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Wide Rifted Margins, Implications for Evaporite Deposition
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LFCR, Université de Pau de des Pays de I'Adour, Pau, France

Abstract The thick late syn- to early post-rift shallow water evaporites in the most distal part of wide rifted
margins is paradoxical with the deep depression at crustal breakup time predicted by isostatically compensated
lithospheric thinning. Elevation of the distal margin and water depth during deposition of the late syn-rift
evaporites in the central South Atlantic are not well constrained and remain to be quantified. We use forward 2-
D thermo-mechanical modeling coupled with melt prediction and surface processes to assess the contribution of
lithospheric and mantle processes on the distal margin topography and subsidence history during continental
rifting. Models show that (a) counter-flow of depleted lower lithospheric mantle during rifting explains the
magma-poor nature of these margins and (b) weak crust and syn-rift sediment control the wide crustal necking
and subsidence history of the distal margin. Integration of our modeling results with quantified geophysical and
geological observations suggests that (a) base level was down to —600 m below present-day global sea level
(bsl) during distal margin formation in the Aptian before sag and evaporite deposition, (b) base level was about
—300/—400 m bsl at the end of evaporite deposition, and (c) scenarios with a fixed shallow base level (=400 m
bsl) or with an increasing base level from an initially deep position (—1,600 m bsl) during evaporite deposition
can both fit the observed evaporite distribution. However, erosional features along the base of evaporites
suggest a deep initial base level.

Plain Language Summary The opening of the Atlantic Ocean contributed to the fragmentation of
the Pangaea supercontinent 100-200 millions years ago. Water depth in the basins formed during this process is
not well constrained while it is fundamental to understand their environmental conditions. For instance, in the
central South Atlantic that comprises the west African Gabon, Congo, and Angola margins and their conjugates
along the Brazilian margin, a giant evaporite basin deposited during continental breakup in shallow water
formed very far from the continent. In this study, we compiled data along these margins and used 2-D numerical
models to show that an initially deep basin isolated from global ocean can provide the conditions necessary for
this giant evaporite basin to be deposited.

1. Introduction

The wide rifted margins of the central South Atlantic exhibit a giant evaporite basin that extends from onshore to
the distal margin next to the oceanic crust and from the Ascension fracture zone in the north and the Rio Grande
fracture zone in the south (Figure 1) (e.g., Brognon & Verrier, 1966; Karner & Gambda, 2007; Kukla et al., 2018;
Moulin et al., 2010; Pichel et al., 2023). The conjugate margins formed during breakup of the Pangaea super-
continent in the Early Cretaceous (~145-115 Ma) (e.g., R. Guiraud & Maurin, 1991) and a very thick evapo-
rite basin formed during the late syn-rift and early post-rift (e.g., Karner & Gambda, 2007). Evaporites usually
form by evaporation of sea water under very shallow marine (0-100 m) and arid climate conditions (e.g.,
Warren, 2016, and references therein). The presence of large amounts of evaporites in the distal margin suggest
that its elevation was close to global sea level at crustal breakup time (e.g., Moulin et al., 2005; Reston, 2010;
Watts & Ryan, 1976). This is, however, not compatible with the deep depression predicted by isostatically
compensated lithospheric thinning during continental rifting (e.g., McKenzie, 1978; Steckler & Watts, 1978). The
presence of evaporites in the distal margin remains therefore paradoxical in terms of geodynamic context.

Two classes of mechanisms have been proposed to explain the geodynamic conditions allowing evaporite
deposition along the wide rifted margins of the central South Atlantic, both favoring an anomalously elevated
distal margin during the late syn-rift close to global sea level. The first class considers a higher buoyancy of the
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Figure 1. Reconstruction of the central South Atlantic at 83 Ma. Syn-rift and early post-rift magmatism are after Baksi (2018),
Foulger (2018), Marsh and Swart (2018), Mohriak (2020), and Tappe et al. (2018). Oceanic fracture zones are after M.
Guiraud et al. (2010). The map is build using GPlates (Miiller et al., 2018), Mercator projection with meridian 0, African
plate fixed, and plate boundaries and poles of rotation from Matthews et al. (2016) based on Heine et al. (2013).

distal margin's lithospheric column resulting from reduced average density. This encompasses depth-dependent
lithospheric thinning (e.g., Davis & Kusznir, 2004; Dupre et al., 2007; Huismans & Beaumont, 2008; Royden &
Keen, 1980), phase changes in the upper mantle (serpentinization, plagioclase-spinel-garnet stability fields) (e.g.,
Quirk & Ruepke, 2018; N. S. Simon & Podladchikov, 2008), thermal anomaly in the upper mantle (e.g., Pindell &
Heyn, 2022), magmatic underplating (e.g., Quirk & Ruepke, 2018), or delayed crustal thinning after crustal
breakup (e.g., Aslanian et al., 2009; Moulin et al., 2005; Pindell et al., 2014). The second class considers dynamic
support from the convective upper mantle with varying densities (e.g., Beniest et al., 2017; Blaich et al., 2011;
Crosby et al., 2011). Each of these mechanisms may produce a shallower late syn-rift distal margin. However,
phase changes cannot explain enough uplift in the distal margin to raise it close to global sea level (e.g., Quirk &
Ruepke, 2018), a thermal anomaly and mantle melting in the upper-mantle beneath the distal margin (depth-
dependent thinning, magmatic underplating) are incompatible with the magma-poor nature of most of the central
South Atlantic (Aslanian et al., 2009; Contrucci et al., 2004), and there are no clear mechanisms for a delayed
crustal thinning after crustal breakup or for a regional dynamic support in the rift of the central South Atlantic
(Aslanian et al., 2009; Crosby et al., 2011; Pindell et al., 2014). Other studies proposed that evaporites were
deposited at global sea level only in the proximal domain of the rifted margin and then flowed toward the deep
distal margin (e.g., Cowie et al., 2016; Davison et al., 2012). Alternatively, a low base level in a distal basin

THEUNISSEN ET AL.

2 of 34

85U8017 SUOWIWOD BAIE8D 3ol [dde au Aq peuseAcb ase sejoie YO ‘8sn Jo Se|nJ 10 AriqiT 8UlUQ /8|1 UO (SUONIPUOD-pUR-SLUB)/WOO" A3 | IM A e.q 1 [pul Uo//:Sdhy) SUONIPUCD pue SWie | 8L 89S *[7202/50/.0] Uo Akeiqi]aullu A3|IM ‘S86/208rE202/620T OT/I0P/u0d A8 1M Arelq i puljuo'sgndnfie//:sdny woly pepeojumod ‘S ‘vZ02 ‘95E669T2



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Solid Earth 10.1029/2023JB027985

isolated from the global sea could explain both the shallow water environment during evaporite deposition and the
significant late syn-rift accommodation during marine transgression (Crosby et al., 2011; Davison et al., 2012;
Karner & Gambda, 2007; Montaron & Tapponier, 2010; Nunn & Harris, 2007; Reston, 2009, 2010; Rowan, 2014,
2022). It has indeed been suggested that the basin has been isolated from global sea water circulation by a barrier
formed by the Walvis volcanic ridge and by the Rio Grande Rise in the South from the Berriasian to the Albian-
Cenomanian (Figure 1) (e.g., Burke & Sengor, 1988; Burke et al., 2003; Cui et al., 2023; Dingle, 1999; Jackson
et al., 2000; Karner & Gambda, 2007; Szatmari, 2000). The absolute elevation of the distal margin in the central
South Atlantic and the associated water depth during syn-rift and early post-rift remain nonetheless to be
quantified.

In this work, we use 2-D forward geodynamic modeling to understand the rheological and thermal conditions of
the lithosphere that allow reproducing characteristics of the central South Atlantic rifted margins such as the total
extension, crustal thickness, width of distal margins, syn-rift sediment thickness, and magmatic budget. We aim to
predict the absolute elevation of the distal rifted margin at the time of evaporite deposition, that is, close to
lithospheric breakup time. The forward 2-D thermo-mechanical models, coupled with melt prediction and surface
processes, allow self-consistent assessment of the contribution of lithospheric and mantle processes, and of
sediment load on topography. We first review the state of the art on lithospheric, crustal, and stratigraphic ar-
chitecture of the central South Atlantic rifted margins. We then present the compiled data to assess along strike
variations of crustal structure and sediment thicknesses. We summarize the methodology and the model setup,
and describe eight models selected for comparison with these observations. We use these models to assess the
conditions of deposition of late syn-rift sag sediments, evaporites, and early post-rift carbonates and discuss the
implications of models for the central South Atlantic in terms of base level evolution during and just after rifting.

2. Geological Setting

The study area includes the South Gabon to South Kwanza (North Angola) basins and Camamu to Espirito Santo
basins (Brazil) respectively on the West African and on South American rifted margins (Figures 1 and 2a).

2.1. Plate Kinematic Constraints on Rifting and Breakup Timing

Recent plate reconstructions suggest that South Atlantic rifting occurred in two phases: a first phase of moderately
oblique extension (145-125 Ma) followed by a second phase of orthogonal extension (125-115 Ma) (Brune
et al., 2016; Heine et al., 2013; Matthews et al., 2016) (Figure 2). The age and position of crustal breakup are not
very well constrained (Blaich et al., 2011; Norton et al., 2016). Indeed, plate reconstruction are associated with
uncertainties resulting from the integration of deformation inside the African and South American plates (Moulin
etal., 2010; Seton et al., 2012; Torsvik et al., 2009). In addition, breakup took place during the Cretaceous normal
polarity superchron resulting in limited constraints from magnetic anomalies on the age of the first oceanic crust
(Moulin et al., 2010; Seton et al., 2012; Torsvik et al., 2009). Furthermore, the transition area from the last
unequivocal continental crust to oceanic crust is locally relatively wide as a consequence of unconstrained in-
terpretations of seismic data (Loureiro et al., 2018; Norton et al., 2016; Romito & Mann, 2022; Torsvik
et al., 2009). Despite these uncertainties, breakup time in the entire study area can be reasonably well constrained
between 118 and 115 Ma (late Aptian) (Figure 2) (Matthews et al., 2016). Crustal breakup is concomitant with
stabilization, after an acceleration, of the extension rate suggesting lithospheric breakup (Brune et al., 2016;
Mueller et al., 2016) (Figure 2b). The kinematic reconstruction of Matthews et al. (2016) suggests that the total
syn-rift extension is ~300 km with an average extension rate of about 1 cm/year (30 Myr of extension) assuming
crustal breakup at 115 Ma (Figure 2) (Heine et al., 2013; Matthews et al., 2016; Torsvik et al., 2009).

2.2. Rifted Margin Basin Stratigraphy

The evaporites of the central South Atlantic divide the sedimentary record into the pre-evaporite and post-
evaporite megasequences (e.g., Asmus & Ponte, 1973; Campos et al., 1974; de Ruiter, 1979; Lehner & De
Ruiter, 1977). The pre-evaporite megasequence corresponds to the syn-rift phase between the Berriasian and
Aptian while the post-evaporite megasequence corresponds to the post-rift phase. The last phase of syn-rift
deposition, called the “sag phase,” and the deposition of evaporites record the transition from continental to a
fully marine depositional environment. The sag phase and the evaporite deposition period form the “transition
phase” whose deposits extend from the proximal to the distal margin with broadly parallel, mostly unfaulted
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Figure 2. Early Cretaceous kinematics of the study area. (a) Reconstruction of the central South Atlantic around crustal
breakup time (117 Ma) from poles of rotations and plate boundaries of Heine et al. (2013) and Matthews et al. (2016).
(b) Corresponding full extension rate and total extension during rifting (GPlates; Miiller et al., 2018). SAM, South America;
AFR, Africa.

layers, except in the extreme distal margin (e.g., Beglinger et al., 2012b; Karner & Gambda, 2007; Karner
et al., 2003; Laspatzis et al., 2022; Moulin et al., 2005). The correlation of pre-evaporite strata is complicated by
the lack of direct observations of their sedimentary facies and biostratigraphy in the distal margin (e.g., Anka
et al., 2009; Laspatzis et al., 2022). Absolute ages used below are recalibrated using the latest chart of the In-
ternational Commission on Stratigraphy (Cohen et al., 2013, 2023).

Early syn-rift deposits, from the Berriasian to Barremian (about 145 to 122 Ma), are mainly documented on tilted
crustal blocks in the proximal domain. They record mostly continental depositional environments (alluvial fan,
fluvial, lacustrine) (e.g., Beglinger et al., 2012a, 2012b; Behar et al., 2021; Cainelli & Mohriak, 1999; Chaboureau
et al., 2013; Coward et al., 1999). The sag phase deposits (about 117 to 115 Ma) extend from the proximal to the
distal margin (e.g., Karner et al., 2003; Moulin et al., 2005). They are unconformably overlying the early syn-rift
deposits (e.g., Behar et al., 2021; Brownfield & Charpentier, 2006; Quirk et al., 2013). Onshore, the base of the
sag corresponds to incised valleys, in the Congo, Kwanza, Benguela, and Namibe basins (Behar et al., 2021;
Delhaye-Prat et al., 2016; Gindre-Chanu et al., 2016; Kebi-Tsoumou, 2018; Moragas et al., 2023; Van
Eden, 1978). Offshore, some highs in Gabon record this erosional unconformity (e.g., Epin et al., 2021; Karner &
Driscoll, 1999). This erosional unconformity corresponds, in the proximal margin, to a depositional hiatus in the
Early Aptian (e.g., Behar et al., 2021; Chaboureau et al., 2013; Poropat & Colin, 2012; Thompson et al., 2015).
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Sag deposits vary from thin sand-prone layer in the proximal domain to thicker lacustrine shales and marlstones
toward the distal margin (e.g., Brownfield & Charpentier, 2006; Burwood, 1999; Karner et al., 2003; Marton
et al., 2000; Saller et al., 2016). In the proximal margin of the Gabon, Kwanza, and Namibe basins, sag phase
deposits evolve from conglomerates, sands, to lagoonal facies with increasing marine affinity (e.g., Bate
etal., 2001; Karner & Gambda, 2007; Moragas et al., 2023; Teisserenc & Villemin, 1989). The top of the sag unit
is also an erosional unconformity that can be followed across the entire evaporite basin (Karner & Gamboa, 2007;
Karner et al., 2003).

Evaporites were then deposited above this unconformity, during the late syn-rift to early post-rift over a period
between 0.5 Ma and 5.5 Ma long (e.g., Azevedo et al., 2022; Davison et al., 2012; Eldrett et al., 2023; Karner &
Gamboda, 2007; Rodriguez et al., 2018; Szatmari et al., 2021). Evaporite deposition may have started in the late
Aptian between 116 and 113 Ma based on absolute ages of pre-evaporite volcanic rocks and carbonates (e.g.,
Azevedo et al., 2022; Lawson et al., 2022; Szatmari et al., 2021). However, a recent study pointed out that
evaporite deposition in the proximal rifted margin in Gabon occurred during an interval straddling the Early-late
Aptian boundary (~118.4-116.8 Ma) and that younger ages from absolute Ar/Ar dating might be corrupted by
hydrothermal circulation (Eldrett et al., 2023). A 118-116 Ma age for evaporites is compatible with late syn-rift to
early post-rift deposition in the kinematic reconstructions of Matthews et al. (2016). The proximal evaporites are
generally characterized by layered sequences showing repetitive base level drop and flooding indicating shallow
water conditions (Davison et al., 2012; Gindre-Chanu et al., 2022; Rodriguez et al., 2018).

Early post-evaporite deposits (Albian to Cenomanian) are mainly shallow water carbonates and distal mudstones
(e.g., Marton et al., 2000; Rebelo et al., 2021; Séranne & Anka, 2005). After the Cenomanian, sedimentation
evolved from carbonate- to more clastic-dominated and deeper depositional environments (Beglinger
etal., 2012a; Coward et al., 1999; Laspatzis et al., 2022). Ostracods studies suggest that the Walvis ridge was not
fully breached by global ocean circulation until Cenomanian-Turonian times and kept the central South Atlantic
isolated before then (e.g., Bate, 1999; Dingle, 1996).

2.3. Syn-Rift Magmatism

The rifted margins of the central South Atlantic, in the study area, are magma-poor (e.g., Blaich et al., 2011;
Contrucci et al., 2004; Epin et al., 2021; Moulin et al., 2005; Zalan et al., 2011). Only gravity modeling of the most
distal part of the margins suggests intrusive magmatic rocks (Blaich et al., 2011; Fernandez et al., 2020). The
nature of the transitional domain from continental to oceanic crust is not well constrained and has been interpreted
as either proto-oceanic crust, exhumed mantle, lower continental crust, and/or continental crust intruded by
magmatic rocks (Blaich et al., 2011; Epin et al., 2021; Fernandez et al., 2020; Loureiro et al., 2018; Péron-
Pinvidic et al., 2015). In the South Kwanza basin, tholeiitic basalts are found locally in the proximal domain
(Marzoli et al., 1999) (Figure 1). They represent the northernmost extent of the Parana-Etendeka flood basalts at
135 Ma (Baksi, 2018), related to the Tristan da Cunha hotspot (e.g., Heine et al., 2013; Karner & Gambda, 2007
Morgan, 1983).

2.4. Lithospheric Inheritance and Inherited Thermal State

The central South Atlantic rift opened along the Ribeira-Araguai-West Congo Neoproterozoic part of the Pan
African orogen (640 Ma) which outcrops in the southernmost part of the study area (e.g., Bento dos Santos
et al., 2015; Fossen et al., 2020; Pedrosa-Soares et al., 2008; Salazar-Mora et al., 2018; Stanton et al., 2019;
Szatmari & Milani, 2016, and references therein) (Figure 1). At the onset of rifting, the lithosphere was likely
thermally equilibrated after 450 Myr of cooling and as thick as adjacent cratonic lithosphere (See Figure S1 in
Supporting Information S1). The present day lithosphere thins from north to south in the study area (Figures 3e
and 3f). In the north, a fast shear-wave velocity anomaly observed in the mantle evidences a 240-200 km thick
lithosphere that continuously extends from onshore below the craton to offshore below the distal margin (Begg
et al., 2009; Celli et al., 2020b; Huismans & Beaumont, 2011; Szameitat et al., 2023) (Figure 3e). In contrast,
further south, the Angolan shield is not underlain by cratonic lithosphere and is only about 160 km thick
(Figure 3e) (e.g., Steinberger & Becker, 2018). The oceanic crust at breakup time has a normal thickness in the
central South Atlantic (away from the Walvis ridge) suggesting a normal mantle temperature (Graga et al., 2019;
Sauter et al., 2023).
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Figure 3. Sedimentary, crustal and lithospheric structure of the African rifted margin. Maps of the vertical thickness of
(a) evaporites (Pichel et al., 2023), (c) syn-rift deposits thickness offshore (Pichel et al., 2023), and (e) average lithospheric
thickness after Steinberger and Becker (2018). Along strike variations along the rifted margin of average thicknesses of
(b) evaporites, (d) syn-rift sediments, and (f) lithosphere. Transverse Mercator projection with central Meridian at 12°E,
origin of latitude at 0°N in the WGS-84 reference ellipsoid. Coordinates are shifted and rotated by 20° clockwise. Gray line:
continent-ocean boundary; Dashed gray line: most proximal onshore extent of the margin. For line 2, the northernmost and
shorter black bold line is the reflection profile from GXT CongoSPAN line 3100 (Pichel et al., 2023) while the other is the
refraction profile “7 + 117 from Contrucci et al. (2004) and Moulin et al. (2005).

3. Constraints on Margin Structure

3.1. Data-Set

We constructed three thickness maps of the syn-rift, evaporites, and post-rift deposits along the central South
Atlantic African rifted margins (Figure 3 and Figure S2in Supporting Information S1). We selected five
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characteristic crustal cross-sections including two conjugate rifted margins: cross-sections 1-1’, 2, and 3-3’
(Figure 4). We used recently published data and interpretations from Pichel et al. (2023) and combined them with
other published interpretations of crustal cross-sections at similar locations (e.g., Blaich et al., 2011; Ceraldi &
Green, 2017; Clerc et al., 2017; Contrucci et al., 2004; Epin et al., 2021; Fernandez et al., 2020; Gordon
etal., 2013; Lavier et al., 2019; Loureiro et al., 2018; Péron-Pinvidic et al., 2015; Romito & Mann, 2022; Strozyk
etal., 2017; Unternehr et al., 2010; Zal4n et al., 2011). The interpretation of the main horizons (i.e., top evaporites,
base evaporites, and top basement) benefits from the dense 2-D seismic surveys (ION GXT 2D CongoSPAN I &
II) with a typical spacing of about 10-25 km between each seismic line (Pichel et al., 2023). Along the African
rifted margin, we used the interpretation of the crustal structure along cross-sections 1-3 refined using gravimetric
and magnetic data, and a large set of subsurface data by Pichel et al. (2023) (Figure 4). Along cross-section 2
(South Congo), we also used deep seismic refraction constraints on crustal structure (Figures 1 and 4) from
Contrucci et al. (2004) and Moulin et al. (2005).

3.2. Crustal Structure of the Conjugate Rifted Passive Margins

The geological cross-sections show four crustal domains (Figure 4). (a) The proximal domain is bound onland by
the position of the most proximal normal fault associated with syn-rift sediments in the hanging-wall and its
crustal thickness varies from 35 to 25 km. (b) The necking domain spans the change in crustal thickness from
~25 km to 7-10 km. (c) The distal margin spans the thin continental crust (10-0 km). (d) The transitional domain
extends from the last well-defined thinned continental crust of the distal margin to the first well-defined oceanic
crust. The proximal domain is about 50 km wide and symmetric along cross-section 1-1’ while it is much wider
and asymmetric along cross-section 3-3’ (i.e., 170 km on the Africa rifted margin and 80 km on the South
American conjugate). The width of the necking zone is similar on all cross-sections (about 30 km). The width of
the distal margin for the Camamu, Jequitinhonha, and Espirito Santo basins on the South American conjugate
ranges from ~85-100 km, while it is 100-150 km wide in the Gabon, Congo, and Kwanza margins (Loureiro
et al., 2018). The transitional domain width ranges between 35 and 50 km. The total width of the conjugate distal
margins, that is, summing distal width of the two conjugates for lines 1-1’ and 3-3’, is consequently about 200 km
(Table 1), and about 270 km when including the transitional domain.

The continental crust of the distal margin in South Gabon is between 3 and 11 km thick (6.3 = 1.9 km on average)
(cross-section 1, Figure 4 and Table 1). In the Kwanza basin (cross-section 3), the distal margin crustis 0.5-11 km
thick (5.0 £ 3.0 km on average). Seismic refraction data in South Congo (cross-section 2) suggest that the distal
margin crust is 5.7-10.4 km thick (7.7 £ 1.3 km on average). The Moho identified from seismic reflection is on
average 1-3 km shallower than the one identified from seismic refraction data. This shallower reflectivity might
therefore represent an internal continental crustal discontinuity. The oceanic crust is about 5-6 km thick on
average while it is ~8 km in the distal Espirito Santo basin (cross-section 3’ in Figure 4). These thicknesses fall
within the range of normal oceanic crust worldwide (Christeson et al., 2019; White et al., 2001).

3.3. Syn-Rift Deposits Thickness and Sediment Routing Systems

The thickness of syn-rift deposits varies along strike of the African rifted margin (Figures 3c and 3d). They are
very thick in the South Gabon basin (about 6 km on average) and thinner toward the South (4 km in South Congo
to 2 km in Kwanza basins) (Figures 3c and 3d and Table 1). Average evaporite thickness is 600 m in the South
Gabon basin while it is about 800 m in the South Congo basin and 1,300 m in the Kwanza basin (Figures 3a and
3b). We estimated along strike variations of the total integrated evaporite volume assuming 20% evaporite
dissolution as similarly estimated in the Red Sea (Mitchell et al., 2021). We redistributed the total volume along
the margin to reconstruct the evaporite thickness in the very distal margin at the end of deposition. To do this, we
assumed a triangular shaped distribution between the proximal and the distal margin (Figure 3d and Figure S3a in
Supporting Information S1). The reconstructed evaporite thickness in the distal margin just after deposition varies
from 1,200 m in Gabon, 1,600 m in South Congo to 2,400 m in Kwanza. We also extrapolated to the conjugate
South American margin by doubling the volume calculated from the West Africa data set (Figure 3a and Figure
S3 in Supporting Information S1). The estimated evaporite volume per unit of length along strike increases from
0.45 - 10° m? in the North (South Gabon basin) to 1.05 - 10° m? in the South (Kwanza basin) (See Figure S3b in
Supporting Information S1).

THEUNISSEN ET AL.

7 of 34

85U8017 SUOLILLOD 3Aea10 3(qedljdde aup Aq peueAob afe sajone VO ‘@SN o Ss|n. 10} ArIq1T8UIIUO AB|IM UO (SUORIPUOD-PUB-SWLSHW0D" 8| 1M AeIq 1 U |UO//SANL) SUO RIPUOD PUe S | 84} 89S *[7202/50/20] UO ARiqi8ul|uo A8|IM ‘S86.2080E202/620T OT/10p/L00" A8 1M Are.djpuljuosqndnBe//:sdny wo.y papeoiumoq ‘S ‘v20Z ‘95E66912



21699356, 2024, 5, Downloaded from https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2023JB8027985, Wiley Online Library on [07/05/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

<
)
A S
m [~’e]
(o]
S
[an]
=
%)
[\
S
Q
w *¢—1 SIS UO SUOT}OIS-SSOID [BISNID JO
S uoneso[ 998 (0Z0T) ‘T8 19 ZOPUBUIS,] WOIJ 9k (SQUI| paysep) ANOWIALIS WO SINJONNS [BISI ($00T) ‘T8 19 109NNU0)) WOIJ SI 7 UOIOIS-SSOIO UO BIEP UONIRIJY “(£70T “Te 12 [9Yd1d “S°9) ejep JIwsIas Jo
S uonejexdioyur paysiqnd woij jnse1 (Juoweseq doj pue seyrrodead aseq ‘sejrrodeas doj +o'T) SUOZLIOY UTEW oY, "ONUR[IY YINOS [2IUD 9U) JO UISIBW PI)JLI Y} JO SUOTIOS-SSOID [eIsnId pajordioju] p dan3ig
—
(uny)
0z wsnewbew YuuAs wsnewbew Yi-1sod L
a4l O008LIX® T o N oo™y T e ===
0 — . 0 . +J[es oy L
A - A - '-k A .
= | Urewop [ewIxoid 7 8uoz Bupyoen] | uibrew [elsiq 7T urewop T
= * 15200 |euonisuel) 00 ()
unm. uoIsuSIXe 810ysuQ oz
= € aur
: gzrsg [
8™
=) > urewop uibrew |eisiq , duoz BupjpeN” | urewop [ewixoid
72 J revomsuesy 15805 » %
oo uoIsSus}Xe 810ysuQ

gaun

(uny)

0c-

o w 001 0
(Anawinelb)
0 Buipedispun pue sojued|oA [enuajod yum 1sniy — —
>
lewop [ewixoid , 8uoz BupjosN uibiew [eisiq urewop A 1snio oueaoQ [

ﬂ r o0 [euonisuel] 90 (uonoesjes owwsies) Arewoue Ayoojen mo [ |
UOISUBIX® 8I0YSUQ (paurenisuooun) isnuo fejusunuod [ |
¢ 9uiq (Ajuo uonoeujes D1WSIBS) 18NUD [ejusunuo) [
(uonoeljeyuonayel OlWSIes) 1SN0 [ejusunuod [
sjuawipas yu-uks [ |

seyodens [l

sawipes yu-isod [l

()
02~

o9 009% LXD
o I" "

lewop [ewixold , uibrew [ejsiq urewop

* ‘ " jeuomisuell 20
15800

UOISUB}X® 8I0YSUQ

0

Journal of Geophysical Research

L aul

_
> urewop 1 uibrew [eysiq 1 :_mEo_u _mE_mEn_

50 leuomsuer '
1se0) L

UoISUBIX® BI0YSUO
Launr

. Y d N |
MM\I
ADVANCING EARTH
AND SPACE SCIENCES

THEUNISSEN ET AL.



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Solid Earth

10.1029/2023JB027985

Table 1
Syn-Rift Sediment and Crustal Average Thicknesses Along the Distal Margin of the Three Reference Crustal Cross-Sections
Along the West Africa Margin

Hypy opy (km) H,py une (km) H,. (km) W (km) Evap. Vol. (1¢° - m?)
Line 1 (Gabon) 56+ 1.1 6.1+ 1.1 63+ 19 215 0.6
Line 2 (South Congo) 24+£1.0 29+ 1.1 7713 - 0.9
Line 3 (Kwanza) 1.9+09 22+ 1.0 5.0x3.0 195 1.3

Note. Sediment thickness, H,,; ., corresponds to the syn-rift compacted sediment thickness as observed in the present day

s
seismic profiles between the top basement and the base of evaporites. Uncompacted sediment thickness, H,; ,.c»
sponds to the syn-rift sediment thickness unloaded from evaporites, post-rift sediments, and water layers above it assuming
clastic sediments and the same compaction law used elsewhere in this study. The compaction law is described in the method
section (See also details in Supporting Information S1). H, is the crustal thickness. The standard deviation is provided for
Hy opsr Heeq une» and H,.. Wis the total distal margin width, that is, summing the width of the two conjugate distal margins
(not available for line 2) (Figure 4). “Evap. Vol.” is the extrapolated evaporite volume per unit length along strike of the

conjugate margins (more details in the text and see Figure S3 in Supporting Information S1).

corre-

While the thickness of the syn-rift deposits decreases from North to South, it is relatively constant in the distal
margin for a given cross-section (Figures 3 and 4). A lateral source of sediments has been identified in Congo
from narrow drainage basins located between the coast line and the rift flanks (Kebi-Tsoumou, 2018). However,
the N-S distribution suggests that more clastic sediments were produced and transported to the basin in the North
than in the South. A larger onshore catchment area in the North might explain this distribution although not
described in the literature. In terms of runoff, most of the studied area was under dry and warm tropical climate, at
least during the Aptian, except to the North (Sergipe-Alagoas/North Gabon/Congo) where more humid condi-
tions prevailed promoting fluvial erosion and clastic sedimentation (e.g., Chaboureau et al., 2012; Lentini
et al., 2010; Thompson et al., 2015).

4. 2-D Thermo-Mechanical Model Description

The 2-D thermo-mechanical models are set up to allow comparing their results to our central South Atlantic data
set to assess conditions of evaporite deposition (margin elevation and water depth). In addition to two reference
models without deposition (M1 and M2) we provide six 2-D numerical models (M3-8) that reproduce the
observed key characteristics comprising the width of the distal margin, the average syn-rift sediment thickness,
the total extension, the average crustal thickness, and inferred magmatic budget at the latitude of the three
reference crustal cross-sections 1-1’, 2, and 3-3’ (Figure 4). Two models with a base level of 0 m and —500 m
below present-day global sea level are used as end-member scenarios for which the topography of the basin at
crustal break-up, that is, the time of evaporite deposition, is used as analog for each cross-section. The forward
numerical models of rifted margin formation used here benefits from previous studies where parameters and
processes responsible for strain localisation, melt prediction, and isostasy have been calibrated to Earth's con-
ditions (Lu & Huismans, 2022; Theunissen & Huismans, 2019, 2022; Theunissen et al., 2022). The model ac-
counts for decompression melting with feedbacks on temperature, viscosity, and density of the mantle. We
calibrated the crustal and mantle densities to match mid-ocean ridge elevation (Theunissen et al., 2022). We
design a simple layered setup compatible with inferred mechanical and thermal conditions at the onset of rifting in
the central South Atlantic. We summarize in this section the methodology and how the model setup has been
designed.

4.1. Method

We use the 2-D finite-element geodynamic code FANTOM to model continental rifting to seafloor spreading
(Theunissen & Huismans, 2019; Theunissen et al., 2022; Thieulot, 2011) (See details in Text S1 in Supporting
Information S1). The code solves the Stokes and heat equations coupled through P-T dependent rheology and
density using an arbitrary Eulerian-Lagrangian formulation (Fullsack, 1995). The model top defines a free surface
that is advected at each time step with the velocity field and that can be modified to account for surface processes.
We use a Mohr-Coulomb description for plasticity in the brittle layers while non-linear pressure and temperature
dependent power law creep is used with parameters for olivine from Karato and Wu (1993) for the mantle and wet
quartz from Gleason and Tullis (1995) for the continental crust. Crustal and mantle viscous strength is adjusted by
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applying a scaling factor respectively f. and f,, (See Text S1 in Supporting Information S1). Strain localisation
results from plastic strain weakening where initial friction and cohesion are linearly reduced with accumulating
strain (Theunissen & Huismans, 2022) (See details in Text S1, Table S1, and Figure S4 in Supporting
Information S1).

4.2. Melt Prediction Using Linearized Mantle Solidus

The procedure for prediction of mantle decompression melting is based on a linear mantle solidus approach
(Boutilier & Keen, 1999; Lu & Huismans, 2021; McKenzie & Bickle, 1988; Nielsen & Hopper, 2004;
Scott, 1992; K. Simon et al., 2009) (See details in Text S1 in Supporting Information S1). The melt model
considers depletion and the change of the solidus with increasing total melt fraction. Melt prediction includes the
effect of latent heat by melting on temperature, of melt weakening and dehydration strengthening on viscosity,
and of melt depletion on density. The model is calibrated to provide a standard 6 km thick oceanic crust during
mid-ocean ridge spreading (Christeson et al., 2019; Louden et al., 1996; White et al., 2001). We compute the
equivalent melt thickness that is tracked at the surface of the model. We apply a phase change to the upper 6 km of
the exhumed sub-lithospheric mantle and set its density to 2,900 kg/m?, typical for oceanic crust (Carlson &
Raskin, 1984; Tenzer & Chen, 2019). We do not directly use the thickness predicted from the melt prediction
routine for the phase change because the basic vertical melt extraction routine results in a reduced predicted
oceanic crust thickness above the mid-oceanic ridge (e.g., Lu & Huismans, 2021). This simplification avoids the
complexities related to melt focusing and ensures that the correct oceanic crust thickness and elevation can be
obtained at the mid-ocean ridge, as done in previous studies (Beaumont & Ings, 2012; Theunissen et al., 2022).

4.3. Mechanical Boundary Conditions

The boundary conditions are similar to previous studies (Theunissen & Huismans, 2019; Theunissen et al., 2022).
Continental rifting and mid-ocean spreading are modeled by applying extensional velocity boundary conditions in
the lithosphere on both model sides. The upper surface is free and the side and bottom boundaries have free-slip
boundary conditions. Outflow is balanced by a small distributed inflow on the side boundaries in the sub-
lithospheric mantle. In order to ensure constant total mass, the average pressure along the bottom of the model
is maintained constant by adjusting the influx of the sub-lithospheric mantle at the sides.

4.4. Isostasy and Base Level

The 2-D geodynamic model ensures gravitational equilibrium of mass in the model's outer layers, satisfying the
isostasy assumption similarly to Earth (Theunissen et al., 2022; Wolf et al., 2022). Calibration of the density
structure allows reproduction of the observed elevation difference between continents and the mid-ocean ridge on
present-day Earth therefore constraining the isostatic response (Theunissen et al., 2022). The difference in
overpressure between the continental domain and the mid oceanic ridge at a compensation depth of 250 km in the
mantle is small, in the order of few MPa, corresponding to +10-100 m, indicating that the elevation difference
between continents and the mid-ocean ridge is controlled by local isostasy (Theunissen et al., 2022). Because of
the boundary conditions, any change in elevation in the model results from deformation and isostasy, with the
mid-ocean ridge elevation remaining stable.

Given the stability of model elevation, we define an absolute reference level fixed at 0 m (300 m below the initial
model top), corresponding to present-day global sea level, assuming +300 m elevated continents. We assume that
undeformed continental lithosphere has an elevation of +300 m with respect to the 0 m reference (present-day
global sea level) that serves as a global datum reference. We define the base level as an absolute elevation relative
to the 0 m reference that is independent from surface displacement. The base level constrains the accommodation
of clastic sedimentation below it. If a water load is included, we assume that the water column reaches base level.
If there is no water, the accommodation is defined by base level. Given the assumed isolation of the Central South
Atlantic basin from the global ocean, we assume that the base level is local and independent of the global sea
level.

4.5. Sedimentation

The base level is used to define the extent of the sedimentary basin as explained in the previous sub-section. We
consider the accommodation to be the space available for deposition between the basin floor and the base level
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Figure 5. Numerical model setup. (a) Lithospheric scale model setups including thermal and rheological horizontal layering: 125 km (left) or 200 km (right) thick

lithosphere. (b) Strength and thermal profiles of the two model setups at model start. Continental crust layers have the same rheology and only serve as markers to track
the deformation. Models with thick lithosphere (M2-M8) have a higher crustal heat production to reproduce thermal and rheological crustal profiles of reference 125 km
thick lithosphere model M1. The mantle flow law is scaled to also reproduce the mantle strength profile of the reference model M1 (See text). (c) Schematic diagram

illustrating syn-rift aggradation algorithm.

and changes of accommodation during continental rifting result from both subsidence and variations of base level
elevation through time. Sedimentation is simulated by filling at each time step the accommodation between the
free surface, that is, model top, and a prescribed base level with sediments. We consider instantaneous mechanical
compaction by vertical loading of sediments (e.g., Theunissen & Huismans, 2019) (See details in Text S1 and
Figure S5 in Supporting Information S1). The bulk compaction law employed reproduces average density profiles
for clastic sediments (e.g., sandstones and clays) (e.g., Albertz & Ings, 2012; Athy, 1930). We implement ki-
nematic aggradation for syn-rift sediments that fills up local minima in each sub-basin (e.g., Theunissen &
Huismans, 2019) (Figure 5c). The rate of sedimentation is constant through time which allows to control the final
sediment thickness in the system with one parameter (i.e., average aggradation rate) more easily than with mass
conserving onshore erosion that would require to vary two parameters (erodibility and base level). It also allows
taking into account that a part of the sedimentation could be potentially controlled by longitudinal feeding which
cannot be modeled in a 2-D plane. We do not include erosion and sediment transport in these models.

4.6. Model Setup

The initial model geometry represents a 1,200 km wide and 600 km deep, idealized, crustal and upper mantle
rheologically layered lithosphere and sub-lithospheric mantle similarly to previous studies (Theunissen &
Huismans, 2019, 2022; Theunissen et al., 2022) (Figure 5). The model domain is discretized using 2,400 x 337
finite elements, leading to spatial resolution of 500 m horizontally and 200 m vertically in the top 18 km, 600 m
between 18 and 45 km depth, 1 km between 45 and 125 km depth, 2 km between 125 and 265 km depth and circa
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6.5 km in the sub-lithospheric mantle (bottom 335 km). We employ two different lithospheric thicknesses. Model
M1 has a 125 km thick continental lithosphere with 35 km thick crust and 90 km thick lithospheric mantle. Models
M?2-MS8 have a 200 km thick continental lithosphere with 35 km thick crust and 165 km thick lithospheric mantle.
Model M1 provides a reference for rifting of a Phanerozoic continental lithosphere. Models M2-MS8 are designed
for comparison with the central South Atlantic. The 200 km thick continental lithosphere represents an average
thickness of the inherited depleted continental lithosphere at the onset of rifting assuming a depleted mantle in the
narrow corridor formed by the cratonic roots on both sides of the Pan African orogen after 400 My of post-
orogenic erosion, thermal equilibration, and secular cooling (See Figure S1 in Supporting Information S1).
We use a higher continental crustal heat production in models with thicker lithosphere compared to model M1 to
have the same initial crustal temperature structure and same initial crustal strength profile. As margin width
depends to first order on crustal strength (e.g., Lavier et al., 2019; Theunissen & Huismans, 2019), this allows
models M2-M8 (200 km thick lithosphere) to be comparable with model M1 especially in terms of margin width.
We also reduce viscous strength of the continental lithospheric mantle for models with colder thick lithosphere to
have a similar initial strength profile compared to model M1 (Figure 5b).

The thermal structure includes an adiabatic gradient of 0.4°C/km in the sub-lithospheric mantle and a potential
mantle temperature of 1,280°C that is in the range of current estimates on Earth. The side boundaries are insulated
and the bottom boundary has a fixed temperature boundary condition of 1,520°C. This results in a temperature of
1,330°C at the base of the 125 km thick lithosphere (model M1) and 1,360°C at the base of the 200 km thick
lithosphere (models M2-MS8). We prescribe radiogenic production in the continental crust resulting in a Moho
temperature of 550°C and in a surface heat flow of ~60 mW/m?. This heat flow is comparable with present-day
predicted heat flow in the outer part of the Congo Craton and in the Proterozoic orogenic belts where lithospheric
thickness is lower than 250 km (Al-Aghbary et al., 2022). Given that breakup occurred along the Pan African
suture and given an initial lithospheric thickness of 200 km, a heat flow of ~60 mW/m? is reasonable. We use
constant thermal conductivity of 2.25 W/m/K in all materials, heat capacity equals 1,270 J/K/kg in the mantle and
1,050 J/K/kg in the continental and oceanic crust. These values allow fitting the surface heat-flow. The initial
temperature is laterally uniform except at the lithosphere-asthenosphere boundary where a small thermal anomaly
is included to promote lithospheric necking in the center.

We use a reference density for the fertile sub-lithospheric mantle of 3,280 kg/m> and average depletion buoyancy
in the continental lithospheric mantle of —26.5 kg/m? for the 200 km thick lithosphere and —15 kg/m? for the
125 km thick lithosphere. It is well established that the continental lithospheric mantle is depleted in heavy el-
ements (Al, Ca, Fe, Si) and more buoyant than the sub-lithospheric mantle (asthenosphere) that is more fertile
(e.g., Griffin et al., 1999, 2008; Lamb et al., 2020; Schutt & Lesher, 2006; Theunissen et al., 2022, and references
therein). The thermal and density structures provide a calibrated reference mid-ocean ridge elevation that cor-
responds to about —2,000 m air-loaded elevation and equivalently to a —2,900 m deep water-loaded mid-ocean
ridge with a continental elevation of +300 m (e.g., Theunissen et al., 2022) (Figure 6 and Figure S6 in Supporting
Information S1).

We apply the same full extension rate of 1.0 cm/year to all models by using the same half velocity of 0.5 cm/year
extension rate in the lithosphere on both model sides. In models M1-M8 shown in the main text we do not include
water load because observations suggest limited water depth during the syn-rift. Base level for sedimentation and
sedimentation rate vary between the models. Models M1 and M2 do not have deposition, models M3-M5 have
deposition with a base level fixed at the 0 m reference representing present-day global sea level (i.e., 300 m below
initial model top) and models M6—-MS8 have a base level fixed at —500 m below present-day global sea level (i.e.,
800 m below initial model top).

4.7. Evaporite Deposition

Late syn-rift evaporite deposition is modeled by restarting models M6 (analog for Gabon) and M8 (analog for
Kwanza) just before crustal breakup. In these models, water load is included during evaporite deposition,
assuming a gradual connection of the basin to the global ocean. We consider two end-member scenarios of
evaporite deposition with either significant transient base level drop before deposition and progressive base level
increase during evaporite deposition (scenario 1) or a fixed high base level (scenario 2). In both cases, evaporite
deposition stops after 2 Myr when the total volume reaches the reconstructed total volume of evaporites at a given
latitude as observed in the data. Based on present-day natural examples, it is commonly assumed that evaporite
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Figure 6. Numerical models M1 (a) and M2 (b) after 50 Myr of extension (1 cm/year full extension rate) without surface
processes and water load. For each model: (1) top section: melt prediction shown as equivalent oceanic crust thickness

(green),

(2) mid section: model color code is provided in Figure 5a, isotherms are in red, gray contours beneath the mid-ocean

ridge axis are total melt fraction extracted after decompression melt production in the melt window (every 2%), (3) bottom

section:

free surface elevation (=model top) with vertical exaggeration of about 20 (thick blue line). Light gray is the ocean

crust. Gray patches are strain weakened plastic shear zones and red patches are high strain rate zones.
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Table 2
Key Characteristics of the Six Reference Numerical Models Described in This Study

Margin width (km)

Agg. rate Base level H,,; (km) H, (km)

(cm/year) bsl (m) Prox. Neck. Distal Ave. Ave.
M3 0.025 0 105 35 255 1.9 9.8
M4 0.05 0 120 15 260 33 9.8
M5 0.15 0 130 15 260 5.9 8.7
M6 0.5 —-500 105 20 265 6.3 72
M7 0.1 —500 110 30 260 34 7.6
M8 0.05 —-500 95 35 230 1.7 8.2

Note. M5 and M6, M4 and M7, and M3 and M8 are respectively analog for crustal cross-sections 1-1’ (Gabon), 2 (South
Congo), and 3-3’ (Kwanza) respectively (Figure 10). Proximal, necking and distal domain widths, and distal margin sediment
thickness (H,,,) and crustal thickness () are computed at crustal breakup time (30 Myr). The average sediment thickness
H,,, provided here can be directly compared with the uncompacted sediment thickness from the observations (Table 1 and
Figure S12 in Supporting Information S1). Agg., aggradation; bsl, below present-day global sea level; ave., average.

deposition necessarily occurs in brines in which the water depth is less than 100 m (e.g., Warren, 2016, and
references therein). In scenario 1, we therefore assume evaporite aggradation between the seafloor and a
continuously and linearly rising base level and that there is evaporite deposition only when the bathymetry (water
depth) is lower than 100 m. The initial base level is —1,600 m below present-day global sea level and the rate of
base level rise is 0.65 mm/year. In scenario 2, the aggradation rate and the base level are fixed to respectively
1 mm/year and —400 m below present-day global sea level. At each time step, the evaporites are wrapped on the
seafloor and the new topography slightly diffused (500 m?/year) without erosion of the previous one to favor
aggradation in local minima. Although aggradation rate is fixed, there is no evaporite deposition when the ac-
commodation, defined between the seafloor and the fixed base level, is completely filled. The evaporites are
treated as a linear viscous material with a constant viscosity of 10'® Pa.s. The low viscosity of 10'® Pa.s. is an end-
member case to assess the maximum syn-evaporite deposition flow owing to their own weight.

5. Thermo-Mechanical Modeling Results

We first describe in this section models M1-M2 without sedimentation and the sensitivity of these models to key
parameters that control margin width, crustal thickness and magmatic budget, that is, spreading rate, crustal and
mantle flow laws, and potential mantle temperature. We then describe models M3-M8 with sedimentation.
Reference parameters for all models are summarized in Table 2.

5.1. Reference Model M1 Without Sedimentation

Reference model M1 has a lithospheric thickness of 125 km. We show model M1 at 50 Myr after 500 km of
extension (Figure 6a. See Movie S1 for full model evolution). At this stage, the oceanic domain is 270 km wide
and the predicted steady-state oceanic crust thickness is 6 km. Stretching on both margins is distributed over a
200 km wide domain on each conjugate: a ~120 km wide proximal domain with crustal thinning accommodated
by large offset normal faults exhuming mid-crust and a 80 km wide distal domain with abrupt crustal thinning,
beneath which the continental mantle lithosphere is removed. The distal margin is composed of upper-crustal rafts
separated by exhumed mid- and lower-crust. Predicted melt thickness increases progressively along the distal
margin to a thickness of ~6 km. In the oceanic domain, spreading and mantle melting are stable and symmetric.
The proximal margin is on average —1,000 m deep with fault related footwall highs and hanging wall basins. The
distal margin progressively deepens to ~—2,500 m (i.e., 2.5 km below sea level) with a sharp transition to the
oceanic domain that has a smooth topography (Figure 6a). The air-loaded mid-ocean ridge is at ~—1,950 m
elevation (given 300 m elevated continents). When water load is applied to this model, the mid-ocean ridge
elevation is ~—2,900 m (given a base level at the 0 m reference elevation) in agreement with the calibration
procedure and the isostasy concept (See supplementary model SM1 and Figure S6a in Supporting Informa-
tion S1). We note here that rifted margin formation in this model exhibits three phases (Movie S1): (a) distributed
extension over a wide area during ~9 Myr, (b) progressive necking in the distal margin concomitant with mantle
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lithosphere removal and decompression melting of the sub-lithospheric mantle, and (c) crustal break-up and
establishment of a mid-ocean ridge spreading system.

5.2. Model M2 With Thick Lithosphere Without Sedimentation

Model M2 is characterized by a 200 km thick continental lithosphere. We show model M2 at 50 Myr after 500 km
of extension (Figure 6b and Movie S2). The main difference between models M2 and M1 is the propensity for
counter-flow of weak depleted lower mantle lithosphere into the necking area created by upper mantle litho-
spheric thinning. Counter-flow of depleted mantle lithosphere below the distal margin suppresses and delays
mantle melting. Extension on both margins is, similarly to M1, distributed over 200 km on each conjugate. The
distal margins in M2 are 100-130 km wide, that is, 20-50 km wider compared to M1, with a narrower oceanic
domain and delayed lithosphere break-up. The distal margins show no melt, in contrast to model M1, and pro-
gressively increasing melt thickness in a domain of depleted lower mantle lithosphere that is exhumed to the
surface, preceding the oceanic domain. The topography has similar characteristics as in model M1.

Supplementary models SM3-SM16 show sensitivity to varying spreading rates, crustal and mantle rheology in
order to evaluate their control on margin width and melt production (See Figure S7 in Supporting Information S1).
Distal margin width increases with decreasing crustal strength and with spreading rate (Figure S7a in Supporting
Information S1). The rheology of the depleted lower continental lithospheric mantle controls the efficiency of
mantle counter-flow during rifting. A weak lower continental lithospheric mantle favors efficient counter-flow
beneath the margin and possible oceanward exhumation of the lithospheric mantle (Figure S7c in Supporting
Information S1). Counter-flow is relatively insensitive to spreading rate (Figure S7b in Supporting
Information S1).

We also test sensitivity of model M2 to potential mantle temperature 7, to evaluate its effect on the elevation
difference between continents and mid-ocean-ridge (MOR) and on the regional continental elevation during
rifting (See Figure S8 in Supporting Information S1). A higher mantle temperature decreases the depth of the
oceanic domain, increases oceanic crustal thickness and depletion buoyancy of the oceanic mantle lithosphere
associated with larger melt extraction. However, it does not affect the relative elevation between the distal
continental margin and the continent compared to the reference model M2.

5.3. Models 3-5 With Sedimentation

We now use the setup of model M2 and include deposition with varying sediment aggradation rate from 0.025,
0.050, to 0.150 mm/year in models M3, M4, and M5 respectively, all with a base level of O m (e.g., representing
present-day global sea level). We show the models after 300 km of extension (# = 30 Myr), that is, close to or at
crustal breakup time. We first describe model M3 and provide key structural and thermal characteristics with their
time evolution during continental rifting (Figure 7), and then show how increasing sedimentation rate affects
basin architecture in models M4 and M5 (Figure 8).

At crustal breakup model M3 exhibits a 600 km wide basin that can be divided into three domains: proximal
margin, necking zone, and distal margin (Figure 7a). The proximal margin domain starts from the first normal
fault where the crust is thinned by upper-crustal extension and middle to lower crustal flow, extends to the necking
zone, and is about 120 km wide on each conjugate. The necking zone, that corresponds to the sharp transition of
Moho depth between proximal and distal domains, is 30-80 km wide. The distal margin is 120 km wide on each
side (Figures 7 and 8a). Sedimentation widens the distal margin compared to the reference model M2 without
sedimentation by about 50-60 km for sedimentation rates higher than 0.05 mm/year (See Figures S7d and S7¢ in
Supporting Information S1). We extract the evolution of four key characteristics for each of the domains: (a)
average crustal thickness, (b) average surface heat flux, (c) average sediment thickness, and (d) average elevation
(Figure 7 and Movie S4). Model M3 exhibits three syn-rift stages. Stage 1 (0-9.4 Myr) corresponds to the initial
distributed extension where crustal thickness slowly decreases from 35 to 27 km in each of the domains, with
moderately varying heat flux. Average elevation and sediment thickness show accommodation creation filled by
sediment accumulation after an initial phase of crustal thinning and efficient subsidence in the center of the model
(i.e., future distal margin) around 4 Myr (Figure 8a). Topography in the basin is close to zero and sediment
thickness in the distal margin is limited by accommodation. Stage 1 ends with the rupture of the upper continental
mantle and the initial emplacement of weak depleted lower lithosphere at the base of the crust in the necking area.
Stage 2 (9.4-16 Myr) is characterized by a rapid decrease of crustal thickness, a rapid increase of surface heat flux
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Figure 7. Numerical model M3 at crustal breakup time after 30 Myr of extension (1 cm/year full extension rate) with sedimentation and without water load showing the
limits of the three genetic domains (a). Isotherms are in red, color code is provided in Figure 5. Syn-rift evolution of (b) the average crustal thickness of each genetic
domain of the right margin, (c) of the average surface heat flux, (d) of the average sediment thickness deposited, and (e) of the average elevation. Reference model top is
the top of the computation grid, that is, free surface, and corresponds to the elevation of the continents, that is, +300 m. Base level at 0 m corresponds to the present-day
global sea level. The curve filled with green color on top of each model represents the melt prediction displayed as equivalent oceanic crust thickness and the blue dashed
line above it is the reference 6 km thick oceanic crust.
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Figure 8. Zoom on the distal domain of numerical models (a) M3, (b) M4, and (c) M5 at crustal breakup time after 30 Myr of
extension (1 cm/year full extension rate) with sedimentation and without water load. Isotherms are in red, color code is
provided in Figure 5. Aggradation rates increase from top to bottom. On top, melt prediction is displayed as equivalent
oceanic crust thickness (green curve). At the bottom, the free surface (model top, thick blue line) and the sedimentary
architecture are shown with a vertical exaggeration of 8. The alternation pattern of green colors in the sediments is repeating
every 400 Kyr.
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Figure 9. Sensitivity of the average sediment thickness in the distal margin to base level and sedimentation rate in a 200 km wide domain centered on the thermal necking
zone at 30 Myr shown in Figure 8. (a) Reference case with base level at the 0 m reference (present-day global sea level). Other panels show same plot with base levels at:
(b) =500 m, (c) =700 m and (d) —900 m below present-day global sea level. Dark and light gray shades give the standard deviation and the extremum values
respectively. Black dot represents the result of each independent model. Dashed line represents the maximum possible average sediment thickness in the distal margin.

associated with increase of Moho temperature, and rapid deepening of the distal margin. The proximal margin and
necking domains undergo little crustal thinning during stage 2. Average sediment thickness increases slowly in
the proximal margin and necking domain, progressively filling accommodation. Sediments in the distal margin
are actively extended after deposition with average sediment thickness remaining constant or decreasing during
this time interval. At the end of stage 2, the distal margin is completely underlain by depleted lower continental
mantle lithosphere. Stage 3 (16-30 Myr) is characterized by distributed extension over the whole rift, with
progressive thinning of the distal margin leading to breakup at 30 Myr. Average elevation of the distal margin at
breakup is —1.2 km while the proximal and necking domains are shallower (—100 m and —300 m respectively).
We note that syn-rift magmatism is suppressed by counter-flow of the depleted mantle lithosphere below the
distal margin. At breakup, the sub-lithospheric mantle produces initial melt accreted to the most distal continental
crust.

In model M3, the distal margin shows deformed, variable thickness (1.9 = 0.9 km), sediments with a complex
faulted basement and a deep air-loaded basin (—1,800 m at the most distal edge of continental crust) (Figure 8a
and Table 2). Models M4 and M5, with a higher sedimentation rate, exhibit very similar characteristics as M3 but
progressively thicker sediments, 3.3 + 0.9 km and 5.9 + 1.9 km respectively, and decreasing basin depth with air-
loaded elevations of —1,150 m and —550 m at the most distal edge of the continental crust in models M4 and M5
respectively (Figures 8b and 8c and Table 2). We note that the topographic difference between the proximal and
distal domains of the margin of model M5 (~500 m) is very low compared to models M3 and M4.

5.4. Sensitivity of Model Results to Base Level

We next explore how the average sediment thickness in the distal margin depends on the aggradation rate and the
base level. We vary aggradation rate systematically between 0 and 0.5 mm/year, with a base level of 0, —500,
=700, and —900 m below present-day global sea level (Figure 9). For each base level, the average sediment
thickness in the distal margin tends to a maximum related to the available accommodation. For the 0 m base level
(i.e., present-day global sea level), maximum average sediment thickness tends to about 9 km (dashed line in
Figure 9a) while for a base level of —900 m available accommodation limits average sediment thickness to
~5 km. Models with a base level lower than —600 m below present-day global sea level cannot reproduce
sediment thickness in South Gabon distal margin (Section 1-1) (Figure 9 and Figure S9 in Supporting
Information S1).

Given these results with low, intermediate, and high aggradation rate, we consider models with a base level of
0 and —500 m as end-member scenarios for which we can compare the topography of the basin at crustal break-
up, that is, the time of evaporite deposition (Figure 10). We first describe and compare models M5 and M6 (high
sedimentation rate models). Model M5 topography, with a base level of 0 m, shows that the proximal margin and
necking zone fill with sediments up to base level whereas accommodation in the distal margin is not completely
filled by sediments and exhibits a flat topography of about —500 m (Figures 8c and 10a). Model M6, with a base
level of —500 m, exhibits a flat topography from the proximal to the distal margin and an accommodation that is
almost completely filled with sediments (Figure 10a and Figure S10a in Supporting Information S1). We note
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Figure 10. Air loaded topography at crustal breakup in our models ( = 30 Myr). Base level is fixed at the 0 m reference
(present-day global sea level) for models M3, M4, and M5 (thick blue line) and at —500 m below present-day global sea level
for models M6, M7, and M8 (thick orange line). Distal margin width, average crustal thickness, and average sediment
thickness in the distal margin are compatible with observations along the three crustal cross-sections of the African rifted
margin (Tables 1 and 2, and Figure S12 in Supporting Information S1). Models M5 and M6 are therefore considered as
analog for Gabon (a), models M4 and M7 for Congo (b), and models M3 and M8 for Kwanza (c).

normal fault footwall highs from the proximal to distal margin in both models. We next describe models M4 and
M7 with intermediate sedimentation rate. Model M4 topography (base level 0 m) exhibits a proximal domain
filled with sediments up to base level with a rapid transition across the necking zone to a deep distal margin with
an air-loaded average elevation of —800 m (Figures 8b and 10b). Model M7 (base level —500 m) exhibits flat
topography at base level elevation (i.e., =500 m below present-day global sea level) in the proximal domain
where the basin is filled by sediment with a rapid transition to the deep distal margin that shows an air-loaded
average elevation about —1,100 m (Figure 10b and Figure S10b in Supporting Information S1). Finally,
models M3 (base level 0 m) and M8 (base level —500 m) with low sedimentation rate show under-filled margins
and a progressive deepening from the proximal to the distal margin to maximum air-loaded elevation of —1,800
and —2,250 m respectively (Figures 8a and 10c and Figure S10c in Supporting Information S1).
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5.5. M6 and M8 With Evaporite Deposition

We next simulate late syn-rift evaporite deposition by restarting models M6 and M8 at 28 Myr (i.e., about 2 Myr
before crustal breakup), respectively analog for South Gabon and Kwanza, because they represent the two end-
members with high and low syn-rift sediment thickness and because they provide accommodation for evaporite
deposition in the proximal domain in contrast to the equivalent models M5 and M3 (Figure 10). We explore two
different scenarios for evaporite deposition in order to evaluate relations between basin geometry, evaporite
distribution, and total evaporite volume. In scenario 1, we assume an initial base level at —1,600 m elevation
below present-day global sea level that allows for water load in the most distal margin and no evaporite deposition
for bathymetry over 100 m, followed by a linear base level rise to about —300 m after 2 Myr. Evaporite deposition
occurs for water depths shallower than 100 m, filling available accommodation to base level. In scenario 2, base
level is fixed at —400 m below present-day global sea level and evaporites are aggraded in local minima with a
rate of 1 mm/year at any water depth.

In model M6, scenario 1 results in progressive filling up of the basin with evaporites on-lapping the proximal
margin (Figure 11a). Evaporite deposition is stopped after 800 Kyr, when the total volume reaches 0.5 - 10° m?
(per meter along strike length), consistent with observations from Gabon (Figure 3 and Figure S3 in Supporting
Information S1). At this stage the top of the evaporites is —270 m below present-day global sea level. We note
feedback between evaporite deposition and fault activity with high offset normal faulting in the most distal margin
and evaporite thickness of 5—-6 km. Model M8 (scenario 1) starts with a base level at —1,600 m below present-day
global sea level resulting in a pre-existing 100 km wide lake in the distal margin that has a bathymetry of
maximum 1,000 m and on average 500 m. As evaporite deposition is limited to areas shallower than 100 m, the
distal margin shows no evaporites throughout its evolution, forming two separate evaporite basins on each
conjugate margin. When the evaporite volume in model M8 is consistent with the volume observed in the Kwanza
margin, the evaporites extend onto the proximal domain and the base level at the end of evaporite deposition is at
—270 m elevation after 2 Myr (Figure 11b). In this scenario, oldest evaporites are limited to the distal margin.

For both models M6 and M8, scenario 2 results in progressive filling of the entire basin synchronously from the
proximal to the distal margin in 2 Myr (Figure 12). The evaporite basin is continuous between the two conjugate
margins but exhibits a central lake. In model M6, the central lake is small (e.g., 40 km wide) and shallow (ba-
thymetry of about 150 m on average) while, in model M8, the central lake is about 200 km wide and up to 2,000 m
deep (Figure 12a). In scenario 2, the oldest evaporites can be found from the proximal to the distal margin. We
note that feedback between evaporite deposition and fault activity results in high offset normal faulting in the most
distal margin and evaporite thickness of 5-6 km in both models M6 and M8. Model M8 with thin syn-rift sed-
iments has more accommodation available from the proximal to mid-distal margin for evaporite deposition
compared to model M6 with thick syn-rift sediments (Figure 12b). The thickness of the evaporite is therefore
larger in model M8 (e.g., 1.5-3.5 km) than in model M6 (e.g., 750 m to 1.5 km). We note that, for model M8,
scenario 2 results in much more evaporite deposition in the distal margin than scenario 1.

6. Discussion
6.1. General Model Behavior

Similarly to previous studies, our models show that crustal strength provides a primary control on the total margin
width (e.g., Brune et al., 2017; Buck, 1991; Huismans & Beaumont, 2011, 2014; Lavier et al., 2019; Theunissen &
Huismans, 2019; Theunissen et al., 2022) (See Figure S7 in Supporting Information S1). A strong crust promotes
narrow necking and early breakup of both crust and mantle lithosphere, while a weak crust decouples upper-
crustal deformation from localized mantle lithosphere necking leading to wide rifted margins. In this case,
extension in the crust is distributed over a wide area with large offset normal faults in the thin brittle upper-crust
and efficient flow of the weak viscous middle and lower crust, that is, models M2-8 (Figures 6 and 8, and Figure
S10 in Supporting Information S1). The width of the distal margin varies from 100 to 150 km at 1 cm/year full
extension rate, and increases with decreasing crustal strength and increasing extension velocity (See Figure S7a in
Supporting Information S1). Deposition enhances fault offset and lower crustal flow leading to formation of
multiple upper-crustal rafts that result in a wider margin with increasing sedimentation rate (Theunissen &
Huismans, 2019) (See Figures S7d and S7e in Supporting Information S1).
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Figure 11. Numerical models with evaporite deposition based on scenario 1: deep initial base level and linear base level rise.
(a) Scenario 1 with model M6 (thick syn-rift sediments, analog for the Gabon rifted margin): evaporite aggradation from the
deepest part of the basin (~—900 m) and progressive filling up of the basin until evaporite volume is consistent with
observations in the South Gabon basin. (b) Scenario 1 with model M8 (thin syn-rift sediments, analog for the Kwanza rifted
margin): the initial base level is —1,600 m below present-day global sea level and evaporite deposition is allowed only for
water depth <100 m. For each model, evolution through time of base level elevation below present-day global sea level,
average bathymetry (purple curve, scale on the right axis), average evaporite deposition rate, and accumulated evaporite
volume is shown. During evaporite deposition extension rate is 1 cm/year as in all models in this study. Evaporite viscosity is
107"8 s='. White lines in the evaporites represents the stratigraphy every 200 Kyr.

The wide rifted margin of reference model M1 exhibits highly depth dependent thinning, where the continental
lithospheric mantle breaks before the crust, leading to decompression melting and melt accretion to the distal
margin (Figure 6a) (e.g., Huismans & Beaumont, 2011, 2014; Lu & Huismans, 2022). In contrast, models M2 to
MBS that include thick depleted lithospheric mantle exhibit counter-flow of the lower part of the lithosphere into
the necking zone suppressing mantle melting. The degree of lower lithospheric counter-flow depends on its
viscosity and density (See Figures S7b and S7c in Supporting Information S1) (e.g., Beaumont & Ings, 2012;
Huismans & Beaumont, 2011, 2014; Lu & Huismans, 2022). Models with highly efficient counter-flow exhume
depleted lower mantle lithosphere beyond the distal edge of the continental crust, and delay the onset of magmatic
oceanic spreading. In contrast, inefficient counter-flow produces only partial underplating of the distal margin
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Figure 12. Numerical models with evaporite deposition based on scenario 2: fixed base level of —400 m below present-day
global sea level, constant aggradation rate of 1 mm/year. (a) Scenario 2 with model M6 (thick syn-rift sediments, analog for
the Gabon rifted margin): evaporite aggradation and progressive filling up of the basin until evaporite volume is consistent
with observations in the South Gabon basin. (b) Scenario 2 with model M8 (thin syn-rift sediments, analog for the Kwanza
rifted margin). For each model, evolution through time of base level, average bathymetry (purple curve, scale on the right
axis), average evaporite deposition rate, and accumulated evaporite volume is shown. During evaporite deposition extension
rate is 1 cm/year as in all models in this study. Evaporite viscosity is 107'® s™'. White lines in the evaporites represents the
stratigraphy every 200 Kyr. Although aggradation rate is fixed, there is no evaporite deposition when the accommodation,
defined between the seafloor and the fixed base level, is completely filled.

with depleted mantle and leads to a transition from a magma-poor to a magma-rich distal margin (See Figure S7c
in Supporting Information S1).

The primary innovation of this study lies in utilizing a 2-D thermo-mechanical model with calibrated mantle
densities and a constrained isostatic response to predict the absolute elevation of the distal margin during con-
tinental rifting (Theunissen et al., 2022). The model results can therefore be used to predict the elevation of the
distal margin and the available accommodation and to explore the respective contributions of water load, syn-rift
sediment thickness, and potential mantle temperature on them. The topography in model M2 without deposition
varies from ~—1 km in the moderately extended proximal margin and necking zone, progressively deepening in
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the distal margin to —2.2 km at the transition with the oceanic crust. In these models, the oceanic spreading center
has an air-loaded elevation of ~—1,950 m. Models that include deposition show a smoother topography with an
elevation controlled by both the rate of deposition and the base level. With a high deposition rate, the basin is
filled up to base level resulting in a flat topography from the proximal to the distal domain. In contrast, with a low
deposition rate, accommodation is filled in the proximal margin, but not in the distal margin that has an air-loaded
elevation of —1.5 to —2 km. Sensitivity tests demonstrate that the distal margin is systematically significantly
deeper than the proximal margin, even with an anomalously hot upper-mantle, except if the sediment deposition
rate is high. These results are similar to previous published 2-D geodynamic modeling results and to elevations
predicted from simple lithospheric thinning models coupled with isostasy (McKenzie, 1978; Svartman Dias
et al., 2015). However, previously published 2-D geodynamic models only qualitatively described relative
subsidence or stratigraphic response to sedimentation and have never been used to quantitatively compare
sediment volume and distribution with observations (Burov & Poliakov, 2001; Pérez-Gussinyé et al., 2020;
Svartman Dias et al., 2015) (See next sections).

We use our models to evaluate late syn-rift evaporite deposition scenarios (Figures 11 and 12). In scenario 1, that
assumes an initial base level drop and evaporite deposition for shallow water (<100 m), we calibrated the rate of
base level rise and the initial base level to provide a scenario of 2 Myr long diachronous evaporite deposition
consistent with the volume observed in the Kwanza and South Gabon basins. While the evaporites fill the space
between the base level and the seafloor, the subsidence, related to lithospheric cooling, crustal thinning, isostatic
response and sediment compaction owing to evaporite loading, result in variations of evaporite aggradation rate
and bathymetry during deposition. Evaporites are initially deposited in the distal margin and progressively on-lap
the proximal margin. This results in a diachronous deposition of evaporites from the distal to the proximal margin.
Evaporite deposits are thinner where syn-rift sediments are thicker and are deposited faster (e.g., model M6,
analog for Gabon, 800 Kyr) compared to where syn-rift sediments are thinner (e.g., model M8, analog for
Kwanza, 2 Myr) (Figure 11). We note that starting with a base level from the deepest part of the basin in model
MBS, about —2,250 m below present-day global sea level, results in extreme 10 km thick evaporites in the distal
margin and none in the proximal domain and necking zone which does not reproduce evaporite deposition on-
lapping the proximal margin (Figure S11 in Supporting Information S1). In scenario 2, that assumes a fixed
high base level (—400 m below present-day global sea level) and evaporite deposition at any water depth, we
calibrated the base level and the aggradation rate in models M6 and M8 to provide a scenario of 2 Myr long
synchronous evaporite deposition that is also consistent with the volume observed in the Kwanza and South
Gabon basins. Evaporites are uniformly deposited from distal to proximal in the entire evaporite basin with the
same aggradation rate but limited by the available accommodation. This implies a deposition of evaporites coeval
in the distal and in the proximal margin.

6.2. Comparison Between Numerical Models and Observations

We next compare the (a) distal margin structure, (b) distribution of magmatism during continental rifting, (c)
sediment distribution and base level, and (d) evaporite distribution from models M3-5 and M6-8 (Figures 8 and
10-12, Tables 1 and 2, and Figures S10 and S12 in Supporting Information S1) with the three reference South
Atlantic crustal cross-sections (Figure 4).

Models M3-8 are characterized by a 240 km wide conjugate distal margins compatible with the observations
(Figures 4 and 8, Tables 1 and 2). The average crustal thickness of the distal margin in the models is 1-2 km
thicker than observed along the three reference crustal cross-sections (Tables 1 and 2, and Figure S12 in Sup-
porting Information S1). Given uncertainties on the geometry of the continental crust in the distal margin, we
assume that the crustal thickness distribution in the distal margin of the models is a reasonable first order
approximation. The topographic evolution of these models can thus be used to infer first order changes in
elevation and accommodation in the central South Atlantic during continental rifting and to evaluate late syn-rift
evaporite deposition scenarios.

The counter-flow of continental lithospheric mantle observed in our models is compatible with the high seismic
shear velocity offshore of the Congo craton in the Northern part of the central South Atlantic, interpreted as
“continental material” under the rifted margin (Begg et al., 2009; Celli et al., 2020b; Huismans & Beau-
mont, 2011; Szameitat et al., 2023), and provides an explanation for (a) the magma-poor character of the central
South Atlantic margin in the study area, and (b) the presence of small domains of exhumed mantle in the distal
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margin of the South Gabon rifted margin suggested by Epin et al. (2021). Late Aptian kimberlites in Angola
suggests the presence of a thick cratonic root adjacent to the Kwanza margin during breakup times similarly to
Gabon and Congo (Figure 1) (Celli et al., 2020a).

Average sediment thicknesses of models M3/M8, M4/M7, and M6/MS8 are consistent with decompacted syn-rift
sediment thickness (i.e., unloaded from evaporites and post-rift sediments) of the three selected cross-sections 1—
1’ (Gabon), 2 (South Congo) and 3-3’ (South Kwanza) respectively (see Figure S12 in Supporting Informa-
tion S1). While the constant aggradation assumption used in our models does not allow catching the complexity of
sedimentary basin architecture, the simulated sedimentary basins exhibit features similar to observations. In
models with sedimentation, the late syn-rift is not deformed until halfway along the distal margin, consistent with
the sag basin observed in the study area (Karner et al., 2003). High sedimentation rates enhance strain localisation
and large offset normal faults in the very distal margin, as also observed in the study area (Figure 8) (Clerc
et al., 2017; Pichel et al., 2023).

In our models, the depression formed during continental rifting in the distal domain is much deeper than the space
required for evaporite deposition given their volume observed along the West African margin (Figure 10 and Text
S2 and Figure S13 in Supporting Information S1). Observed evaporite thickness in the proximal domain varies
from 50 m to about 1 km (Gindre-Chanu et al., 2022; Pichel et al., 2023). In models M3-M5, with a base level
fixed at the O m reference, the proximal margin is filled up with pre-evaporite sediments and initial accommo-
dation is not sufficient for proximal evaporites to be deposited. In models M6-MS8, the —500 m base level during
syn-rift leaves sufficient accommodation for evaporite deposition from distal to proximal margin (Figures 10-12).
In both end-member scenarios 1 and 2 of evaporite deposition, evaporite thicknesses in the proximal margin are
compatible with observations on the African margin, that is, up to 1,000 m thick evaporites (Gindre-Chanu
etal., 2022; Pichel et al., 2023). In the distal margin, feedback between evaporite loading and fault activity locally
generates high offset normal faulting with a 5 km thick evaporite basin that is comparable with observations in the
distal Gabon margin where 4-5 km of evaporites are found on top of the exhumed mantle and on syn-rift sed-
iments next to long offset normal faults (Epin et al., 2021). Thick evaporites with large offset normal faults are
also inferred in the distal margin of the Kwanza basin (Pichel et al., 2023). Distribution of evaporites in models
M6 and M8 obtained with both scenarios 1 and 2 are, to first order, compatible with observations in Gabon and
Kwanza basins respectively. We note that in these models the evaporite mobility is limited during their deposition
despite the low viscosity used for the evaporites.

6.3. Implications for the Central South Atlantic

After crustal breakup, variations in oceanic crust thickness in the study area fall within the standard range (4—
8 km) (Graga et al., 2019; Sauter et al., 2023) (Figure 4). This suggests the absence of a regional upper-mantle
thermal anomaly at the time of crustal breakup. This implies that the elevation of the distal margin was not
affected by an upper-mantle thermal anomaly beneath the central South Atlantic (See Figure S8 in Supporting
Information S1).

The evaporite deposition scenarios 1 and 2 have highly contrasting implications for the Kwanza and Gabon
margins of the central South Atlantic. Scenario 1, with an initial base level of —1,600 m below present-day global
sea level and no evaporite deposition for water depths larger than 100 m, implies a 500 to 1,000 m deep lake in
distal margin of the Kwanza case (e.g., Model 8, Figure 11b). The deep lake in the Kwanza case results in separate
evaporite basins between the conjugates whereas the Gabon case is characterized by a continuous evaporite basin.
The progressive infilling with evaporites from the distal to proximal margin implies diachroneity with only
youngest evaporites in the proximal margin. Considering that the Kwanza and Gabon basins are connected and
share the same base level, when evaporites begin deposition in Kwanza at —1,600 m below present-day global sea
level, the Gabon margin, characterized by thick syn-rift sediments, is initially sub-aerial, with its distal margin at
—900 m (e.g., Model 6, Figure 11a). In this Scenario 1, varying topography due to syn-rift sediment thickness also
implies diachroneity of evaporite deposition, progressing from the deep Kwanza case in the South to the shallow
Gabon case in the North. Scenario 1 allows for regional erosional features at the base of the evaporites as the
models suggest sub-aerial conditions from proximal to mid-distance on the margin for both the Kwanza and
Gabon cases (Figure 11). Scenario 2 represents another end-member with a fixed base level of —400 m below
present-day global sea level at the onset of evaporite deposition and allows for evaporite deposition at any depths.
This second scenario results in a more uniform evaporite distribution from the proximal to the distal margin in
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both cases (Figure 12). This scenario implies a continuous evaporite basin in the Kwanza case between the
conjugates, similar to the Gabon case. The uniform aggradation rate in scenario 2 implies synchroneity of
evaporite deposition from proximal to distal margin and from the South to the North. However, the limited ac-
commodation in the proximal margin during evaporite deposition suggests that the youngest evaporites are
formed in the distal margin in this scenario 2 in contrast to scenario 1. We note that scenario 2 is incompatible with
the pre-evaporite unconformity as interpreted by Karner and Gambda (2007) and Karner et al. (2003) from
proximal to mid-distance on the margin. This suggests a significant initial base level drop just before evaporite
deposition consistent with scenario 1 (Figure 13b). While we cannot exclude scenario 2, we favor scenario 1.

We summarize the implications of modeling for base level changes in the central South Atlantic (Figure 13). The
basins of the central South Atlantic show a regional sedimentation hiatus in the Aptian in the proximal to mid
margin indicating non-deposition and erosion, consistent with a base level below global sea level during the Early
Aptian (e.g., Behar et al., 2021; Brownfield & Charpentier, 2006; Chaboureau et al., 2013; Quirk et al., 2013).
This observation is compatible with a base level of —500 to —600 m below present-day global sea level during late
syn-rift distal margin formation inferred from our models. A deeper base level is not possible because the ac-
commodation in the South Gabon case would not be sufficient for the observed thick syn-rift sediments (e.g.,
Figure 9 and Figure S9 in Supporting Information S1). The transition phase (at the end of the syn-rift), with the
deposition of the undeformed sag basin sediments in the proximal and distal margin, as observed along the rifted
margins of the central South Atlantic, suggests a transient moderately increasing base level (few tens to hundreds
meters). Thermal subsidence in the most proximal margin onshore is not sufficient to explain sag deposits in the
moderately incised valleys (e.g., Behar et al., 2021; Delhaye-Prat et al., 2016; Gindre-Chanu et al., 2016; Kebi-
Tsoumou, 2018; Moragas et al., 2023; Van Eden, 1978). The numerical models presented here test two end-
member scenarios for base level and subsequent evaporite deposition consistent with observations. Scenario 1
suggests a significant base level drop with a progressive increase of base level that allows evaporite aggradation
from the distal to proximal margin (Figure 11). In contrast, scenario 2 suggests that the base level was fixed at
about —400 m below present-day global sea level resulting in coeval evaporite deposition from the proximal to the
distal margin. In both scenarios 1 and 2, late-syn-rift evaporite deposition in the distal margin suggests influx of
sea water into a deep basin (i.e., base level at ~—1,600 m below present-day global sea level and rising during
subsequent evaporite deposition for scenario 1 or fixed base level at —400 m below present-day global sea level
for scenario 2) controlling sea water volume and composition during evaporation (Hsii, 1972; Konstantinou
et al., 2023; Montaron & Tapponier, 2010; Schmalz, 1969; Tucker, 1991). Numerical models M6 and M8 with
evaporite deposition also suggest a base level of —300 to —400 m below present-day global sea level just after
evaporite deposition (e.g., Figures 11 and 12). The —300 to —400 m base level below present-day global sea level
at the end of evaporite deposition implies post-evaporite sea water influx with base level rising connecting the
basin to Cretaceous global sea level (Figure 13). This could explain shallow water conditions during post-
evaporite carbonate deposition in the proximal to mid-distal margin (e.g., Marton et al., 2000; Rebelo
et al., 2021; Séranne & Anka, 2005).

The two scenarios of evaporite deposition imply distinct environmental conditions, including variations in water
depth, salt composition, and salt distribution. The differences in composition of evaporites that would be expected
between these scenarios may lead to varying internal evaporite viscosity and density. Although not investigated in
this study, post-rift sediment deposition would likely result in contrasting post-rift salt tectonic behavior. For
instance, different viscosity, density, and thickness of the allochthonous salt may lead to different advancements
of allochthonous salt sheets and salt diapirism. Comparing models that would test these contrasting scenarios with
present-day observations could offer additional insights to evaluate the most plausible evaporite deposition
scenario. Further investigations are needed to explore these implications.

Integration of modeling results with geophysical and geological observations therefore suggests that along strike
variations in evaporite thickness and topography at crustal breakup time are largely controlled by pre-evaporite
sediment thickness variations and local base level changes.

6.4. A Mechanism for Base Level Drop Before Evaporite Deposition

Assuming that the Central South Atlantic rift system was disconnected from the global ocean during the syn-rift,
the volume of water in the basin was controlled by run-off and evaporation, resulting in a local base level at or
above approximately —600 m below present-day sea level (bsl) based on modeling results (Figure 13a). However,
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Figure 13. Base level changes through time during formation of rifted margins in the central South Atlantic inferred from modeling. (a) Base level curve (blue line)
inferred from the integration of modeling results with geophysical and geological observations. The age of the onset of distal margin formation is obtained by using the
total accumulated extension evolution based on kinematic reconstruction of Matthews et al. (2016) (Figure 2b) assuming that the distal margin formation starts after
100-120 km total extension as observed in the numerical models presented in this study. We assume that the time of crustal breakup is 115 Ma and that the period of
evaporite deposition is 2 Myr long and centered on the time of crustal breakup. (b) Close up view of the end-member scenarios of base level elevation during evaporite
deposition. (c) 3-D block diagrams showing the topography evolution in the Aptian from (1) the phase of distributed deformation to (2) the end of the phase of distal
margin formation just before and (3) just after evaporite deposition. The black squares along the base level elevation curve (panel a) gives the approximate time of each
3-D block diagram. GB, Gabon basin; CB, South Congo basin; KB, Kwanza basin; LC flow, lower crustal flow; FZ, oceanic fracture zone; Evap., Evaporites.

determining the amplitude of the pre-evaporite base level drop is challenging (Figure 13b). This study allows for
quantifying two end-member scenarios that could explain the volume and distribution of observed evaporites.
Evaporites could have been deposited with either a fixed base level at —400 m bsl or with a significant base level
drop at —1,600 m bsl, or possibly something in between. The primary processes influencing base level changes
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include (a) freshwater input from rivers; (b) evaporation; (c) basin geometry and accommodation, influenced by
an increased extension rate during distal margin formation, (d) climatic conditions, and (e) sea water influx during
late syn-rift and post-rift. The relative importance of these processes is poorly constrained. A possible mechanism
for base level draw-down may be the acceleration of rifting during distal margin formation that may generate
more accommodation than freshwater input. Combined with dry conditions and efficient evaporation, this would
result in a drop of the local base level in the rift segment.

6.5. Model Limitations

We have used a constant extension rate which represents the average over the duration of rifting in the central
South Atlantic (Figure 2). Despite this simplification, the final geometry of the modeled basin matches key
observations such as crustal and syn-rift deposits thicknesses, and distal margin width. A constant aggradation
rate in the models also provides sufficient accuracy as we focused on reproducing the average syn-rift sediment
thickness. However, understanding specific features of South Atlantic basin stratigraphic architecture would
require more sophisticated depositional models including sediment transport and carbonate deposition. We have
modeled the distribution and general geometry of the evaporite deposits, assuming different end-member sce-
narios of water depth and deposition rate, and constant viscosity and density for the evaporites. We did not link
environmental conditions of evaporite deposition with their composition. However, we acknowledge that this
could provide some constraints on the viscosity and density of evaporites, allowing modeling of different post-rift
scenarios that are not tested in this study. The modeled basin provides only a first order approximations of the
natural system and does not exactly reproduce crustal thinning geometry, basin stratigraphy, and evaporite
deposition processes. Nonetheless, the models do provide significant insight into the range of likely basin shapes
at the time of evaporite deposition, into possible base level change through time, and how syn-rift sediment
accumulation affects evaporite thickness distribution in the distal margin.

7. Conclusion

We use 2-D forward dynamic models to explore the formation of wide magma-poor rifted margins with an
application to the central South Atlantic. We explore the conditions for evaporite deposition at the time of crustal
breakup in terms of absolute elevation of the distal margin and base level changes. We evaluate competing
controls on distal margin width, average sediment thickness and average crustal thickness in the distal margin,
total extension, and magmatic budget to reproduce observations at the latitude of the three reference crustal cross-
sections. Based on our forward models, we conclude that the observed along strike variations in evaporite basin
geometry, evaporite thickness distribution, and inferred distal margin topography and bathymetry are largely
controlled by the interaction of base level changes through time and syn-rift sediment supply to the margin. Our
main conclusions are:

1. Models of wide rifted margin formation predict early rupture of the upper-mantle lithosphere leading to
decompression melting and melt accretion in the distal margin. Models that include thick depleted mantle
lithosphere show counter-flow of depleted lower lithosphere inhibiting significant melting beneath the distal
margin. They are consistent with, and may provide an explanation for, the magma-poor nature of the Central
South Atlantic Gabon, Congo, and Kwanza rifted margins.

2. Syn-rift sediment accumulation controls the seafloor elevation of the distal margin. Six kilometer thick syn-rift
sediment results in a shallow air-loaded elevation of about —600 m in the distal margin (i.e., South Gabon
basin), while 2 km thick syn-rift sediments results in an air-loaded elevation up to about —2,000 m at crustal
breakup time (i.e., Kwanza basin).

3. Modeling results suggest that base level changes during distal margin formation in the Aptian can explain
erosional features and depositional environments observed along the rifted margins of the central South
Atlantic. A base level about —600 m below present-day global sea level during distal margin formation creates
enough space (combined with subsidence) for evaporite deposition in the proximal margin and may explain the
Early Aptian erosional features and depositional hiatus observed in the proximal and necking domains. Late
syn-rift evaporite deposition can be explained either by a base level drop to —1,600 m below present-day
global sea level and evaporite deposition only in shallow water conditions (<100 m) during subsequent
progressive rise of base level, or by a base level fixed at —400 m below present-day global sea level with
constant aggradation rate and deep water evaporite deposition in the distal margin is allowed. A base level of
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about —300 to —400 m at the end of evaporite deposition and a subsequent rise to Cretaceous global sea level
explain shallow water conditions and early post-rift carbonate deposition.

4. The two end-member scenarios for base level evolution tested in this work allow matching the volume of
evaporites observed along the Central South Atlantic margins. They have, however, highly contrasting im-
plications. A deep base level at the start of evaporite deposition implies (a) progressive aggradation from the
distal margin toward the proximal margin, (b) oldest evaporite in the distal margin and youngest in the proximal,
(c) adeep lake separating the salt basins between the conjugates for the Kwanza case, and (d) regional erosional
features along the base of the evaporites. In contrast, a shallow base level implies (a) coeval deposition and
similar ages of evaporites from the proximal to the distal margin, (b) youngest evaporites in the most distal
margin, (c) a continuous evaporite basin between the conjugates in both the Kwanza and Gabon case, and (d)
limited to absent erosional features along the base of the evaporites. While both scenarios are permissible, the
regional erosional features at the top of syn-rift suggest a deep base level at the start of evaporite deposition.

Data Availability Statement

All data are available in the main text or Supporting Information S1. Grids of vertical thicknesses of syn-rift
sediments, of evaporites, and of post-rift and forward 2-D numerical model animations are accessible through
a figshare repository (Theunissen et al., 2024). Seismic reflection data along or next to the five interpreted crustal
cross-sections in this study can be found in the literature following references provided in the text. Numerical
models are computed with published methods, described in the Methods section and Supporting Information S1.
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