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'Departamento de Geoffsica, Instituto de Astronomia, Geofisica e Ciéncias Atmosféricas, Universidade de Sdo Paulo, Sio
Paulo, Brazil

Abstract We used thermomechanical numerical models to simulate the formation and evolution of
divergent continental margins since continental rifting, taking into account surface processes of erosion of

the continental escarpment. We found that the degree of crust-mantle coupling, the magnitude and extent

of erosion of the coastal landscape, and the preexistence of weakness zones in the continental crust are
important elements that control the reactivation of faults along divergent margins during the postrift phase. The
numerical experiments indicated that the presence of a lower crust with a relatively low viscosity, facilitating
the decoupling of the upper crust and the development of hyperextended margins, could also contribute

to the development and/or reactivation of normal faults in the interior of the continent when the margin is
continually subjected to differential denudation and consequent flexural response of the lithosphere. This effect
is suppressed in scenarios where the lower crust presents a relatively high viscosity, consequently inducing

the coupling of the upper crust with the lithospheric mantle. In this case, the long wavelength of the flexural
response of a coupled lithosphere to erosional unloading has a minor impact on the reactivation of faults in

the upper crust. As an application of our model, we propose that the combination of a decoupled continental
lithosphere, escarpment retreat due to erosion, and the preexistence of shear zones parallel to the coast
contributed to the development of postrift Cenozoic tectonism in southeastern Brazil.

1. Introduction

From the computational point of view, in recent decades, two independent branches of numerical codes were
developed to study the formation and evolution of divergent continental margins:

1. One branch is defined as landscape evolution models (LEMs), dedicated to simulate how the landscape
evolves as a combination of the interaction between surface processes of erosion and sedimentation along
with isostasy and flexure of the lithosphere, mainly focused on the postrift phase of divergent margins (e.g.,
Braun, 2018; A. Gilchrist & Summerfield, 1990; A. R. Gilchrist et al., 1994; Kooi & Beaumont, 1994; Sacek
et al., 2012; van der Beek et al., 2002).

2. The second branch represents thermomechanical models constructed to simulate the lithospheric thinning
since the onset of rifting (e.g., Braun & Beaumont, 1989; Brune et al., 2014; Huismans & Beaumont, 2003;
Lavier & Manatschal, 2006).

In parallel, and especially in the last years, new numerical codes were developed to integrate LEMs in thermo-
mechanical models, evaluating how the coupling and possible feedback mechanisms exist between surface and
tectonic processes in divergent margins. Burov and Cloetingh (1997) presented an example of the interaction of
surface and thermomechanical processes during and after the rifting phase. The authors showed the feedback
between erosion and sedimentation of the surface, ductile flow of lower crust, and the flexural response of the
lithosphere. Following this work, other models showed the importance of surface processes affecting the thermal
and, hence, rheological structure of the lithosphere (Andrés-Martinez et al., 2019; Beucher & Huismans, 2020;
Pérez-Gussinyé et al., 2020), even influencing the magmatic activity (Sternai, 2020). Recently, Theunissen and
Huismans (2019) identified feedbacks between erosion and deposition and tectonic processes on structural style
of rift and divergent margin formation due to the efficiency of surface processes.

However, with few exceptions (e.g., Burov & Cloetingh, 1997), these coupled thermomechanical models focused
mainly on the rifting stage of the margin development, and little attention was given to the impact of surface
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Figure 1. (a) Topographic/bathymetric map of southeastern Brazil. The arrows indicate the two parallel escarpments in
southeastern Brazil: the Serra do Mar and Serra da Mantiqueira escarpments. These two escarpments are separated by an
elongated depression associated with the Continental Rift of Southeastern Brazil (CRSB). The main basins of the CRSB

are indicated by numbers: 1, Curitiba; 2, Sdo Paulo; 3, Taubaté; 4, Resende; 5, Itaborai. The thick red line indicates the
Cretaceous hinge line extracted from Karner and Gamboa (2007). The other lines indicate the continent—ocean boundary
(COB) presented by different authors (Carminatti et al., 2008; Karner, 2000; Meisling et al., 2001; Zalan et al., 2011). COB
compilation extracted from Rigoti (2015). The circles indicate the postrift denudation based on thermochronological data
(Cogné et al., 2011) assuming a geothermal gradient of 30°C. (b) Topographic profile crossing the Serra da Mantiqueira and
Serra do Mar escarpments indicated by X-Y in the map. The gray region indicates the Cenozoic sedimentation preserved
between the two escarpments. Profile extracted from Cogné et al. (2012).

processes on the onshore tectonic evolution of the continental lithosphere during the postrift evolution of diver-
gent margins, tens of millions of years after the end of lithospheric stretching.

In the present work, we evaluated how surface processes can affect the stress field in the continental lithosphere
of divergent margins, taking into account the erosive retreat of the coastal escarpment in a visco-plastic thermo-
mechanical model, simulating the evolution of divergent margins since the onset of lithospheric stretching. We
observed that the strain rate pattern induced in the continental margin during the postrift phase depends on the
magnitude of the erosion of the coastal escarpment and the degree of coupling between crust and lithospheric
mantle. We suggest that the reactivation of normal faults in the continental interior induced by the flexural re-
sponse of the plate to escarpment denudation is promoted when the lithosphere is decoupled, compatible to a
low effective elastic thickness. On the other hand, in the scenarios with coupled lithosphere, postrift reactivation
presents smaller magnitude, occurring essentially in the coastal plain and in the offshore domain.

As a geological example, we present the case of southeastern Brazil (Figure 1a) where a postrift tectonism in-
duced the formation of marging-parallel basins in the continent, preserving a sedimentary package of up to 800 m
(Figure 1b) with ages ranging from Paleogene to Quaternary (Riccomini, 1989). This tectonic event produced a
series of elongated basins (Figure 1a) distributed for nearly 900 km along the margin, denominated as Continental
Rift of Southeastern Brazil (CRSB; Riccomini et al., 2004), following the NE-trend of Precambrian rocks of the
Ribeira Belt. The origin of the CRSB cannot be directly related to the Early Cretaceous opening of the South
Atlantic, which occurred more than 60 Myr before the development of these interior basins. We propose that
the combination of differential denudation of the coastal escarpments with a decoupled continental lithosphere
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created tensional stresses in the upper crust necessary for the development of the CRSB in the continental interior
over the Ribeira Belt.

2. Methods
2.1. Model Description

To simulate the formation and evolution of continental margins during and after lithospheric stretching, we used
the finite element code MANDYOC (Sacek, 2017) to solve the equations for conservation of mass, momentum,
and energy for incompressible viscous flow with infinite Prandtl number:

u; =0 (1)
oijj — 8pbin =0 @)
06_7; +uT; =xTii+ H/c,—aTguz/c, 3)

in which
oij = —Poij + n(ui; + u;,) “)
p=po(1—a(T —-To)) (%)

with
i,j=12

where ¢ is time, u, is the ith velocity component, g is gravity acceleration, p is the effective density, a is the
volumetric expansion coefficient, T is temperature, p,, is the reference density at T = T,; = 0°C, « is the thermal
diffusivity, H is the heat production per unit mass, P is the total pressure, ¢, is the specific heat, o is the stress
tensor, 7 is the rock effective viscosity, and §; is the Kronecker delta. In this notation, repeated indices indicate an
addition and T, is the partial derivative of T relative to the coordinate x;. The last two terms in Equation 3 are the
internal heating production and the adiabatic heating, respectively.

We adopted a visco-plastic rtheology where the effective viscosity # combines nonlinear power law viscous rhe-
ology and a plastic yield criterion. The viscous component is given by

1-n
—tn o+v-P
e = Co a7 e (2T ©

in which C is a scale factor, A is the preexponential factor, n is the power law exponent, £;; is the square root of
the second invariant of the deviatoric strain rate tensor (g‘,fjélfj / 2) 1/2, Q is the activation energy, V is the activation
volume, and R is the gas constant. The values of A, n, Q, and V for crust and mantle rocks were extracted from
Karato and Wu (1993) and Gleason and Tullis (1995). The adopted values of each constant parameter indicated
in the conservation equations are shown in Tables 1 and 2.

In the plastic regime, brittle failure is achieved when the stress surpasses the limit given by the Drucker—Prager
criterion:

Oyield = Co * OS¢ + P - singp 7

where ¢ and ¢, are the internal angle of friction and the internal cohesion of the rock, respectively. To facilitate
the formation of localized deformation during lithospheric stretching, we adopted strain-softening effects, where
the values of ¢ and ¢ vary as a function of cumulative strain £ (Huismans & Beaumont, 2003). We used the pro-
cedure adopted by Salazar-Mora et al. (2018), where ¢, and ¢ linearly decrease from 20 to 4 MPa and from 15° to
2°, respectively, for accumulated strain values between 0.05 and 1.05. Below and above these limits, ¢, and ¢ are
assumed constant. This total accumulated strain and the different materials are tracked by particles that permeate
the numerical domain (Gerya, 2019), initially assuming 40 particles per element.
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Table 1
Physical Parameters for the Different Layers of the Numerical Scenarios
Description Symbol Unit Air Upper crust Lower crust Lithospheric mantle Asthenosphere
Reference density 2o kg/m? 1 2,700 2,800 3,354 3,378
Creep flow law - - - Quartz Quartz Dry olivine Wet olivine
Preexponent constant A Pa"/s 1.0 x 1078 8.574 x 10728 8.574 x 10728 2.4168 x 1071 1.393 x 10714
Activation energy 0 kJ/mol 0 222 222 540 429
Power law exponent n - 1 4 4 3.5 3
Activation volume % m?3/mol 0 0 25 % 107° 15 % 10-¢
Scale factor C - 1 1 1, 40 1 1
Heat production H W/kg 0 9.26 x 10-1° 2.86 x 10710 9.0 x 10712 0

Note. Parameters extracted from Karato and Wu (1993) for olivine and Gleason and Tullis (1995) for quartz.

The effective nonlinear viscosity is given by the combination of the plastic and the viscous components (Moresi
& Solomatov, 1998):

. . Oyield
7 = min (piast, Noise) = Min <E nmc> 3)

Additionally, the viscosity was limited by the minimum and maximum values of 10'® and 10> Pa s, respectively.

2.2. Model Setup

The numerical domain comprises 1,600 x 300 km? (Figure 2a), composed of a regular mesh with square elements
of 1 X 1 km?, resulting in 480,000 elements. We adopted Q1PO finite elements, which are bilinear in velocity
and constant in pressure. The domain is subdivided into asthenosphere, lithospheric mantle, lower crust, upper
crust, and air, with each different composition tracked by particles that permeate the finite elements, as described
in the previous section. Crustal thickness is based on Assumpgao et al. (2013) and lithosphere thickness is esti-
mated from Artemieva (2006). To simulate the free surface, we adopted the “sticky air” approach (e.g., Crameri
et al., 2012), taking into account a 40-km-thick layer with a relatively low-viscosity material but with a compati-
ble density with the atmospheric air (see Table 1).

The boundary conditions for the velocity field simulate the lithospheric stretching assuming a reference frame
fixed on the lithospheric plate on the left side of the model, and the plate on the right side moves rightward with
a velocity v, = 1 cm/year (Figure 2a). This velocity is compatible with the extension velocity between South
America and Southern Africa at the latitude of the Santos Basin during the rifting phase (Brune et al., 2014). The
velocity field at the left and right boundaries of the model is chosen to ensure conservation of mass and is sym-
i/ 2 Telative to the left plate
(Appendix A). The inflow on the vertical boundaries below the lithosphere compensates for outflow. Additional-

metrical, assuming the adopted reference frame moves to the right with a velocity v,

ly, free slip was applied on the top and bottom of the numerical domain. The
adopted boundary conditions for velocity are adopted in order to analyze the
influence of the surface processes on the tectonic evolution of the continental

Table 2

Fixed Parameters for the Numerical Scenarios margin formed on the left part of the model.

Description Symbol Value Unit The initial temperature structure is depth dependent and is 0°C at the surface

Volumetric expansion coefficient @ 328 % 105  K-! and 1300°C at the base of the lithosphere at 130 km. With these boundary

Vingmeorl @t . 106 s f:on.dmons, the 1n1t1§1 temperature str.ucture 1n. the interior of the lithosphere
. i is given by the solution of the following equation:

Specific heat capacity @, 1,250 J/kg/K

Half width for the denudation function x, 200 km . 0°T(z) + H(z) _ 0 ©)

Position of maximum denudation X, 800 km 0z? Cp

Maximum denudation rate

Sea level relative to the initial altitude

—4
810 mYCAr here H(z) is the internal heat production of the different layers, as indicated

hy —1,500 il in Table 1.
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Figure 2. (a) Numerical model setup for the simulation of the lithospheric stretching. The thickness of the upper and lower crust is equal 4, = ;. = 20 km and

the thickness of the lithosphere is #,,,, = 130 km. The series of horizontal black lines on the left and right boundaries of the model indicate the boundary condition
adopted for the velocity field. The upper curve indicates the denudation function e, adopted, indicating that the maximum denudation occurs in the center of the
domain, decreasing to the borders. Details about the function e, are indicated in the text. The small mark close to the center of the lithospheric mantle is the mantle
seed, necessary to localize the lithospheric stretching in the center of the domain. This mantle seed has a constant initial strain of 1.0 in all scenarios. Additionally,
two vertical weak seeds were introduced in the upper crust in some of numerical experiments at x = 460 km and x = 470 km. (b—c) Yield strength envelope for the
two reference numerical scenarios. The difference between the two scenarios is the scale factor C for the lower crust: C = 1 for decoupled lithosphere and C = 40 for
coupled lithosphere. The dashed lines represent the plastic yield criterion for the maximum and minimum internal angle of friction ¢ and internal cohesion c, adopted
in this work. In these diagrams, the viscous stress was calculated assuming that £;; = 105 s~

The sublithospheric temperature follows an adiabatic increase up to the bottom of the model:
T =T, exp(gaz/cp) (10)

where T, = 1262°C is the potential temperature for the mantle. Additionally, the temperature at all the boundaries
was fixed during all numerical simulations, with the nodes of the model in the air maintained at 0°C.

To avoid a symmetric, laterally homogeneous model, we introduced a random perturbation of the initial strain in
each finite element of the model (e.g., Brune et al., 2014). This random perturbation follows a normal distribution
in which the mean initial strain is 0.2 with a standard deviation of ~0.08. Additionally, to ensure the nucleation of
rifting at the center of the numerical domain, we introduced a weak seed (e.g., Huismans & Beaumont, 2003) in
the lithospheric mantle with a higher initial strain (Figure 2a). Other two weak seeds were introduced in the upper
crust in some numerical experiments to represent the preexistence of crustal weakness before the lithospheric
stretching (Figure 2a).

The numerical scenarios are classified into two main groups, named as “coupled lithosphere” and “decoupled
lithosphere” (Figures 2b and 2c) where the only difference between them is the scale factor, C, for the lower
crust viscosity: in the decoupled model C = 1, while in the coupled model C = 40, with a quartz flow law. This

SILVA AND SACEK 5of 20

85UB0 17 SUOWLLOD 3A1I1D) 8| |dde au3 Aq pausenoh a8 Sspile VO ‘88N JO S8|ni Joj A%eiq 1 8U1jUO /3|1 UO (SUOIPUOD-PUR-SWLBH WD A3 1M AR1q 1 U Uo//SdnL) SUO I IPUOD pue Swie L 8y} 88S *[9202/60/yz] Uo Areiqiauljuo AB|IM |1Zeig - ojred 0es JO AisieAlun Aq 8089000 .LT202/620T OT/10p/uioo" A 1m AriqiiputjuosqndnBe/sdny wiouy papeolumoq ‘2 ‘2202 ‘veTerr6T



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Tectonics 10.1029/2021TC006808

means that for C = 40 this layer is 40 times more viscous at the same temperature, pressure, and strain rate regime
compared with C = 1. The use of these nomenclatures represents an oversimplification, because both scenarios
present a certain degree of coupling between the upper crust and lithospheric mantle, and part of the stress can
be vertically transmitted through the different layers depending on the stress and temperature state of the entire
lithosphere. The value of C = 40 for the coupled lithosphere is compatible with the values used in previous works
to simulate strong crust bonded to the lithospheric mantle (e.g., C = 30-100 in Huismans & Beaumont, 2014).

The denudation on the top of the model was simulated by the imposition of a prescribed erosion rate variable
in space and time. Other procedures can be adopted, like the assumption of a diffusion equation or a power law
equation to simulate surface processes (e.g., Andrés-Martinez et al., 2019) or coupling with LEM codes (e.g.,
Beucher & Huismans, 2020). Here, we adopted the prescribed erosion rate to have control on the timing and
extent of the erosion, facilitating the comparison of the different numerical scenarios with the same amount of
escarpment retreat. Additionally, the surface processes adopted in the present work were limited to erosion of
the continental margin, neglecting the influence of the sedimentary load on the marginal basin. Therefore, with
this approach, we could isolate the effect of the erosional unloading on the strain pattern of the continental lith-
osphere. One additional scenario is presented in the Supporting Information where the sedimentation was also
taking into account and the results are discussed in Section 4.2.

In each time step for the surface processes, the land/air interface is determined based on the limit between the
“sticky air” and “land” particles. Erosion is applied in this interface based on the imposed denudation rate. Once
a new level for the interface is obtained, all “land” particles above the interface are transformed to a “sticky air”
particle.

The rate of erosion é = é(x, 1) is given by the following expression:
e =kger(x)cs(t) an

where ¢, is a spatial control on denudation, given by

6
e/(x) = exp (—(";—6")) (12)

c

with x controlling the spatial extent of the denudation from the center of the model at position x = x,, while ¢,
is a climate function that rescales the magnitude of the denudation rate through time. The values of the different
parameters of the surface processes are indicated in Table 2. The denudation rate ¢ is only active if the topogra-
phy £ is above sea level h ;. For the points at the surface below the sea level (h < k), no surface processes were
imposed. The values of k, and x were chosen so that the denudation rate along the escarpment at the end of the
numerical simulation was between 10 and 40 m/Myr, compatible to the long-term denudation rate observed on
the Serra do Mar escarpment in southern Brazil (Salgado et al., 2014).

We adopted two types of climate scenarios: one reference model without erosion, where ¢, = 0, and another one
in which the denudation starts only 25 Myr after the onset of the lithospheric stretching:

0, if <25 Myr
¢ = (13)
1, if +>25 Myr

With these two climate scenarios, we try to evaluate the impact of the denudation on the postrift evolution of
divergent margins. In these cases, both models present the same behavior until # = 25 Myr. After this moment,
we can compare the impact of denudation on the lithospheric deformation in comparison with the reference
model, that is, without erosion. This delay between the rifting phase and the onset of denudation in the numeri-
cal simulations reflects the denudation history observed along the marginal escarpments in southeastern Brazil.
Thermochronological data (Gallagher & Brown, 1999) indicate that the first major increase in denudation rate in
southeastern Brazilian margin occurred around the end of the Albian, nearly 20-30 Myr after the onset of rifting.
The Santos Basin experienced a major increase in deposition of siliciclastic sediments during the Late Cretaceous
(Gallagher & Brown, 1999) forming the Santos and Juréia Formations (Assine et al., 2008), reaching a thickness
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of more than 3 km (Moreira et al., 2007). By initiating denudation only at the end of the rifting phase, we are
directly able to test the influence of rifted margin erosion on intracratonal tectonic events.

3. Modeling Results
3.1. Thermomechanical Models Without Surface Processes

First, we present the results of the reference models, where no erosion is applied to the model and only one weak
seed in the center of the model domain is used to nucleate the rifting process. In the reference decoupled scenar-
io, the lower crust flows laterally during lithospheric stretching, while the upper crust is thinned essentially by a
series of frictional-plastic shear zones (Figure 3a and Movie S1). This occurs because the lower crust is mainly in
the viscous regime while the upper crust is in the plastic (brittle) regime. In this scenario, the continental breakup
occurs at ~25 Myr after the onset of lithospheric extension, resulting in a broad region with thinned crust, nearly
400 km wide when both conjugate margins are combined. On the other hand, in the reference coupled scenario,
the lower crust is mainly in the plastic regime, and the stretching and thinning of the crust are essentially accom-
modated by extensional shear zones (Figure 3b and Movie S2). In this case, the zone of lithospheric thinning
is narrower, resulting in a stretched continental crust zone of nearly 250 km (Figure 3b), with the continental
breakup at ~16 Myr. One important difference between these two scenarios is that in the decoupled model, the
upper crust shear zones sole out in the lower crust, whereas in the coupled model the crust is mostly brittle and
the shear zones extend into the upper mantle. In both reference scenarios, during the first ~6 Myr, the strain rate
is distributed throughout the lithosphere and starts to localize in the center of the model only after this period and
the thinning of the lithospheric mantle occurs mainly between 6 and 18 Myr.

The strain rate decreases a few orders of magnitude in both conjugate margins after the breakup (Figure 4 and
Movies S3 and S4). The magnitude of the strain rate along the frictional-plastic shear zones in the upper crust
decreases through time, clearly observed in the decoupled scenario (Figure 4, 25.4-42.3 Myr). Additionally, due
to the low viscosity of the lower crust in the decoupled scenario, even after the lithospheric breakup, the lower
crust continues to flow during the postrift phase (Figure 4a), an aspect not observed in the coupled scenario
(Figure 4b).

3.2. Thermomechanical Models With Surface Processes

In the scenario with the imposed erosion starting 25 Myr after the onset of the lithospheric stretching, the crustal
unloading perturbs the stress state in the lithosphere (Figure 5b and Movie S5). The erosion concentrated mainly
along the continental margins creates flexural stresses not only under the eroded portion of the margin but also
in adjacent domains. For the decoupled scenario, the erosion induces regional uplift, creating a flexural bending
of the crust with downward concavity. Due to the decoupled behavior of the lithosphere in this scenario, the up-
per crust and the lithospheric mantle behave as two plates separated by a low-viscosity lower crust. In this case,
the stresses induced by erosional unloading are concentrated in the crust and are not efficiently transmitted to
the lithospheric mantle. The erosion of the coastal escarpment and its progressive retreat toward the continent
induces the bending of the crust with downward concavity, creating extension at the upper portion of the crust,
accommodated by high-angle frictional-plastic shear zones, observed not only in the region under erosion but
also in the offshore domain and in the continental interior (Figure 6a and letters F in Figures 5b and 5d). At the
middle of the upper crust, it is possible to observe the flexural neutral surface (Figure 6a and NS in Figure 5b),
marked by extremely low strain rates. Below this surface, the flexural compression in the crust is accommodated
by viscous deformation.

On the other hand, the erosion of the margin in the coupled scenario induces a different stress pattern in the lith-
osphere (Figures 5d, 6b, and Figure S3 in Supporting Information S1 and Movie S6). Due to the partial coupling
of the crust with the lithospheric mantle, the flexural rigidity of the lithosphere increases significantly (Burov
& Diament, 1995). As a consequence, the wavelength of the flexural bending increases and the curvature of the
lithosphere decreases, resulting in flexural stresses with smaller magnitudes in the upper crust. In this scenario,
the brittle deformation in the continental interior is negligible, and postrift tectonism occurs essentially in the
coastal plain and in the proximal offshore domain (Figures 5d and 6b).
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Figure 3. Evolution of the reference numerical scenarios with decoupled lithosphere (a) and coupled lithosphere (b), with C = 1 and 40 for the lower crust,
respectively. Both scenarios are without surface processes. Dark and light orange represent the upper and lower crust, respectively, while dark and light green represent
lithospheric and sublithospheric mantle, respectively. Shades of gray indicate the magnitude of cumulative strain. The blue and orange bars indicate the width of the
extended continental crust in both conjugate margins. See the model evolutions in Movies S1 and S2.
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Figure 4. Evolution of the strain rate for the reference scenarios with decoupled lithosphere (a) and coupled lithosphere (b), with C = 1 and 40 for the lower crust,
respectively. The strain rate £;; is in 1/s. Black lines indicates the boundaries between the different compositions. See the model evolutions in Movies S3 and S4.
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Figure 5. Comparison of the strain rate field for the scenarios with and without erosion for the decoupled (a—b) and coupled (c—d) lithosphere (C = 1 and C = 40
for the lower crust, respectively). The strain rate £/, is in 1/s. The letters F indicate zones in the upper crust with active frictional-plastic shear zones similar to faults

and NS indicate the flexural neutral surface. The black dots above the surface indicate the approximate position of the escarpment in the different scenarios. See the
evolution of the models with erosion (b and d) in Movies S5 and S6.
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Figure 6. Topographic profile and strain rate pattern in the lithosphere for the (a) decoupled scenario and (b) coupled scenario (C = 1 and C = 40 for the lower crust,
respectively) and with erosion. The upper panel presents the topographic profile in blue, indicating the position of the escarpment separating the coastal plain from the
continental interior. The flexural neutral surface is shown as a red dashed line in the lower panel.

3.3. Thermomechanical Models With the Preexistence of Weakness in the Upper Crust

For our final set of numerical experiments, we considered scenarios where the upper crust has two preexisting
weaknesses, as shown in Figure 2a. The initial position of these two upper crustal weaknesses was chosen as
x =460 and 470 km. For the decoupled scenarios with surface erosion and crustal weakness, the postrift tecto-
nism induced in the continental interior is concentrated close to the weak seed and, consequently, produces larger
strain rates (Figure 7, right column) than in the scenario without crustal weakness (Figure 7, left column). Due
to the concentrated strain in the region close to the crustal weakness, increased frictional-plastic strain is evident
at the surface of the model (Figure 8, right column) generating an initial graben during the onset of lithospheric
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Figure 7. Comparison of the strain rate field for the scenarios with and without weak seeds in the upper crust for the decoupled lithosphere (C = 1). Both models
have erosion acting on the surface. The strain rate £, is in units of 1/s. The letters F indicate zones in the upper crust with active frictional-plastic deformation and NS

indicate the flexural neutral surface. Both axes are in kilometers.
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scenario with crustal weakness.
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Figure 9. Maximum strain rate in the upper crust along the interval between x = 500 and 600 km for four scenarios. The
erosion of the continent starts at 25 Myr in the scenarios with erosion (green and orange curves).

stretching in the first 8 Myr of simulation that is reactivated during the denudation phase of the margin. This
graben is not formed in the scenario without the preexistence of the upper crustal weakness, where the postrifting
frictional-plastic deformation is more diffuse in the continental interior (Figure 8, left column).

In all of our numerical experiments, the maximum strain rate in the upper crust in the continental interior occurs
during the initial stage of lithospheric stretching ($10 Myr), where the strain is distributed through the entire
domain (Figure 9). After this time interval, the strain rate drops nearly 2 orders of magnitude in the continental
interior due to the localization of the stretching in the center of the numerical domain.

The maximum strain rate increases slowly during the final stage of lithospheric stretching until ~25 Myr, a period
marked by expressive thinning of the lithospheric mantle and concentration of the stretching in the continental
crust. In the scenarios without erosion, the strain rate in the continental interior decreases almost monotonically
after the end of the rifting phase and through all the postrift phase. However, in the scenarios with imposed ero-
sion at t = 25 Myr, the maximum strain rate increases by more than 1 order of magnitude relative to the scenarios
without erosion (Figure 9). When the erosion is applied in combination with the presence of weakness in the
intracontinental upper crust, the maximum strain rate becomes more than 100 times larger than the one observed
in the same scenario but without intracontinental crustal weakness and no erosion (Figure 9). Additionally, in
the scenario with erosion and crustal weakness, the maximum strain rate after the onset of erosion at 25 Myr is
of the same order as the maximum strain rate during the initial lithospheric stretching (<10 Myr). We also find
that a higher magnitude of denudation results in higher deformation observed in the upper crust in the continental
interior (Figure S1 in Supporting Information S1).

4. Discussion
4.1. The Mechanism for Postrift Tectonism Induced by Erosion

Based on analytical expressions assuming pure elasticity, it is well known that the uniform erosion of the crust
can induce compressive stresses at the surface due to the elastic behavior of the rocks. The horizontal compressive
stress o, at the surface is given by (Turcotte & Schubert, 2002)

1-2
Op = ( 1 V)pcgherod

-V
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a) 4 where v is the Poisson’s ratio, p_ is the crust density, and h,,_, is the thickness

of the eroded layer. Assuming v = 0.25, p_ = 2,700 kg/m?, g = 10 m/s?, and

h,... = 3 km, the horizontal stress is 6, = 54 MPa.

erod

However, this expression is only valid if we consider the uniform erosion
of a horizontal layer with constant thickness. If the erosion is localized and
therefore geographically finite, flexural extensional stresses will be generated
at the surface that can easily surpass the magnitude of compressive stresses

=

plate deflection w (km)

—— T.=40km obtained in the previous analytical solution. Assuming an elastic rheology,

—— Te=10km the magnitude of the horizontal stress o, along the axis x generated by the
bending of an elastic plate with effective elastic thickness T, is given by (Tur-

cotte & Schubert, 2002)

(14)

where E is the Young’s modulus, €_ is the strain along the x axis, and d*w/dx?
is the curvature of the plate. In this expression, ¢, is calculated at the surface
of the plate at a distance 7,/2 from the flexural neutral surface. Assuming
reasonable values (d?w/dx*> ~ 1077 to 10~° m~!) for the plate curvature due to

flexural effects (Lavier & Steckler, 1997) and T, = 20 km, the resulting ex-
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tensional stresses are o,, ~ 100-1,000 MPa. Obviously, this analysis is a sim-
plification, assuming a perfect elastic plate, but demonstrates the importance
of the flexural stresses relative to the stresses induced by erosive exhumation.

Keeping in mind the simplicity and limitation of the elastic plate approach,
here we present a simplified analogous model for the thermomechan-
ical model presented in the previous section, showing the physical expla-
nation for the difference in the stress patterns obtained in the coupled and
decoupled scenarios. Considering an infinite thin elastic plate with rigidity
D = ET?/12(1 — v?) floating on an inviscid fluid with density p,, and under
the load g uniformly distributed over the segment A—B of the plate, the de-

flection w(x) of the plate at the point x, which is a distance a from A and a

—300 —-200 —-100

Figure 10. Analytical solution for the flexure of a thin elastic plate under
a uniform load distributed in the interval between —100 and 100 km.

(a) Thickness &

ero

. of the eroded crust, resulting in the unloading of the
lithosphere. (b) Flexural response of the elastic plate for two different effective
elastic thicknesses: 7, = 10 and 40 km. (c) Curvature of the plate for the two —4
cases shown in (b). I and II indicate the locations of maximum curvature with
downward concavity for 7, = 40 and 10 km, respectively.

0 100 200

300 distance b from B is given by (Hetényi, 1946)
km i
_9 (e“"cos/la - e"”’cos/lb) , if x<A
2pmg
w(x) =< 5 g (2 — e %cosda — e"“’cosib) , if A<x<B (15)
Pm8

(e7*cosia — e *cosAb) if B<x

2png

L

where 4 = v/png/4D.

Assuming that the load g = p gh,, ,is upward, representing the unloading due to the erosion of a layer of the crust
with thickness h,,,, = 3 km, density p_ = 2,700 kg/m?, and width of 200 km (Figure 10a), the flexural response of
the lithosphere depends on the flexural rigidity of the plate. Using Equation 15, for an effective elastic thickness
T, = 40 km, the long-wavelength upward movement of the plate occurs over a segment of the plate of nearly
500 km, while for a 7, = 10 km the upward movement occurs in a narrower region in a segment of nearly 300 km
(Figure 10b). For these two cases, the maximum uplift coincides with the center of the (un)load.

However, the curvature of the plate d’w/dx?, which is proportional to the horizontal stress ¢, (see Equation 14),
presents different patterns for the locations of maxima and minima in these two cases (Figure 10c). For the case
with 7, = 40 km, the maximum curvature with downward concavity (Figure 10c, symbol ), is in the center of the
load, generating the maximum extension at the surface exactly under the eroded area. In the case with 7, = 10 km,
the maximum curvature with downward concavity occurs close to the limits of the eroded area (Figure 10c,
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symbols II), while in the center the concavity is close to zero. Therefore, in this case, the extension is maximum
on the borders of the eroded area.

These flexural patterns are similar to what was observed in the thermomechanical scenarios of the previous sec-
tion. The case with T, = 40 km is compatible with the scenario with coupled lithosphere, where the unloading
of the margin due to the escarpment erosion resulted in the development of structures similar to normal faults
mainly in the coastal plain, the center of the unloading of the margin. On the other hand, the case with T, = 10 km
is similar to the scenario with decoupled lithosphere, where the erosion of the escarpment induced shear/faulting
mainly in the continental interior and along the offshore margin previously stretched.

It is important to highlight that the effective elastic thickness used in the analogous experiments does not repre-
sent any physical layer in the interior of the lithosphere but represents an integrative contribution of the flexural
rigidity of the crust and lithospheric mantle (see Burov & Diament, 1995, for a detailed analysis of the meaning
of the effective elastic thickness in the continental lithosphere). For the scenario with decoupled lithosphere,
the effective elastic thickness is essentially calculated based on the rigidity of the upper crust, with a negligible
contribution of the lithospheric mantle. On the other hand, in the coupled lithosphere case, the effective elastic
thickness combines the rigidity of the crust and the lithospheric mantle.

4.2. Comparison to Continental Divergent Margins

The two groups of scenarios tested in the present work, defined here as coupled and decoupled models for sim-
plicity, resulted in different geometries for the stretched margin, mainly due to crustal strength dependency (e.g.,
Tetreault & Buiter, 2018). In the decoupled models, the domain of crustal thinning covers a region of ~400 km
in which the zone where the crust is thinner than 15 km thick (defined as hyperextended by Pérez-Gussinyé
et al., 2020), represents nearly half of this width. On the other hand, in the coupled models, the extension zone
is nearly 250 km with hyperextended crust of less than 100 km. Here, we chose to increase the scale factor C for
the lower crust to simulate the lithospheric coupling, but other approaches are possible which would give similar
results, like the use of a different creep flow law for the lower crust (e.g., Brune et al., 2014) or the initial thermal
structure of the lithosphere.

These two sets of numerical experiments presented here are rheologically compatible to the numerical scenarios
of Type 2 presented by Pérez-Gussinyé et al. (2020). In both works, the initial crustal thickness is 40 km and the
temperature at the base of the crust is close to 600°C. In these cases, the conjugate margins are asymmetric (al-
though the degree of asymmetry is significantly different between the two works), with the width of the margins
as a function of the strength of the lower crust.

Possibly, the degree of asymmetry of the conjugate margins in our work is smaller than the one obtained by
Pérez-Gussinyé et al. (2020) due to differences in the choice of the material for the lower crust, thereby affecting
the rheology of this layer. In fact, when Brune et al. (2017) adopted wet quartzite for the entire crust, resulting in
a very weak rheology for the crust, they obtained wide and symmetric margins. Similarly, when the initial temper-
ature at the base of the crust was increased from 600 to 700°C, using the rheology of wet anorthite, resulting in a
decrease in the effective viscosity of the lower crust, Pérez-Gussinyé et al. (2020) obtained wide and symmetric
margins.

Our experiments with coupled lithosphere are similar to the models Type 2a in Pérez-Gussinyé et al. (2020) repre-
senting scenarios with strong lower crust, resulting in asymmetric margins with large offset shear zones but with
relatively narrow margins. This kind of coupled lithosphere was previously used to explain the continental rifting
between Iberia and Newfoundland (Brune et al., 2017), reproduced in numerical scenarios with the rifting phase
enduring for ~16 Myr and resulting in combined conjugate margins with ~230 km, similar to our numerical
scenario presented in Figure 4b. On the other hand, our experiments with a decoupled lithosphere are compatible
with the model Type 2b in Pérez-Gussinyé et al. (2020) representing scenarios with weak lower crust, resulting in
asymmetric margins with small offset shear zones but with wide conjugate margins, with hundreds of kilometers
wide. Similarly, a weak lower crust was proposed to explain the development of the hyperextended crust between
Brazil-Angola conjugate margins (Brune et al., 2017), classifying the rifting process into three phases: (a) si-
multaneous faulting, distributed over hundreds of kilometers and enduring for ~17 Myr; (b) rift migration phase
that amplifies the asymmetry between the conjugate margins and persists for ~18 Myr; and (c) finally resulting
in continental breakup, with combined conjugate margins widths greater than 400 km. This temporal evolution
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and spatial extent of the rifting process is compatible with the decoupled scenario presented in Figure 4a. One
example of this kind of conjugate margins is the Kwanza—Campos/Espirito Santo margins between Africa and
Brazil, where the margins can exceed 200 km wide (Brune et al., 2014). Southward, in the Santos, the width of
the Brazilian margin can reach more than 500 km. We propose that the development of this anomalous stretched
margin in southeastern Brazil of more than 400 km is induced by the low degree of coupling between the upper
crust and lithospheric mantle during the development of the rifting.

In addition to this singular wide extended margin, the adjacent onshore southeastern Brazilian margin presents
a peculiar double pattern of escarpments parallel to the margin, the Serra da Mantiqueira and Serra do Mar es-
carpments (Figure 1a), limiting the sedimentary basins of the CRSB. We propose that the development of the
CRSB can be explained by local stresses induced by the flexural response of the lithosphere to the unloading of
the margin, as previously proposed by Silva and Sacek (2019). Here, we expand this analysis taking into account
a thermomechanical numerical model with a rheology that combines brittle failure and creep flow, simulating the
evolution of the margin since the onset of the lithospheric stretching.

In the present numerical experiments, we were able to reproduce the development of frictional-plastic deforma-
tion similar to normal faults and the formation of a graben in the continental interior compatible with the CRSB
between the Serra do Mar and Serra da Mantiqueira escarpments. This was possible due to the combination of
three different factors:

1. The decoupling of the crust and the lithospheric mantle, favoring the development of a hyperextended margin
as observed in the southeastern Brazilian margin (Karner, 2000; Zal4n et al., 2011) with the continent—ocean
boundary hundreds of kilometers far from the coast (Figure 1a). As exemplified by the analytical solution of
the thin elastic plate shown in Figure 10, the plate curvature will be amplified due to the low flexural rigidity
in the decoupled lithosphere.

2. Postrift exhumation due to erosion of the margin with a magnitude between 3 and 4 km (Cogné et al., 2011).
Additionally, assuming that the initial escarpment was formed along the offshore Cretaceous hinge line (Fig-
ure la), the total escarpment retreat can be larger than 100 km since the continental breakup. Furthermore,
thermochronological data (Cogné et al., 2011; Hiruma et al., 2010) indicate that pulses of erosional exhu-
mation during the Late Cretaceous preceded the filling of the interior basins of the CRSB. The load of the
sedimentary layers deposited in the offshore Santos Basin induced an additional flexural influence in the con-
tinent, creating an adjacent flexural bulge that could amplify the extensional stresses created by the erosional
unloading of the continental margin (see Figure S2 in Supporting Information S1). However, the sedimentary
load represents a secondary effect on the strain pattern of the continental interior. In fact, the main differences
between the scenarios with and without sedimentation occur close to the offshore domain, in the stretched
crust, with amplified strain rate in the scenario with sedimentation.

3. Preexistence of crustal weaknesses along the continental margin. The formation of grabens in zones of weak-
nesses is well known (Dunbar & Sawyer, 1988). Also, the crystallographic lattice preferred orientation of
olivine crystals in the lithospheric mantle has been related to preexisting weakness zones and rifted margin
formation (Tommasi & Vauchez, 2001, 2015). In particular, the CRSB evolved on the shear zones of the Pre-
cambrian rocks of the Ribeira Belt (Trouw et al., 2000), nearly parallel to the present margin.

It is important to highlight that in our numerical simulations, the graben generated in the continental interior was
initially formed during the initial lithospheric stretching in the first ~8 Myr of simulation and reactivated during
the postrift pulse of erosive exhumation of the margin. There is no clear geological evidence that the CRSB
was tectonically active during the formation of the South Atlantic margins, although Cogné et al. (2013) argue
that the basement reactivated during the Late Cretaceous before the initial sedimentary infilling of the basins in
the CRSB. In the conjugate margin, onshore tectonism occurred at the time of rifting of South Atlantic due to
reactivation of Neoproterozoic shear zones of the Kaoko Belt (Salomon et al., 2015), although the precise time
of reactivation is still uncertain. Salomon et al. (2015) argue that this reactivation did not influence the main rift
and was a side effect of rifting.

The numerical experiments presented here only can explain the initial stage of tectonism that created the series
of grabens in the CRSB. Our two-dimensional thermomechanical model is not able to take into account other
tectonic forces that modified the geometry of the basins, including the influence of the Andean orogeny and the
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obliquity of the CRSB relative to the evolving stress state of the lithosphere, and only three-dimensional codes
can appropriately simulate these components.

5. Conclusions

This work evaluated the effects of erosion and lithospheric stretching on the postrift margin evolution using an
integrated coupled model of Earth’s interior dynamics and surface processes in extensional settings. In scenarios
where the lower crust had relatively lower viscosity than the upper crust, resulting in a decoupled lithosphere and
a low effective elastic thickness, a hyperextended rifted margin is obtained. In this scenario, when denudation of
the margin is present, maximum strain occurred at the limits of the eroded region as a result of the flexural re-
sponse of the lithosphere. For scenarios where the lower crust had relatively high viscosity resulting in a coupled
lithosphere, the maximum strain occurred precisely beneath the denudation region. Hence, very little strain oc-
curred on the continental interior. These results suggest that the occurrence of postrift tectonism in the hinterland
is favored when the margin has a decoupled lithosphere and high magnitude of denudation. The numerical results
also indicate that the preexistence of a shear zone in the continent favors tectonism.

The southeastern Brazilian margin is unique in the world, featuring a hyperextended lithosphere in which the
distance from the coastline to the continent—ocean boundary exceeds 500 km. Based on numerical experiments
results, the hyperextension requires a decoupled lithosphere. This factor was also of primary importance to gen-
erate tectonism on the interior of the continent.

Appendix A: Left and Right Boundary Conditions for Velocity
The horizontal velocity field along the left and right borders of the domain presents two layers (Figure 2):

1. constant velocity with depth at 0 <z < h;
2. linearly variable velocity with depth ath, <z < h_+h,,

where z is the vertical axis with origin at the Earth’s surface and pointing downward, z, = 150 km is the thickness
of the upper layer with constant velocity, corresponding to the lithosphere #,,,, = 130 km and part of the asthe-
nosphere, and i, = 110 km corresponds to the remaining asthenospheric portion of the model until the bottom
of the model, where the horizontal velocity at the borders of the model varies linearly with depth. Therefore, the
sum h_+ h, represents the total thickness of the model without the “sticky air” layer.

Considering that the reference frame is fixed with the left portion of the model and that the right portion of the
lithosphere is moving rightward with a velocity of v ;, and ensuring conservation of mass, the horizontal compo-
nents of the velocity on the left and right side of the domain, respectively v, and vy, are

0, if 0<z<h
@)=y (A1)
o=, if he <z < he+ha
Urifts if 0<z<h
UR(Z) = - h (A2)
Uy =+ Vg, if he<z<h.+h,
where
he + hg
Up = Urift (A3)
h,
so that
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