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Abstract Rifted margins are often associated with widespread and thick evaporite (salt) deposits and
pronounced salt tectonics. The largest salt basins formed during the latest stages of rifting, immediately

prior to continental breakup. Salt tectonics along these rifted margins commonly exhibit structural domains
characterized by gravity-driven updip extension, translation, downdip shortening, and salt nappe advance.

The precise spatial and temporal links between these structural processes, their relative contributions and
dynamics are still a topic of debate on many margins. We use 2D thermo-mechanically coupled finite-element
modeling of lithospheric extension to investigate the evolution of salt tectonics along wide rifted margins

and the interplay between rifting and post-rift deformation. The models integrate lithospheric extension with
post-rift salt tectonics using a geodynamically self-consistent approach where the geometries of the lithosphere
and salt basins are not prescribed. They confirm that wide salt-bearing rifted margins are characterized by
gravity-driven updip extension and downdip shortening, but also that syn-depositional salt flow and salt
stretching occurs in their distal portions prior to and during continental breakup. This produces widening of
the basin and emplacement of a salt nappe over newly formed oceanic crust. Post-rift updip extension is mostly
balanced by downdip diapir shortening, all related to Couette flow. The salt nappe initiated by late syn-rift
stretching advances further by post-rift pressure-driven Poiseuille salt flow so that its final width is a product of
both processes. The results can be directly compared to examples from various salt-bearing rifted margins and
improve our understanding of their enigmatic genesis and evolution.

Plain Language Summary Rifting of the continental lithosphere may lead to continental breakup
and formation of passive margins. These margins often exhibit thick rock-salt deposits which are deposited

in hypersaline basins, and which deform in a ductile, flow-like manner, developing highly complex tectonic
structures. Salt deformation in these settings is commonly characterized by linked domains of updip extension,
translation, downdip shortening and distal salt advance. However, the precise spatial and temporal links
between these processes and their contribution to the overall salt flow are still a topic of debate. In this paper,
we use 2D thermo-mechanical numerical models to explore how these salt basins develop and their interplay
with continental rifting. The models show that typical, wide margin salt basins are characterized by broadly
balanced post-rift updip extension and downdip shortening, but that the salt starts to deform during its
deposition due to ongoing continental rifting in the distal margin. This stretches the distal salt and emplaces an
allochthonous salt sheet over newly-formed oceanic crust, which is later amplified sediment-load-driven salt
flow. These results can be directly compared to examples from various salt-bearing margins and improve our
understanding of their enigmatic genesis and evolution.

1. Introduction

Rifted margin salt basins occur along large portions of the South and Central Atlantic, the Gulf of Mexico and the
Red Sea (Figures 1a—1c). There, salt is deposited rapidly (<3 Myr) during the latest stages of rifting, after most of
the crustal extension ceased, but prior to continental breakup (Davison et al., 2012; Huismans & Beaumont, 2014;
Kukla et al., 2018; Rowan, 2014; 2020). Salt thus forms a contiguous, 2—4 km thick deposit across the conjugate
margins, later separated by continental breakup and oceanic spreading (Davison et al., 2012; Hudec et al., 2013;
Kukla et al., 2018; Lentini et al., 2010; Norton et al., 2016). The initial salt basin geometry and base-salt topog-
raphy across most of these margins is therefore related to relief inherited from inactive rift structures and, in their
most distal portions, to ongoing rifting and continental breakup (Figure 1) (Hudec et al., 2013; Kukla et al., 2018;
Rowan, 2014). Rifted margin salt basins may also form during the earlier stages of rifting, as is the case along the
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Iberia and Newfoundland margins and in fossil margins that are now inverted and incorporated into the Alps and
Pyrenees (Burrel & Teixell, 2021; Ford & Vergés, 2021; Roca et al., 2021; Rowan, 2014; Walker et al., 2021).

Salt tectonics along rifted margins with late to early post-rift salt is commonly described as a product of post-rift
gravity-driven deformation caused by the seaward tilt of the margin in response to thermal subsidence, and by
differential sediment loading forming kinematically-linked domains of updip extension, translation and downdip
shortening (Figure 1d) (Brun & Fort, 2011; Hossack, 1995; Jackson, Jackson, & Hudec, 2015; Jackson, Jackson,
Hudec, & Rodriguez, 2015; Marton et al., 2000; Peel, 2014; Rowan et al., 2004). The updip extensional domain
is characterized by seaward salt evacuation and development of listric normal faults cored by triangular reactive
diapirs in their footwall and associated with rollovers. Typically, these faults accommodate together a total of
10-30 km of extension, although some ultra-wide margins are also shown to have up to ~50 km of extension (cf.,
Rowan et al., 2021) (Figures la—1c). The extensional domain transitions seaward into a 40—80 km wide domain
of salt and overburden translation in the order of 20-30 km and multiphase salt deformation driven by salt flow
variations over base-salt relief (Figures la—1c) (Dooley et al., 2017; Erdi & Jackson, 2021; Peel, 2014; Pichel
et al., 2019, 2020). The translation domain passes downdip into the shortening domain defined by a 40-100 km
wide area of salt inflation and buckle-folding with intense diapirism and 10-50 km wide allochthonous salt
nappes emplaced over younger, recently generated oceanic crust and/or post-salt sediments (Figures la—Ic)
(Hudec & Jackson, 2004; Hudec & Norton, 2019).

Updip extension in salt-bearing rifted margins is interpreted to balance with downdip shortening (Hossack, 1995;
Jackson, Jackson, & Hudec, 2015; Peel, 2014; Rowan & Ratliff, 2012). However, solving the balance of deformation
is often problematic owing to overprinting of extensional and contractional domains, the effects of base-salt relief,
and the mobile nature of salt which can accommodate shortening and/or extension cryptically by diapir squeezing
or widening (Brun & Fort, 2011; Dooley et al., 2018; Hossack, 1995; Hudec & Jackson, 2004; Jackson, Jackson,
& Hudec, 2015; Pichel et al., 2018, 2019, 2020; Rowan & Ratliff, 2012). Salt tectonics in these systems can be
understood by considering the relative contributions of Couette and Poiseuille salt flows (cf. Gemmer et al., 2004;
Jackson & Hudec, 2017). In Couette flow, the salt is deformed by layer-parallel simple shear as the overburden
translates laterally. In Poiseuille flow there is pressure-driven lateral expulsion of the salt underneath an overburden
of variable thickness which does not fail or translate laterally, that is, only the salt translates (Gemmer et al., 2004;
Jackson & Hudec, 2017; Rowan et al., 2004; Turcotte & Schubert, 2002). Solving the balance of salt-related defor-
mation and the contribution between different types of flow and structural processes (i.e., extension, shortening,
translation) allows quantification and restoration of salt-related deformation along rifted margins (Jackson, Jackson,
& Hudec, 2015; Jackson, Jackson, Hudec, & Rodriguez, 2015; Rowan & Ratliff, 2012).

Another important aspect of these margins is that the architecture and nature of the distal margin and the precise
location of the continent-ocean boundary (COB) are often not well constrained. For example, the interpretations
for this domain range from exhumed mantle or lower crust to extended/intruded continental crust, volcanics and/
or oceanic crust owing to limitations in seismic imaging underneath thick and highly deformed salt layers (Blaich
et al., 2011; Epin et al., 2021; Evain et al., 2015; Fernandez et al., 2020; Kumar et al., 2013; Norton et al., 2016;
Unternehr et al., 2010; Zal4n et al., 2011). Understanding the relationship between the style and dynamics of
distal salt tectonics with the underlying basement has thus important implications for understanding distal margin
architecture and for producing accurate plate kinematic reconstructions.

However, while regional salt tectonics has been extensively investigated along rifted margins, very few studies have
analyzed the link between crustal-scale rift architecture, salt deposition, and salt tectonics (Epin et al., 2021; Fernandez
et al., 2020; Hudec & Jackson, 2004; Jackson, Jackson, & Hudec, 2015; Jackson, Jackson, Hudec, & Rodriguez, 2015;
Kukla et al., 2018; Peel et al., 1995; Pichel & Jackson, 2020; Pichel et al., 2021; Rowan, 2020; Tari et al., 2017). Even
fewer (Allen & Beaumont, 2016; Allen et al., 2020; Curry et al., 2018) have attempted to model this and none have
addressed the role rifting and syn-rift salt deposition play on post-rift gravity-driven salt tectonics. We thus use a 2D
geodynamic numerical modeling technique that combines lithospheric extension and break-up, syn- and post-rift sedi-
mentation to simulate the birth and evolution of rifted margin salt basins. The models do not prescribe the geometries
of the lithosphere and of the salt basins allowing a self-consistent evolution of both syn- and post-rift deformation. The
dynamic models afford quantification of the respective contributions of updip extension, translation, diapir shortening,
salt nappe advance, and the different types of salt flow to rifted margin salt tectonics. Our results present unprecedent
detail for syn- and post-rift stratigraphy and salt structures that can be directly compared to natural examples from
various rifted margins and explain the processes controlling margin-scale salt tectonics.
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Figure 1. Regional profiles showing crustal-scale architecture and salt tectonics across (a) Kwanza Basin, Angola, (b)
Espirito Santo, Brazil (adapted from Blaich et al., 2011), and (c) Campos Basin, Brazil (adapted from Zalén et al., 2011).
(d) Schematic cross-section (adapted from Jackson, Jackson, & Hudec, 2015; Jackson, Jackson, Hudec, & Rodriguez, 2015)
illustrating the current knowledge of salt tectonic deformation along rifted margins characterized by linked and balanced
domains of updip extension, translation, and downdip shortening associated with salt nappe advance.
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2. Data and Methods
2.1. Numerical Methods

We use an arbitrary Lagrangian-Eulerian (ALE) thermo-mechanically coupled finite element method for
the solution of plane strain, incompressible viscous-plastic creeping flows (Erdds et al., 2014; Theunissen &
Huismans, 2019; Thieulot, 2011). The method solves the force balance equations of equilibrium for quasi-static
incompressible flows (Stokes) in two dimensions coupled with the time-dependent heat conservation equation.
The mechanical and thermal evolution are coupled through nonlinear temperature- and pressure-dependent rheol-
ogies in addition to the temperature dependence of buoyancy (Huismans & Beaumont, 2011; Theunissen &
Huismans, 2019).

When the stress state is below the frictional-plastic yield stress, the flow is viscous and is defined by
temperature-dependent nonlinear power law rheologies based on laboratory measurements on “wet’” quartz (Gleason
& Tullis, 1995) and “wet” olivine (Karato & Wu, 1993). The effective viscosity, ., in the power law rheology is:
et = fAT" E.él_m/z"e%

where E, is the second invariant of the deviatoric strain rate tensor 1/2 (¢;€;,), A is the preexponential scaling
factor, n is the power law exponent, Q is the activation energy, R is the universal gas constant, and V is the acti-
vation volume. The factor fis used to scale viscosities calculated from the reference quartz and olivine flow laws,
thereby producing strong and weak versions of these materials. Frictional-plastic yielding is modeled with a
pressure-dependent Drucker-Prager yield criterion which is equivalent to the Coulomb yield criterion for incom-
pressible deformation in plane strain. Yielding occurs when:

6, = \/Jr = C cos (¢er) + P sin (er)

where J, is the second invariant of the deviatoric stress tensor, C is the cohesion, ¢, is the effective internal
angle of friction following P - sin (¢er) = (P — Py) sin(¢)) and P, is the pore fluid pressure. This yield criterion
approximates frictional sliding (i.e., faulting) in rocks, and includes pore-fluid pressure effects.

Plastic flow is incompressible. Frictional-plastic strain softening is introduced by a linear decrease of ¢ g(¢) from
15° to 2° and C(e) from 20 to 4 MPa with respect to plastic strain (&) (Buck, 1993; Huismans & Beaumont, 2002;
Lavier et al., 1999, 2000). The plastic strain is updated at every time-step with the second invariant of the devia-
toric strain. To avoid artificial grid dependent strain weakening the grid is purposely uniform in the domain where
most strain localization occurs (see Theunissen & Huismans, 2019; Thieulot, 2011). A complete description of
the numerical modeling approach and the governing equations is provided in the Supporting Information S1. A
complete list of material parameters is given in Table 1.

2.2. Model Setup

The models are designed using a rheologically layered lithosphere comprising a 35 km-thick crust and 90 km
mantle lithosphere above a sublithospheric mantle in a 600 km-high and 1,200 km-wide model domain
(Figure 2a). The uppermost 3 km of the crust corresponds to pre-rift sediments with the same rheology as the
upper crust. The Eulerian grid consists of 2,400 in the horizontal and 290 elements in the vertical direction.
The distribution of the elements in the vertical direction is irregular, allowing for high resolution in the upper
crust of Az = 200 m in the shallowest 20 km, Az = 625 m between 20 and 70 km, Az = 1,100 m between 70
and 120 km, and Az = 7,917 m between 120 and 600 km of depth. The resolution in the horizontal direction is
500 m for the entire model domain. Extensional horizontal velocity conditions (v = +0.5 cm/year) are applied
to the lithosphere, and the corresponding exit flux is balanced by a low velocity inflow in the sublithospheric
mantle (Theunissen & Huismans, 2019). The top of the model is a free surface, and the sides and base are free
slip boundaries (Figure 2a).

For the thermal boundary conditions, we specify a basal temperature of 1,520°C and insulated lateral boundaries.
The initial temperature field is laterally uniform and increases with depth from the surface (T, = 0°C) to the
base of the crust (Moho temperature, T, , = 550°C) with a surface heat flux of 55.3 mW/m?2. Below the Moho,
temperature linearly decreases to the base of mantle lithosphere (initially at 7} ,, = 1,328°C). The temperature
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Table 1

Parameters for the Lithosphere-Scale Thermo-Mechanical Models of Salt-Bearing Wide Rifted Margins

Upper crust Lower crust Lithospheric Sub-lithospheric

Parameter Symbol Units Salt Sediments (0-25 km) (25-35 km) mantle mantle
Rheological parameters

Effective viscosity range Hege Pa.s 10%,5x 10'8, 10  10'8-10% 10'8-10% 10'8-10% 10'8-10% 10'8-10%

Angle of internal friction Doy = = 15 15 15

— after strain weakening Dot - - 2 2 4

Initial cohesion @ MPa - 10 20 20

— after strain weakening € MPa - 4 4 20

Strain weakening range - - - 0.05-1.05

Flow law = = = WQtz* WOP

Scaling factor fc - - 1 0.1 5 1

Power law exponent n - - 4 4 3

Activation energy 0 kJ/mol - 222.81 222.81 429.83

Constant A Pa™"/s - 8.574 x 10728 1.758 x 1071

Activation volume m?/mol - 0.0 15%x10°°

Density at 7, =273 K 2o kg/m? 2,200 2,400 2,750 2,900 3,300
Thermal parameters

Thermal conductivity k W/m/K 2.25 2.25-5.6

2.25-51.46

Heat capacity (8 J/K/kg 803.57 818.18 775.86 681.81

Thermal diffusivity K m?/s 1.0x 10=° 1-2.5x 10°¢

1-22.87 x 10=°

Heat production rate H W/m 0.8 x107° 1.12x 107° 0.48 x 10=® 0

Thermal expansion ay 1/K 3%x107° 3.1x107°
Boundary conditions

Surface temperature rf *C 0

Pre-rift sediment thickness hpre_sed km 3

Initial Moho depth dioho km 35

Moho Temperature Th s *C 550

LAB depth e km 125

LAB temperature T oy € 1,328

Basal temperature T *C 1,520

Extension velocity Ve cm/year 1

Note. Flow laws are based on power law with creep parameters from wet quartz (Gleason & Tullis, 1995) and wet olivine (Karato & Wu, 1993). Values are given with
two digits precision. WQtz = wet quartz; WO = wet olivine; LAB = Lithosphere-Asthenosphere Boundary.

aDislocation creep models for WQtz. *Dislocation creep models for WO.

of the sublithospheric mantle follows an adiabatic gradient (0.4°C/km). Thermal conductivity linearly increases
to 51.46 W/m/K at 1,350°C (~125 km depth), consistent with scaling the thermal conductivity of upper mantle
convection by the Nusselt number (Theunissen & Huismans, 2019). The enhanced conductivity maintains a
nearly constant heat flux to the base of the lithosphere and an adiabatic temperature gradient in the sublitho-
spheric mantle (e.g., Pysklywec & Beaumont, 2004).

The initial strain field is defined by a white noise that corresponds to an inherited domain of mechanical heteroge-
neity and weakness by a tapered symmetrical 400 km wide area in the center of the model so that the orientation
of faults and rift geometries are not prescribed and are generated spontaneously (Figure 2a). The plastic strain (&)
is initialized with white noise that has a Gaussian distribution with a mean value of 0.3 and a maximum of 0.8.
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Figure 2. (a) Model setup showing rheological-layered structure, boundary conditions, initial thermal state, and
frictional-plastic strain softening conditions. The values used for the mechanical and thermal parameters are listed in Table 1.
(b) Schematic diagram illustrating syn-rift aggradation for pre- and salt sediments in which sediments aggrade toward local
basement minima. (c) Schematic diagram illustrating post-rift (post-salt) dynamic progradation in which the depositional
profile changes in shape and length through time according to the evolving salt topography.

A small thermal heterogeneity is introduced at the base of the lithosphere in the model center in order to enhance
rift localization.

The crust follows a wet quartz rheology (Gleason & Tullis, 1995) with a scaling factor (f,) of 0.1, based on previ-
ous experiments from Theunissen and Huismans (2019). This corresponds to a weak crustal rheology that results
in development of wide rifted margins which are characteristic of salt basins in most of the South Atlantic and
Gulf of Mexico (see Theunissen & Huismans, 2019 for details on scaling). The densities of crust, mantle litho-
sphere, and sub-lithospheric mantle are calibrated so that the depth of the modeled mid-ocean ridge spreading
system fits with global observations of average mid-ocean ridge depth. We do not include any melt generation
and/or magmatism for model simplification purposes (cf., Theunissen & Huismans, 2019), as this is beyond
the scope of this study, and beyond the state-of-art of geodynamic models of lithospheric extension (cf., Lu &
Huismans, 2022). The oceanic crust is thus simulated by a phase-change of the sub-lithospheric mantle when
it reaches the upper 6 km of the lithosphere. This involves changes in density (from 3,300 to 2,900 kg/m?) and
material color (light yellow to green), all other properties are kept constant (Figures 2a and Table 1).

Salt is treated as a linear viscous material and all models have a constant salt viscosity. The reference model has
an intermediate salt viscosity of 5 X 10'® Pa s, and we also perform sensitivity tests with low (10'® Pa s) and high
(10" Pa s) salt viscosities. These values are based on laboratory experiments of halite deformation (van Keken
et al., 1993: Urai et al., 2008) and numerical models simulating salt flow (cf., Gemmer et al., 2004; Albertz &
Ings, 2012; Allen & Beaumont, 2016).

2.3. Sedimentation

Sedimentation occurs by filling all accommodation between the model surface and a defined base(sea)-level with
sediments at each time step. We implement two different styles of sedimentation in our models, aggradation for
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syn-rift clastics and salt (Figure 2b), and post-rift progradation using a dynamic depositional profile (Figure 2c)
(Theunissen & Huismans, 2019). We also apply a new novel tracking method based on Lagrangian surface
descriptions that allows to resolve the internal stratigraphic architecture of the salt and post-salt intervals with
greater detail than previous studies (Allen & Beaumont, 2016; Goteti et al., 2013).

All models include water-load and syn-rift (pre-salt) aggradation at 25 m/Myr below a —1 km base-level (i.e.,
sea-level measured with respect to a reference column of continental lithosphere). This is followed by salt aggra-
dation at 2 km/Myr below —750 m of sea-level during the last 1 Myr of rifting. Aggradation is defined with a
horizontal bathymetric profile with a vertical position that is adjusted for each main depositional stage, that is,
syn-rift clastic and salt deposition (Figure 2b). In this approach, the syn-rift sediments (clastics and salt) aggrade
in local basement minima. The rate of sedimentation is kept constant through time but the shape of the sediment
package changes in response to changes in basin geometry so that the volume of sediment is kept constant in this
approach (see Theunissen & Huismans, 2019). Salt is deposited rapidly during the last ~2 Myr of the syn-rift,
when extension is localized in the outermost margin, prior to breakup and development of oceanic crust. The
salt thus forms a contiguous basin across both conjugate margins (Figure 2b). The relative timing and rate of salt
deposition and the sedimentation rates are consistent with most studies of salt-bearing rifted margins (Davison
et al., 2012; Hudec et al., 2013; Kukla et al., 2018; Lentini et al., 2010; Rowan, 2014).

Post-rift dynamic progradation occurs at —250 m of base-level with a constant sediment flux of 0.001 m%/s
(~31,6 km*/Myr) for all models and is consistent with post-rift sediment fluxes ranging from 0.3 to 52 km*/Myr
along the South Atlantic African margins (cf. Baby et al., 2020). Post-rift dynamic progradation deposition, d
<hore» 18 controlled by specifying a constant sediment flux, Q, to the basin with deposition based on a characteristic

sediment transport length L, (30 km in our models) following:

dx
doffshore = QsL_d

where Q. is the sediment discharge per unit width (e.g., Theunissen & Huismans, 2019).

Syn- and post-rift sediments have an average density of 2,400 kg/m? whereas the salt has a density of 2,200 kg/m>.
We do not incorporate compaction (neither lateral nor vertical) in our models for simplification purposes.

3. Results
3.1. Reference Model 1—Intermediate Salt Viscosity

Rifting of weak crust results in the development of two ca 250 km wide conjugate margins with 140-160 km wide
salt basins on each of these (Figure 3a). Salt deposition occurs between 17 and 18 Myr, during the final stage of
rifting, and is followed by breakup and initiation of oceanic crustal spreading at c. 21 Myr (Figures 3a and 3b,
Movie S1). Both margins are defined by proximal symmetric grabens that pass seaward into half-grabens bounded
by large-offset, low-angle normal faults that exhume middle and lower crust in the distal domain (Figure 3a). These
pass seaward into 30-60 km wide areas of highly thinned, <7 km thick crust, and a 20 km wide outer high in the
distal margin (Figure 3). The grabens are filled with pre-salt syn-rift sediments that are 0.5—1 km thick, whereas the
highs receive much less (<0.4 km) syn-rift sediments. The salt thickens seaward, reaching up to 3—4 km in thickness
in the deepest basin adjacent to the outer high (Figure 3a). The depositional salt thickness varies with base-salt
topography in the proximal domain, producing semi- to fully disconnected salt basins. In the distal domain, there is
development of syn-salt deposition intra-salt minibasins associated with crustal extension (Figure 3a).

Shortly after breakup, at 24 Myr, the left-margin proximal domain is characterized by minor diapirism (<2 km of
height) and folding above the semi-isolated, proximal salt sub-basins where prograding sediments are deposited
(Figure 3b). At this stage, there is very minor salt expulsion and folding at the transition to the distal domain and
negligible seaward salt translation over the distal margin, as seen by the broadly flat and undeformed intra- and
top-salt layers (Figure 3b). The distal edge of the salt basin is characterized by thinning and stretching, with
development of ~15 km wide salt nappes on top of the early oceanic crust, as the two conjugate margins separate
by rifting and oceanic spreading (Figures 3b and Movie S1).

At 35 Myr, well-defined domains of updip extension and downdip shortening, connected by an intermediate
zone of translation, develop on both margins (Figure 3c). The extensional domain is characterized by salt rollers
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Figure 3. Reference Model 1 of a salt-bearing wide rifted margin with intermediate salt viscosity. (a) 18 Myr, time of salt-deposition immediately prior to continental
breakup (20-21 Myr). (b) 24 Myr, conjugate salt basins are separated with distal salt nappe owing to stretching on top of oceanic crust. (c) 35 Myr, fully established
passive margin salt tectonics with updip extension, translation, downdip diapir shortening, and salt nappe advance. Black boxes indicate zoomed domain at 24 and 35

Myr. Red lines represent geotherms. See Movie S1 for animation.
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associated with landward-dipping normal faults and extensional rollovers that together accommodate ~15 km of
extension (Figure 3c). The extensional domain passes downdip into an area characterized by salt and overburden
translation, multiphase diapirism and complex minibasin geometries. In the distal domain a series of 3—5 km tall
upright and seaward-leaning squeezed diapirs are associated with 2-3 km wide salt tongues and rotated mini-
basins above depleted salt (Figure 3c). The initially stretched distal end of the salt is characterized at this stage
by salt thickening, folding, and seaward advance over oceanic crust and post-salt sediments, producing a 26 km
wide salt nappe (Figure 3c).

3.2. Low-Viscosity Salt Model 2

At 24 Myr, low-viscosity salt model 2 exhibits greater salt mobility with formation of taller, 3—4 km high, upright
diapirs and equally thick minibasins over the semi-isolated salt sub-basins in the proximal domain (Figures 4a
and 4b). The transition to the distal domain shows development of an incipient seaward-dipping expulsion
rollover that passes seaward onto salt anticlines and small diapirs over a minor pre-salt structural high (Figure 4b).
Further seaward, subtle intra-salt folding, but negligible top- and supra-salt deformation and translation, characterize
most of the distal margin (Figure 4b). As in the reference model, the distal edge of the salt basin displays thinning and
stretching with development of salt nappes on top of the early oceanic crust, which are wider (~20 km), thicker (up to
~2 km) and exhibit more significant intra-salt folding compared to the reference model (Figures 4b and Movie S2).
A distal supra-salt minibasin also develops in between the two nappes as they separate from each other (Figure 4b).

At 35 Myr, the domains of updip extension and downdip shortening, connected by an intermediate zone of trans-
lation, develop on both margins (Figure 4c). The style of deformation is broadly similar to the reference model,
although the magnitudes of extension, shortening and translation vary significantly (see Section 3.4). The updip
normal faults and associated rollovers accommodate less extension (~8 km). The complexity and frequency of
squeezed diapirs in the downdip domain is greater, whereas their amplitude is less (<3.5 km) relative to the refer-
ence model (cf., Figures 3c and 4c). The distal salt nappe advances further over oceanic crust, reaching a width of
~56 km and contains salt anticlines and a few diapirs and minibasins (Figures 4c and Movie S2).

3.3. High-Viscosity Salt Model 3

At 24 Myr, high-viscosity salt model 3 shows significantly less salt deformation across the entire margin with
only minor salt inflation and development of small, <1 km tall salt anticlines in the proximal domain (Figures 5a
and 5b). There is also negligible salt and supra-salt deformation and translation over the distal margin, similar to
the reference model (cf., Figures 3b and 5b). The distal margins exhibit intra-salt folding over the outer high and
salt stretching and thinning with subtle intra- and top-salt folding producing ~3-7 km wide salt nappes over the
newly formed oceanic crust (Figure 5b).

At 35 Myr, there is development of a single seaward-dipping rollover and landward-dipping normal fault that
accommodates ~6 km of extension in the proximal domain, passing seaward into an area of salt and overbur-
den translation, salt inflation, and squeezed diapirs (Figure 5c). These diapirs and their associated minibasins
are generally broader, simpler, and more widely spaced in comparison to the reference model (cf., Figures 3c
and 5c). The most distal diapirs are also surrounded by significant, >1 km thick salt underneath their respective
minibasins as opposed to highly-depleted salt below minibasins in the reference and low-viscosity salt models
(Figures 3-5). The distal salt nappe inflates and advances over the oceanic crust reaching a maximum width of
~15 km with salt and post-salt sediments developing folds, but no diapirs (Figure 5 and Movie S3).

3.4. Structural Processes and Variability With Salt Viscosity

We next quantify the various contributions to salt tectonics in the three models. The total width of the salt nappe on
top of the oceanic crust (N, ) is controlled by initial syn-rift salt stretching (S) and post-rift nappe advance (A), that is,

No=S+A (1)

Post-rift salt tectonics includes contributions from updip extension (E), diapir shortening (D), and pressure-driven
Poiseuille flow (P). The horizontal components of salt tectonics balance (Figure 6) given:

A=E-D,+ P )
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Figure 4. Low-viscosity salt Model 2, (a) 18 Myr, time of salt-deposition immediately prior to continental breakup (20-21 Myr). (b) 24 Myr conjugate salt basins are
separated with development of up to 20 km wide distal salt nappes owing to stretching on top of oceanic crust. (c) 35 Myr, fully established passive margin salt tectonics
with updip extension, translation, diapir shortening, and salt nappe advance. Black boxes indicate zoomed domain at 24 and 35 Myr. Red lines represent the geotherms.
See Movie S2 for animation.
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Figure 5. High-viscosity salt Model 3, (a) 18 Myr, time of salt-deposition immediately prior to continental breakup (20-21 Myr). (b) 24 Myr, conjugate salt basins are
separated with development of 3—7 km wide distal salt nappes owing to stretching on top of oceanic crust. (¢) 35 Myr, fully established passive margin salt tectonics
with updip extension, translation, diapir shortening, and salt nappe advance. Black boxes indicate zoomed domain at 24 and 35 Myr. Red lines represent the geotherms.
See Movie S3 for animation.

Updip extension (E) is measured by summing the heave of updip normal faults. Diapir shortening (D) is
inferred from the amount of diapir squeezing, measured by the difference between their initial and final
diapir width. The evidence of diapir shortening are: (a) the abrupt narrowing of their stems, (b) their
seaward-vergence, and (c) the associated minibasin rotation. Pressure-driven Poiseuille flow (P) is not directly
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Salt nappe width: N,=S + A
Salt balance: A=N,-S=E-Ds;+P
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measured because it varies along the model profile, however its contribu-

Stretching [S] tion to lateral salt nappe advance is inferred by balancing salt deformation

using Equation 1 above. The magnitude of the respective contributions to
nappe advance [A]
—_—

salt tectonics varies between the models. For reference model 1, alloch-

deformation processes (km)

continental crust

thonous salt on oceanic crust by salt stretching S = 15 km. At 35 Myr,

oceanic crust

model 1 exhibits a total width of the salt nappe N,, = 26 km, implying that
post-rift nappe advance A = 11 km (Figure 6). This balances with updip
salt-detached extension £ = 15 km, downdip shortening by diapir squeez-
ing D, = 14 &+ 2 km, and pressure-driven Poiseuille salt flow P = 10 km.

For low-viscosity salt model 2, allochthonous salt on oceanic crust by
salt stretching S = 20 km. The total width of the salt nappe N,, = 56 km

E|D.| P implies that post-rift nappe advance A = 36 km (Figure 6). Updip
s

salt-detached extension E = 8 km balances with downdip shortening
by diapir squeezing D, = 8 + 2 km, so that pressure-driven Poiseuille

15 | 14 | 10 salt flow P = 36 km. The high-viscosity salt model 3 exhibits alloch-
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thonous salt on oceanic crust by salt stretching S = 7 km. The final salt

nappe width N, = 15 km implies that post-rift nappe advance A = 8 km

Figure 6. Schematic diagram of balance of salt tectonics on rifted margins
based on model results. Table show values of total nappe width (N, ), salt

(Figure 6). Updip salt-detached extension E = 6 km balances with down-
dip shortening by diapir squeezing D = 5 + 2 km, so that pressure-driven
Poiseuille salt flow P =7 km.

nappe stretching (S), post rift salt nappe advance (A), updip extension (E),

diapir shortening (D,), and pressure driven flow (P) for models with varying

salt viscosity.

In summary, total nappe width and contributions from syn-rift stretching and
post-rift nappe advance increase with decreasing viscosity. Conversely, updip
extension and diapir shortening increase with viscosity decreasing from 10
to 5 x 10'® Pas, but then exhibit a significant decrease for salt viscosity of
108 Pas. This variation in updip extension and diapir shortening with changing viscosity is mirrored by the
contribution from Poiseuille flow, which exhibits a marked increase for salt viscosity 10'® Pas (Figure 6).

4. Discussion
4.1. Dynamics of Salt Deformation

Salt tectonics in our models exhibits three characteristic phases. (a) Syn-depositional salt flow and development of
syn-salt-deposition minibasins resulting from stretching in the distal margin as salt is deposited during the last phase
of rifting (Figure 7a). (b) Emplacement of distal salt nappes on the early oceanic crust by stretching above the rift
axis (Figures 7b and Video S4). (c) Post-rift sediment progradation and significant salt tectonics in the form of updip
extension, translation, downdip diapir shortening, and pressure-driven salt flow and nappe advance (Figure 7c).

For all models, intra-salt minibasins form during salt deposition and rifting in the distal margin. In the absence
of post-salt sediment loading and intra-salt rheological variability these are interpreted as resulting from latest
syn-rift salt stretching. Part of the allochthonous salt nappe on the oceanic crust results from early salt stretching
which is independent of updip salt tectonics. The nappe is then amplified during the post-rift stage and advances
further by lateral pressure-driven Poiseuille salt flow associated with margin-scale salt tectonics. The contribu-
tion of syn-rift stretching relative to post-rift nappe advance increases from 35% to 50% of the total nappe width
with increasing salt viscosity. Quantification of the various contributions to salt tectonics in the models shows
that nearly all (~90%) updip extension is balanced by downdip diapir shortening (Figure 6). This demonstrates
that total salt nappe advance is controlled by the combination of syn-rift extension and post-rift pressure-driven
Poiseuille flow, and that salt nappes are not a direct product of downdip shortening in response to updip exten-
sion as commonly envisaged (Brun & Fort, 2011; Jackson, Jackson, & Hudec, 2015; Jackson, Jackson, Hudec, &
Rodriguez, 2015; Marton et al., 2000; Rowan et al., 2004).

The models provide further insight into the complex link between updip extension, translation, downdip diapir
shortening and nappe advance, and their respective dynamics of salt flow. Post-rift sediment progradation leads
to updip extension and pressure-driven salt flow, which are balanced downdip by diapir shortening, salt infla-
tion and advance of the salt nappe (Figures 3-5 and 7). Updip extension, characterized by development of large
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(a) Late syn-rift salt deposition ~ syn-salt-deposition
minibasins

continental crust continental crust

(b) Continental breakup stretching

oceanic crust

continental crust continental crust

VE:1.5

(c) Post-rift sediment progradation & margin-scale salt tectonics

extension =translation =shortening nappe advance nappe advarllce shortening = translation = extension

continental crust

Figure 7. Conceptual diagram illustrating the birth and evolution of rifted margin late syn-rift salt basins. (a) Salt deposition
coeval to late-stage extension and continental breakup with syn-salt-deposition minibasins. (b) Distal salt stretching during
continental breakup and early ocean spreading, resulting in 10-20 km of wide allochthonous salt nappe on oceanic crust. (c)
Post-rift sediment progradation leading to salt tectonics characterized by updip extension, diapirism and minibasin formation
in the intermediate margin domain, downdip diapir shortening, salt inflation and advance of the salt nappe.

listric normal faults and rollovers overlying highly depleted salt, is controlled by shear-driven (Couette) salt flow
combined with failure and translation of the post-rift overburden. Extension is balanced by salt and overburden
translation and downdip shortening, which produces squeezed diapirs, salt tongues and rotated minibasins in
the distal domain (Figures 3-5). Balancing of salt deformation in our models shows that post-rift distal nappe
advance and salt inflation are largely controlled by lateral pressure-driven (Poiseuille) flow of the salt, which
becomes increasingly important with decreasing salt viscosity (Figures 3—6). This explains why the low-viscosity
salt model does not show an increase in updip extension and diapir squeezing relative to the reference model as
the low-viscosity salt is readily expelled seaward with little overburden extension and translation (Figure 4). The
quantitative insight on the balance of salt deformation for rifted margins derived from these models can be used
when interpreting natural systems to constrain the various contributions of salt tectonic processes.

The occurrence of these distinct deformation processes (e.g., updip extension, translation, downdip shortening,
syn-rift nappe stretching and post-rift nappe advance) is independent of salt viscosity, however their magnitude,
timing as well as the style of salt deformation vary (Figures 3-5, Supplementary videos). Other parameters such
as (a) the width and architecture of the rifted margin, (b) the timing of salt deposition, (c) variations in syn-rift
sediment and salt thickness, and (d) post-salt sedimentation rates may also have an impact and are thus worthy
being investigated in future work.

4.2. Comparison With Natural Systems

Our model results are comparable to various natural systems, in particular to the wide salt-bearing margins of the
South and Central Atlantic and the Gulf of Mexico, which are the largest and most economically important salt
basins known-to-date (Figures 1a—1c) (Lentini et al., 2010; Davison et al., 2012; Hudec et al., 2013; Rowan, 2014,
2020; Kukla et al., 2018). The bulk of salt deformation along these margins occurs in the first ~10-60 Myr of the
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post-rift and is associated with deposition of, on average, a ~6—8 km thick prograding succession (Figures la—Ic)
(Davison et al., 2012; Hudec & Jackson, 2004; Peel, 2014; Pichel & Jackson, 2020).

The distribution of salt-tectonic domains of updip extension, translation, downdip diapir shortening, and nappe
advance, as well as the magnitudes and style of rifting and salt tectonic deformation observed in our models are
similar to what is recognized along these margins (Figures 1a—1c). The updip extensional domain is characterized
by minor salt diapirism and the development of listric normal faults associated with salt rollers and rollovers in
both models and nature (Figures la—1c). Post-salt updip extension and translation range between 13 and 32 km
over ~40-60 Myr of post-rift evolution in the salt basins of Brazil and West Africa (Figures la—1c) (Erdi &
Jackson, 2021; do Amarante et al., 2021; Hudec & Jackson, 2004; Pichel et al., 2018). Estimated values of
salt-related updip extension in the range 40—70 km in the Gulf of Mexico are less well constrained owing to its
longer history (>100 Myr) and more complex salt tectonics (Hudec & Norton, 2019; Hudec et al., 2013). The
magnitude of updip extension in the models is smaller than observed along these margins as we do not simulate
their entire >100 Myr post rift evolution, and do not include additional factors such as post-rift continental uplift
(e.g., Kwanza Basin, Hudec & Jackson, 2004) or magmatism (Magee et al., 2021). The intermediate translational
domain is characterized by early salt inflation, overburden translation, and multiphase diapirism as observed in
most, if not all, Brazilian and West Africa rifted margin salt basins (Figures 1a—1c). The magnitudes of overbur-
den extension and translation inferred for these margins are to first-order consistent with the magnitudes of updip
extension in our models, for example, 13-32 km for the South Atlantic margins (Dooley et al., 2017; Hudec &
Jackson, 2004; Pichel et al., 2018, 2019) .

The distal domain in our models is characterized mainly by squeezed, complex-shaped diapirs associated
with seaward-verging salt tongues and rotated minibasins with highly upturned and/or overturned near-diapir
strata and, secondarily, by buckle-folding over the distal nappe (Figures 3-5). This is comparable to most of
the West Africa salt-bearing margin, including the Kwanza-Lower Congo and Gabon margins, and the Gulf of
Mexico (Epin et al., 2021; Hudec & Norton, 2019; Hudec et al., 2013; Lentini et al., 2010; Pilcher et al., 2011;
Rowan, 2014). The Brazilian salt basins, in particular the Santos Basin, do not have as much diapir and minibasin
complexity in the distal domain owing to highly heterogeneous and stronger salt sequences and are thus more
comparable to the high-viscosity salt model (Figures 1b, ¢, and 6) (Davison et al., 2012; Jackson, Jackson, Hudec,
et al., 2015; Pichel et al., 2018; Rodriguez et al., 2018). Estimates of the magnitude of shortening are much harder
to obtain for natural systems owing to the common cryptic shortening of diapirs (cf. Rowan & Ratliff, 2012;
Figure 1c in Jackson, Jackson, & Hudec, 2015; Jackson, Jackson, Hudec, & Rodriguez, 2015) and are often based
on the magnitudes of updip extension for these linked systems, with values ranging between 10 and 20 km (Hudec
et al., 2013; Quirk et al., 2012).

The distal edge of the salt in our models is characterized by an allochthonous salt nappe, that overlies newly
formed oceanic crust, and varies in complexity and width (15-56 km) depending on salt viscosity (Figures 3-6).
The range of nappe widths fits with what is observed in natural examples of wide margins in the West African
Kwanza-Lower Congo Basins (20-28 km), the Brazilian Espirito-Santo, Campos and Santos Basins (10-36 km),
and the Gulf of Mexico (15-60 km) (Davison et al., 2012; Hudec & Norton, 2019; Hudec et al., 2013; Kukla
et al., 2018; Rowan, 2020). Stratigraphic onlap of post-salt sediments onto the seaward end of the nappes indi-
cate that they form relatively early during salt tectonic evolution (cf. Davison et al., 2012; Epin et al., 2021;
Rowan, 2014), which implies that their advance is at least partially unrelated to the longer-lived post-rift updip
extension. This agrees with our models and suggests that the salt nappes along these margins are also formed by
a combination of late syn-rift stretching and post-rift advance by Poiseuille flow.

Features described at the continent-ocean transition in parts of West Africa, Brazil, and Gulf of Mexico such as
volcanic edifices (Fernandez et al., 2020), exhumed mantle (Rowan, 2014; Zalan et al., 2011) or the so-called
oceanic crust step-ups (Rowan, 2020) do not form in our models. Although these could have an impact on the
final width of the nappe, the processes operating in its evolution, that is, syn-rift stretching and post-rift advance,
are likely be the same as long the salt is continuous over the distal margin. Temperature-dependent salt viscosity
is also not included in our models for simplification purposes. This would promote a localized decrease in salt
viscosity over the rift axis where the geotherms are shallower, which would likely enhance syn-rift stretching and
thus produce wider salt nappes as in the low-viscosity salt model (Figure 4).
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Variations in salt viscosity provide a first-order control on the style and magnitude of salt tectonics and on the
dimensions of distal salt nappes and may explain some of the differences observed in natural systems. However,
additional factors not included here such as varying rifted margin geometry, salt and pre-salt sediment thickness,
post-salt sedimentation, intra-salt rheological variability, as well as 3D salt flow, temperature-dependent salt
viscosity and syn-rift magmatism are also likely to play a role in modulating salt tectonics on rifted margins and
are thus worthy to be investigated in the future.

5. Conclusions

Our models improve current understanding of the dynamics of salt tectonics along rifted margins and the inter-
play between rifting and syn- to post-rift salt deformation associated with late syn-rift salt basins. In their proxi-
mal domains, where salt is deposited above inactive rift structures, they remain largely undeformed until post-rift
times. The distal salt undergoes stretching associated with continental breakup and early oceanic spreading
during and soon after its deposition. This produces widening of the salt basin, syn-salt-deposition intra-salt
minibasins and development of an allochthonous salt nappe over newly formed oceanic crust. The margin is
subsequently affected by pronounced salt tectonics characterized by updip extension, translation, downdip short-
ening, and pressure-driven salt nappe advance, all resulting from the seaward tilt of the margin and post-rift
sediment progradation. The nappe that was initiated by syn-rift stretching advances further by pressure-driven
Poiseuille salt flow so that the final width of the nappe is a product of late syn-rift salt stretching and post-rift
pressure-driven salt flow. The models show that updip extension balances largely with downdip diapir shorten-
ing indicating that the post-rift salt nappe advance is mostly controlled by pressure-driven Poiseuille salt flow.
This implies that the present-day width of salt nappes cannot be used as a constraint to balance updip extension
on salt-bearing rifted margins. These observations have important implications for kinematic reconstructions
of salt tectonics along these margins based on the common assumption of balanced salt deformation and for
understanding the relationship between the distal edge of the salt basin and continent-ocean boundaries, impor-
tant for plate-kinematic reconstructions. The models are comparable to various examples of wide salt-bearing
rifted margins such as the Brazilian, parts of West Africa, and Gulf of Mexico salt basins. They reproduce their
observed crustal-scale architecture, regional salt tectonics styles, distribution of structural domains, magnitudes
of deformation, and elucidate the dynamics of regional salt deformation and the interplay between rifting, margin
architecture, salt deposition and tectonics.

Data Availability Statement

Data are computed with the equations presented here and in the Supporting Information S1. All model outputs,
graphics and time-steps are presented as animations in the Supporting Information S1 and in the Dataverse repos-
itory: https://dataverse.no/dataset.xhtml?persistentld=doi:10.18710/A2YX9V.
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