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The Gulf of Aden provides an ideal setting to study oblique rifting since numerous structural data are available
onshore and offshore. Recent surveys showed that the spatio-temporal evolution of the Gulf of Aden rift system
is dominated by three fault orientations: displacement-orthogonal (WSW), rift-parallel (WNW) and an interme-
diate E–W trend. The oldest parts of the rift that are exposed onshore feature displacement-orthogonal and
intermediate directions, whereas the subsequently active necking zone involves mainly rift-parallel faults. The
final rift phase recorded at the distal margin is characterised by displacement-orthogonal and intermediate
fault orientations. We investigate the evolution of the Gulf of Aden from rift initiation to break-up by means of
3D numerical experiments on lithospheric scale. We apply the finite element model SLIM3D which includes re-
alistic, elasto-visco-plastic rheology and a free surface. Despite recent advances, 3D numerical experiments still
require relatively coarse resolution so that individual faults are poorly resolved.We address this issue by propos-
ing a simple post-processing method that uses the surface stress-tensor to evaluate stress regime (extensional,
strike-slip, compressional) and preferred fault azimuth. The described method is applicable to any geodynamic
model and easy to introduce. Ourmodel reproduces the observed fault pattern of the Gulf of Aden and illustrates
how multiple fault directions arise from the interaction of local and far-field tectonic stresses in an evolving rift
system. The numerical simulations robustly feature intermediate faults during the initial rift phase, followed by
rift-parallel normal faulting at the rift flanks and strike-slip faults in the central part of the rift system. Upon
break-up, displacement-orthogonal as well as intermediate faults occur. This study corroborates and extends
findings from previous analogue experiments of oblique rifting on lithospheric scale and allows new insights
in the timing of fault successions of the Gulf of Aden and continental rifts in general.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

By nature, oblique rifts need to be studied in three dimensions and
their understanding depends on the ability to reproduce 3D processes.
The Tertiary Gulf of Aden is an ideal area to study oblique rifting. The di-
rection of extension is N025°E but the rift has a N075°E-trend (Fig. 1),
resulting in a moderately oblique rift system. The fault pattern is well
expressed on the present-day conjugatemargins.Moreover, the oceanic
basin is young (17.6 My), so the sedimentary cover is thin and the
conjugate margins are easily correlated.

The Gulf of Aden rift system formed 34–33 My ago and was active
until 20 My ago when break-up took place (Leroy et al., 2012). The
Gulf of Aden displays a high degree of segmentation with large fracture
zones that delimit three distinct segments (Eastern, Central, and West-
ern Segment, Fig. 1a): The Eastern Gulf of Aden features extremely thin
transitional crust at the Ocean–Continent Transition (OCT) (Leroy et al.,
ool of Geosciences, University
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2010; Watremez et al., 2011), which most likely involves exhumed
serpentinised mantle rocks indicating a magma-poor setting (Leroy et
al., 2012). In both the Eastern and the Central Gulf of Aden, margins are
thought to be magma-poor as no magmatic structures, such as
seaward-dipping reflectors, were recognised in the OCT
(e.g. Bosworth et al., 2005). In theWesternGulf of Aden, themargins dis-
play volcanic characteristics related to the activity of the Afar hot spot.

Previously, the structural pattern of the Gulf of Aden has been
elucidated thanks to field and seismic studies that were conducted
onshore and offshore in Oman (Bellahsen et al., 2006; d'Acremont
et al., 2005; Fournier et al., 2004) and in Yemen (Huchon and
Khanbari, 2003). They allow us to recognise three general fault popu-
lations (i) displacement-normal with a fault azimuth of N115°E,
(ii) rift-parallel with N075°E and (iii) an orientation that is intermediate
between the two former directions (N095°E). The inversion of fault slip
data sets permitted the computation of stress tensors corresponding to
several local directions of extension (N025°E, N160°E and N–S) in
Oman (Bellahsen et al., 2006; Fournier et al., 2004; Lepvrier et al.,
2002), in Yemen (Huchon and Khanbari, 2003; Huchon et al., 1991)
and at Socotra Island (Fournier et al., 2007). Offshore, near the OCT,
n of the Gulf of Aden: Insights from 3D numerical lithospheric-scale
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Fig. 1. Gulf of Aden overviewmap. (a) Structural map of the Gulf of Aden with main Tertiary depocentres andMesozoic inherited basins (after Bellahsen et al., this volume and Leroy
et al., 2012). SSFZ: Shukra El Sheik Fracture Zone, KAFZ: Khanshir Al Irquah Fracture Zone, AFFZ: Alula-Fartak Fracture Zone. (b) Reconstruction of the margins at the onset of the
Ocean–Continent Transition (OCT) based on Leroy et al., 2012. (c) Major fault trends observed in the Gulf of Aden.
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both the faults and basins mainly strike perpendicular to the Gulf of
Aden opening direction (d'Acremont et al., 2005). Bellahsen et al. (this
volume) observe that the proximal parts of themargins display interme-
diate and displacement-orthogonal faults, whereas the OCT displays
rift-parallel or displacement-orthogonal faults. The oceanic ridge is
orthogonal to the divergence (Dauteuil et al., 2001; Hébert et al., 2001;
Tamsett and Searle, 1988). The overall pattern of deformation in the
Gulf of Aden shows en-echelon Tertiary sigmoid grabens. This structura-
tion could be linked toMesozoic inheritance which consists in elongated
E–W grabens (Fig. 1b). Previous analogue models of the Arabian plate
tend to demonstrate that the obliquity of the Gulf of Aden arises from
the interaction between the laterally-evolving subduction of the Tethyan
Ocean toward the north and the Afar hot spot in the south-west
(Bellahsen et al., 2003).

Fault patterns of oblique rifts have been investigated during the last
decades using analogue models on two different levels of complexity:
(i) crustal-scale models simplify the rift system to a deforming crust
influenced by a basal zone of extension that involves an oblique velocity
discontinuity (Clifton et al., 2000; Corti, 2004; Corti et al., 2001, 2003;
Mart and Dauteuil, 2000; McClay and White, 1995; Sokoutis et al.,
Please cite this article as: Brune, S., Autin, J., The rift to break-up evolutio
modelling, Tectonophysics (2013), http://dx.doi.org/10.1016/j.tecto.2013.
2007; Tron and Brun, 1991; Withjack and Jamison, 1986). The advan-
tage of this setup is that crustal strain patterns can be studied indepen-
dently ofmantle deformation, but this also limits the applicability to the
first rift stagewhere isostatic balancingwith themantle and lithospher-
ic necking can be neglected. Furthermore, the role of the basal disconti-
nuity is overestimated intrinsically. (ii) Analogue experiments on the
lithospheric scale have been conducted recently and successfully
reproduced lithospheric thinning and its effect on crustal fault patterns
(Agostini et al., 2009; Autin et al., 2010; Sokoutis et al., 2007). However,
thermal effects or rheological changes that occur during rifting are not
modelled in these experiments and their absence remains a significant
limitation of such analoguemodels. They also do not show the progres-
sion from oblique rift initiation to plate rupture.

In contrast to analogue models, state-of-the-art geodynamic codes
are capable of computing realistic, temperature-dependent viscosity
as well as complex elasto-visco-plastic rheologies. Many numerical
models include these features and have been used to study diverse
aspects of rift dynamics in two dimensions (e.g. Bassi, 1991; Behn
et al., 2002; Braun and Beaumont, 1989; Buck, 1991; Buiter et al., 2008;
Burov and Cloetingh, 1997; Huismans and Beaumont, 2003, 2011;
n of the Gulf of Aden: Insights from 3D numerical lithospheric-scale
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Lavier and Manatschal, 2006; Lavier et al., 2000; Regenauer-Lieb et al.,
2006; Rey et al., 2011; van Wijk and Cloetingh, 2002; Zuber and
Parmentier, 1986). Despite these advantages, numerical models of
oblique rifting intrinsically require computationally expensive calcu-
lations in three dimensions. Addressing only the crustal deformation
in a rift system strongly limits the computational effort which, in
turn, allows for comparatively higher resolution (Allken et al., 2011,
2012; Katzman et al., 1995). However, such models are valid only
during the initial rift stage, where the influence of a deforming mantle
lithosphere can be neglected. This disadvantage is overcome by
numerical experiments that involve both the crust and mantle litho-
sphere (Dunbar and Sawyer, 1996; Le Pourhiet et al., 2012; van
Wijk, 2005; van Wijk and Blackman, 2005). Nevertheless, these
models do not account for the weak asthenospheric rheology which
becomes influential during late rift stages and continental break-up.
Recently, 3D thermo-mechanical rift models that feature crust, litho-
spheric mantle and asthenospheric mantle have been published: Gac
and Geoffroy (2009) investigated the influence of weak, melt-related
soft points within an extending lithosphere. They showed that the
resultant 3D crustal structures agree well with the tectonic segmenta-
tion and zig-zag pattern found at volcanic passive margins. Brune
et al. (2012) showed by means of a simple analytical model that
oblique rifting is energetically preferred over rift-perpendicular
extension, which they corroborated by means of lithospheric-scale
numerical experiments. This model has been extended in order to
investigate the influence of plume-related lithosphere erosion on
the dynamics of continental break-up (Brune et al., 2013).

In this paper, we show that lithospheric-scale numerical experi-
ments are capable to reproduce extensional structures from initial
rifting to break-up. We thereby apply elasto-visco-plastic rheology
with laboratory-based flow laws for temperature/stress-dependent
viscosity. We investigate the fault geometries during oblique rifting
based on strain-rate and plastic strain patterns. Moreover, we exploit
the fact that numerical models provide direct access to the stress
tensor at any numerical element, which allows to infer fine-scale
fault patterns. We explicitly compare our experiments to previous
analogue modelling results and relate them to the present knowledge
about the structure of the Gulf of Aden.
2. Model description

2.1. Numerical model: setup and methods

We consider a rectangular Earth segment that consists of a 20 km
thick upper crustal layer with a wet quartzite rheology (Gleason and
Tullis, 1995), a lower crustal layer of 15 km thickness with granulite
properties (Wilks and Carter, 1990), and a 45 km thick layer of strong
mantle material with dry olivine rheology (Hirth and Kohlstedt,
2003). We introduce a chemical asthenosphere by applying the flow
law of wet (i.e. 500 ppm H/Si) olivine below 90 km depth (Hirth and
Kohlstedt, 2003). The thermal lithosphere–asthenosphere boundary
(LAB) that is defined here as the 1350 °C isotherm is set to 100 km
depth at the start of the model (Fig. 2a,b) The thermal state of the
model is initialised as the equilibrium temperature distribution that re-
sults from thermal material parameters and the following boundary
conditions: the surface temperature is held constant at 0 °C, below
100 kmdepth the asthenosphere temperature is set to 1350 °C, and lat-
eral boundaries are thermally isolated. A linear seed is introduced in the
model centre by elevating the LAB with an amplitude of 20 km in a re-
gion of 20 kmwidth as depicted by the 1350 °C isotherm in Fig. 2a. Dur-
ing subsequent model evolution we fix the bottom boundary
temperature to 1350 °C. Our simulation domain measures 249 km
times 249 km horizontally and 120 km vertically. We thereby use
275,560 cubic elements with a length of 3 km. All rheological and ther-
mal parameters are listed in Table 1. In the following, we refer to this
Please cite this article as: Brune, S., Autin, J., The rift to break-up evolutio
modelling, Tectonophysics (2013), http://dx.doi.org/10.1016/j.tecto.2013.
setup as “standard scenario”. Alternative setups where LAB depth and
resolution are modified are discussed in Section 3.3.

We define the angle of obliquity α as the angle between the
boundary velocity direction and the rift normal. In this study, we
use α = 40°, which is representative for the obliquity encountered
in the Gulf of Aden, where extension direction and rift normal are
oriented N025°E and N015°W, respectively. Extensional rates of the
Miocene Gulf of Aden rift system are poorly constrained. Here we
assume a full extension velocity of 10 mm/yr that is incorporated in
our simulations through velocity boundary conditions at the model
sides facing in x-direction so that they move symmetrically with
5 mm/yr. Themodel velocity is equivalent to 10 km/Mywhich results
in a maximum extension of 200 km after 20 My model time. The two
sides of the model facing in y-direction are connected via periodic
boundary conditions which effectively realizes an infinitely long rift
zone. The free surface boundary conditions at the upper model face
allow self-consistent evolution of topography. At the lower model
boundary, isostatic equilibrium is realized by means of the Winkler
boundary condition (e.g. Gerya, 2009). During remeshing, the lower
boundary surface is reset to 120 km while new numerical markers are
introduced that allow for inflow of asthenospheric material through
the bottom surface.

We apply the finite element code SLIM3D (Semi-Lagrangian
Implicit Model for 3 Dimensions; Popov and Sobolev, 2008) to solve
the coupled conservation equations of momentum

− ∂p
∂xi

þ ∂τij
∂xj

þ ρgi ¼ 0 ð1Þ

energy

ρCp
DT
Dt

¼ ∂
∂xi

λ
∂T
∂xi

� �
þ τij _ε ij þ ρA ð2Þ

and mass

1
K
Dp
Dt

−αT
DT
Dt

þ ∂vi
∂xi

¼ 0 ð3Þ

with coordinates xi, time t, material time derivative D/Dt, velocities vi,
temperature T, pressure p, stress deviator τij, strain rate deviator _ε ij,
density ρ, gravity vector gi, heat capacity Cp, heat conductivity λ,
thermal expansivity αT, radioactive heat production A, and bulk
modulus K. The Einstein summation rule applies for repeated indices.

Mechanical material properties are introduced by decomposing
the deviatoric strain rate tensor into an elastic, viscous, and plastic
component (Simo and Hughes, 2000)

_ε ij ¼ _εelasticij þ _εviscousij þ _εplasticij ¼ 1
2G

τ̂ ij þ
1

2ηeff
τij þ _γ

∂Q
∂τij

ð4Þ

with the elastic shear modulus G, the objective stress rate τ̂ ij, the
effective creep viscosity ηeff, the plastic multiplier _γ , and the plastic
potential function Q.

The effective creep viscosity is computed using the flow laws for
diffusion, dislocation, and Peierls creep (Kameyama et al., 1999):

ηeff ¼
1
2
τII _εDiff þ _εDisloc þ _εPeierls

� �−1 ð5Þ

where τII denotes the second invariant of deviatoric stress. Individual
flow law formulations are:

Diffusion creep

_εDiff ¼ BDiff τII exp −
EDiff þ pVDiff

RT

� �
ð6Þ
n of the Gulf of Aden: Insights from 3D numerical lithospheric-scale
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Fig. 2. Model setup. (a) Boundary conditions: Extensional velocities are prescribed at the boundaries in x-direction. The angle of obliquity α is defined as the angular difference
between extension velocity and rift normal. Periodic boundary conditions in y-direction realize an in principle infinitely long rift zone. Starting conditions: Initially, the system
is in thermal equilibrium defined by thermal material parameters as well as surface and asthenosphere temperature (0 °C and 1350 °C respectively). The thermal lithosphere–
asthenosphere boundary (LAB) is situated at 100 km depth and is modified by a linear seed in the model centre. (b–c) The thickness of the material layers and the LAB depth define
both the temperature and stress distribution at model start. (e) Initial yield strength profile of the analogue model (Autin et al., 2010).

4 S. Brune, J. Autin / Tectonophysics xxx (2013) xxx–xxx
Dislocation creep

_εDisloc ¼ BDisloc τIIð Þn exp − EDisloc þ pVDisloc

RT

� �
ð7Þ

Peierls creep

_εPeierls ¼ BPeierls exp
−EPeierls

RT
1−βð Þ2

� �
τII

βτPeierls

� � 2β 1−βð ÞEPeierlsRT

� 	
: ð8Þ

The Mohr–Coulomb model is used for implementation of plastic
failure:

F ¼ 1
2

σmax−σminð Þ þ 1
2

σmax þ σminð Þsinφ−ccosφ≤ 0 ð9Þ
Please cite this article as: Brune, S., Autin, J., The rift to break-up evolutio
modelling, Tectonophysics (2013), http://dx.doi.org/10.1016/j.tecto.2013.
with the yield surface F, maximum and minimum principal stresses
σmax and σmin, friction angle φ, and cohesion c. All parameter values
are explicitly listed in Table 1. Additional information on SLIM3D
and its applications can be found in Brune et al. (2012), Brune et al.
(2013), Melnick et al. (2012), Popov and Sobolev (2008), Popov
et al. (2012), Quinteros and Sobolev (2012), Quinteros and Sobolev
(2013), as well as Quinteros et al. (2010).

In many cases oblique rifting arises because inherited lithospheric
weak zones like sutures are reactivated with an oblique extensional
component (Ziegler and Cloetingh, 2004). We introduce a weak zone
by implementing a small linear temperature heterogeneity in the centre
of the prospective rift (Fig. 2a). In doing so we anticipate a small amount
of lithospheric necking that focuses the extensional deformation into the
desired rift axis. This is one possible technique of rift initialization. Alter-
native means are mechanical anisotropy (Tommasi and Vauchez, 2001),
implementation of aweak plastic seed (Huismans and Beaumont, 2003),
n of the Gulf of Aden: Insights from 3D numerical lithospheric-scale
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Table 1
Model parameters.

Parameter Upper crust Lower crust Strong mantle Weak mantle

Density, ρ (kg m−3) 2700 2850 3300 3300
Thermal expansivity, αT(10−5 K−1) 2.7 2.7 3.0 3.0
Bulk modulus, K (GPa) 55 63 122 122
Shear modulus, G (GPa) 36 40 74 74
Heat capacity, Cp(J kg−1 K−1) 1200 1200 1200 1200
Heat conductivity, λ (W K−1 m−1) 2.5 2.5 3.3 3.3
Radiogenic heat production, A (μW m−3) 1.5 0.2 0 0
Initial friction coefficient, μ (–) 0.6 0.6 0.6 0.6
Maximum plastic friction softeninga 90% 90% None None
Cohesion, c (MPa) 5.0 5.0 5.0 5.0
Pre-exponential constant for diffusion creep, log(BDiff) (Pa−1 s−1) – – −8.65 −8.65
Activation energy for diffusion creep, EDiff (kJ/mol) – – 375 335
Activation volume for diffusion creep, Vdiff (cm−3/mol) – – 6 4
Pre-exponential constant for dislocation creep, log(BDisloc) (Pa−n s−1) −28.0 −21.05 −15.56 −15.05
Power law exponent for dislocation creep, n 4.0 4.2 3.5 3.5
Activation energy for dislocation creep, EDisloc (kJ/mol) 223 445 530 480
Activation volume for dislocation creep, VDisloc (cm−3/mol) 0 0 13 10
Pre-exponential constant for Peierls creep, log(BPeierls) (Pa−n s−1) – – 11.76 –

Activation energy for Peierls creep, EPeierls (kJ/mol) – – 540 –

Peierls stress, τPeierls (GPa) – – 8.5 –

Dislocation creep parameters for upper crust: wet quartzite (Gleason and Tullis, 1995), lower crust: Pikwitonian granulite (Wilks and Carter, 1990), lithospheric mantle: dry olivine
(Hirth and Kohlstedt, 2003), asthenospheric mantle: wet olivine, i.e. 500 ppm H/Si (Hirth and Kohlstedt, 2003). Peierls creep parameters for mantle: (Kameyama et al., 1999).

a The friction coefficient decreases linearly by 90% of the initial value when plastic strain reaches 1, and remains constant for larger strains.

Table 2
Meaning of the Regime Stress Ratio (RSR).

RSR-value: ≤0.5 1 1.5 2 ≥2.5

Meaning: Extension Transtension Strike-slip Transpression Compression

The RSR value is a scalar value that is continuous between 0 and 3. It is used to infer
stress regimes and their associated fault types from stress tensors.
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or crustal thickening (van Wijk, 2005). Note that after a small amount
of extension, all of these techniques will result in lithospheric necking
comparable to our initial condition.

Three weakening mechanisms are reproduced in the model.
(i) Friction softening is introduced using a strain-dependent effective
friction coefficient that decreases linearly from 0.6 to 0.06 for plastic
strains between 0 and 1 while it remains constant at 0.06 for plastic
strains larger than 1. (ii) Shear heating results in increased temperature
that is proportional to stress multiplied by strain rate. (iii) Dislocation
creep intrinsically results in strain rate softening due to the stress expo-
nent n N 1 which leads to localised viscosity reduction.

2.2. Stress interpretation method

In most geodynamic codes (including SLIM3D), fault structures
are represented by finite width shear bands that localise with a
width of several elements. Hence, high-resolution fault patterns that
are visible both in nature and in analogue models are difficult to
reproduce in relatively coarse 3D models. We address this problem by
using a simple post-processing technique that uses the stress tensor at
the model surface in order to infer stress regime and the orientation
of small-scale faults. This technique extracts additional information
from themodelwhichwidens the interpretation scope of the numerical
experiments.

The stress interpretation method is based on the classic knowledge
that all shear stress components are zero at the surface of the Earth,
so that one principal stress component has to be oriented vertically
which allows to classify the stress regime either as extensional, strike-
slip, or compressional (Anderson, 1948). In locally isotropic and homo-
geneous media, the fault azimuth and fault type (normal, strike-slip,
thrust) directly reflect the local stress field. The stress interpretation
method operates in two distinct steps: (i) Representing the stress
regime at each surface element and (ii) evaluating the optimally oriented
fault direction. Both steps are described in detail in the next paragraphs.

2.2.1. Representing the stress regime at each surface element
We visualise the stress regime using the scalar Regime Stress Ratio

(RSR) that indicates extension, strike-slip motion and compression
on a continuous scale (Buchmann and Connolly, 2007; Hergert and
Heidbach, 2011; Simpson, 1997). A similar technique involving the
non-dimensional Argand Ratio has been successfully applied to inter-
pret stress states in thin sheet models (England and McKenzie, 1982;
Please cite this article as: Brune, S., Autin, J., The rift to break-up evolutio
modelling, Tectonophysics (2013), http://dx.doi.org/10.1016/j.tecto.2013.
Houseman and England, 1986; Rey and Houseman, 2006). The differ-
ence between Argand Ratio and RSR is that the latter is confined to
the interval between 0 and 3 which allows direct association of all
possible stress regimes as shown in Table 2.

In order to evaluate the RSR value at each surface element, we first
compute the principal stress components, i.e. the eigenvalues σ1, σ2,
and σ3 of the stress tensor. Together with the corresponding eigen-
vectors we identify σv, σh, and σH, the vertical, smallest horizontal,
and largest horizontal stress component, respectively. Further, we
define the index n

n ¼
0 if σhbσHbσv normal faultingð Þ
1 if σhbσvbσH strike� slip faultingð Þ
2 if σvbσhbσH thrust faultingð Þ

8<
:

9=
;

and the ratio R between the smallest and largest differential stress
(Bott, 1959).

R ¼ σ2−σ3

σ1−σ3

� �
:

The RSR value itself is defined as

RSR ¼ nþ 0:5ð Þ þ −1ð Þn R−0:5ð Þ

and the physical meaning of this value is listed in Table 2.

2.2.2. Optimal fault orientation
Based on the local stress field, we infer an optimally oriented fault

direction at each surface element. Assuming isotropic and homogeneous
materials, we follow the standard rules of Andersonian faulting where
extensional and compressive stress regimes result in σ3-orthogonal
and σ1-orthogonal fault azimuths, respectively, while strike-slip faults
occur at ±φeff from σ1 (with the effective friction angle φeff = 31°).
n of the Gulf of Aden: Insights from 3D numerical lithospheric-scale
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Fig. 3. Standard scenario evolution. Model evolution at 1 My, 6 My, 10 My, and 14 My (i.e. 10 km, 60 km, 100 km, and 140 km extension, respectively). (a) Surface strain rate pattern (shown is the second invariant of the strain rate tensor).
Initially, shear zones are parallel to the expected intermediate azimuth of N095°E. At 6 My a complex en-echelon pattern occurs. (b) Mid-model strain rate cross section as shown in (a). Black lines indicate boundaries between material
layers. Lithospheric necking and crustal faults localise toward the rift centre until break-up occurs at 14 My. (c) The stress tensor of each surface element is visualised in terms of stress regime. White areas experience negligible tectonic
deformation (strain rate b 10−15 s−1, see contour in (a)) and are excluded from the stress analysis. Normal faulting is the dominant mechanism except for a temporary strike-slip region in the rift centre. (d) In places where the stress regime
indicates normal faulting, we plot the normal fault azimuth. The en-echelon pattern at 6 My strongly affects local stress orientations. (e) Frequency diagram of stress-inferred normal and strike-slip fault azimuths. The amplitude is normal-
ized by the number of elements inside the tectonically active region (see contour in (a)). Note that figures showing the whole evolution in steps of 1 My can be found in the supplementary material.
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Azimuth is measured as the clockwise angle from the northward
direction.

In analogue experiments and field surveys, the relative importance
of individual fault populations can be expressed in terms of cumulated
fault length, whereas in our numerical model, we simply count the
number of elements that belong to a specific azimuth range. In contrast
to standard top-view interpretations of analogue models, our method
allows to directly discriminate between strike-slip, normal, and thrust
faults. For strike-slip faults, however, stress tensor information alone
does not suffice to differentiate between dextral and sinistral conju-
gates. Hence, we depict the conjugate fault families in two different
clusters that are scaled by a factor of 0.5 so that the overall number of
evaluated elements is not affected.

The stress interpretation method allows to compute stress regime
and fault azimuth for any stress tensor at the model surface, even
though the considered element experiences no strain at all. Hence, it
is necessary to exclude the quasi non-deforming elements outside the
rift zone from the analysis. We therefore restrict our analysis to the
zone of tectonic activity, where the strain rate exceeds 10−15 s−1.
This number is somewhat arbitrary, but the overall results are not af-
fected if the threshold value is changed within reasonable range. This
is due to the fact that the area of high tectonic surface activity becomes
very well constrained shortly after model start (Fig. 3a). Note that the
extent of the active region successively localises towards the rift centre.
Therefore, the overall number of elements that experience high strain
rate, and that contribute to the analysis, decreases with time. This num-
ber is indicated for each time step in the upper left corner of the azimuth
diagram.

The fundamental assumption of this method is that the stress state
dictates fault geometry. However, this is only true for homogeneous,
isotropic media. In natural settings, inherited faults are common and
reactivation may occur which may lead to non-Andersonian fault ge-
ometries. Moreover, the method accounts only for incremental faulting
as no information on previous small-scale fault geometry is inherited to
the next time step. In the strict sense, the assumption that one principal
stress is oriented perpendicular to Earth's surface does not hold true if
strong topographic gradients exist. This limitation should be remem-
bered during stress interpretation at rift shoulders, although due to
smooth topography variation in ourmodel, local gradients are relatively
small. Keeping these drawbacks in mind, it is one aim of this article
to investigate the scope of this method by comparing its results to ana-
logue experiments (Section 4) and the Gulf of Aden rift system
(Section 5).
3. Numerical model results

3.1. General deformation pattern

The strain rate plots of Fig. 3a depict finite-width shear zones with a
typical width of few elements. The spontaneous formation of shear
zones takes place within the first computational time steps. Due to
strain softening, shear zones become weaker with accumulated defor-
mation so that individual small-scale shear zones compete and their
number reduces with time.

The largest amount of deformation is taken up by shear zone parts
atop the lithospheric necking domain. During the first 6 My, large con-
jugate normal faults develop within the shear zones that cut through
the whole crust (Fig. 3b). During continued rifting, the distance of the
conjugate faults at the surface is reduced with time until it vanishes
and break-up takes place at 14 My. This model does not account for
petrophysical formation of oceanic crust so that continental break-up
is assumed to occur when the lithosphere is broken and asthenospheric
material reaches the surface.

Three fault azimuths play a fundamental role during the discussion of
themodel, i.e. rift-parallel (N075°E), displacement-orthogonal (N115°E),
Please cite this article as: Brune, S., Autin, J., The rift to break-up evolutio
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and intermediate (N095°E). We discuss the processes that underlie each
direction in Section 5.3.

3.2. Three-phase evolution

The evolution of the numerical model can be divided in three main
phases. Note, however, that the transitions between phases are not
abrupt but take place over 1 or 2 My. Figures showing the evolution
in steps of 1 My can be found in the electronic supplement.

3.2.1. Phase 1
(1–5 My): At 1 My, the strain rate pattern of Fig. 3a shows

small-scale shear zones that strike N095°E, which is intermediate
between the displacement-orthogonal direction and the rift orientation.
Within fewmillion years, they develop into an en-echelon system with
awavelength of several tens of kilometres. The stress regime (Fig. 3c), is
of extensional type everywhere and shows optimal fault orientation
with intermediate directions (Fig. 3d,e).

3.2.2. Phase 2
(6–13 My): Deformation of the en-echelon shear zones strongly

localises towards the lithospheric necking region (Fig. 3a). The normal
fault azimuth map (Fig. 3d) shows that the en-echelon structure fea-
tures a complex stress pattern: At the rift border, rift-parallel faulting
and intermediate normal faulting takes place. Simultaneously, strike-
slip faults and displacement-orthogonal normal faults occur in the rift
centre that delimit individual shear zones (Fig. 3c,d). The azimuth
diagram shows a shift from intermediate to rift-parallel directions and
even involves fault azimuths that are smaller than N075°E. At 10 My,
rift-parallel faults are dominant at the rift borders and a strong localiza-
tion of the deformation towards the rift centre reoccurs while the
en-echelon pattern vanishes.

3.2.3. Phase 3
(14 My and after): Incipient break-up links the individual shear

zones. Instead of multiple ridge segments that are offset by ridge-
orthogonal fracture zones, our model produces a single straight ridge
oblique to extensional direction. This mode of oblique sea-floor spread-
ing is known from slow and ultra-slow mid-oceanic ridges (Montési
and Behn, 2007) whereby our extension rate of 10 mm/yr satisfies the
condition for ultra-slow spreading (b12 mm/yr, Dick et al., 2003). How-
ever, the tendency of the system to produce the rectangular ridge-
transform spreading pattern can be seen in the stress-inferred azimuth
diagram (Fig. 3e at 14 My), where displacement-orthogonal faults are
visible together with intermediate fault directions during break-up of
the lithosphere.

The final strain distribution (Fig. 4a at 14 My) shows sigmoid
deformation patterns. The sigmoidal shape can be explained by succes-
sive rift localisation and the longevity of individual shear zones: After
formation of the initial en-echelon pattern, the central portion of each
shear zone gets stretched parallel to the direction of extension which
appears as a clockwise rotation (Fig. 4b). Since deformation localises
towards the rift centre, the area where rotation occurs narrows with
time. Thus, shear zones in the proximalmargin experience less rotation
while distal margin shear zones are deformed until they are nearly
parallel to the direction of extension.

3.3. Alternative model setups and robustness of results

In this section we study the robustness of our results. We therefore
change the initial configuration of the model by (i) decreasing and
(ii) increasing the depth of the lithosphere–asthenosphere boundary
followed by (iii) a model run with two times coarser numerical
resolution.

Changing the LAB depth severely affects the initial strength distribu-
tion through the vertical temperature profile at model start: A shallow
n of the Gulf of Aden: Insights from 3D numerical lithospheric-scale
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Fig. 4. Strain and topography patterns of the standard scenario. (a) The accumulated plastic strain shows formation of sigmoidal deformation patterns. The active region is outlined
by the strain rate contour. (b) Illustration of how long-lived shear zones generate sigmoidal strain patterns. (c) Topography shows rift shoulder uplift due to hot asthenospheric
upwelling at 6 My followed by subsidence due to lithospheric cooling. (d) The geometry of the basins is controlled by shear zone location and wavelength. Note that figures showing
the whole evolution in steps of 1 My can be found in the supplementary material.
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thermal LAB of 80 km (instead of the previously used 100 km) results in
a weak mantle lithosphere and involves less brittle deformation within
the crust (Fig. 2c). On the contrary, a thick lithosphere of 120 km pro-
duces both strong crust and mantle (Fig. 2d). In that case, crustal defor-
mation is dominated by brittle failure. In both scenarios, we initiate the
chemical LAB (i.e. the boundary between dry andwet olivine rheologies)
10 km above the thermal LAB.

Initially, the model with 80 km deep thermal LAB does not involve
localised shear zones as in the previous simulation: At 1 My, the
strain rate is much more distributed both at the surface (Fig. 5a) and
in depth (Fig. 5b). This is due to the fact that the viscously deforming
crustal domain is much thicker than the brittle portions of the crust.
Consequently, brittle strain softening is less efficient in focussing defor-
mation into discrete shear zones. After 15 My, a wide necking zone
evolves and individual shear zones emerge with intermediate (N095°)
orientations that are visible both in surface strain rate (Fig. 5a) and
stress-inferred fault azimuth (Fig. 5d,e). These shear zones successively
merge into two large zones of deformation that are oriented in a
displacement-orthogonal direction. Individual segments of the shear
zones with a specific orientation display the respective normal fault
azimuth (Fig. 5d at 25 My): Displacement-orthogonal parts, for
Please cite this article as: Brune, S., Autin, J., The rift to break-up evolutio
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example, show displacement-orthogonal fault orientations. During
break-up at 25 My, the surface shear zones strongly resembles offset
mid-ocean ridge segments. Note that these displacement-orthogonal
ridges occur in the thin-lithosphere model but not in the standard sce-
nario. The cause probably lies in the relationship between plate strength
and ridge segment lengths. If plates are strong, mid-oceanic ridge
segments are long, whereas weak plates with low effective viscosity
generate short segments (Gerya, 2010 and references therein). Thus,
the setupwith hotter andhenceweaker lithosphere can produce smaller
ridge segments that fit into the modelling domain, while a larger model
size would be needed to observe segmentation in the standard scenario.

The model with a 120 km thick lithosphere is strongly controlled
by brittle localisation (Fig. 6). The overall evolution is similar to the
standard scenario with a 100 km deep thermal LAB, although brittle
localisation plays a stronger role. At 1 My, distinct parallel shear zones
interconnect at depth in a highly symmetric fault network (Fig. 6a,b).
Deformation localises into the rift centre and forms several large shear
zones that interconnect via en-echelon pattern. Simultaneously, the
stress-inferred fault azimuth shifts towards a rift-parallel orientation
while strike-slip domains emerge between the shear zones. The overall
azimuth pattern shows a higher complexity than the standard scenario
n of the Gulf of Aden: Insights from 3D numerical lithospheric-scale
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Fig. 5. Alternative setup with thin lithosphere (80 km). The initial strength distribution of this scenario is shown in Fig. 2c. Viscous rheology dominates the rift system and significantly prolongs the rift process, so that break-up takes place
10 My later than in the standard scenario. Described phases of the standard scenario are not applicable to this model. Localisation proceeds without en-echelon pattern towards large displacement-orthogonal structures (20 and 25 My).
Normal fault azimuths involve rift-parallel, intermediate and displacement-orthogonal directions.
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Fig. 6. Alternative setup with thick lithosphere (120 km). The initial strength distribution of this scenario is shown in Fig. 2d. Although crustal faulting is much more pronounced than in the standard scenario, overall rift evolution involves the
described three phases. Stress rotations in the en-echelon zone at 8 My are more complex than in the standard model systematically involving all possible fault directions.
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Fig. 7. Low-resolution model (6 km element size, instead of 3 km). Although distinct shear zones are more diffuse than in the standard scenario (Fig. 3), the overall model evolution is very similar in terms of timing, deformational structures
and normal fault orientations.
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Fig. 8. Analogue model evolution. Top view photographs and interpretations of the lithosphere-scale analogue model with four brittle and ductile layers. In agreement with the
numerical model, the analogue model evolves in distinct phases whereby rift-parallel orientations occur at the rift flanks while intermediate and displacement-orthogonal fault
directions dominate the rift centre.
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incorporating all possible fault orientations. During break-up all strains
are taken up by a single straight shear zone in themodel centre and the
stress-inferred fault diagram indicates intermediate and displacement-
orthogonal fault azimuths. The spacing between individual shear zones
and the width of associated basins results from a dynamic interplay
involving the brittle–ductile transition depth in the upper crust
(e.g. Vendeville et al., 1987), the strength contrast between upper and
lower crust (Wijns et al., 2005) and the lithospheric necking width.
For example, the deeper brittle–ductile transition depth in the thick-
lithosphere model at 1 My and 8 My (Fig. 6) allows to accommodate
less shear zones than the standard scenario (Fig. 3) so that specific
basins must have a larger wavelength.

In order to evaluate the influence of model resolution on our
results, we modify the standard scenario by two times coarser resolu-
tion (i.e. 6 km element length instead of 3 km, Fig. 7). The overall rift
evolution is similar to that of the original model. Although the shear
zones are more diffuse both in map view and cross section, both the
necking width and general timing correspond very well. Strong simi-
larity exists in variables that have been inferred through the stress-
interpretation technique: We find predominantly normal faulting
with intermediate orientation in Phase 1, a strong tendency towards
rift-parallel faulting during Phase 2 and intermediate to displacement-
orthogonal azimuths upon break-up. Differences with respect to the
standard model involve the less well expressed strike-slip populations
during phase 2 and that displacement-orthogonal azimuths are less
expressed during break-up. In quintessence, this experiment shows
that the overall model evolution is relatively independent of model
resolution. Moreover, we argue that stress-inferred variables allow
resolution-independent conclusions.
Please cite this article as: Brune, S., Autin, J., The rift to break-up evolutio
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3.4. Model limitations

Note that the model capabilities are limited in several aspects.
Most importantly, magma migration and dike formation that tend to
decrease lithospheric strength perpendicular to the direction of exten-
sion are not accounted for. Surface processes like erosion and sedimen-
tation are not included. Besides, the limits of computational power
restrict our model resolution to 3 km which is still far from resolving
individual faults. Nevertheless, the presented model is one of the first
to reproduce lithospheric-scale rift evolution from initial deformation
until break-up.

4. Numerical model vs. Gulf of Aden analogue model

Before we compare the numerical model to the Gulf of Aden, we
will explore differences and similarities to the previously conducted
lithospheric-scale analogue model of Autin et al. (2010) that also fea-
tured an obliquity of 40°. As the numerical model uses a prescribed
weakness in the lithosphere, we compare it to an analogue experiment
which also contains a pre-existing lithospheric weakness (Fig. 8).

The analogue model is constructed in order to reproduce oblique
rifting by way of shifted lateral velocity discontinuities (see Autin
et al., 2010 for details). Moreover, an oblique weakness trends parallel
to the direction of obliquity imposed by the lateral velocity discontinu-
ities, and joins them. The model involves a four-layer type lithosphere
strength profile (shown in Fig. 2e) modelled using granular materials
and silicone. This modelled lithosphere overlies a low viscosity, higher
density glucose syrup that mimics the asthenosphere. Lateral dimen-
sions of the setup (56 cm times 30 cm in the laboratory) scale to
n of the Gulf of Aden: Insights from 3D numerical lithospheric-scale
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750 km times 400 km in reality. Themaximumextension of themodel is
20% which corresponds to 80 km if scaled to natural dimensions or to
8 My of our numerical model evolution.

Autin et al. (2010) also observed the three main fault populations:
Rift-parallel, intermediate, and displacement-orthogonal. Moreover,
the proposed three steps of development are very similar to the ones
observed in the numerical models (Fig. 8): (i) The fault populations,
especially during the early stages of deformation, are composed of
intermediate faults. This fault population is characteristic for oblique
rifts as observed in previous studies. (ii) In later stages, faults parallel
to the rift become numerous and are located in the rift borders where
thinning is most important. (iii) During the final stages of extension,
the small-scale deformation pattern is composed of displacement-
orthogonal faults in the deepest parts, i.e. in the rift centre.

Although the three stages are similar to the ones observed in the
numerical models, several differences exist: The numerical model
indicates that during the Phase 1, only intermediate faults develop,
whereas in the analogue model, also displacement-orthogonal faults
develop. However, these orientations occur near the model boundary
and may hence be related to boundary effects. Phase 3 of the numerical
model displays displacement-orthogonal as well as intermediate faults
(Fig. 3d), whereas Autin et al. (2010) infer that only displacement-
orthogonal faults form in the analogue models at this stage. Unfortu-
nately, the advanced deformation inhibited precise measurements of
the fault lineaments and no statistic plot is available for this stage.
In the numerical model, this stage is controlled by the ascent of the
hot asthenosphere and subsequent plate cooling, which cannot be
reproduced in analogue models. These processes induce a strong local-
ization of the deformation, where oblique weakening combined with
the far-field stress could lead to intermediate fault development. The
azimuth diagram (Fig. 3e) shows clearly displacement-orthogonal
faults at 14 My, when the break-up occurs. This is different from the
analogue model, which suggests that they appear at earlier stages. It is
noteworthy that clockwise rotations of the structural pattern start at
7 My in the numerical model. Rotations are observed in the analogue
models and result in the same general sigmoid pattern.

Another fundamental similarity between the models is the location
of faults with similar azimuth. In the numerical as well as the analogue
models, rift-parallel faults are always located along the rift flanks. This is
where the overall oblique thinning of the lithosphere creates a strong
lateral density contrast between the dense lithosphere and the hot
ascendant asthenosphere. These variations are thought to induce an
extensional force component perpendicular to the rift flanks (Bellahsen
et al., this volume). On the contrary, displacement-orthogonal faults are
always created in the rift centre where the lateral density contrast is
much smaller.

5. Numerical model vs. Gulf of Aden natural rift

5.1. Chronology and localisation of the fault populations

First we compare the distribution of the fault populations in the rift
and their chronology. As described in Bellahsen et al. (this volume), the
Gulf of Aden displays a systematic fault organisation (Fig. 1): (i) The ex-
ternal parts of the rift show intermediate and displacement-orthogonal
faults; (ii) the rift borders focus rift-parallel faults and; (iii) the internal
parts are mainly composed of intermediate fault in the OCT and
displacement-orthogonal faults close to themid-oceanic ridge. If we con-
sider that the deformation localises progressively towards the rift centre
(e.g. Corti et al., 2003; Ring et al., 1992), then the structures of the proxi-
mal margin should be older than those of the distal one. This evolution is
in accordance with the 3 step evolution of the numerical model. Indeed,
Fig. 3d,e shows that (i) the intermediate faults are created first and will
then be located in the external parts of the rifts; (ii) rift-parallel faults
form later and are localised at the rift borderswhere lithospheric thinning
is strongest, i.e. at 100 km and 150 km along the x-axis at 6 My or
Please cite this article as: Brune, S., Autin, J., The rift to break-up evolutio
modelling, Tectonophysics (2013), http://dx.doi.org/10.1016/j.tecto.2013.
110 km and 140 km at 10 My; and (iii) intermediate and displacement-
orthogonal faults appear in the rift centre during the final evolution of
the model.

The numerical model reproduces the actual Gulf of Aden rift dura-
tion of 14 My from initial localisation to final break-up (Leroy et al.,
2012). The temporal fault kinematic history of the Gulf of Aden rift
system is presently still speculative. We therefore propose that the
timing of our model's rift phases can be indicative for future kinematic
studies of the evolution of faults in the Gulf of Aden.

5.2. Final deformation pattern

The overall deformation pattern of the Gulf shows an en-echelon
arrangement of the syn-rift faults and grabens, on both sides of the
oblique OCT (Fig. 1a). When the Gulf is closed to the OCT (Fig. 1b),
the main Tertiary depocentres show en-echelon sigmoid grabens.
This pattern is similar to the plastic strain pattern observed in the
numerical model (Fig. 4a). The modelled basin topography is also
comparable with en-echelon sigmoid basins that became progres-
sively linked and that separated when the final localization occurred
at 10–11 My (Fig. 4d). Nevertheless, this en-echelon deformation
occurs at larger scale (ca. 100 km) than in the numerical model
(40–50 km) and is partly controlled by the Mesozoic inheritance
(Autin et al., this volume; Ellis et al., 1996; Granath, 2001; Leroy
et al., 2012). The difference in wavelength is certainly due to the initial
pattern of the inherited, widely spaced Mesozoic basins, which have
focused the deformation during their reactivation, preventing the
appearance of a more distributed pattern as in the numerical model.
Although the main Tertiary depocentres focus in these inherited basins,
deformation is also observed outside of them as for example in the
Ashawq graben. Thus, it appears that the distributed deformation pattern
of themodel canbe recognised in theGulf of Adenbut is locally controlled
and enhanced by the inheritance that overprinted the general pattern.

As proposed above, the sigmoidal shape in the model can be due to
successive rotations during ongoing extension of long-lived shear zones
(Fig. 4b). In the Gulf of Aden, the inherited Mesozoic basins have a sig-
moidal shape and thus could have experienced such rotations. Novel
analogue models that reproduce this inheritance during oblique rifting
show indeed that the inherited structure ends with a sigmoid shape
(Autin et al., this volume).

5.3. Processes that control major fault orientations

The intermediate fault direction (N095°E) plays a prominent role
during all three phases of the model. The underlying reason for the oc-
currence of this orientation is the combined effect of both extensional
far field stresses and its local modification by the rift zone as proposed
by Withjack and Jamison (1986).

During Phase 2 (6 to 13 My), the progressive development of
rift-parallel faults indicates that deformation localises along the oblique
trend. The rift-parallel fault orientation can be linked to necking-related
buoyancy forces that generate a rift-orthogonal stress component
(Bellahsen et al., this volume): These buoyancy forces can be caused
by thickness variations in the lithosphere producing lateral density var-
iations between the dense lithosphere and the less dense, hotter ascen-
dant asthenosphere so that the resulting force direction is perpendicular
to the major lithosphere thinning (e.g. Artyushkov, 1973; Fleitout and
Froidevaux, 1982). This hypothesis is supported by the localisation of
rift-parallel faults in the rift borders above themaximal gradient of lith-
osphere thickness (Fig. 3b,d). Additionally, necking-related buoyancy
has been considered an important driving force for rifting evolution
even in orthogonal, 2D rift settings (Burov, 2007; Davis and Kusznir,
2002; Huismans et al., 2001). An alternative reason for rift-parallel
faulting is strain partitioning between rift centre and rift flanks:
Strike-slip faults emerge in the rift centre (Fig. 3c) at the same time as
rift-parallel faulting occurs at the rift borders. The strike-slip zone
n of the Gulf of Aden: Insights from 3D numerical lithospheric-scale
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partly accommodates the rift-parallel component of extension so
that rift flanks experience only the rift-perpendicular velocity com-
ponent which induces the observed rift-parallel fault direction.
Strain partitioning has been observed in both natural rift systems
like the Main Ethiopian Rift and corresponding analogue experi-
ments (Agostini et al., 2011).

Deformation during the third step (from 14 My on) is localised in the
rift centre. The intermediate and displacement-orthogonal faults indicate
that the far-field extension dominates. The rift centre is far enough from
the thinning zones (rift borders) so that the newly formed faults develop
mainly in response to the far field stresses, as proposed in Autin et al.
(2010). Nevertheless, the presence of intermediate faults suggests that a
local stress field is still active. The reason is probably that plate cooling
takes place perpendicular to the oblique rift zone. The ongoing evolution
of the model shows that intermediate fault proportion tends to decrease
with time compared to the displacement-orthogonal faults, suggesting
that the far-field is more and more dominant.

6. Conclusion

The proposed stress interpretation method intuitively visualises
the surface stress field in terms of stress regime and optimal fault ori-
entation. It allows to extract significantly more details of the model
evolution than mere interpretation of strain-rate and strain fields. A
comparison with analogue models and the natural Gulf of Aden
shows very good agreement in many aspects. We stress that this
method can be easily introduced in the post-processing step of any
numerical geodynamic model.

We identify a characteristic three-phase evolution of fault patterns.
Phase 1 (1-5 My): Faults develop with orientations that are intermedi-
ate between the rift-direction and the displacement-orthogonal. Phase
2 (6–13 My): Rift-parallel normal faults occur at the rift flanks simulta-
neously with strike-slip faults and displacement-orthogonal faults in
the central part of the rift system. Phase 3 (after 13 My): Displacement-
orthogonal as well as intermediate orientation dominate during break-
up and thereafter.

We relate these steps to the following deformation processes: (i) Inter-
action of the far-field stress and the local stresses induced by theweakness
zone generates intermediate faults. (ii) Necking-related buoyancy forces
affect the local stress field and create rift-parallel faults. Additionally,
strain partitioning between the rift centre and the rift flanks generates
rift-parallel fault orientations at the rift borders. (iii) During break-up,
far-field stress conditions become progressively important, creating in-
termediate and displacement-orthogonal faults.
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