

The origin of the out-of-sequence (continentward-dipping), anastomosing detachment faults 862 

observed in the Ivorian continent-ocean transition, and in ophiolites like Nurali and Lanzo is also 863 

shown by our numerical modeling results. As the lithospheric shear zones shallow, they couple 864 

with crustal detachment faults and initiate the exhumation phase of rifting. The shear zones then 865 

transition into the anastomosing faults described previously (the distal or out-of-sequence 866 

detachment fault system). There is a weak inverse correlation between surface heat flux and the 867 

width of anastomosing faults (the size of each extensional duplex). A possible explanation for 868 

this is that the feedback loop between grain damage and dislocation creep which mechanically 869 

weakens the lithosphere is inhibited by a colder, stronger lithosphere (de Bresser et al., 2001; 870 

Tullis & Yund, 1985). The orientation of these out-of-sequence detachment faults is important. 871 

Under the stress regime imposed by buoyant, melt-rich mantle, they dip away from the rift axis 872 

and towards the continent. This interpretation is supported by the unusual strike of the out-of- 873 

sequence faults at the Ivorian margin. There, the out-of-sequence faults strike NNE while the rift 874 

axis trends NNW. If the anomalous orientation of these faults were a solely function of the 875 

seafloor spreading stress environment, they should be parallel to the rift axis. If they were a 876 

function of the dextral stress imposed by the neighboring Romanche and St. Paul transform 877 

faults, then their orientation should represent en echelon faults and strike WNW, nearly 878 

perpendicular to the actual orientation. We hypothesize that this orientation is a result of the 879 
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upward push of irregular magma bodies beneath the rift. This idea is consistent with the nearby 880 

presence of a mantle core-complex that could have concentrated decompression melting 881 

underneath it (before migrating eastward relative to the rift axis due to extension) as seen 882 

especially in models 1, 6, 9, and 10. 883 

Thus, transition from continental rifting to seafloor spreading is strongly influenced by how 884 

tectonism and magmatism interact. In the Ivory Coast margin, the earliest evidence of melt is 885 

the volcaniclastic-to-pillow basalt that comprises Unit 6. Near the continent, this unit starts out 886 

thin, only a few tens of meters thick. However, as the rift develops and the rift axis migrates 887 

seaward relative to the continent, Unit 6 thickens to ~1 km and is characterized by more chaotic 888 

reflectors (pillow lavas). This increase in volcanism correlates to the shallowing and growth of 889 

the melting region of the asthenosphere as modeled by GeoFLAC. Dunite channels (Kelemen et 890 

al., 1995; Liang et al., 2010) and faults, such as documented in the Lanzo Massif (Müntener & 891 

Piccardo, 2003), provide conduits for this melt to erupt sub-aerially. The shallowing melt region 892 

also creates sheared gabbroic bodies that appear in the footwall of the anastomosing detachment 893 

faults as Unit 8 (gabbroic bodies also appear as isolated features in the sub-continental mantle of 894 

Unit 5). This is consistent with magmatic accretion seen in our GeoFLAC results. Magma that 895 

migrates past the solidus as it advects crystallizes above the melt triangle, accreting new crust or 896 

refertilizes ancient mantle lithosphere. Because the out-of-sequence detachment faults facilitate 897 

mantle upwelling, accretion is concentrated in footwalls of the detachment faults. The out-of-898 

sequence system emplaces these gabbroic magma bodies, which source from (via faults or dunite 899 

channels as conduits) (Liang et al., 2010) sheeted dikes and pillow basalts of Unit 6. Thus, the 900 

network of detachment faults and the attenuation of the lithosphere above the decompression 901 

melting region control the onset of seafloor spreading and determine the structure of the 902 

continent-ocean transition. 903 

New oceanic lithosphere in our GeoFLAC formulation comes in two flavors. The mechanical 904 

oceanic lithosphere forms above the melt triangle from upwelled asthenosphere and crystallized 905 

magma. In cases with a faster extension rate, the mechanical oceanic lithosphere is thinner as the 906 

high temperature asthenosphere is upwelling faster than it dissipates heat. Melt crystallization is 907 

focused under anti-listric shear zones and detachment faults because these are regions where the 908 

melt-rich asthenosphere passed through the solidus with greater frequency than elsewhere. The 909 

thermal oceanic lithosphere is defined by the 1300ºC isotherm, which sits beneath the melt 910 

triangle due to the latent heat of fusion depressing the geotherm at those depths. Because melt 911 

extraction is not part of our GeoFLAC formulation, oceanic crust is not included in our 912 

simulated oceanic lithosphere. 913 

6 Conclusions 914 

Synthesizing results from the Alpine Tethys margin and from the Ivorian margin with the 915 

GeoFLAC modeling provides a framework to understand rifted margin evolution at magma-poor 916 

margins. All three lines of evidence point towards homologous processes that control rifted 917 

margin evolution: high-temperature, anastomosing detachment faults that facilitate 918 

hyperextension; shear zones in the mantle lithosphere that facilitate the upwelling of 919 

asthenosphere driven by buoyancy; and increasing melt production as continents migrate away 920 

from the rift axis leading to magmatic accretion, seafloor spreading, and a change in the local 921 

stress environment (Fig. 8). 922 
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Figure 8. The conceptual, generalized model of the lava-poor rift-to-drift transition based on the 924 

numerical model results, paleomargin geology, and Deep Ivory Coast Basin seismic experiments. 925 

After the asymmetric, continental detachment fault system forms during the exhumation phase of 926 

rifting, symmetric, out-of-sequence detachment faults that are kinematically linked to 927 

lithospheric shear zones form in association with mantle core complexes. These new faults dip 928 

toward the continent and reflect a change in the stress environment due to the buoyant force of 929 

magma upwelling from below. As this new, mantle detachment fault system develops it splits 930 

into multiple, anastomosing faults to extensional duplexes of sub-continental mantle and 931 

formerly asthenospheric mantle. In the footwalls of these faults, mantle that has been intruded by 932 

mafic melts (magmatically accreted) is brought up to form the first Layer 3 of oceanic crust. 933 

Meanwhile, the volume of volcanism increases as the lithosphere at the rift axis thins and more 934 

conduits for melt (dikes, dunite channels, and detachment faults) form. These volcanic units 935 

(sheeted dike complexes, volcaniclastics, and lava flows) eventually form into Layer 2a and 2b 936 

of oceanic crust. Thus, the initiation of seafloor spreading is a transitional process between 937 

gravitational forced extensional tectonics and magmatically forced extensional tectonics. 938 

In the early phases of the rift-to-drift transition, extension is expressed first through normal faults 939 

and then through detachment faults that dip towards the rift axis and cut through pre-rift 940 

sedimentary units and continental crust before soling into the subcontinental mantle. 941 

Lithospheric scale shear zones then develop in the mantle lithosphere which accommodate 942 

asthenospheric and subcontinental mantle upwelling (Fig. 8, bottom panel). These shear zones 943 

are the result of grain size reduction and DRX which enhance dislocation creep in olivine 944 

(Bickert et al., 2020; Ruh et al., 2022; Warren & Hirth, 2006). Decompression melting 945 

accelerates the upwelling of the asthenosphere until that the initial system of detachment faults 946 

couples with the mantle shear zones to exhume sub-continental mantle. As the melt region 947 

grows and shallows, it changes the stress regime of the rifting lithosphere and a system of 948 

anastomosing, out-of-sequence detachment faults with opposite dip-directions forms (Fig. 8, 949 

lower middle panel). The shallowness of this melt producing regions connects the melt triangle 950 

to shallow crustal depths via dikes, shear zones, and dunite channels (Kaczmarek & Müntener, 951 

2008; Liang et al., 2010; Liu & Buck, 2021; Müntener & Piccardo, 2003). This leads to 952 

increasing volcanism and magmatism seaward, including the development of layered oceanic 953 

crust via sill and dike intrusions at the rift axis (which later becomes the footwall of the out-of-954 

sequence detachment system). The new detachment fault system further exhumes the mantle, 955 

creating core-complex-like domes of peridotite that form the boundary between the 956 

hyperextended continental lithosphere from the newly created oceanic lithosphere (Fig. 8, upper 957 

middle & top panels). 958 

This model for magma-poor rifted margin evolution shows the importance of melt production in 959 

determining the large-scale structures. Decompression melting accelerates the process of mantle 960 

upwelling, which in turn drives the exhumation phase of rifting and the transition in stress 961 

regime from gravity-driven (top-down, with faults dipping towards the rift axis) to melt-driven 962 

(bottom-up, with faults dipping away from the rift axis) during the rift-to-drift transition. 963 

Additionally, the anastomosing high temperature shear zones may provide conduits for melt to 964 

pool, to source a dike and sill network, or to follow fracture networks which initiate volcanism 965 

and then seafloor spreading as the volume of melt increases. 966 

This framework for understanding magma-poor rifts allows us to put different rifted margins into 967 

context (Fig. 9). Comparing the Ivorian margin, the Err-Platta Nappes, and the Lanzo Massif to 968 
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the conceptual model (from Fig. 8, top panel) show how building blocks or rifted margins 969 

exposed at Earth surface are homologous to sections of the simulated rifted margins. Err-Platta 970 

(outlined in magenta) is a homology of the shallower region of hyperextension, where the mantle 971 

domes upwards in contact with syn-rift sedimentary rocks (Manatschal et al., 2007). Down 972 

section and deeper, Lanzo (outlined in orange) is homologous with the region where formerly 973 

asthenospheric mantle is brought up against sub-continental mantle by anastomosing faults to 974 

form an extensional duplex. This region is also where melt intrusion has created proto-oceanic 975 

lithosphere (Kaczmarek & Müntener, 2008). The homologous equivalent of the Ivorian margin 976 

(outlined in blue) overlaps both regions, but also extends to the first appearance of oceanic crust. 977 

 978 

Figure 9. The conceptual model of lava-poor rifting in relation to the geological and geophysical 979 

evidence in the Alpine-Tethys paleomargin and the Ivory Coast rifted margin. The Err-Platta 980 

Nappes represent the up-section region of mantle doming and fault contacts with syn-rift 981 

sedimentary units. The Lanzo Massif represents a deeper, down-section region where the mantle 982 

is deforming in extensional duplexes and experiencing refertilzation. The Deep Ivory Coast 983 

section encompasses the entire rifted margin from extended continental crust to oceanic 984 

lithosphere. The cross sections for the Err & Platta Nappes were modified from Manatschal et 985 

al., (2007). 986 

While we have applied this scheme to magma-poor rifted margin evolution, it potentially applies 987 

to other types of rifted margin or other tectonic boundaries. Under increased mantle potential 988 

temperatures, magmatism may occur earlier and to a greater extent. The SDRs and fault 989 

geometry seen in volcanic rifted margins could result from earlier magmatism changing the 990 

principal stress direction from top-down to bottom-up during the stretching phase and before 991 

widespread exhumation can begin. Future work synthesizing GeoFLAC results with geological 992 

and geophysical observations will test this hypothesis for volcanic margins such as along 993 
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Scandinavia, West India, and Argentina and their conjugates. If successful, this methodology 994 

may be applied to pre-Mesozoic rift systems to investigate the effects of early-Earth thermal 995 

conditions 996 
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