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The influence of lithospheric rheology and surface processes on the 
preservation of escarpments at rifted margins 
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A B S T R A C T   

The formation of rift flank topography along rifted margins is related to the flexural uplift of the footwall on the 
rift border fault during lithospheric stretching. The preservation of rift flank topography in mature margins can 
be explained as a feedback mechanism between differential denudation of the margin and regional isostatic 
response of the lithosphere. However, the contribution of the lithospheric rifting on the escarpment amplitude in 
both young and mature margins is not easily quantified. In the present work, we used a 2D thermo-mechanical 
numerical model to simulate lithospheric extension to evaluate the sensitivity of escarpment amplitude and its 
preservation under different rheological conditions over timescales larger than 100 Myr, comparable with the 
age of mature rifted margins. We found that the evolution of escarpment uplift and its preservation for tens of 
millions of years are sensitive to the degree of coupling between the crust and mantle and the regional isostatic 
response of the lithosphere to surface processes. The flexural uplift as a response to lithospheric stretching are 
limited to the first 100-150 km from the rift flank. Without the influence of surface processes, the amplitude of 
the escarpment monotonically decreases through time due to the lateral flow of the lower crust and thermal 
cooling of the margin. In the scenarios with surface processes, topographic signature inherited from the rift phase 
in the post-rift escarpment elevation is possible only in margins where the erosive escarpment retreat is smaller 
than ~100 km. In scenarios where the escarpment retreat exceeds this distance, the escarpment elevation is 
mainly preserved by the combination of the inherited topography (existent before the onset of lithospheric 
rifting) and flexural rebound of the lithosphere due to the erosion along the margin.   

1. Introduction 

Rifted margins represent a large portion of coastal margins world-
wide [Bradley, 2008)] and several of these margins exhibit escarpments 
with more than one kilometer in amplitude, separating the continental 
interior from the coastal plain, either in young (e.g. Red Sea margins) or 
mature margins (e.g. Southeastern Australia, Western Ghats in India, 
and Brazilian and conjugate African margins along the South Atlantic 
margins) older than 80 Ma (Fig. 1). The topographic asymmetry be-
tween the steep coastal escarpment and the low relief continental inte-
rior has a profound impact on the denudation history along these 
margins. The higher slopes along the coastal escarpment contribute to 
facilitate the erosion by fluvial and hillslope processes, resulting in 
higher denudation rates along the margin relative to the continental 
interior [e.g. Sordi et al., 2018]. In fact, thermochronological data [e.g. 
Gunnell, 2000; van der Beek et al., 1995] show that apatite fission-track 
(AFT) ages along the coast are usually younger than the rifting age, 

contrasting with AFT ages much older in the continental interior, indi-
cating that a few kilometers of rock was eroded along the coastal plain 
since continental rifting [Braun et al., 2006]. The formation of steep 
escarpments along divergent margins indicate a clear relationship with 
the rifting process. For example, based on a global compilation of 40 
margin escarpments with different ages and erosional histories, 
Osmundsen and Redfield [2011] showed that crustal thinning pattern 
and margin width has a inverse correlation with the height of the coastal 
escarpment. 

To explain the formation of these escarpments along rifted margins 
and their preservation during the post-rift phase, different models were 
proposed during the last four decades based on analytical and numerical 
approaches [e.g. Beucher and Huismans, 2020; Braun, 2018; Braun and 
Beaumont, 1989; Burov and Poliakov, 2001; Gilchrist et al., 1994; Gil-
christ and Summerfield, 1990; Kooi and Beaumont, 1994; van der Beek 
et al., 2002]. In regards to the mechanism of escarpment formation, the 
lithospheric stretching during continental rifting induces flexural 
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stresses that are regionally compensated by the lithosphere [Braun and 
Beaumont, 1989; Weissel and Karner, 1989]. As a consequence, the 
mechanical unloading of the lithosphere induces the formation of 
uplifted flanks at the borders of the rift by faulting. Additionally, other 
geodynamic processes were proposed in the literature that can amplify 
the elevation of escarpments along rifted margins during the rifting 
phase: (1) thermal effects due to the thinning of the lithosphere 
[Beaumont et al., 1982] and consequent uplift of the lithosphere- 
asthenosphere boundary (LAB); (2) magmatic underplating onto the 

continental crust [McKenzie, 1984; White and McKenzie, 1989], thereby 
increasing the effective thickness of the continental crust; and (3) 
dynamically supported by the impingement of mantle plumes [Turcotte 
and Emerman, 1983]. Among these processes, flexure and magmatic 
underplating can explain permanent uplift of the margin, while thermal 
effects due to lithospheric thinning are transient and hardly can 
contribute to preserve high altitudes in mature margins older than 60 
Ma [Weissel and Karner, 1989]. However, the presence and geographic 
extension of magmatic underplating in onshore portions of mature rifted 

Fig. 1. Topographic map showing a selection of escarpments along rifted margins. Topography based on ETOPO1 [Amante and Eakins, 2009]. Red lines represents 
the oceanward topographic profiles crossing the coastal escarpments at rifted margins worldwide. (a-l): Topographic profiles described above. To improve visual-
ization of the coastal escarpments of each margin, the profiles were aligned with the respective topographic maximum at x= 300 km. The time intervals indicate the 
rifting phase along each continental margin. SM: Serra do Mar; NMA: Namibia-Angola; SEA: Southeastern Australia; SAn: Northern Saudi Arabian; EGT: Egypt; ESD: 
Eritrea-Sudan; SAs: Southern Saudi Arabian; TAM: Transantarctic Mountains; IND: India (Western Ghats); MDG: Madagascar; NRW: Norway; GRL: Greenland. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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margins is not clear [e.g. An and Assumpção, 2006], and seismic P-wave 
velocity structures in modern rifts indicate that underplating occurred 
essentially under the region of crustal thinning [Thybo and Artemieva, 
2013]. The interaction of mantle convection with the base of the litho-
sphere can promote transient vertical perturbations of the lithosphere, 
known as dynamic topography, with amplitude of a few hundreds of 
meters and wavelength of hundreds to thousands of kilometers [Braun, 
2010], which can amplify or reduce the elevation of the entire conti-
nental margin. Due to its transient behavior and relatively low ampli-
tude, dynamic topography can just modulate the elevation of 
escarpments through the geological timescale. 

The long-term preservation of the escarpment can be explained by 
the feedback between asymmetric erosion of the escarpment (mainly 
concentrated along the coast, with low erosion rates in the continental 
interior) and the flexural response of the lithosphere to the unloading of 
the margin [e.g. Gilchrist and Summerfield, 1990; Kooi and Beaumont, 
1994], resulting in the partial rejuvenation of topography originally 
uplifted during rifting phase [see Braun, 2018, for a review]. For 
example, numerical simulations of surface processes and flexural isos-
tasy in landscape evolution models [e.g. van der Beek et al., 2002] were 
successful in explaining the preservation of escarpments in mature 
margins and the exhumation history predicted by thermochronological 
data [e.g. Brown et al., 2002]. 

During the last decades, the formation of the coastal escarpment 
during lithospheric stretching and the long term preservation of the 
escarpment were explored independently in the literature. Notable ex-
ceptions are works that integrated thermo-mechanical models and 
landscape evolution models mainly during the rifting phase [e.g. Burov 
and Poliakov, 2001]. Only a few papers explored the long-term evolu-
tion of escarpments after the onset of lithospheric rifting, extending the 
analysis to post-rift phase: Theunissen and Huismans [2019] simulated 
the formation and evolution of divergent margins for a time span of 40 
Myr, concluding that surface processes of erosion and sedimentation 
contribute to enhance strain localization and control margins architec-
ture and that the post-rift regional isostatic response to unloading sta-
bilizes the water drainage divide initially formed by the rift flank and 
controls its migration speed. Beucher and Huismans [2020] observed 
that ductile flow of the lower crust affects the amplitude of the escarp-
ment in thermo-mechanical simulations spanning 10 Myr and Wolf et al. 
[2022] simulated the evolution of divergent margins for a time interval 
of 40 Myr, showing how the increase in erosion and sedimentation rate 
along the margin contribute to induce strain localization during litho-
spheric rifting and confirmed that post-rift capture of the hinterland 
drainage network is responsible for transient high sediment flux. 

In the present work we explored the formation and evolution of 
coastal escarpments along rifted margins while considering a time in-
terval larger than 100 Myr, compatible with the longevity of the con-
jugate margins between Brazil and Africa, for example. We aim to 
quantify the contribution of rift flank topography on the present day 
morphology of great escarpment by using 2D thermo-mechanical nu-
merical models to simulate lithospheric stretching and to analyse the 
preservation of the obtained escarpment related to different magnitudes 
of erosional retreat. 

2. Model description 

To simulate the formation and evolution of rifted margins, we used 
the finite element code called Mandyoc [Sacek, 2017; Silva and Sacek, 
2022] that numerically solves the Stokes's flow equations for an 
incompressible non-Newtonian fluid resulting in the following differ-
ential equations of conservation of mass, energy and momentum, 
respectively [Zhong et al., 2007]: 

ui,i = 0 (1)  

σij,j + giρ = 0 (2)  

∂T
∂t

+ uiT,i = κT,ii +
H
cp

+ uigiα
T
cp

(3)  

where 

σij = − Pδij + η
(
ui,j + uj,i

)
, (4)  

ρ = ρ0[1 − α(T − T0) ], (5)  

and t is time, ui is the i-th velocity component, g is gravity, ρ0 is the 
reference rock density at temperature T0= 0 ◦C, α is the coefficient of 
thermal expansion, T is temperature, κ is the thermal diffusivity, H is 
heat production per unit of mass, cp is specific heat capacity, P is the total 
pressure, η is the dynamic viscosity and δij is the Kronecker delta. 
Repeated indices mean summation and the indices after commas 
represent the partial derivative to the respective coordinate. 

We adopted a visco-plastic rheology to represent the geodynamic 
evolution of the crust and mantle, where the effective viscosity η com-
bines the non-linear power law viscous rheology and a plastic yield 
criterion. The viscous component is a function of temperature and 
composition [Huismans and Beaumont, 2014]: 

ηvisc = CA− 1/nε̇
1− n

n
II exp

[
Ea + VP

nRT

]

(6)  

where C is a scale factor, A is the pre-exponential scale factor, n is the 
power law exponent, ε̇II is the square root of the second invariant of 

deviatoric strain rate tensor given by 
(

1
2ε̇′

ijε̇
′

ij

)1/2
, Ea is the activation 

energy, V is the activation volume, and R is the universal gas constant. 
In the plastic regime, brittle failure occurs when the stress in the rock 

reaches the Drucker-Prager criterion, which is equivalent to Mohr- 
Coulomb criterion under plane strain conditions [Wojciechowski, 
2018]: 

σyield = c0cosϕ+Psinϕ, (7)  

where ϕ is the internal angle of friction and c0 is the internal cohesion of 
the rock and both vary linearly as a function of cumulative strain ε 
during strain softening which facilitates the localized deformation 
[Huismans and Beaumont, 2003]. Below and above the limits of strain 
softening presented in Table 1, c0 and ϕ are assumed constant. 

The combination of the plastic and viscous components result in the 
effective nonlinear viscosity, given by [Moresi and Solomatov, 1998]: 

η = min
(
ηplast, ηvisc

)
= min

⎛

⎝σyield

2ε̇II
, ηvisc

⎞

⎠. (8) 

The topographic response due to extension is simulated by the sticky- 
air approach [Crameri et al., 2012] where a layer of low density and low 
viscosity is inserted above the upper crust to emulate the air and the 
topographic response is obtained by mapping the interface between air 
layer and upper crust. 

The composition and the cumulative strain are tracked through time 
by particles that permeate each finite element of the domain. Initially, 
each element contains nearly 160 particles uniformly distributed. 

2.1. Model setup 

The model domain (Fig. 2a) has 1600 × 300 km2 with 2 km of grid 
resolution in both directions, resulting in 120000 finite elements. The 
domain is subdivided into five layers: air, upper crust, lower crust, 
lithospheric mantle, and astenospheric mantle. The thickness of each 
layer is, respectively, 40, 20, 15, 95 and 130 km resulting in a litho-
sphere with 130 km thick. Inside the lithospheric mantle there is a 6×6 
km2 weak seed of same composition but with lower cohesion and in-
ternal friction angle, representing a local heterogeneity that helps the 
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nucleation of rifting in the center of the model domain [Huismans and 
Beaumont, 2007; Huismans and Beaumont, 2003]. Free surface is 
simulated by the “sticky air” approach, as described above (Fig. 2a, 
Table 1). 

The initial thermal structure of the lithosphere is only depth 
dependent and is represented by the black vertical profile inside the 
inset plot in Fig. 2a. This profile is obtained by the solution of the steady 
state diffusion equation with the source term: 

Table 1 
Rheological parameters of numerical scenarios according to respective layer.  

Description Symbol Unit Air Upper Crust Lower Crust Lithospheric Mantle Astenosphere 

Creep flow law − − − Wet quartz1 Wet quartz1 Dry olivine2 Wet olivine2 

Power law expoent n − 1 4 4 3.5 3 
Scale Factor C − 1 1 1, 2, 5, 10, 40 1 1 
Reference density ρ0 kg/m3 1 2700 2800 3354 3378 
Pre-exponent constant A Pa− n/s 1.0×10− 18 8.574×10− 28 8.574×10− 10 2.4168×10− 15 1.393×10− 14 

Activation Energy Ea kJ/mol 0 222 222 540 429 
Activation Volume V m3/mol 0 0 0 25×10− 6 15×10− 6 

Heat Production3 H W/kg 0 9.26×10− 10 2.86×10− 10 9.0×10− 12 0 
Cohesion4 c0 MPa − 20→4 20→4 20→4 20→4 
Internal friction angle4 ϕeff(ε) − − 15◦→2◦ 15◦→2◦ 15◦→2◦ 15◦→2◦

Strain softening interval4 − − − 1.05→0.05 1.05→0.05 1.05→0.05 1.05→0.05  

1 Extracted Gleason and Tullis [1995]. 
2 Extracted from Karato [1993]. 
3 Extracted from Andrés-Martínez et al. [2019] for upper and lower crust. 
4 Extracted from Salazar-Mora et al. [2018] 

Fig. 2. a) Initial numerical setup for the experiments. huc = 20 km, huc = 15 km and hlitho = 130 km are the thickness of upper crust, lower crust and lithosphere, 
respectively (see text for details about layers and boundary conditions). Gray and black curves represent the region where surface processes acts for scenarios with xσ 
= 50 and 100 km, respectively. b) Initial yield strength envelopes (YSE) for numerical scenarios according to the scale factor adopted for the lower crust, Clc (Eq. 6 
and text for more details), represented by the different colors: red: Clc = 1; blue: Clc = 2; green: Clc = 5; purple: Clc = 10; black: Clc = 40. The curves were drawn 
assuming ε̇II = 10− 5 s− 1. Dashed lines represent the plastic strain yield criterion for the maximum and minimum internal angle of friction ϕ and internal cohesion c0 
adopted. c) Strain softening. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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κ
∂2T(z)

∂z2 +
H(z)

cp
= 0, (9)  

where H(z) is the internal heat production of each layer (Table 1) 
assuming that the surface is at 0 ◦C and the base of the lithosphere is at 
1300 ◦C. The sub-lithospheric temperature increases adiabatically up to 
the bottom of the domain: 

T = Tpexp
(
gαz

/
cp
)
, (10)  

where Tp= 1262 ◦C is the potential temperature for the mantle. Addi-
tionally, the temperature in all boundaries was fixed during the nu-
merical simulations and the nodes in the air layer was maintained at 
0 ◦C. 

The velocity boundary conditions are represented by the horizontal 
black lines at the vertical borders in Fig. 2a and were chosen to ensure 
the conservation of mass following the same procedure adopted by Silva 
and Sacek [2022]. In this procedure new material enters the astheno-
spheric mantle on the sides to compensate the removed material at the 
right border by the lithospheric stretching. The reference frame is fixed 
on the left portion of the model and the lithosphere on the right moves 
rightward with a constant velocity. 

In our numerical scenarios, we assumed a simplified approach to 
simulate the denudation of the margin, adopting a prescribed denuda-
tion rate and predefined extent of the escarpment retreat, which facili-
tates the comparison of the different thermomechanical scenarios with 
different rheological structures but similar denudation history. The 
erosion of the coastal escarpment is simulated by the expression pre-
sented in Silva and Sacek [2022]: 

ė(x) = kspef (x) for t > 10 Myr, (11)  

where, ksp is the maximum denudation rate and ef is the spatial control of 
denudation, given by: 

ef (x) = exp

[

−
(x − xc)

6

x6
σ

]

. (12) 

xσ controls the spatial extent of denudation from the center of the 
model at position x = xc, and t is time since the onset of the numerical 
simulation. Erosion acts only if the topographic surface is above sea level 
(h > hsl). The parameters used in the surface processes are presented in 
Table 2. Additionally, for ef < 1.0 × 10− 5 the denudation rate is imposed 
to be null. This condition is used here to control the maximum escarp-
ment retreat to be of the same order of xσ. Therefore, with this approach, 
we can know the magnitude of escarpment retreat a priori. 

In each time step for the surface processes model, the land/air 
interface is tracked by the limit between the “sticky air” and crust par-
ticles. After the application of the erosion on this interface, the new free 
surface is calculated and all crustal particles above this interface are 
transformed to “sticky air” particles. 

Other previous numerical models explored more realistic surface 
processes formulations, as the stream power law to describe the fluvial 
dynamics [e.g. Theunissen and Huismans, 2019], where the surface 
processes are influenced by the internal dynamics that continuously 
perturbs the landscape. In our simplified approach, the prescribed 

denudation curve controls the maximum retreat of the coastal escarp-
ment only, facilitating the classification of the scenarios in terms of 
magnitude of escarpment retreat. We do not consider sedimentation, 
because the sedimentation during the rifting process can induce thermal 
effects that changes lithospheric rheology and the margin geometry as 
well [Buiter, 2021]. 

2.2. Classification of numerical scenarios 

The scenarios are classified into three main groups according to the 
action of surface processes during simulation: Group I, scenarios without 
erosion, and groups II and III with erosion. 

The denudation in the scenarios of groups II and III assumed xσ = 50 
km and 100 km, respectively (Fig. 2a). Therefore, the escarpment retreat 
in the scenarios of Group II is nearly 50 km and in the scenarios of Group 
III is nearly 100 km. The exact value of escarpment retreat varies be-
tween the simulations, depending on the initial position of the 
escarpment. 

To evaluate the impact of stretching rate on the escarpment forma-
tion and evolution, we subdivided Group I into three subgroups, I-a, I-b, 
and I-c, with different velocities for the lithospheric stretching, 1, 0.5 
and 0.25 cm/year, respectively. 

For each group and subgroup, different values for viscosity scale 
factor C (Eq. 6) were assumed for the lower crust, Clc: 1, 2, 5, 10 and 40 
(see Fig. 2b). These values represent the degree of coupling between the 
crust and lithospheric mantle. For example, a lower crust with Clc = 40 is 
40 times more viscous at the same temperature, pressure and strain rate 
conditions compared to Clc = 1. Hence, large values of Clc represent a 
stronger crust-mantle coupling. 

For the groups II and III, the denudation processes starts at 10 Myr 
after the onset of lithospheric stretching. This delay is intended to ensure 
that the stretching history of groups I, II, and III for the same Clc are the 
same during the first 10 Myr of lithospheric stretching, resulting in 
margins with similar geometry, facilitating the comparison between the 
simulations with the same rheological structure but different denuda-
tion history. 

3. Results 

First, we describe the results from the numerical scenarios of sub-
groups I-a I-b and I-c, which does not include surface processes, evalu-
ating the impact of lithospheric rheology variation and extension rate on 
the margin architecture and amplitude of the escarpments. Then, we 
compare the Group I-a results with groups II and III, which incorporates 
surface processes and different amount of escarpment retreat. 

3.1. The influence of crust-mantle coupling degree on margin architecture 
and escarpment formation 

Based on the scenarios of subgroup I-a, I-b and I-c, the degree of 
crust-mantle coupling affected the strain pattern of the lithosphere 
(Fig. 3) and the final length of the margins (Fig. 4). The scenarios with 
Clc = 1 and 2 presented wider margins with combined margins reaching 
at least 260 km in length (Fig. 4a-f). In these cases, stretching is mainly 
accommodated by ductile flow of the lower crust and the plastic 
deformation is concentrated primarily in the upper crust and parts of the 
lithospheric mantle (Fig. 3). 

On the other hand, for scenarios with Clc = 5, 10 and 40, the rifting is 
more localized and the width of the combined conjugate margins is 
<220 km (Fig. 4e-o). These scenarios contain a strong lower crust and 
the normal faulting during lithospheric stretching is focused in the 
central region of the rift. During the syn-rift phase, the strong lower crust 
hampers the lateral flow and facilitates the concentration of deformation 
at the center of rift (Fig. 3) producing a narrow margin with low amount 
of viscous deformation (Fig. 4). 

Additionally, the scenarios with Clc = 1 and 2 resulted in a protracted 

Table 2 
Fixed thermal and erosional parameters.  

Description Symbol Value Unit 

Volumetric expansion coefficient α 3.28×10− 5 K− 1 

Thermal diffusivity κ 10− 6 m2/s 
Specific heat capacity cp 1250 J/kg/K 
Half-width for the denudation function xσ 50,100 km 
Position of maximum denudation xc 800 km 
Maximum denudation rate ksp 4×10− 3 m/yr 
Sea level relative to the initial altitude hsl − 1000 m  
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flow of the lower crust in response to flexural and isostatic restoration of 
equilibrium (Fig. 4a-f), impacting the evolution of the margin. This post- 
rift flow of the lower crust is less expressive in the scenarios with rela-
tively high viscosity for the lower crust. 

The scenarios of reference group (I) produced coastal escarpments in 
both conjugate margins with amplitude sensitive to the rheological 
structure of the lithosphere. In the scenarios with a weak lower crust and 
consequent low degree of crust-mantle coupling, the distributed 
stretching resulted in coastal escarpments with low amplitude, with 
maximum uplift between 1 and ~3 km (Fig. 5a-f). However, in scenarios 
with a stronger crust-mantle coupling, the maximum uplift of the coastal 
escarpment can reach >4 km (Fig. 5g-o). 

The wavelength of the flexural response that created the coastal 
escarpment is similar in all experiments of this group (≈100–150 km, 
see Fig. 5), creating a negative flexural bulge in the interior of the 
continent with an amplitude of a few hundreds of meters. 

The escarpments along the conjugate margins are partly asymmetric 
and the degree of asymmetry depends mainly on the degree of coupling 
between crust and lithospheric mantle (Fig. 5). We can measure the 
evolution and the degree of symmetry between each escarpment by 

tracking the top of rift flank (escarpment top) over time. At the end of 
syn-rifting phase (~ 17–20 Myr for Group I-a), the escarpment ampli-
tude (the elevation difference between the plateau and the maximum 
elevation of the escarpment) decreases near monotonically due to 
dissipation of stresses in the lithosphere and thermal cooling of the 
margin (Fig. 6). In the first 25 Myr, margins with a strong lithospheric 
coupling are more symmetric than those with weak crust-mantle 
coupling. The greatest asymmetry were observed in scenarios with in-
termediate degree of crust-mantle coupling (Clc = 2 and 5). 

3.2. The influence of stretching rate on the margins evolution 

In scenarios of subgroups I-a, I-b, and I-c, the timing for breakup and 
the combined margins lengths increased as the extension rate decreased 
(Fig. 4). Additionally, for scenarios with a lower crustal strength 
(Fig. 4a-f), the width of the conjugate margins become more asymmetric 
as the extension rate decreased. For example, for Clc = 1, the margins 
formed with an extension velocity v = 1 cm/year have nearly symmetric 
widths (132 and 136 km, Fig. 4a). On the other hand, the same scenario 
with v = 0.25 cm/year created margins with larger asymmetry (152 and 

Fig. 3. Strain rate pattern at the instant of maximum amplitude of rift flank for scenarios of groups I-a (1st column), I-b (2nd column) and I-c (3rd column). Each row 
represents the adopted Clc = 1 (a-c), 2 (d-f), 5 (g-i), 10 (j-l) and 40 (m-o), respectively. Black and red lines represent the base of the lower crust and lithospheric 
mantle, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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202 km). This effect is attenuated as the lithospheric strength increases 
and the margins become narrower (Fig. 4g-o). For some of the scenarios 
with slow extension (v = 0.25 cm/year), the wider margin becomes 
hyperextended, with extended crust thinner than 15 km, for a region 
wider than 100 km (see right margin for scenarios in Fig. 4i,l). Also note 
that continental lithospheric mantle necking is slower with decreasing 
spreading rate. The effect of strain localization due to thermal necking is 
therefore reduced resulting in more distributed deformation and wider 
margins. 

When the stretching rate decreases, all the rifting processes become 
slower and, consequently, the timing for the instant of maximum 
amplitude of rift flanks occurs later (Fig. 3 and Fig. S2). For example, for 
Clc = 2, the time interval between the onset of lithospheric stretching 
and the maximum amplitude of the marginal escarpment is ~11 Myr for 
v = 1 cm/year and ~27 Myr for v = 0.25 cm/year. However, the 
amplitude of the coastal escarpment is less sensitive to the stretching 
rate (compare the different columns in Fig. 5). Only for the scenarios 
with low degree of crust-mantle coupling, with Clc = 1 and 2, the 
escarpment amplitude is lower for slower stretching rates (Fig. 5a-f). 

3.3. Influence of erosion on the evolution of escarpment amplitude 

The same numerical scenarios of Group I-a were simulated consid-
ering the influence of erosion (Fig. 7). For Group II, the escarpment 
retreat is nearly 50 km, while for the Group III, the escarpment retreat is 
nearly 100 km. 

The scenarios in Group III represent margins where the erosion of the 
escarpment is very effective, with a retreating distance similar to the one 
observed along the continental margin of southeastern Brazil. In the 
Brazilian margin the distance between the Cretaceous hinge line and the 
present Serra do Mar escarpment is >100 km [Silva and Sacek, 2022]. In 
both Groups II and III the initial continental interior elevation is 
assumed to be 1 km above the sea level. As a comparison, the elevation 
of stable continental portions far from the influence of hotspots is 400 
±400 m [Theunissen et al., 2022]. Therefore, the initial value of 1000 m 
above the sea level adopted here represents an upper limit for stable 
continental regions far from the influence of hotspots. However, many 
divergent margins contain regional elevation above 1 km, like the 
Southern Africa margins (Fig. 1b) and Saudi Arabian margins (Fig. 1d,g). 

Fig. 4. Margin geometry right after the end of syn-rift phase (breakup) for scenarios of groups I-a (1st column), I-b (2nd column) and I-c (3rd column). Each row 
represents the adopted Clc = 1 (a-c), 2 (d-f), 5 (g-i), 10 (j-l) and 40 (m-o), respectively. Shaded areas represents the cumulative strain. Dark and light orange rep-
resents upper and lower crust, respectively. Dark and light green represents lithospheric mantle and asthenosphere, respectively. Orange and blue horizontal bars 
indicates the width of left and right margins, respectively. The margin width is measured by the distance from the top of rift flank (escarpment) to the end of 
continental crust. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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In Fig. 8 we present the topographic evolution of the left margin for 
groups I-a, II and III. After 130 Myr of numerical simulation, the sce-
narios of Group I-a (Fig. 8 first column) have escarpments with ampli-
tudes that are related to the degree of coupling between crust and 
lithospheric mantle, with the strong coupled scenarios producing well- 
developed escarpments at the end of simulation (Fig. 8c-e). 

In scenarios with intermediate retreat (Group II, Fig. 8 second col-
umn), the final position of the escarpment is still under the flexural in-
fluence of the topography created by rift flank uplift of the border fault 
during the syn-rift phase (Fig. 7 for xσ = 50 km). In the scenarios of 
Group III (Fig. 8 third column), the escarpment amplitude, at the final 

position nearly 100 km far from the initial location, has no relation with 
the initial amplitude. In these cases, the amplitude of the escarpment is 
close to the height of the initial 1 km plateau (Fig. 7 for xσ = 100 km). 

An interesting effect observed during the long term simulation of the 
evolution of the margin is the evolution of the negative forebulge 
developed in the interior of the continent. This depression originated 
during the rifting phase, reaching a few hundreds of meters, is not 
geographically fixed through time, and its depocenter movies towards 
the escarpment for a distance of 40–80 km in the scenarios of Group I 
and II. On the other hand, in the scenarios of Group III the depocenter of 
the negative forebulge was nearly stationary. Additionally, the 

Fig. 5. Topography for scenarios of groups I-a (1st column), I-b (2nd column) and I-c (3rd column) right after the end of syn-rift phase (breakup). Each row represents 
the adopted Clc = 1 (a-c), 2 (d-f), 5 (g-i), 10 (j-l) and 40 (m-o), respectively. The initial elevation is 1 km above sea level. Orange and blue horizontal bars indicates the 
width of left and right margins, respectively. Level. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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magnitude of subsidence is attenuated in the scenarios with imposed 
erosion (see movies of the topographic evolution in the Supplementary 
Materials). 

The amplitude of the escarpment decreased faster according to the 
amount of retreat for scenarios with strong lower crust (Fig. 9c-e). 
Curiously, for a weak crust (Clc = 1, 2), the scenarios with intermediate 
retreat presented a better preservation of rift flank topography (Fig. 9a- 
b, green curves), probably as a result of the combined effect of rift flank 
uplift and regional uplift due to the limited erosional exhumation of the 
margin. 

4. Discussion 

4.1. The formation and long-term evolution of escarpments at rifted 
margins 

From the numerical experiments presented in this work, we observed 
that the amplitude of the rift flank uplift is controlled by the flexural 
rigidity of the lithosphere: the scenarios with a higher degree of coupling 
between crust and mantle developed the highest escarpment along the 
conjugate margins. This pattern was previously reproduced and 
observed in other thermo-mechanical models for the evolution of rifted 
margins [e.g. Beucher and Huismans, 2020; Theunissen and Huismans, 
2019], exploring the variation of the effective viscosity of the lower 
crust, the same procedure adopted here. 

In the scenarios without surface processes, we observed that the 

stretching rate affected the width and symmetry of the margins, also 
influencing the longevity of the rifting phase. However, the amplitude of 
the escarpments is not significantly affected by the stretching rate. Only 
the timing for the maximum escarpment uplift is delayed when the 
stretching rate is slow as in the models of Wolf et al. [2022]. 

In our simulations of >100 Myr without surface processes, we 
observed that the amplitude of the coastal escarpment decreases 
through time independent of the degree of coupling between crust and 
lithospheric mantle. This occurs due to the combined effect of thermal 
cooling of the margin during the post-rift phase and viscous dissipation, 
mainly in the lower crust. After 130 Myr, the scenarios with a high de-
gree of coupling (Clc ≥ 5) and no erosion preserved more 1.5–2.9 km of 
topographic uplift. On the other hand, the scenarios with Clc ≤ 2 and no 
erosion preserved <0.3 km of escarpment uplift. For the scenarios with 
escarpment retreat due to surface processes, the decrease in escarpment 
amplitude is mainly guided by erosion, and the height of the escarpment 
tends to be of the same order of the pre-rift topography of the conti-
nental interior which is prescribed by the sea level. 

Adjacent to the rift flank uplift, the negative forebulge also evolves 
through time, both in amplitude and geographic position. During the 
post-rift phase of the margin, thermal cooling of the margin induces the 
regional subsidence of the escarpment and part of the continental inte-
rior. Without erosion, this effect induces the tilt of the continental 
interior and displaces the depocenter of the negative forebulge for 
40–80 km towards the coast. This negative forebulge has an important 
impact on the drainage pattern in the continental interior, controlling 

Fig. 6. (a-e) Evolution of the escarpment amplitude (elevation difference between maximum escarpment elevation and the plateau) of left (solid lines) and right 
(dashed lines) margins for scenarios of Group I-a. Error bars represent the mean amplitude of escarpments derived from the residual topography (hres) of the natural 
margins according to margin age as presented in Table S1. The amplitude of the right margin is plotted until 60 Myr, when this margin is out of the numerical 
domain. f) Evolution of symmetry of left and right escarpment for Group I-a from 10 to 130 Myr with a time step of 20 Myr. Escarpments for each subgroup are 
colour-coded for the scale factor Clc: 1 (red), 2 (blue), 5 (green), 10 (purple) and 40 (black). For t > 60 Myr, we extrapolated the amplitude of the right margin 
escarpment through time (see Supplemental Material). Error bars represent the mean amplitude of escarpments of residual topography from natural margins. Black 
and gray lines represents the ratio of amplitude between margins. SM: Serra do Mar, NMA: Namibia-Angola; SAn: Northern Saudi Arabian; EGT: Egypt; IND: India 
(Western Ghats); MDG: Madagascar; NRW: Norway; GRL: Greenland. 
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the development of axial rivers parallel to the coast [Jiao et al., 2020; 
Sacek et al., 2012]. Based on our results, when the magnitude of the 
erosion of the coastal escarpment is small, the thermal subsidence of the 
margin can contribute to displace the axial river a few tens of kilometers 
towards the coast. However, when the escarpment retreat is of the order 
of 50–100 km, this induces an upward flexural response of the margin, 
compensating the thermal subsidence of the margin. In this case, the 
axial river along the depocenter of the negative forebulge is preserved 
almost at the same location, with attenuated amplitude. 

4.2. Preservation of escarpments in mature margins 

Coastal escarpments worldwide have unique evolution histories, 
being impacted by different geological events, including regional uplift 
due to mantle dynamics and erosive events caused by climate changes 
[Burov and Cloetingh, 1997; Chery et al., 1992; Nyblade and Sleep, 
2003; Ryberg et al., 2015; van der Beek et al., 1995; Widdowson and 
Cox, 1996]. We can express the elevation of the present margin 
escarpment h as the summation of (1) the preexistent (pre-rift) topog-
raphy h0 before the onset of the rifting phase, (2) the vertical movements 
of the surface induced by fault slip during lithospheric stretching and 
consequent thermal effects (Δhrift), and (3) the post-rift events that are 
not directly related to the rifting processes but can modify the elevation 
of the margin (Δhpost): 

h(xr , t) = h0(xr)+Δhrift(xr, t) +Δhpost(xr, t) (13)  

where xr is the amount of escarpment retreat and t is the time interval 
since the onset of rifting. 

The rifting component Δhrift is related to the rift flank uplift of the 

border fault during lithospheric stretching and consequent thermal 
perturbations due to the thinning of the lithosphere. These physical ef-
fects can be quantified in our thermo-mechanical scenarios of Group I-a 
(Fig. 6), where Δhrift reaches a maximum value during the end of lith-
ospheric rifting and decreases monotonically during the post-rifting 
phase. 

In scenarios with low crust-mantle coupling (Clc=1, Fig. 6a), Δhrift 
decreases mainly in the first 60 Myr after the onset of lithospheric 
stretching, preserving <300 m after 100 Myr when the surface processes 
of erosion are neglected (Group I). In scenarios with high crust-mantle 
coupling (Fig. 6c-e) the escarpment can preserve >1 km related to rift-
ing (Δhrift > 1 km) after 130 Myr since the onset of rifting when surface 
processes are neglected. In scenarios of Group I (without erosion), 
Δhpost = 0 and the escarpment retreat is null (xr = 0). 

The post-rift component Δhpost is mainly due to the combined effect 
of erosion of the escarpment and the isostatic and flexural response of 
the plate to the unloading of the margin [Gilchrist and Summerfield, 
1990; Kooi and Beaumont, 1994]. The local unloading of the margin due 
to erosion of the coastal escarpment is regionally compensated by 
isostatic flexural rebound, contributing to amplify the elevation of the 
escarpment. This component also takes into account the effect of the 
thermal cooling and the lateral flow of the lower crust after rifting. If the 
preexistent topography is represented by a plateau (h0= constant), as in 
scenarios of Group III where we assumed a plateau 1 km above the sea 
level, the coastal escarpment retreats landward and erodes nearly the 
same column of rock, inducing the same amount of flexural rebound of 
the lithosphere, preserving the altitude of the escarpment nearly con-
stant through time. 

In scenarios of Group III (Fig. 8 and 9), the altitude of the escarpment 
for t > 40 Myr is nearly 500 m above the initial altitude (Δhpost ≈ 500 

Fig. 7. Denudation rate and topographic evolution of the coastal escarpment on the left margin for four scenarios: with Clc = 2 (left column) and 10 (right column) 
and half-width for the denudation function for xσ = 50 (Group II) and 100 km (Group III). The vertical black line indicates the maximum escarpment retreat in each 
scenario. The curves from red to blue represent the elevation of the escarpment and the mean denudation rate in intervals of nearly 2.2 Myr, starting at 10 Myr from 
the onset of the numerical simulation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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m). In these cases, the total escarpment retreat is xr > 100 km, and 
consequently the contribution of the rifting on the amplitude of the 
retreated escarpment is negligible (Δhrift → 0). Only in scenarios where 
the total escarpment retreat is xr ≲ 100 km does the rifting have an 
important contribution to the escarpment amplitude, like in scenarios of 
Group II, where the retreat was nearly 50 km. 

4.3. Comparison with natural margins 

To compare the natural escarpments with the numerical results 
presented here, we removed the regional component of the topography 
of the continental margins. This procedure is described in the Supple-
mentary Material. This regional component is related to the long- 

wavelength features of the preexistent topography h0 and/or dynamic 
topography that vertically displace a large extent of the continent. 
Therefore, the removal of the regional component aims to isolate the 
uplift of the margin related to rifting and post-rift processes associated 
with the interaction of flexure and surface processes. One limitation of 
this procedure is that short-wavelength features related to the pre-rift 
topography h0 cannot be removed and can affect the amplitude of the 
calculated residual topography of the escarpment. 

The mean regional elevation (hmean) for each escarpment (Fig. 1) was 
obtained calculating the mean elevation of the interior of the continent 
without the contribution of the coastal escarpment (see Supplementary 
Materials S2). Subtracting hmean from the mean present-day elevation of 

Fig. 8. Topographic evolution for scenarios of groups I-a (1st column), II (2nd column) and III (3rd column). Each row represents the adopted Clc = 1 (a-c), 2 (d-f), 5 
(g-i), 10 (j-l) and 40 (m-o), respectively. Black horizontal lines represent the sea level. Full circles and triangles represent the position of the depocenter of the flexural 
basin formed behind the rift flank at 15 and 130 Myr, respectively. 
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the escarpment gives the mean residual topography hres for the coastal 
escarpment. This residual topography was directly compared with the 
escarpment amplitude observed in the numerical scenarios (Figs. 6 and 
9). This uplift represents the sum Δhrift + Δhpost, keeping in mind that 
Δhpost = 0 for Group I (scenarios without erosion). 

In general, the residual topography of the coastal escarpment hres 

tends to decrease with the age of the margin (Fig. 6). Based on our re-
sults, part of this decrease of hres with margin age can be explained by the 
viscous relaxation of the lithosphere and thermal cooling of the margin. 
Additionally, the erosion of the coastal escarpment can decrease its 
initial amplitude depending on the amount of escarpment retreat 
(Fig. 9). 

The residual topography hres is larger than Δhrift for the scenario with 
Clc = 1 (Fig. 6a), except for the mature margins of South Atlantic (Serra 
do Mar escarpment in Brazil and escarpments along the Namibia and 
Angola margins), where this scenario with low crust-mantle coupling is 

still compatible. The amplitudes of Δhrift obtained in the scenarios with 
Clc ≥ 10 (Fig. 6d-e) are non-realistic compared with the amplitude 
observed along divergent margins of different ages. These scenarios can 
only be compatible with the observed margins if the erosional exhu-
mation of the margin is larger than 5–6 km and escarpment retreat is 
larger than 50 km (Figs. 8d,e,i,j and 9d-e). 

On the other hand, scenarios with intermediate crust-mantle 
coupling (Clc = 2-5) are compatible with the majority of the escarp-
ments in margins with different ages (Fig. 6b-c). In these scenarios, the 
amplitude of the escarpment uplift differs 500–800 m between the 
conjugated margins, creating an asymmetry between the margins 
compatible with the the difference in hres in some conjugated margins 
(Red Sea escarpments and Greenland-Norway escarpments, Fig. 6). 

When the escarpment retreat due to erosion is taken into account, the 
magnitude of the retreat will control the rifting influence on the pres-
ervation of the escarpment in mature margins. As observed in our nu-
merical experiments, if the retreat is larger than 100 km, the amplitude 

Fig. 9. (a-e) Evolution of the escarpment amplitude (elevation difference between maximum escarpment elevation and the plateau) of the left margin. Scenarios with 
no erosion (blue lines), high erosion (dashed red lines) and mild erosion (dashed green lines), for Clc = 1 (a), 2 (b), 5 (c), 10 (d) and 40 (e), respectively. Light orange 
and light purple vertical lines indicates the instant of maximum amplitude of rift flank and the time of break up, respectively. Error bars represent the mean 
amplitude of escarpments of residual topography (hres) of the natural margins according to margin age as presented in Supplementary Table 1. SM: Serra do Mar, 
NMA: Namibia-Angola; SEA: Southeastern Australia; SAn: Northern Saudi Arabian; EGT: Egypt; ESD: Eritrea-Sudan; SAs: Southern Saudi Arabian; TAM: Trans-
antarctic Mountains; IND: India (Western Ghats); MDG: Madagascar; NRW: Norway; GRL: Greenland. 
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of the escarpment will have negligible influence from the inherited 
topographic effects of rifting. This is probably the case for the Serra do 
Mar escarpments in southeastern Brazil, where the total retreat is of the 
order of 100–150 km, assuming that the initial escarpment was formed 
along the Cretaceous ringe line [Karner and Gambôa, 2007]. Therefore, 
we suggest that the present-day escarpments in southeasthern Brazil 
have inexpressive contribution from rifting on its current amplitude 
(Δhrift → 0). In this case, the preexistent topography h0 (before the onset 
of lithospheric stretching) combined with the Paraná Magmatic Prov-
ince that preceded the rifting can contribute to create an initial elevation 
>1 km high. Additionally, post-rift tectonism that formed the Conti-
nental Rift of Southeastern Brazil [Riccomini, 1989] possibly contrib-
uted to amplify the present elevation of the escarpment. 

Similarly, the escarpments in southern Africa probably retreated 
>100 km [van der Beek et al., 2002], and therefore the current ampli-
tude of the escarpment has almost no relation to the amplitude of the rift 
flank uplift. The high amplitude of the escarpment sustained along the 
margins in southern Africa is probably related to post-rift processes, 
created by continental scale uplift induced by mantle dynamics [Braun 
et al., 2014]. 

In contrast, the mature margin in southeastern Australia has a total 
escarpment retreat of only a few tens of kilometers resulting in an 
offshore margin with narrow sedimentary package [Sacek et al., 2012; 
Shaw, 1990]. In this case, we propose that the rifting flank uplift is an 
important component preserving the present altitude of the south-
eastern Australian escarpment. In fact, the amplitude of the present 
escarpment in southeastern Australia is compatible with our models 
with intermediate degree of crust-mantle coupling (Clc = 5) with 
escarpment retreat smaller than 50 km (see SEA in Fig. 9c). 

Relatively young margins around the Red Sea are mainly preserved 
as a consequence of the uplift induced during rifting and thermal effects 
due to lithospheric thinning, probably contributing with 1–2 km of the 
amplitude of the current escarpment. In combination with these pro-
cesses, upper mantle thermal anomalies can also amplify the regional 
uplift of the margin [Daradich et al., 2003], especially in the Arabian 
Plate. Our scenarios with low degree of crust-mantle coupling (Clc = 2, 
Fig. 6b) obtained amplitude of escarpments compatible with the ones 
observed along the conjugate margins of the Red Sea. 

The comparison of the present numerical results with different nat-
ural escarpments around the world suggests that the degree of crust/ 

Fig. 10. Final left margin geometry for scenarios of groups I-a (1st column), II (2nd column) and III (3rd column). Each row shows models with Clc = 1 (a-c), 2 (d-f), 5 
(g-i), 10 (j-l) and 40 (m-o), respectively. Shaded areas represents the cumulative strain. Dark and light orange represents upper and lower crust, respectively. Dark 
and light green represents lithospheric mantle and asthenosphere, respectively. Orange bars indicates the width of apparent taper length (ATL). (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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lithospheric mantle coupling along continental margins can be classified 
as weak to intermediate, with Clc < 10. In our simplified analysis, we 
explored only the re-scaling of the viscosity factor for the lower crust Clc, 
assuming that initially the thermal state of the lithosphere is close to 
conductive equilibrium and the lithosphere is horizontally homoge-
neous. However, thermal perturbations prior to the rifting phase [Buck, 
2007] and the presence of fluids [e.g. Chen et al., 2006] can significantly 
weaken the lithosphere, decreasing the lithospheric coupling in the 
rifting zone [Burov, 2011]. Therefore, we propose that part of the 
decoupling observed along these margins can be explained by thermal 
effects and/or due to metasomatic processes. 

4.4. Apparent taper length and escarpment amplitude 

Osmundsen and Redfield [2011] correlated the amplitude of several 
escarpments worldwide with the apparent taper length (ATL), which is 
defined as the distance from the top of coastal escarpment to the first 
location oceanward where the crustal thickness reaches 10 km or less 
(taper break). They found an inverse correlation between the ATL and 
escarpment amplitude: Escarpments with low amplitudes had a smooth 
gradient of crustal thinning and a larger ATL whereas escarpments with 
higher amplitudes had a sharp transition from normal to thinned crust. 

To compare the observed ATL for different margins with our nu-
merical results, we calculated the equivalent ATL as the distance from 
the top of escarpment (rift flank) to the first location oceanward where 
crustal thickness reaches 5 km or less (Fig. 10). This criterion was used to 

Fig. 11. Rift flank amplitude as a function of 
apparent taper length (ATL) for groups I-a (circles), 
II (squares) and III (diamonds) at 40 (a) and 130 Myr 
(b). The symbol colour represent Clc. red: Clc = 1; 
blue: Clc = 2; green: Clc = 5; purple: Clc = 10; black: 
Clc = 40. Triangles with error bars represents the 
data-set presented by Osmundsen and Redfield 
[2011]. Black dashed line represents the lower limit 
for rift flank for erosional scenarios. Nor (rose): 
Norway, EGrn (royal blue): East Greenland, TAM 
(bright purple): Transantarctic Mountains, AF 
(gray): Africa (Namibia), EAF (orange): East Africa 
(red sea), SAM (fern green): South Atlantic Margin. 
(For interpretation of the references to colour in this 
figure legend, the reader is referred to the web 
version of this article.)   
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keep the coherence of the measured ATL through time in the numerical 
simulations because the rotation of crustal blocks during syn- and post- 
rift phase changed the measured value of ATL defined by Osmundsen 
and Redfield [2011] (crustal thickness ≤ 10 km). 

In the scenarios with no erosion at 130 Myr after the onset of the 
lithospheric stretching (Group I-a, Fig. 10, first column), there is an 
inverse correlation between the ATL and escarpment amplitude: for 
example, the scenario with Clc = 1 resulted in ATL = 162 km with 
escarpment amplitude of 1.2 km, while the scenario with Clc = 10 ob-
tained 62 km of ATL and escarpment amplitude of 3.4 km. 

However, when we consider the effects of surface processes, varia-
tions in the ATL are essentially controlled by the magnitude of escarp-
ment retreat of the margin, which is guided by surface processes and is 
not directly related to the rifting style. In our scenarios with imposed 
escarpment retreat due to erosion, the ATL was between 106 and 130 km 
for Group II and 182–206 km for Group III, without a clear correlation 
with the rifting style (Fig. 10, second and third columns). 

The correlation between the ATL and escarpment amplitude derived 
from the numerical scenarios present a similar pattern of the global 
compilation obtained by Osmundsen and Redfield [2011] (Fig. 11). Due 
to viscous relaxation and thermal dissipation, the amplitude of escarp-
ments decrease through time (compare the numerical scenarios at 40 
Myr, Fig. 11a, and 130 Myr, Fig. 11b). Therefore the correlation between 
ATL and escarpment amplitude can vary through time even in a scenario 
without surface processes. For the scenarios with escarpment retreat 
(Groups II and III, squares and diamonds in Fig. 11) the decrease in 
escarpment amplitude and consequent increase in ATL relative to the 
scenarios without erosion (circles in Fig. 11) occurred only due to sur-
face processes, and is not related to the rifting process. For scenarios 
with larger escarpment retreat, >100 km, we expect that the amplitude 
of the escarpment will reach the minimum amplitude of the initial 1 km 
plateau (indicated as the dashed line in Fig. 11), or values just above this 
minimum due to flexural response to the erosion of the coastal region. In 
this case, the amplitude of the escarpment is related solely to the pre-rift 
topography of the interior of the continent, without the influence from 
the rifting style. 

In fact, the definition of the ATL combines two independent com-
ponents: (1) the width of the stretched margin and (2) the magnitude of 
the escarpment retreat. Based on the flexural wavelength observed in 
the numerical simulations, we propose here that only for relatively 
narrow ATL (<150 − 200 km) the inverse correlation between escarp-
ment amplitude and ATL is due to the rifting style and the flexural 
response of the margin due to lithospheric stretching (gray region in 
Fig. 11). On the other hand, for ATL larger than 150–200 km, the 
amplitude of the escarpment is probably related to pre-rift elevation of 
the interior of the margin (orange region in Fig. 11). 

4.5. Model limitations 

Other geodynamic processes can affect the amplitude of Δhrift, like 
edge-driven convection and magmatic underplating. Edge-driven con-
vection [King and Anderson, 1998] induced by the lateral variation in 
lithospheric thickness can also dynamically perturb the continental 
margin, but this is a secondary effect unless the convection induces 
erosion of the border of the continental lithospheric mantle [e.g. Sacek, 
2017], which is a process not explored in the present work. Magmatic 
underplating, which was not considered in our numerical simulations, 
can induce crustal uplift with amplitude of 10–16% of the underplating 
thickness, assuming simple isostatic equilibrium [Watts, 2001]. 

As previously discussed, in this work we tested only the effects of the 
amount of escarpment retreat on the preservation of rift flank topog-
raphy in the long-term evolution of the margin assuming a simplified 
surface processes model. However, the incorporation of more realistic 
surface processes model fully coupled with the thermo-mechanical 
model [e.g. Beucher and Huismans, 2020; Theunissen and Huismans, 
2019], is fundamental to analyse the feedback mechanisms of the 

interaction between surface and internal processes. 
Vertical displacements of the continent due to large scale mantle 

convection cells (dynamic topography) with wavelength larger than 
1000 km certainly can affect the amplitude of coastal escarpment along 
the margin, representing one additional component for Δhpost not 
considered here. However, this long-wavelength component affects a 
large portion of the continent and can be filtered in our analysis, as 
discussed in section 4.3. 

In our experiments, the surface processes do not considered the 
sedimentation along the offshore margin. Additionally, the load of the 
sedimentary layer can amplify the subsidence of the onshore margin due 
to flexural effects, specially in portions close to the hinge zone. There-
fore, we expect that the amplitude of the coastal escarpment predicted in 
our work represents a upper limit, and the load along the stretched 
margin due to sedimentation can amplify the subsidence of the margin 
during the post-rift phase of the margin, especially in scenarios where 
the escarpment retreat was <50 km. 

5. Conclusions 

The use of 2D thermo-mechanical numerical simulations and the 
comparison of the results with natural escarpments along rifted margins 
allowed us to obtain the following conclusions about the influence of the 
rheological structure of the lithosphere and magnitude of escarpment 
retreat on the preservation of escarpments through the geological evo-
lution of the margin:  

• The amplitude of the coastal escarpment is a function of the degree of 
coupling between the crust and lithospheric mantle. In the numerical 
scenarios, strong crust allows the development of high rift flank 
elevation. However, the maximum amplitude of the coastal escarp-
ment is less sensitive to stretching rate of the lithosphere. 

• The flexural wavelength of the rift flank uplift created during litho-
spheric stretching is limited to 100–150 km, independent of the 
rheological structure of the lower crust.  

• The maximum escarpment amplitude formed during the lithospheric 
stretching decreases monotonically during the post-rift phase due to 
ductile flow of the lower crust and thermal cooling of the margin.  

• The depocenter of the negative forebulge in the interior of the 
continent developed concomitantly with the rift flank uplift, with 
amplitude of few hundreds of meters, and migrates a few tens of 
kilometers towards the coastal escarpment in scenarios with limited 
escarpment retreat (≤50 km). This migration is limited or nonexis-
tent in scenarios with large escarpment retreat, of the order of 100 
km.  

• When the extent of escarpment retreat due to erosion is larger than 
100 km, the resulting escarpment is mainly sustained by the feed-
back mechanism between erosional unloading and isostatic response 
of the lithosphere and/or post-rift regional uplift. This is probably 
the case for the escarpments of the conjugate margins of the South 
Atlantic Ocean.  

• The coastal escarpment in Southeastern Australia can probably 
preserve a large fraction of the influence of the rift flank uplift due to 
the relatively small amount of escarpment retreat since the onset of 
rifting. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.tecto.2023.229769. 
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