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Abstract Rifting involves complex normal faulting that is controlled by extension direction, reactivation
of prerift structures, sedimentation, and dyke dynamics. The relative impact of these factors on the
observed fault pattern, however, is difficult to deduce from field-based studies alone. This study provides
insight in crustal stress patterns and fault orientations by employing a laterally homogeneous, 3-D rift setup
with constant extension velocity. The presented numerical forward experiments cover the whole spectrum
of oblique extension. They are conducted using an elastoviscoplastic finite element model and involve
crustal and mantle layers accounting for self-consistent necking of the lithosphere. Despite recent advances,
3-D numerical experiments still require relatively coarse resolution so that individual faults are poorly
resolved. This issue is addressed by applying a post processing method that identifies the stress regime and
preferred fault azimuth at each surface element. The simple model setup results in a surprising variety of
fault orientations that are solely caused by the three-dimensionality of oblique rift systems. Depending on
rift obliquity, these orientations can be grouped in terms of rift-parallel, extension-orthogonal, and interme-
diate normal fault directions as well as strike-slip faults. While results compare well with analog rift models
of low to moderate obliquity, new insight is gained in advanced rift stages and highly oblique settings. Indi-
vidual fault populations are activated in a characteristic multiphase evolution driven by lateral density varia-
tions of the evolving rift system. In natural rift systems, this pattern might be modified by additional
heterogeneities, surface processes, and dyke dynamics.

1. Introduction

Oblique extension takes place when the relative velocity of two diverging plates is oblique to the rift trend
(Figure 1). It occurs currently in both continental and oceanic settings such as the Ethiopian Rift System
[Corti, 2008], the Malawi Rift [Chorowicz and Sorlien, 1992], the Aegean Rift [Agostini et al., 2010], the Rey-
kjanes and Mohns ridge [Dauteuil and Brun, 1993], and the South West Indian Ridge [Dick et al., 2003; Mon-
t�esi et al., 2011]. During Pangaea fragmentation, oblique rifting often lead to continental breakup as for the
separation of Africa and South America [N€urnberg and M€uller, 1991; Torsvik et al., 2009; Moulin et al., 2010;
Heine and Brune, 2014], Madagascar and Africa [de Wit, 2003], Madagascar and India [Storey et al., 1995], Sri
Lanka and South India from Antarctica [Gaina et al., 2007], and Antarctica and Australia [Whittaker et al.,
2007; Williams et al., 2011]. Oblique rifting took place during the formation of the Gulf of Aden [Bellahsen
et al., 2003; Brune and Autin, 2013], the Gulf of California [Lizarralde et al., 2007; Bennett and Oskin, 2014] as
well as in the North Atlantic upon formation of the Davis Strait [Suckro et al., 2012; Hosseinpour et al., 2013],
and the Fram Strait [Engen et al., 2008].

Oblique rift systems exhibit a complex spatiotemporal fault evolution that may be due to activation of
inherited crustal heterogeneities or anisotropies [Smith and Mosley, 1993; Ring, 1994], magmatic intrusions
[Buck, 2006; Rooney et al., 2014], rotations of the extension direction [Strecker et al., 1990; Ring, 1994; Bonini
et al., 1997], and interaction of tectonics with sedimentation [Bialas and Buck, 2009; Dorsey, 2010].

In order to elucidate the structures and evolution of oblique extensional systems analog modeling has
been successful on both crustal and lithospheric scale: (i) Models on crustal scale simulate rifting via a
brittle crust that is underlain by a basal zone of extension including an oblique velocity discontinuity
[Withjack and Jamison, 1986; Tron and Brun, 1991; McClay and White, 1995; Clifton et al., 2000; Mart and
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Dauteuil, 2000; Corti et al., 2001, 2003]. With this approach, crustal strain patterns are investigated inde-
pendently from mantle deformation. Hence, lithospheric necking and associated isostatic balancing are
not accounted for which limits the model applicability to the initial rift stage. (ii) Recently, lithospheric-
scale laboratory experiments have been conducted that incorporated thinning of the lithosphere and its
influence on crustal fault patterns [Sokoutis et al., 2007; Corti, 2008; Agostini et al., 2009; Autin et al., 2010;
Corti, 2012].

A main feature of all analog experiments with moderate obliquity (a<�60�, where a is the angle of obliq-
uity measured between rift normal and direction of extension) is that the principal strain directions are gen-
erally not parallel to the direction of relative movement between the extending plates. Withjack and
Jamison [1986] showed that for low amounts of bulk extension, the fault orientation within the rift trends
halfway between the extensional-orthogonal direction and the rift trend (Figure 1). They also addressed the
occurrence of strike-slip faults by showing that for crustal-scale models with low to moderate obliquity, the
vertical principal stress rv is identified with r1 and the largest horizontal stress rH with r2. With higher
obliquity, however, the difference between rv and rH decreases until rH becomes the largest principal
stress. In this case, both r1 and r3 are horizontal and strike-slip deformation takes place. Using infinitesimal
strain theory, Withjack and Jamison [1986] calculated that a critical angle of obliquity acrit 571� has to be
exceeded in order for strike-slip faulting to occur. For larger amounts of bulk extension, rift-parallel and
extension-orthogonal fault populations have been observed in lithospheric-scale models [Agostini et al.,
2009; Autin et al., 2010].

Reproducing realistic, scalable rheologies, adequate boundary conditions and especially the introduction
of temperature-dependent viscosity pose severe problems in laboratory experiments. Many numerical
models, however, include these features and were used to study rifting in a 2-D setting [e.g., Zuber and
Parmentier, 1986; Braun and Beaumont, 1989; Bassi, 1991; Buck, 1991; Burov and Cloetingh, 1997; Lavier
et al., 2000; Behn et al., 2002; Van Wijk and Cloetingh, 2002; Huismans and Beaumont, 2003; P�erez-Gussiny�e
et al., 2006; Lavier and Manatschal, 2006; Regenauer-Lieb et al., 2006; Buiter et al., 2008; Petersen et al.,
2010; Huismans and Beaumont, 2011; Rey et al., 2011; Choi and Buck, 2012; Liao and Gerya, 2014; Brune
et al., 2014]. However, computational models of oblique rifting necessitate 3-D calculations which
severely limits the model resolutions and constitutes a fundamental constraint to present-day numerical

Figure 1. Geometry of oblique rifting. The angle of obliquity a is the angle between the far field extension and the rift normal; it is 0� for
pure extension and 90� for large-scale simple shear motion. With increasing obliquity, the stress field and the associated fault orientations
rotate to the indicated azimuth. The ‘‘intermediate’’ fault orientation is defined to lie in the middle between rift-parallel and extension-
orthogonal direction.
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models. Addressing only crustal deformation of a 3-D rift system strongly limits the computational effort
which allows for comparatively higher resolution [Katzman et al., 1995; Allken et al., 2011, 2012]; however,
it is valid only during the initial rift stage, where the influence of a deforming mantle lithosphere can be
neglected. This disadvantage is overcome by 3-D numerical experiments that involve both crust and man-
tle layers [Dunbar and Sawyer, 1996; van Wijk and Blackman, 2005; van Wijk, 2005; Gac and Geoffroy, 2009;
Gerya, 2010; Le Pourhiet et al., 2012; Brune et al., 2013; Gerya, 2013; Heine and Brune, 2014; Le Pourhiet
et al., 2014].

In this paper, I investigate the structures of oblique rift systems by means of a lithospheric-scale numerical
model that includes elastoviscoplastic rheology with laboratory-based flow laws for temperature and
pressure-dependent viscosity. The presented models address the whole extensional process from initial
fault coalescence to breakup. This analysis involves the conventional approach to compute and interpret
shear zone patterns in terms of strain-rate and plastic strain. Additionally, a recently developed stress inter-
pretation technique is used [Brune and Autin, 2013] that allows the evaluation of fault patterns on a sub-
shear zone level.

2. Model Description

2.1. Numerical Model Setup
The numerical 3-D rift setup involves laterally homogeneous material layers without inherited structures,
constant extension velocity, and direction. The thermomechanically coupled conservation equations of
momentum, energy, and mass are solved using the implicit, finite element code SLIM3D (Semi-Lagrangian
Implicit Model for 3-D). A detailed description of the numerical techniques is given in Popov and Sobolev
[2008].

The presented models comprise a segment of the Earth that measures 249 km times 249 km horizontally
and 120 km vertically (Figure 2). It is divided in 275,560 cubic elements with a length of 3 km. At the left
and right model side, a velocity of 5 mm/yr is prescribed, resulting in a full extension velocity of 10 mm/yr.
Hence, an extension of e.g., 200 km is reached after 20 My model time. The angle of obliquity a is defined
as the angle between the boundary velocity vector and the boundary normal. A different obliquity is
applied during each model run in order to scan from orthogonal extension (a50�) over oblique rifting to
strike-slip motion (a590�). Note that the width of the model domain stays the same during extension, so
that there is outflow of material across the left and right model boundaries. The code features a free surface
at the top boundary, while at the bottom boundary isostatic equilibrium is realized by means of the Winkler
foundation, where inflow of material is accounted for during remeshing. An important feature of the model
is the periodic boundary condition that connects the front and back sides so that an effectively infinitely
long rift zone is realized. In order to localize deformation to the model center, a small elongate temperature
heterogeneity is applied in the middle of the prospective rift (Figure 2a). This approach effectively mimics a
small amount of lithospheric thinning and importantly, it does not prescribe any fault structures at the
surface.

The model comprises four distinct rheological layers, namely a 20 km thick upper crust featuring wet
quartzite properties [Gleason and Tullis, 1995], a lower crust of 15 km thickness with granulite rheology
[Wilks and Carter, 1990], a 45 km thick layer of lithospheric mantle with dry olivine rheology [Hirth and Kohl-
stedt, 2003], and an asthenospheric layer that is represented by the flow law of wet (i.e., 500 ppm H/Si) oli-
vine below 90 km depth [Hirth and Kohlstedt, 2003]. A list of all thermomechanical parameters can be found
in Table 1.

Thermomechanical weakening affects the model evolution by three mechanisms: (i) Friction softening:
Crustal fault strength is successively reduced by continued deformation within a fault zone [Zoback et al.,
1987; Provost and Houston, 2003]. This process is introduced using a strain-dependent effective friction coef-
ficient 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. This corresponds to a decrease of the effective friction angle from
31� to 3.5�. (ii) Shear heating: An increased rate of deformation leads to heat production which lowers the
effective viscosity. A smaller viscosity attracts deformation and thus increases the strain rate. (iii) Dislocation
creep involves a power law dependency between strain rate and stress that allows localization in terms of
viscosity reduction.
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2.2. Stress Interpretation Method
In most thermomechanical codes (including SLIM3D), brittle deformation localizes in the form of shear
bands with a typical width of few elements. This limits the capabilities of currently relatively coarse 3-D
models to reproduce the fault patterns that are visible both in nature and in analog models. However, a
great advantage of numerical models is to offer direct access to the stress tensor at any element of the
model. Here we exploit this advantage by means of a simple post processing technique that analyzes the
stress tensor at the model surface in order to infer stress regime and the optimal orientation of small-scale
faults [Brune and Autin, 2013]. This method extracts information from the model which is not accessible to

Figure 2. Model setup. (a) Extensional velocities are prescribed at the boundaries in x direction. Periodic boundary conditions in y direction realize an in principle infinitely long rift zone.
A thermally weak zone initializes rifting by effectively introducing a small amount of lithospheric necking. (b) The stress tensor is used to calculate the regime stress ratio (RSR) at each
surface element. (c) The optimal fault orientation with respect to the stress field is computed for each surface element and condensed in an azimuth diagram.
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standard visualizations of strain or strain rate and thereby allows a more detailed interpretation of the
numerical experiments. It applies the following recipe:

First, the principal stress components, i.e., the eigenvalues r1, r2, and r3 of the stress tensor and the corre-
sponding eigenvectors, are computed at each surface element. The surface stress regime is evaluated in
terms of the scalar Regime Stress Ratio (RSR) that indicates extension, strike-slip motion, and compression
on a continuous scale [Simpson, 1997; Delvaux et al., 1997; Buchmann and Connolly, 2007; Hergert and Heid-
bach, 2011]. An equivalent alternative method that uses the nondimensional Argand Ratio has been suc-
cessfully used in analyzing stress states of thin sheet models [England and McKenzie, 1982; Houseman and
England, 1986; Rey and Houseman, 2006]. In order to compute the RSR value, the vertical, smallest horizon-
tal, and largest horizontal stress components are used (rv, rh, and rH, respectively) to define the index n

n5

0 if rh < rH < rv normal faultingð Þ

1 if rh < rv < rH strike2slip faultingð Þ

2 if rv < rh < rH thrust faultingð Þ

8>><
>>:

9>>=
>>;

and the ratio R between smallest and largest differential stress [Bott, 1959],

R5
r22r3

r12r3

� �

which allows to compute the RSR value via

RSR5 n10:5ð Þ1 21ð Þn R20:5ð Þ

The RSR value maps all possible stress regimes to the interval between 0 and 3. The meaning of the RSR
value is illustrated using two examples (Figure 3). The data are drawn from the non-oblique and the highly
oblique scenarios of section 3 (a50� and a560�, respectively). rv, rh, and rH are measured in the surface
element at x 5 125 km and y 5 125 km. For a50� , the identification of the principal stress components is
obviously r1 5 rv, r2 5 rH, and r3 5 rh indicating an extensional character of the stress tensor. Even
though rv and rh vary significantly, the ratio R does not change much so that the RSR value remains in the
normal faulting domain. The situation changes for a560�, where r1 and r2 exchange their identification
with rv and rH which leads from an initially transtensional regime through a strike-slip incursion at 10–14
My to pure extension at 20 My.

Once the stress regime at each element is known, an optimally oriented fault direction can be inferred.
Assuming isotropic and homogeneous materials, the standard rules of Andersonian faulting are applied
[Anderson, 1948] so that extensional (RSR�1) and compressive (RSR>2) stress regimes generate r3-orthogo-
nal and r1-orthogonal fault azimuths, respectively. Strike-slip faults occur for 1<RSR�2 at 6ueff from r1

Table 1. Model Parameters

Parameter Upper Crust Lower Crust Strong Mantle Weak Mantle

Density, q (kg m23) 2700 2850 3280 3300
Thermal expansivity, aT (1025 K21) 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 kg21 K21) 1200 1200 1200 1200
Heat conductivity, k (W K21 m21) 2.5 2.5 3.3 3.3
Radiogenic heat production, A (mW m23) 1.5 0.2 0.0 0.0
Initial friction coefficient, l (-) 0.6 0.6 0.6 0.6
Cohesion, c (MPa) 5.0 5.0 5.0 5.0
Preexponential constant for diffusion creep, log(BDiff) (Pa21 s21) - - 28.65 28.65
Activation energy for diffusion creep, EDiff (kJ/mol) - - 375 335
Activation volume for diffusion creep, VDiff (cm23/mol) - - 6 4
Preexponential constant for dislocation creep, log(BDisloc) (Pa2ns21) 228.00 221.05 215.56 215.05
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 (cm23/mol) 0 0 13 10

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].

The friction coefficient l decreases linearly by 90% of the initial value until plastic strain reaches 1, and remains constant for larger
strains.
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(with the effective friction angle ueff 531�). Note that the stress tensor information alone does not suffice
to discriminate between the two strike-slip conjugates (dextral or sinistral) that differ by an azimuth of 2ueff.
While accounting for both conjugate fault populations, their number is hereafter scaled with a factor of 0.5
so that the overall number of strike-slip elements is not affected.

Azimuth diagrams (Figures 4e–10e) depict the significance of individual fault directions by binning the
number of elements within a given azimuth interval. Thus, they can be directly compared to fault length
histograms of analog models. Azimuth diagrams are normalized such that the dominant fault orientation is
always depicted with a frequency of 100.

By computing optimal fault orientations as a function of local stress state, it is assumed that faults develop in
homogeneous, isotropic material. This means that stress-inferred fault orientations only account for the infinitesi-
mal strain field. In reality, the finite strain field involves long-lived faults that might rotate until they deform via
oblique slip so that they are not optimally oriented anymore. Obviously, these faults can not be reproduced by
this approach. However, a recent study of oblique-spreading oceanic ridges (Southwest Indian, Sheba, Carlsberg,
Reykjanes, and Mohns Ridge) compared earthquake focal mechanisms which are markers of infinitesimal strain
with normal fault orientations representing the finite strain field [Fournier and Petit, 2007]. It was shown that both
observations correspond to the same direction of rh which implies that normal faults at ridge axes only accommo-
date a small amount of strain while they are in the zone of active deformation. Further evidence for dominating
dip-slip motion of rift faults has been assembled in the Baikal Rift [Petit et al., 1996], the Western branch of the East
African Rift [Morley, 2010], and the Main Ethiopian Rift [Corti et al., 2013]. These studies support the hereafter
applied assumption of optimally oriented, Andersonian dip-slip faults for oceanic and continental rift systems.

The stress interpretation method allows the computation of fault mechanism and azimuth for any stress tensor,
even though the considered element experiences no strain at all. Hence, it is necessary to exclude the quasi-
nondeforming region outside the rift zone from the analysis. I restrict my analysis to the zone of tectonic activity,
where the strain rate exceeds 10215 s21 (see black contour in Figures 4a–10a). This number is somewhat arbitrary,
but the overall results are not affected if the threshold value is changed within the range of reasonable values (see
supporting information Figures S4 and S5). Since the extent of the active region (i.e., with strain rate larger than
10215 s21) varies through time, the overall number of elements that contribute to the analysis changes for each
time step and is indicated in the azimuth diagrams (Figures 4e–10e) in the upper left corner (#Elements).

3. Modeling Results

In this section, the general behavior of the numerical models is briefly discussed before individual models
are interpreted. The next section relates the first rift stages of the presented models to previously con-
ducted analog models.

Figure 3. Illustration of the RSR value. The stress regime can be visualized using the RSR value that continuously varies between extension
(RSR�1), strike-slip motion (1<RSR�2), and compression (RSR>2). Time series of deviatoric stress components are taken at the central
coordinates (x, y) 5 (125 km, 125 km) of experiments shown in Figures 4 and 8.
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3.1. General Behavior
During the first million years of extension, small-scale shear zones emerge spontaneously over the entire
model width. They compete due to frictional softening until they coalesce into few dominant shear zones
in the center of the model atop the lithospheric necking zone. These shear zones form a distinct en-�echelon
pattern in all models with oblique rift direction, whereby their overall number increases with obliquity. Note
that the model resolution of 3 km does not allow to reproduce faults in a strict sense; however, finite-width
shear zones with a typical width of several elements can be observed.

With continuing deformation, the central portion of the en-�echelon shear zones appears to rotate counter-
clockwise with a vertical axis so that the shear zones develop a sigmoidal shape. The rotation is caused by
the longevity of the shear zones [Brune and Autin, 2013]: Oblique rifting transforms long-lived shear zones
via stretching which appears as a rotation. Due to basinward localization, shear zones at the rift margin
become inactive at an early stage and hence accommodate less rotation than shear zones in the rift center
which continue rotating until they are almost parallel to extension.

The normal faults that emerge from the initial phase of coalescence rotate to smaller dip with continued
extension. When they reach a dip angle of approximately 30�, they become inactive and new, basinward
located faults commence to accommodate brittle strain. In all model runs except the strike-slip end mem-
ber, successive localization toward the rift center generates a graben-in-graben structure. The transition
during an individual localization event can be very rapid (i.e., faster than 1 My), especially for a mature rift
close to breakup.

Since the applied modeling approach does not account for the formation of oceanic crust, continental
breakup is reached when the crust is broken and asthenospheric material reaches the surface. The required
time to reach breakup grows with increased rift obliquity since the overall extension rate is kept constant
for all setups so that the rift-perpendicular extension velocity is smaller for larger obliquity. For the case of
a590� , it is zero and no breakup takes place at all.

3.2. Orthogonal Rifting (a50)
Initial deformation is distributed over the whole model (Figure 4a). Within 6 My, however, successive coales-
cence of small-scale shear zones leads to the emergence of distinct rift segments with a small offset in-
between. There are two offset locations (at y 5 1202170 km and y 5 0230 km). Each rift segment is
bounded by a set of conjugate normal faults that cut through the whole crust and lead to Moho uplift (Fig-
ure 4b). With continued deformation, new basinward dipping normal faults localize close to the rift center
until crustal breakup takes place at 11 My.

The stress regime (Figure 4c) is purely extensional during the whole experiment. This can also be seen for
individual stress components and the nearly constant RSR value at the center of the model (Figure 3). The
azimuth distribution shows more complexity than expected for an essentially 2-D setup (Figure 4d). This is
caused by the formation of the aforementioned two rift segments. Within each segment, normal faults
strike in y direction with 0� azimuth but at the offsets, the principal stress direction of r3 rotates smoothly
so that the inferred normal fault azimuth reaches 70� and 270�, respectively.

The azimuth diagrams (Figure 4e) mirror the structural evolution of the system. The initial structures at 1 My
with homogeneous 0� azimuth evolve into a widened distribution. At 6 My, the rift offsets contribute a
small number of elements with azimuths of 670�. When the rift segments merge into a single rift zone at 8
My, the azimuth distribution narrows again to 0� until breakup at 11 My.

3.3. Low Obliquity (a515�, 30�)
At 1 My, the strain rate patterns of Figures 5a and 6a show small-scale shear zones that strike at an angle of
27.5� and 215�, respectively, that is exactly the intermediate azimuth of the extension-orthogonal direc-
tion and the rift orientation. Throughout this paper, I refer to this specific direction as ‘‘intermediate’’ fault
orientation. At 5–6 My, along-strike segmentation of the rift is depicted in the strain rate plots that are char-
acterized by en-�echelon shear zone patterns. Successive localization toward the rift center ends the en-
�echelon deformation and leads to crustal breakup along a straight ridge.

The stress-inferred fault mechanism (Figures 5c and 6c) is of normal type at the beginning, followed by
some minor strike-slip deformation in the rift center before finally returning to pure extension. Fault
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azimuths develop in four phases (Figures 5d and 6d): (i) The coalescence phase involves intermediate direc-
tions. (ii) During en-�echelon deformation, individual segments are connected by fault populations with
diverse orientation of 0–70�. In contrast to the orthogonal setup with a50� , the fault azimuth distribution is
skewed toward higher values, which compensates the obliquity of the individual en-�echelon shear zones.
Some strike-slip faulting occurs with conjugate fault azimuths of 5� and 255� in the a 5 30� scenario (Figure
6e). (iii) Lithospheric necking unites the rift segments prior to breakup and homogenizes normal fault azi-
muths to mainly intermediate directions. (iv) Breakup entails both extension-orthogonal and intermediate
normal fault orientations.

3.4. Moderate Obliquity (a545�)
In many structural aspects, the model with 45� obliquity shows a mixture between the low and the high-
obliquity experiments. The coalescence phase starts with intermediately oriented fault azimuths (Figures 7a, 7d,
and 7e) that develop into an en-�echelon system at 6 My. Similar to the low-obliquity models, the en-�echelon seg-
ments are connected at the rift boundaries with smoothly varying fault orientations that exceed the rift-parallel
azimuth of 0�. In contrast to the low-obliquity models, however, rift-parallel faults adjacent to the rift center are
much more pronounced (Figures 7d and 7e at 11 My). They emerge at the end of the en-�echelon deformation
when strong lithospheric necking occurs below the central part of the rift. Simultaneously, a thin, strike-slip domi-
nated area emerges in the rift center and vanishes again upon crustal breakup. The latest stages of rifting show
intermediate fault orientations while additional extension-orthogonal fault azimuths appear during breakup.

3.5. High Obliquity (a560�, 75�)
The high-obliquity models are governed both by normal faulting and strike-slip deformation. Initial small-scale
shear zones feature normal fault characteristics and strike with intermediate direction across the rift (Figures 8a
and 9a). For a560�, the initial RSR value indicates an extensional/transtensional stress regime (Figure 8c). For
the rift center, a detailed evolution of the stress regime is depicted in Figure 3 illustrating the transition from
extensional to strike-slip and back to extensional in terms of individual stress components. The a575� model
features a transtensional/strike-slip stress regime from the beginning of rifting (Figure 9c). Individual en-�echelon
segments exist for the 60� scenario at 10 My, while for 75� they are hardly distinguishable at 12 My.

With continuing deformation, a pronounced strike-slip zone emerges in the rift center of both models. For
a575� , the stress-inferred orientation of strike-slip faults is displayed in Figures 9e and 9f. The coexistence
of strike-slip and normal faults indicates strain partitioning between the strike-slip dominated rift center
and the surrounding normal fault system. Nevertheless, the period of rift-parallel faulting at the rift flanks
coincides also with strong lithospheric necking and hence strong lateral density gradients, whereas both
strain partitioning and lateral density gradients enhance rift-parallel faulting.

The two high-obliquity models differ during the breakup stage. For a560�, lithospheric necking focuses the
region of deformation prior to breakup until the central strike-slip region is replaced by intermediately ori-
ented normal faults. For 75� obliquity, however, strike-slip faults persist before and after breakup.

3.6. Strike-Slip Deformation (a590�)
As expected, the model with a590� is entirely dominated by strike-slip faults. Synthetic and antithetic Rie-
del shears are visible in Figure 10a, oriented at 2ueff/2 5 215.5� and 290�1 ueff/2 5 274.5�, respectively.
(The effective friction angle ueff is 31� according to an effective friction coefficient l of 0.6.). A single large
shear zone with strike-slip characteristics (Figure 10c) localizes in the center of the model that continues
into lower crustal portions and upper mantle as a single ductile shear zone (Figure 10b). An evaluation of
the stress-inferred strike-slip azimuth yields again Riedel shear orientations. Note that the two strike-slip
families in Figure 10e are due to the impossibility to discriminate between the two conjugate strike-slip fault
orientations based on stress information only. This is also the reason for the symmetry in the color scale
with respect to the direction of r1 (245�) in Figure 10d.

3.7. Model Robustness and Limitations
Several alternative model runs have been conducted in order to test the influence of key parameters such
as lower crustal rheology, extension velocity, model resolution, and the strain rate threshold of the stress-
interpretation method. The resulting evolution of fault orientations is depicted for all angles of obliquity in
supporting information Figures S1–S5. Even though some of these models differ in terms of timing, the
characteristic evolution of fault patterns remains identical to the standard scenario displayed in Figure 11.
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Due to the simplicity of the shown models, there are several limitations that should be considered when
comparing the presented results to natural rift environments. Most importantly, inherited structures affect
stress and localization pattern such that faults might align along preexisting faults and not with optimal ori-
entation. Moreover, neither melting and magma migration nor subsequent dyke formation are taken into
account and surface processes like erosion and sedimentation are omitted.

The limits of computational power impose severe constraints on the overall number of numerical elements.
In this study, I use 83 3 83 3 40 elements resulting in a model-wide resolution of 3 km. Only when more
efficient solvers and adaptive mesh refinement techniques become available, will numerical lithospheric-
scale models be able to directly resolve small-scale fault systems in three dimensions.

Three-dimensional variations in density and viscosity generate a stress field that can be vertically heteroge-
neous. By inferring a fault azimuth from the surface stress tensor, the model assumes that the generation of
new faults is controlled by the shallow stress regime. This means that information about the model’s stress
structure at depth is discarded here, leaving room for future improvements of the stress visualization
technique.

Mid-oceanic ridges with fast and intermediate spreading velocities are dominated by a characteristic zig-
zag pattern of extension-orthogonal ridges and extension-parallel transforms. These fault orientations are
not expressed in the strain rate pattern of the numerical model that produces a single straight ridge oblique
to extensional direction. The reason is that the 10 mm/yr full extension velocity of the numerical model is
typical for ultraslow spreading ridges that extend with a rate less than 12 mm/yr [Dick et al., 2003]. Slow and
ultraslow spreading ridges often feature oblique extension with intermediate fault populations [Tuckwell
et al., 1996; Fournier and Petit, 2007], which agrees very well with the stress-inferred fault patterns in the
final phase after breakup.

4. Comparison to Analog Experiments

In this section, numerical results are compared to two sets of analog experiments, namely Clifton et al.
[2000], and Agostini et al. [2009]. To my knowledge, these models constitute the latest crustal-scale and
lithospheric-scale sets of experiments, respectively, that cover a large spectrum of obliquity (i.e., 0��a�90�

in Clifton et al. [2000], and 0��a�75� in Agostini et al. [2009]). There are significant differences between the
setup of Clifton et al. [2000] and the numerical model in terms of rheology, model dimensions, and total
extension while only two major differences exist with the analog model of Agostini et al. [2009]; the imple-
mentation of the weak zone, and the boundary conditions, whereas dimensions and rheology are very simi-
lar. Nevertheless, it is especially the difference between the individual setups that allows relevant
conclusions: Fault patterns that are robustly reproduced by both the analog experiments and the numerical
model can be expected to represent fundamental features that should be visible in nature as well.

The experiments of Clifton et al. [2000] involve a single layer of clay which is considered as the laboratory
analog of a crustal layer that is deformed without any interaction with the underlying mantle. According to
their scaling, 1 cm in the model corresponds to roughly 0.1–1 km in nature. Hence their quadratic model
setup with a length of 60 cm scales to 6–60 km in reality, while the thickness of the clay layer scales to
0.25–2.5 km. Fault orientations are measured at a scaled displacement of 0.6–6 km. The prospective rift
zone is prescribed by a latex sheet at the bottom of the box whose width scales to 0.6–6 km. The definition
of a in the original publication is opposite to the one applied here (a590�-aClifton). Since the clay-model
allows only crust-scale deformation, the maximum total strain is only 10%, which corresponds to 2.5 My of
extension in the numerical model. The final fault distribution of Clifton et al. [2000] is depicted at 1 My in
Figures 4e–10e as a gray line.

The laboratory experiments of Agostini et al. [2009] are conducted using a complex layered setup that involves
brittle rheology in the upper crust, a ductile lower crust, as well as lithospheric and asthenospheric mantle
layers following Corti [2008]. The lithosphere-asthenosphere boundary lies at 42 km depth (2.8 cm in model
dimension). The brittle upper crust is represented by K-feldspar powder while the depth-dependent viscosity
of lower crust and mantle is realized by several layers composed of plasticine-silicone mixtures. Lateral model
dimensions scale to 240 km times 180–270 km, while maximum extension is 42 km. A prescribed rift zone of
45 km width is introduced via a weak lower crustal domain. A major difference between Agostini et al. [2009]
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and the numerical model exists in terms of the boundary condition. The analog model involves free-slip
boundary conditions at the nonextending model sides imposing zero shear stress along these boundaries.
The numerical setup features a periodic boundary condition that is best illustrated by an infinite concatena-
tion of the model domain along the rift trend. Moreover, their imposed weak zone lies oblique to the model
boundaries, so that it partially coincides with the extensional boundary for a>45�. Note that the fault distribu-
tion of Agostini et al. [2009] has been measured after 23% total strain which corresponds to 58 km (i.e., 5.8
My) in the numerical experiments. Their resulting fault distribution is shown in Figures 4e–10e as a black line.
The coordinate system of Agostini et al. [2009] differs from this study, so that for comparability, the fault distri-
bution had to be adopted to the numerical model configuration.

The following subsections compare numerical and analog experiments in terms of individual fault popula-
tions in more detail. However, comparison is limited to the first stages of rifting, since final stages and
breakup are not covered by analog models.

4.1. Faults with Intermediate Direction
Faults with intermediate direction (i.e., orientations between displacement-orthogonal and rift-parallel ori-
entation) constitute the fundamental mode of faulting and are present in all experiments on oblique exten-
sion. They result from the orientation of the principal stress axes with respect to the rift zone [Withjack and
Jamison, 1986] in accordance with Andersonian faulting. The faults cross the whole rift zone in Clifton et al.
[2000] and in the first time steps of the numerical model. During lithospheric necking, the rift structure of
the numerical model is dominated by major, basinward dipping boundary faults that organize in en-
�echelon shear zones, reproducing the structures observed by Agostini et al. [2009]. Strong agreement exists
in terms of the small-scale surface structures of the rift boundary that consists of intermediately oriented
faults. In both Agostini et al. [2009] and in the numerical model, basinward localization generates internal
faults and graben-in-graben structures [Corti et al., 2010].

However, intermediate faults are restricted in Agostini et al. [2009] to the rift margins while they develop in
the numerical model throughout the rift valley. The reason possibly lies in different implementations of the
weak zone: The analog models feature a sharp, rheological transition from normal to weak lower crust
focusing reorientation of local extension to the boundaries of the weak zone. The numerical models, how-
ever, involve a gradual, thermal transition between the weak zone and normal crust without a focusing
effect. Another possible explanation is that the numerical model’s weak zone is stronger than in the analog
models which leads to more crust-mantle coupling and a narrower rift [Buck, 1991] that cannot accommo-
date the central horst seen in the analog models.

4.2. Displacement-Orthogonal Faulting
This fault population occurs in the analog experiments of both Clifton et al. [2000] and Agostini et al. [2009]
albeit in a different manner. It is found for high obliquity (a�60�) in the experiments of Clifton et al. [2000],
while in the setup of Agostini et al. [2009] it takes place only at moderate to low obliquity (a�45�) and is
manifested as internal faults. In the numerical model, displacement-orthogonal faults emerge at moderate
to low obliquity (a�45�). However, they are less important than in the analog models and emerge only at a
very late rift stage reminiscent of the typical zig-zag mid-ocean ridge pattern of transform and extension-
perpendicular deformation.

Displacement-orthogonal faults are generated when the local stress field is not affected by oblique struc-
tures. A homogeneous, isotropic material that is stretched in any direction will always show displacement-
orthogonal faulting. An alternative reason for the occurrence of displacement-orthogonal faulting is a free-
slip boundary condition which does not support any shear stress so that faults tend to be perpendicular to
that side of the model.

One reason for sparsity of displacement-orthogonal faults in the numerical model is the periodic boundary
condition that is less prone to displacement-orthogonal faulting than the free-slip boundary condition of
the analog models. Another reason could be the low numerical resolution (if compared to analog models)
that hampers the evolution of individual rift segments and segmented mid-ocean ridges [Gerya, 2013].
Additionally, the analog model’s strong viscosity contrast between weak zone and normal crust induces a
sharp local stress reorientation and thereby possibly generates a rift interior that is dominated by
extension-orthogonal stresses.
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4.3. Rift Parallel Faulting
Rift parallel faulting is present in the numerical model and the analog model of Agostini et al. [2009], but
not in the crustal-scale experiments of Clifton et al. [2000], which suggests that lithospheric necking is con-
trolling the occurrence of this fault family. Even though rift-parallel faulting takes place in the numerical
model and in Agostini et al. [2009], they are generated by a different mechanism: In the analog experiments,
these fault orientations occur for a�30� as strike-slip or oblique-slip faults at the area of minimum litho-
spheric thinning. They are secondary structures that connect two distinct extension-perpendicular seg-
ments in the center of the rift. In the numerical model, however, they occur much later, toward the end of
the en-�echelon phase (Figure 11) as a result of lithospheric necking.

Lithospheric necking may generate rift-parallel faulting by two means: (i) The density contrast of hot upwell-
ing material below the rift center and the cold continental mantle lithosphere beneath the rift flanks gener-
ates a rift-perpendicular stress-component [Sonder, 1990; Bellahsen et al., 2006, 2013]. (ii) An additional
factor enhancing rift-parallel faulting is strain partitioning. Strike-slip faults emerge at the weakest point of
the rift, i.e., above the necking maximum. These strike-slip faults partially account for the rift-parallel compo-
nent of the far-field extension velocity while normal faulting at the rift flanks accommodates the rift-
orthogonal component [Brune and Autin, 2013].

4.4. Strike-Slip Faulting
Strike-slip faults play a major role for intermediate and high obliquity in the analog models and the numeri-
cal experiments. For a545�275�, both the model of Agostini et al. [2009] and the numerical experiments
exhibit a strong strike-slip zone with fault orientations subparallel to the rift trend. This strike-slip-
dominated area locates in the rift center where lithospheric thinning resulted in maximum weakening. In
the numerical model, rift-centered strike-slip faults occur simultaneously with rift-parallel fault orientations
adjacent to the rift center indicating strain partitioning.

The numerical model of simple shear (a590�) features strike-slip faults with two populations whose respec-
tive orientations are both subparallel to the rift trend and the direction of extension. These direction are
associated with Riedel shear orientations that exhibit characteristic azimuths of 2ueff/2 5 215.5� and
ueff/2290�5274.5�. These angles are visible both in the strain rate pattern (Figure 10a) as well as in the
stress-inferred fault azimuth (Figure 10d and 10e). The experiment with a590� compares very well to the
corresponding model of Clifton et al. [2000]. However, the analog model displays only the sinistral fault fam-
ily, while the dextral population seems to be shifted to the extension-normal orientation.

5. Discussion and Comparison to Selected Natural Examples

The presented numerical models show how the surface stress field in an oblique rift system varies signifi-
cantly during different phases of rifting, even though the extension rate and direction remain constant. The
underlying reason for this behavior is the interaction of far-field stresses with rift-intrinsic buoyancy and
strength. This result agrees with previous field-based studies that infer local stress rotations in the Baikal Rift
[Petit et al., 1996], the western branch of the East African Rift System [Morley, 2010], and the Main Ethiopian
Rift [Corti et al., 2013]. The inference of rift-intrinsic, time-dependent variations of fault orientation compli-
cates the approach to deduce palaeostress field and associated plate motion changes based on fault orien-
tations of rift systems.

Strain partitioning has been recognized as an important process during transtension and transpression
[Teyssier et al., 1995]. The numerical model indicates that strain partitioning between strike-slip in the rift
center and adjacent rift-parallel normal faulting occurs for high rift obliquity. The reason for this behavior is
that strike-slip deformation is more pronounced for high obliquities, as expected from infinitesimal strain
theory [Withjack and Jamison, 1986]. While strike-slip faults account for a certain portion of the along-strike
velocity component, the rift-perpendicular component generates normal faults that feature rift-parallel azi-
muths. The model shows strain-partitioning at the end of the en-�echelon deformation. It might therefore
explain the rift-parallel faults observed in the Gulf of Aden [Bellahsen et al., 2006]. Note that strain-
partitioning occurs in a different manner than in previous analog models [Agostini et al., 2009], where
boundary faults at the rift margin deform via oblique slip whereas the rift center shows pure extension.
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Moreover, strain-partitioning occurs in their models for low obliquity (a<45�) and not for highly oblique
extension.

Strike-slip localization due to strain partitioning affects the rift process also in terms of mechanical energy.
Since strike-slip motion requires less force (at constant velocity) than oblique extension [Brune et al., 2012],
a strike-slip zone in the rift center will significantly facilitate the rift process.

Comparison to a previous numerical model of oblique extension [van Wijk, 2005] yields basic agreement but
also significant differences. Similar to analog models [Agostini et al., 2009; Autin et al., 2010], this study pre-
scribes a weak linear zone that is oblique to the model boundaries and uses the free-slip condition at lateral
boundaries. Maximum model extension is �120 km achieving crustal thinning factors of 1.2 so that break-up
does not occur. Similar to the results presented here, van Wijk [2005] reports shear zones that cut across the
inherited weak zone; however, these shear zones exhibit only extension-orthogonal strike whereas no inter-
mediate directions are visible. A reason for the dominant extension-orthogonal orientation could be the free-
slip boundary condition that prohibits shear stress at the model sides. This contrasts the periodic boundary
condition of the models presented here that imposes less influence on shear zone orientation.

Oblique extensional systems worldwide differ in many aspects and clearly one single model cannot explain
all rifts at the same time. However, the distinct fault populations occurring in the presented numerical
model and their sequence of activity can elucidate observations from different rift systems.

The model with a545� compares very well to the evolution of the Gulf of Aden featuring an obliquity of
about 40� [see Brune and Autin, 2013 for a detailed discussion]. The succession of fault populations of the
Gulf of Aden displays a three-phase chronology consistent of (i) initially intermediate and extension-
orthogonal faulting, (ii) followed by rift-parallel azimuths, and (iii) a final phase of intermediate faults that
have been found at the ocean-continent boundary and extension-orthogonal faults adjacent to the ridge
[Bellahsen et al., 2013]. This fault evolution corresponds very well to the phases of the numerical model pre-
sented here. Large displacement-orthogonal basins that exist on-shore [Leroy et al., 2012] do not match the
numerical model. These basins, however, correspond to areas of Mesozoic extension that have been reacti-
vated during Gulf of Aden rift activity [Ellis et al., 1996; Leroy et al., 2012; Autin et al., 2013].

The curved Main Ethiopian Rift is characterized by �30� obliquity in the central sector and �45� in the
northern sector [Corti, 2009]. Fault analysis shows a two phase evolution. At first, boundary faults developed
with intermediate orientation along an area of significant strength contrast between the inherited weak
zone and the surrounding strong lithosphere. The second phase is marked by strain migration to the rift
center where en-�echelon faulting takes place with extension-orthogonal azimuths [Corti, 2008]. The numeri-
cal model reproduces the major boundary faults and their small-scale structure that is dominated by inter-
mediate fault directions. Basinward strain localization like in the Main Ethiopian rift takes place in the
numerical model and is caused by lithospheric necking explaining the observed two-phase evolution. En-
�echelon faults develop in the numerical model and in the central parts of the Main Ethiopian Rift; however,
instead of rift-parallel fault populations, the latter shows extension-orthogonal fault directions. This differ-
ence might originate from the geometry of the weak zone and its actual strength, both of which are submit-
ted to the paramount influence of the Afar plume [Ebinger and Sleep, 1998].

The Gulf of California region constitutes a rift system that features high obliquity of a560�270�. The tectonic
setting is very complex and derives from an active margin featuring strong lateral density variations and an
inherited belt of weak crust from a volcanic arc [Umhoefer, 2011]. Additional complexity arises from a possible
two-phase evolution involving an orthogonal and an oblique phase of extension [Stock and Hodges, 1989].
Hence, any attempt to understand the Gulf of California by means of a simple model must be taken with due
caution. Nevertheless, several structural aspects of this rift system can be related to the presented model. Coun-
terclockwise rotation of long-lived shear zones in the numerical model (sinistral oblique rifting) corresponds to
clockwise rotation when translated to the Gulf of California extensional configuration (dextral oblique rifting).
These clockwise vertical-axis block rotations of fault systems have been interpreted in the northeastern part of
Baja California [Seiler et al., 2010; Bennett and Oskin, 2014]. Moreover, strong rift-parallel faulting like in the
numerical model has been inferred during the proto-Gulf phase of rifting [Stock and Hodges, 1989]. Strain parti-
tioning has been interpreted during the formation of the proto-Gulf [Stock and Hodges, 1989; Oskin and Stock,
2003] with dextral strike-slip west of the peninsula (i.e., outside the rift) and rift-parallel normal faulting within
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Figure 11. Summary plot. Azimuth diagrams shown in previous plots (Figures 4e–10e) are condensed into one plot for each angle of obliquity. This illustrates the evolution of normal
faults (blue) and strike-slip faults (red) in distinct phases. The abscissa shows rift-orthogonal extension (bottom axis) and time (top axis). Breakup is indicated by a gray dashed line. Ini-
tially dominating intermediate fault directions (I) widen during fault coalescence and shift toward rift-parallel azimuths (R) during a phase of en-�echelon deformation. Prebreakup local-
ization towards the rift center ends the en-�echelon phase within few million years and homogenizes fault orientations to intermediate directions. Post breakup sea floor spreading takes
place with intermediate and extension-orthogonal faults (O) for a�45� while only intermediate directions exist for a560� and a575� . For obvious reasons, the model without obliquity
(a50�) and the strike-slip model (a590�) do not feature an en-�echelon phase. The strike-slip model (a590�) exhibits a stage of fault maturity, but no break-up. The robustness of the
presented models is illustrated in supporting information Figures S1–S5, where important model parameters are varied.
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the rift, a result that is currently discussed [Fletcher et al., 2007; Seiler et al., 2010]. The presented high-obliquity
numerical scenarios indicate a certain degree of strain partitioning. However, in the numerical models, the
strike-slip zone occurs inside the rift center and not adjacent to the rift valley.

Even though the model was designed to understand continental rift systems, it can be very well applied to
oblique oceanic extensional systems. These have been characterized by en-�echelon graben patterns and
intermediate fault orientations that are very similar to those of the presented models. Prominent examples
are the Reykjanes and Mohns ridges [Dauteuil and Brun, 1993], the Viking graben [Brun and Tron, 1993], the
Sogn graben [Faerseth et al., 1997], and the Southwest Indian Ridge [Mont�esi et al., 2011].

6. Conclusions

The presented rift models generate complex time-dependent surface structures despite the fact that the
setup is fairly simple. The only reason for this complexity is the intrinsic three-dimensionality of oblique rift
systems. Other mechanisms such as surface processes, reactivation of inherited structures, melting, and
dyke dynamics provide additional complexity for the tectonic evolution of individual rift systems.

The evolution of the inferred surface fault orientations is summarized for all angles of obliquity in Figure 11.
Individual models can be described in four phases that mirror the structural evolution of the rift:

1. Initial fault coalescence with intermediate fault directions results from interaction of the far field stress
with the obliquely oriented weak zone.

2. En-�echelon deformation featuring a broad distribution of fault orientations occurs whereas rift-parallel
faults gain successively more importance. Rift-parallel faults are favored both by necking-induced density
variations and strain partitioning between strike-slip in the rift center and normal fault in its vicinity.

3. Prebreakup localization rapidly terminates the en-�echelon phase yielding intermediate fault orientations.

4. Sea floor spreading involves intermediate and extension-orthogonal fault directions as a result of the
waning influence of the inherited oblique weakness.

While fault directions are often used to infer palaeoplate movements, this study shows that local variations
in crustal stress field and fault orientation may arise intrinsically during rift maturation and may not require
plate motion changes. The evolution of crustal stress and fault directions follow a characteristic temporal
pattern that is linked to the maturity of the rift system.
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