This manuscript is a pre-print and has been submitted for publication in EARTH &
PLANETARY SCIENCE LETTERS. Please not that subsequent versions of the
manuscript may have slightly different content. If accepted, the final version of this
manuscript will be available via the ‘Peer-reviewed Publication DOI’ link on the
right-hand side of this webpage. Please feel free to contact any of the authors; we
welcome feedback.




Rotation, narrowing, and preferential reactivation of brittle

structures during oblique rifting

Guillaume Duclaux!?*, Ritske S. Huismans!, and Dave A. May?

' Department of Earth Science, University of Bergen, Allégaten 41, 5007 Bergen, Norway

2 Université Cote d’Azur, OCA, CNRS, IRD, Géoazur, 250 rue Albert Einstein, 06560 Valbonne,
France

3 Department of Earth Sciences, University of Oxford, South Parks Road, Oxford OX1 3AN,
United Kingdom

* duclaux@unice.fr

ABSTRACT

Occurrence of multiple faults populations with contrasting orientations in oblique
continental rifts and passive margins has long sparked debate about relative timing of
deformation events and tectonic interpretations. Here, we use high-resolution three-dimensional
thermo-mechanical numerical modeling to characterize the evolution of the structural style
associated with varying geometries of oblique rifting in a layered continental lithosphere.
Automatic analysis of the distribution of active extensional shear zones at the surface of the
model demonstrates a characteristic sequence of deformation. Phase 1 with initial localization of
deformation and development of wide moderately oblique en-échelon grabens limited by
extensional shear zones oriented close to orthogonal to o3. Subsequent widening of the grabens
is accompanied by progressive rotation of the phase 1 extensional shear zones to an orientation

sub-orthogonal to the plate motion direction. Phase 2 is characterized by narrowing of active



deformation resulting from thinning of the continental mantle lithosphere and development of a
second-generation of extensional shear zones. During phase 2 deformation localizes both on
plate motion direction-orthogonal structures that reactivate rotated phase 1 shear zones, and on
new moderately oblique structures parallel to 0». Finally, phase 3 consists in the oblique rupture
of the continental lithosphere and produces an oceanic domain where oblique ridge segments are
linked with highly oblique accommodation zones. We conclude that while new structures form
and trend parallel to o2 in an oblique rift, progressive rotation and long-term slip along phase 1
structures promotes orthorhombic fault systems, which accommodate upper crustal extension
and control oblique passive margin architecture. The distribution, orientation, and evolution of
frictional-plastic structures observed in our models consistent with documented fault populations
in the Main Ethiopian Rift and the Gulf of Aden conjugate passive margins, both of which

developed in moderately oblique extensional settings.

1. Introduction

The obliquity between horizontal plate motion direction and nascent or existing divergent plate
boundaries prompts the development of oblique continental rift and oceanic domains in which
deformation is typically transtensional (Dewey et al., 1998; Philippon and Corti, 2016; Brune et
al., 2018). Large stretching in the obliquely extending brittle crust is primarily achieved by the
accumulation of displacement on fault networks with fault populations of varying orientations
and lifespan, distributed over tens to hundreds of kilometer-wide regions (e.g., Agostini et al.,
2009). Unraveling the relative timing and tectonic interpretations of juxtaposed fault populations
in oblique rift systems is critical to better understand the architecture of passive margins, and has

been the topic of numerous studies in the Gulf of California (Withjack and Jamison, 1986;



Umhoefer and Stone, 1996; Lizarralde et al., 2007), the Gulf of Aden (Withjack and Jamison,
1986; Leroy et al. 2013; Brune and Autin, 2013; Autin et al., 2013), the Malawi and Main
Ethiopian rifts in East Africa (Chorowicz and Sorlien, 1992; Corti et al., 2013), and several
grabens in the northern North Sea (Knudsen et al., 1998; Fossen et al, 2016). In active oblique
rift systems, fault-slip statistical analyses, combined with geochronology have helped
deciphering fault population records (e.g., Bergerat et al., 1990; Bellahsen et al., 2013;
Szymanski et al., 2016). However, these methods are not directly applicable to passive margins
studies where structures are generally buried under thick post-rift sediments and interpreted from
geophysical data. Moreover, statistical analyses of fault-slip data have to be applied with caution
in mature tectonic systems. Accumulated deformation between faults, and at depth, introduce
additional displacements, rigid rotations and internal strains, making interpretation of the

regional stress pattern related to fault development debatable (Gapais et al., 2000).

Two examples of oblique extension in continental rifts and passive margin systems illustrate the
range of surface structures’ trends, varying from moderately oblique to orthogonal to the
extension direction. The East African Cenozoic rifts have developed mainly within wide
Proterozoic belts. Among these segments, the Main Ethiopian Rift (MER) deformation is
partitioned between two sets of normal faults (Fig. 1A). The early Boundary faults trending
obliquely to sub-orthogonal to the plate motion direction, that formed during the Mio-Pliocene
marking the limit of the wide curved rift depression, are most likely related to inherited crustal
architecture. The late Quaternary extension-orthogonal Wonji faults correspond to the active
structures distributed en-échelon within the rift depression (e.g., Agostini et al., 2011; Corti et

al., 2013; Philippon et al., 2015). The Gulf of Aden conjugate rifted margin system (Fig. 1B)



represents a more evolved example of oblique extension with the main passive margin
extensional structures and ocean spreading at about 55° obliquity with respect to the trend of the
Gulf (Leroy et al., 2012). En-échelon extensional basins developed during a Mesozoic rifting
phase provide structural control on the subsequent oblique rifting that resulted in the formation
of the Gulf of Aden during the Oligo-Miocene (Autin et al., 2013; Bellhasen et al., 2013). To the
East of the Gulf, fault populations of varying orientations have been identified on the conjugate

passive margins (Autin et al., 2010) and relate to the progressive opening of the Aden rift

system.
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Figure 1. Simplified fault maps of low to moderately oblique rift systems in East Africa. (A) The Central
Main Ethiopian Rift represents an active oblique continental rift example with two main populations of

normal faults (modified after Corti et al., 2013). (B) Fault systems along the conjugate passive margins of



the eastern Gulf of Aden represent a more mature example of the diversity of structures formed and
preserved in the continental crust upon oblique rifting and oceanization. Bold white lines offshore the
coast represent the Ocean-Continent Transition (OCT) recognized in the region (modified after

Belhassen et al., 2013).

Fortunately, over the past decades, modeling approaches have successfully been used to
investigate continental rifting and to constrain the underlying mechanisms that control the
structural style of deformation at divergent plate boundaries. Analog experiments have offered
high-resolution understanding of three-dimensional (3D) fault development in a wide range of
extensional settings, including oblique rifting (Withjack and Jamison, 1986; Tron and Brun,
1991; Clifton et al., 2000; McClay et al., 2002; Agostini et al., 2009; Autin et al., 2010, Zwaan et
al., 2016). Only recently, owing to the progress of computational methods and increased high
performance computing capacity, thermo-mechanical numerical models have been used to
explore rifting in 3D, allowing comparisons with analog experiments and natural rift systems
(van Wijk, 2005; Allken et al., 2012; Brune et al., 2012; Brune and Autin, 2013; Brune, 2014;
Liao and Gerya, 2015; Mondy et al., 2017; Le Pourhiet et al., 2017). However, the relatively
coarse resolution of the numerical models used to date has constituted an important limitation for

understanding the structural style and 3D aspects of rift and passive margin formation.

Here, we use high-resolution 3D thermo-mechanical modeling to investigate the structural style
of deformation during oblique rift and passive margin formation. We focus on relative timing
and distribution of localized surface deformation during oblique rift development in a simplified
layered lithosphere. An initial lithospheric weakness striking at varying obliquity from the

horizontal plate motion direction is prescribed in the models using a large weak zone that allows



intra-rift shear zones (i.e. regions of localized deformation, similar to surface faults, with a strain
rate second invariant above 5 x 1071° s to form and evolve freely. Quantitative analysis of the
active surface deformation allows us to conclude that while shear zones trend parallel to 02 as
predicted by Andersonian theory of faulting, progressive rotation and reactivation of early
extensional structures with different orientations are critical to accommodate upper crustal
extension and control oblique rift and passive margin architecture. We infer three characteristic
phases of deformation from the model results, discuss each phase in terms of their underlying
controls, and compare those with observations from natural oblique divergent systems along the

active MER, and the Gulf of Aden passive margins.

2. Methodology
We solve the governing equations for a highly viscous incompressible fluid with a visco-plastic
flow law to investigate the extension of a layered lithosphere in 3D using the massively-parallel
arbitrary Lagrangian-Eulerian (ALE) open-source finite element code, pTatin3D (May et al.,
2014, 2015) (See supplement for details on numerical method). The model domain spans 1200 x
1200 km horizontally, and 250 km vertically, with a two-layer 125 km thick lithosphere
consisting of 35 km thick crust and 90 km thick mantle lithosphere, with 125 km thick sub-
lithospheric mantle below (Fig. 2). Each layer is defined by a unique set of material parameters,
combining temperature dependent non-linear viscous and strain-weakening frictional-plastic
rheologies that allow for localization of deformation (e.g. Huismans and Beaumont, 2003, 2007).
The conservation of mass and momentum is:

diV(Z Nefr é) - grad(p) =F

div(u) =0



where £ is the strain-rate tensor, p is the pressure, u the velocity, 1,5 the effective viscosity, and
F the body force, with F = - p g, with g the standard acceleration due to gravity. Densities of
crust and mantle depend on temperature with p = po (1 — ar (7T — To)), where ar represents the
volumetric thermal expansion coefficient, 7 is the surface temperature (0 °C) and 7 is the

temperature at depth.
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Figure 2. Model setup. (A) The model box is divided into three overlying horizontal layers including a 35
km top crustal domain, a 90 km intermediate mantle domain, and a 125 km sub-lithospheric mantle
domain at the base. A wide damage zone strikes through the model at an angle o. to the y-axis (orthogonal
to the extension direction). A normal material outflow (extension rate) of 0.5 cm.a™" is prescribed on the
boundaries in the x direction. (B) This diagram shows the initial temperature profile and rheological
layering for the pristine (light gray) and fully softened (dark gray) materials. (C) Plastic strain softening
function. (D) Schematic illustration of the uniform random distribution of plastic strain imposed in the

weak zone.



When the state of stress is below the frictional-plastic yield the flow is viscous and is specified
by temperature-dependent non-linear power law rheologies based on laboratory measurements
on ‘wet’ quartz (Gleason and Tullis, 1995) and ‘wet’ olivine (Karato and Wu, 1993). The
effective viscosity, 1¢sf, in the power-law rheology is of the general form:

Nepf = fA—1/n(£~”)(1—n)/2n ¢ ((Q+pV)/nRT)

where &;; is the second invariant of the strain rate tensor (éi j € j) /2, n is the power law
exponent, A is the pre-exponential scaling factor, f is a scaling factor that is used to produce
strong and weak versions of the nominal olivine and wet quartz rheologies, Q is the activation
energy, V is the activation volume, which makes the viscosity dependent on pressure, p, T is the
temperature, R is the universal gas constant. 4, n, Q and V are derived from the laboratory
experiments and the parameter values are listed in Table 1.
Frictional-plastic yielding is modeled with a pressure-dependent Drucker-Prager yield criterion.
Yielding occurs when:

oy = (Y% = Ccosers + psingesr
where J; = (0}; 0{;)/2 is the second invariant of the deviatoric stress tensor 6", ¢, is the
effective internal angle of friction, and C is the cohesion. With appropriate choices of C and ¢zf

this yield criterion can approximate frictional sliding in rocks. Plastic flow is incompressible.



Table 1. Model Parameters Values.

Parameter

Symbol

Value

Rheological Parameters

Angle of internal friction

@(&), and strain range

15°-2°,0.1-0.5

of softening
Cohesion C(g) 20 MPa — 4 MPa
Wet Quartz/6&7195
Power law exponent n 4.0
Activation energy 0 223 x 10° J.mol!
Initial constant A 8.5737 x 108 Pans’!
Activation volume 14 0 m®.mol!
Crust scaling factor fe 1
Wet Olivine®&W:19931
Power law exponent n 3.0
Activation energy 0 430 x 10* J.mol!
Initial constant A 1.393 x 104 Pa™.s!
Activation volume 14 15 x 10 m3.mol!
Mantle lithosphere scaling factor Sl 5
Sub-lithospheric mantle scaling factor Sstm 1
Universal gas constant R 8.3144 J.mol'L.K"!
Thermal Parameters
Conductivity k 2.25 W.m! K!
Specific heat capacity Cy 1000 J kg K
Crustal radioactive heat production Ar 0.9x10°W.m?
Volume coefficient of thermal expansion ar 2x 107 K!
Surface temperature To 0°C
Initial Moho temperature Tn 550 °C
Base Lithosphere temperature Ti 1330 °C
Basal temperature Ta 1382 °C
Densities (To =0 °C)
Crustal density P 2800 kg.m
Mantle density P 3300 kg.m™*
Sub lithosphere mantle density Psim 3300 kg.m™
Dimensions and Boundary Condition
Base of crust 35 km
Base of mantle lithosphere 120 km
Base of the model zd 250 km
Horizontal dimensions of the model Xd, yd 1200 km
Extension velocity Vi/2 0.5 cm.a’! (half rate)
Top boundary condition Stress free surface
x-normal side boundary conditions Free slip, normal velocity Vx
y-normal side boundary conditions Free slip, zero normal velocity
Basal boundary conditions V- Free slip, normal velocity
balancing x-normal sides
outflow [ V. = (Vs * za)/xd]
Model 1 obliquity (angle between weak zone a's 30°
trend and y-axis)
Model 2 obliquity a’z 45°
Model 3 obliquity a’s 60°




Strain softening (Huismans and Beaumont, 2003, 2007) is introduced by a linear decrease of
Qerr(ep) from 15° to 2° and Cppf (ep) from 20 MPa to 4 MPa (Figure 2B, C, Table 1), where ¢, is
the accumulated plastic strain. This linear strain softening is applied for values of accumulated
plastic strain between 10 and 50 %. Plastic strain represents an integrated, tensorial invariant
measure of the deformation, which has occurred due to plastic yielding. Thus, the quantity &, can
be regarded as a simplified measure of material damage. The evolution of plastic strain is given
by:

Dey _ {én' ifNesr > UY/Zéul/Z
Dt 0, otherwise

Both non-linear viscous and frictional-plastic rheologies have been extensively tested in
numerical experiments (e.g. Huismans and Beaumont, 2002, 2003, 2011). The effective viscosity

Ness is limited to a range of 10'® to 10> Pa.s.

We impose a 300 km wide weak zone, where the width is measured perpendicular to the weak
zone strike, extending through the model at either 30° (low obliquity model M1), 45° (moderate
obliquity model M2) or 60° (high obliquity model M3) with respect to the Y-axis. Here we
define the obliquity for each model (&’) as the angle between the orthogonal to the weak zone
trend and the direction of extension, similarly to Brune et al. (2012) or Agostini et al. (2009).
Within this zone we introduce a random value of initial plastic strain (g,) ranging between 0 and
0.50 to the material particles present in the model (initial plastic distribution is illustrated in
Figure S10). The central zone is bounded on each side by a 50 km wide buffer zone where the
maximum random value of ¢, gradually decreases from 0.50 to 0 following an arctangent
function of the distance to the central zone. This weak zone introduces a discontinuity in the

model and promotes strain localization and the development of the prospective rift.
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In our models the model domain evolves through time. Using our ALE formulation, we allow the
free surface to be advected with the fluid velocity, and prescribe all other boundaries to remain
stationary. In practice we: extract a surface mesh; advect its coordinates with u; and project the
updated z-coordinate of the surface mesh onto the vertices within the original mesh defined on
the upper surface. Lastly, we apply a column wise remeshing in the vertical direction (z), from
the base to the free surface. A normal material outflow of 0.5 cm.a™! is prescribed on the
boundaries in the x-direction, representing a full rate of extension ¥y of 1 cm.a!. Free slip with
zero normal velocity is imposed on the front and rear side boundaries of the model normal to the
y-direction. At the base of the model, we apply a constant and spatially uniform inflow velocity

that balances lateral outflow such that the volume of the model domain remains constant.

In addition to solving the equilibrium equations for viscous-plastic flows in three dimensions, we
also solve for the thermal evolution of the model. The model initial temperature field is laterally
uniform (Figure 2), and increases with depth from the surface, 7p = 0 °C, to the base of the crust,
T =550 °C, following a stable geotherm for uniform crustal heat production, 4z = 0.9 uW.m"
and a basal heat flux, g, = 19.5 mW.m. The mantle lithosphere has a uniform geothermal
gradient of 8.6 “C.km’!, while a temperature-dependent conductivity is imposed in the sub-
lithospheric mantle where the temperature gradient is adiabatic at 0.4 °C.km!. All materials have
a thermal conductivity of 2.25 W.m L. K"! at temperatures below 1330 °C (i.e. the base of the
continental lithosphere at model initiation). Thermal conductivity linearly increases to 48.75
W.m LK at 1350 °C, corresponding to scaling the thermal conductivity by the Nusselt number

of upper mantle convection (Pysklywec and Beaumont, 2004). Thanks to this method, the

12



enhanced conductivity maintains a nearly constant heat flux at the lithosphere base and an
adiabatic temperature gradient in the sub-lithospheric mantle. Thermal boundary conditions are
specified basal temperature of 1382 °C at z = 250 km, insulated lateral boundaries, and
prescribed as a Dirichlet condition to be 0°C on the upper boundary. The evolution of

temperature T is given by the energy conservation equation:

aT
PoCyp <E+u.VT) = V- (kVT) + Ag + Vzar po g T

where u is the velocity of the flow, Az the radiogenic heat production, and & the thermal
conductivity. The last term in the heat balance equation is the temperature correction for
adiabatic heating and cooling when material moves vertically at velocity V- (Warren et al., 2008).
The mechanical and thermal systems are coupled through the temperature dependence of

viscosity and density and are solved sequentially at each model time step.

3. Results

We first present three rift models M1, M2 and M3 with varying obliquity focusing on the style of
deformation and rift structure at the surface and at depth. Although we impose the obliquity of
the weak zone for each model (&, the angle between the orthogonal to the weak zone trend and
the direction of extension), the obliquity of the rift trend (&, the angle between the orthogonal to
the rift structures trend and the direction of extension) is measured based on the model results.
This is followed by analysis of the evolving trend of the frictional-plastic shear zones at the
surface, rift width, and crust and mantle thinning patterns. Orientations and lengths of individual
surface frictional-plastic shear zones is measured every 250 ka from the three models through an
automated sequential mapping method based on &;;, using a suite of python functions designed

for shape recognition and image processing. The orientation and length of individual shear zone
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are extracted. The distribution of shear zones orientations, weighted by the length of individual
shear zone is then used to study faulting pattern evolution of each model (see supplementary

material for details).

Model 1 (M1): Low obliquity (weak zone obliquity = 30°)

At 4 Ma extension results in a wide oblique depression limiting a zone of distributed deformation
that forms at the surface (Fig. 3A). The strike and width of the depression are consistent with the
imposed oblique weak zone geometry. Conjugate normal shear zones, initiated at the internal
corner of the weak zone and the model edges, have propagated and linked forming a set of two
elongated en-échelon 110 km-wide grabens. In the central region of the model the active strike of
the shear zones varies between 0° and 12°, with a peak around 9°, consistent with the minimum
instantaneous horizontal strain direction, which is a proxy for the intermediate principal stress 02
(e.g., inset rose diagram Fig. 3A). At 7.5 Ma (Fig. 3B) extension has widened the first generation
grabens in the central region of the model up to about 140 km. The strike of the active shear
zones remains moderately oblique at about 10°, whereas the minimum instantaneous horizontal
strain direction rotates counterclockwise to 6° (e.g., inset Fig. 3B). Near the northern and
southern model boundaries, new shear zones form within the central horst of the first-generation
graben, accommodating all the extension in this area. At 13 Ma progressive extension leads to a
second generation of narrow grabens rupturing the central region of the model and
accommodating extension along a narrow corridor (Fig. 3C). The strike of the active shear zones
has rotated to around 7° coinciding with the minimum instantaneous horizontal strain direction
(Fig. 3C inset). Third-generation highly localized shear zones near the northern and southern

model edges highlight initiation of lithospheric breakup, precursor to the future oblique ridge.
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Finally, at 24 Ma (Fig. 3D) the oblique rift is fully connected and extension is accommodated
along an extremely localized oblique ridge that separates two conjugate passive margins where
earlier structures are preserved. The oblique ridge strike ranges between 8 and 20°, centred
around 16°, and is segmented in two regions connected with a highly oblique transform domain.
The 3D structure at depth at 15 Ma is characterized by early offset en-échelon crustal shear zones
with limited along strike continuity, extension accommodated in a relatively narrow area, and
localized lithospheric thinning close to break-up (Fig. 4A, and 3D animation in supplementary
Fig. S7). An animation of the surface strain rate evolution for M1 is available in supplementary

Figure S4.

Figure 3 (next page). Evolution of the surface deformation for models M1, M2 and M3 with varying
obliquity. Hill-shaded maps of the surface elevation are overlaid with strain rate data. Equal-area
moving average rose diagrams show in grey the distribution of fault direction for the central domain (300
km <y <900 km), and in red the distribution of the minimum horizontal instantaneous strain direction

(i.e. normal to o3) where the strain rate second invariant exceeds 5x107" s7.
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Model 2 (M2): Moderate Obliquity (weak zone obliquity = 45°)

At moderate obliquity the evolving rift system is much more segmented with extensional
deformation localizing in multiple normal shear zones within the oblique weak zone (Fig. 3e-h).
As extension starts, a wide oblique depression limiting a zone of distributed deformation forms
at the surface. The strike and width of the depression are consistent with the imposed oblique
weak zone geometry. At 5 Ma (Fig. 3E) extension results in a first generation of isolated 110
km-wide, moderately oblique en-échelon crustal scale grabens. The strike of the active
extensional shear zones varies between 8° and 20°, with a peak around 10°, consistent with the
distribution of the intermediate principal stress 02. At 10 Ma (Fig. 3F) the first generation of
grabens has propagated along strike towards the boundaries of the weak zone where deformation
is mostly accommodated along the central segment of the normal shear zones. The orientation of
the first generation extensional shear zones has rotated to around 3°. Near the northern and
southern model edge a second generation of short and narrow grabens has dissected and replaced
the first generation normal shear zones. At 14 Ma (Fig. 3G) a second generation of 50 km-wide
grabens accommodates the extension and segments the stretched central domain along a narrow
corridor. The distribution of the strike of the active shear zones is bi-modal, with a main
extensional shear zones population striking at 0°, orthogonal to the plate motion direction
corresponding to rotated phase 1 structures, and a second population of new formed phase 2
shear zones striking around 15° aligned with 02 direction. A third generation of shear zones
(phase 3) ruptures the lithosphere within the phase 2 grabens near the front and back model edge.
At 24 Ma (Fig. 3H) extension is accommodated along an oblique ridge striking between 25° and
38°, centered around 33°, segmented in five regions connected by highly oblique accommodation

zones. These accommodation zones crosscut the long-lived phase 1 extensional shear zones.
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Earlier structures are preserved on the resulting conjugate passive margins. At depth the 3D
structure exhibits shorter discontinuous offset normal shear zones in the moderately thinned
continental crust, extension is accommodated over a significantly wider area, associated with
reduced lithospheric thinning as compared to the low obliquity M1 case (Fig. 4B, and 3D
animation in supplementary Fig. S8). An animation of the surface strain rate evolution for M2 is

available in supplementary Figure S5.
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Model 3 (M3): High Obliquity (weak zone obliquity = 60°)

At high obliquity deformation results in a highly segmented rift system (Fig. 31-L). At 8.5 Ma
extension localizes on a first generation of multiple short and disconnected 110 km-wide offset
rift segments (Fig. 31). The strike of the active first generation normal shear zones is about 18°.
With increased extension at 11.5 Ma (Fig. 3J) the central parts of the first generation normal
shear zones rotate to ~10° while the lateral ends of the shear zones remain at their original
orientation resulting in multiple isolated en-échelon sigmoid shear zones. At 17 Ma (Fig. 3K) a
second generation of narrowly spaced normal shear zones forms at the axis of the rift system.
Finally at 30 Ma (Fig. 3L) strain localizes in a very narrow zone with areas of highly oblique
lithospheric rupture, oriented at about 51°, separated by accommodation zones with highly
extended continental crust. An animation of the surface strain rate evolution for M3 is available
in supplementary Figure S6. At depth the 3D geometry exhibits extension distributed over a 400
km wide area with multiple horst and graben systems in each rift segment (Fig. 4C, and 3D
animation in supplementary Fig. S9). Extension in the crust and mantle lithosphere is
accommodated on close to orthogonal normal shear zones. The sub-lithospheric mantle shows, in
contrast, important out of plane lateral flow, oblique to the extension direction, accommodating

lithosphere thinning in the necking area.

Geometric controls on the rift trend and ridge obliquity

In all the models presented here, strain localization starts from the edge of the weak zone then
propagates inward from the internal corners of the weak zone and the walls. The loci of the strain
localization initiation zones along the walls of the model are static and inherently control the rift

orientation. Consequently, the general trend of the rift is a function of the weak zone geometry
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and the model dimensions. We can calculate the rift trend obliquity e, as a function of the weak

zone across-width 7 in km, the model length L in km, and the imposed weak zone obliquity o

Ltana' — W/cosa’
o= tan~! I

Assuming a 300 km weak zone (the width of the weak zone central region) and a model length of
1200 km, low obliquity model M1 (&’ = 30°) has a rift trend and final ridge obliquity of 16°
(angle between the ridge and the y-axis); intermediate obliquity model M2 (&’ = 45°) has a rift
trend and final ridge obliquity of 33°; and high obliquity model M3 (&’ = 60°) has a rift trend and

final ridge obliquity of 51° (See supplementary Fig. S1).

The internal freedom left for structures to develop at a particular orientation within the rift
system is bounded to the weak zone geometry. The capacity of the rift system to develop either

segmented or connected structures will significantly influence normal shear zones orientations.

Evolution of the orientation of normal shear zones, rift width, and thinning factors

The orientation at which the normal shear zones form during the first and second order rift
segmentation in models 1-3 changes with varying obliquity of the weak zone. For low and
intermediate obliquity models M1 and M2, shear zones form at about 10-15° from the extension
orthogonal direction, whereas for M3, at high obliquity they initiate at 20° (e.g. Fig. 5), close to
the predicted intermediate angle between rift trend and the extension direction (e.g., Brune,

2014). For M1, the low obliquity of the rift trend, forced by the geometry of the system,
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promotes the development of an interconnected rift depression. Because the grabens within this
depression are connected, the shear zones orientation remain constant through time (Fig 5A).
For M2 and M3 (Fig. 5B and 5C), following their formation the central part of the normal shear
zones delimiting the isolated grabens forming the rift depression, rotate counterclockwise to an
azimuth close to extension orthogonal orientation. The final orientation of lithospheric rupture is
largely controlled by the location of the internal corners between the weak zone and the model
walls.

The active rift width is calculated by measuring the maximum distance between active shear
zones across-strike the rift trend (). The active rift width trends are sensibly similar for the three
models (Fig. 5). A first phase of widening of the rift system associated with propagation of the
individual normal shear zones towards the boundaries of the weak zone and with finite extension
and widening of the first generation rift basins. The widening phase duration appears to decrease
with increasing obliquity from ~ 5 Ma for M1 to 4 Ma for M2, and 3.5 Ma for M3. A second
phase of rift narrowing linked to progressive localization, necking, and weakening of the mantle
lithosphere at depth. Conversely to the widening phase, the narrowing phase duration increases
with model obliquity. In the three models, narrowing precedes the progressive narrow oblique

lithospheric rupture.
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After extracting the model surface elevation, the Moho interface depth, and the mantle
lithosphere and sub-lithospheric mantle interface depth, we compute the crustal  and mantle

lithosphere ¢ thinning factors based on the equations:

pg=1- 2 §=1— dm

Heo Hmio

with H. the continental crust thickness at t, and H.o the initial continental crust thickness (35
km); H,. the mantle lithosphere thickness at t, and H,. the initial mantle lithosphere thickness
(90 km). Crust and mantle lithosphere thinning patterns vary with changing obliquity and reflect
the structural style of deformation as inferred from structures observed at the surface and at
depth (Fig. 6). Both crustal and mantle lithosphere thinning patterns for the three models are
asymmetric and limited to the weak zone region. The distribution of mantle lithosphere thinning
prior to break-up with large wavelength thinning patterns appears to be largely controlled by
strain accumulated during first order rift segmentation, whereas the pattern of crustal thinning
shows the superposition of both widely spaced phase 1 and narrow phase 2 segmentation.
Thinning factors distribution indicate that passive margins formed during oblique rifting are
characterized with V-shaped structures corresponding to abandoned isolated grabens, later

connected during break-up.

23



M1 LOW OBLIQUITY (a = 16°) M2 MODERATE OBLIQUITY (a = 33°) M3 HIGH OBLIQUITY (a = 51°)

M1 tow oauauTy /

1100

30 Ma
900
o
£
c
—~ 700 <
c k=
N 5
> 500 E
18]
«Q
300
100
1100
o
£
900 E
<
s
o
]
z 700 5
< S
> 500 E
o
8
300 £
P

100

100 300 500 700 900 1100
X (km) X (km) X (km)

L
100

100 500 700 900 1100

300 500 700 900 1100

Figure 6. Crust and mantle lithosphere finite thinning patterns after 25 Ma (model 1 and 2) or 30 Ma
(model 3). The dashed contour lines mark the region where breakup of the continental crust is complete

and mantle material reached the surface.

4. Discussion

We first summarize the evolution of the surface deformation for the moderately oblique rift
model and develop a generic scheme for the evolution of oblique-rifted extensional systems.
While largely based on M2 the generic scheme can easily be generalized to systems with varying
obliquity. Then, we discuss the underlying processes controlling the geometry of the structures,

and finally compare our results with natural examples of moderately oblique rifts.
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Surface deformation sequence

We use intermediate obliquity model M2 to identify four characteristic phases of deformation
(Fig. 7). (1) The initiation Phase (Fig. 7A) shows distributed deformation limited to the oblique
weak zone. With increasing strain, frictional-plastic weakening promotes the development of a
first generation of conjugate normal shear zones at the model sides that propagate obliquely
within the model. (2) First order segmentation phase 1 (Fig. 7B) with strain partitioning
between the frictional plastic shear zones segmenting the continental lithosphere progressively
into isolated upper crustal blocks. Isolated oblique extensional shear zones limit wide en-échelon
grabens, oriented orthogonal to the minimum principal stress 03 and the maximum instantaneous
stretching direction. Within the isolated grabens slip on the extensional shear zones is limited to
the central segments, which progressively rotate to become orthogonal to the plate motion
direction. (3) Phase 2 second order segmentation (Fig. 7C) is characterized by the development
of new grabens with smaller wavelength that interconnect the rift. These grabens combine two
shear zones populations with inherited extension-orthogonal shear zones alternating with new-
formed moderately oblique shear zones combined into a suite of orthorhombic systems. (4)
Finally, oblique rupture phase 3 (Fig. 7D) leads to ‘oceanic’ domains that propagate from the
model edges and merge with isolated incipient ‘oceanic’ sub-basins forming a continuous
sigmoid ridge system where highly oblique and highly stretched crustal accommodation zones
link intermediate oblique ridge segments. This characteristic sequence applies as well to systems
with low or high obliquity. The main effect of varying obliquity of a pre-existing weak zone is
on the along-strike length of the individual faults segments, with low obliquity promoting fewer
and longer along-strike sets of normal faults, and high obliquity resulting in many short en-

échelon faults.
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Figure 7: lllustration of oblique rifting sequence. (A) Initiation Phase, the beach balls at the surface
correspond to the surface Instantaneous Stretching Axes (ISA) that describe the directions of maximum
(black) and minimum (white) stretching during deformation. (B) Phase 1: first-order oblique
segmentation, widening and isolated structures rotation, (C) Phase 2: rift narrowing and second-order

segmentation; (D) Phase 3: oblique rupture and development of step-like passive margins.

Deformation style: controls and underlying processes

We recognize three main factors that control the structural style of deformation in the model: (1)
the geometry of the weak zone, (2) the strain weakening parameterization, and (3) the
rheological layering of the model. The relative influence of these factors controls the structural
style of oblique rifting. The duration of the initiation phase depends primarily on the efficiency

of frictional plastic strain localization, in our model controlled by the strain weakening function
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(e.g., Huismans and Beaumont, 2003). Along the north and south walls the free-slip condition
imposes plane-strain deformation, inducing a rapid increase in the accumulation of plastic strain
in the brittle layers and leading to early localization. With these boundary conditions the position
of the first generation of extensional shear zones that form at the internal corners between the
weak zone and the model walls is consistent with Allken et al. (2012) findings that show that
self-organization of non-linked faults tend to promote the shortest path between the necking
regions along the opposite walls of the model. In addition, the oblique geometry of the weak

zone facilitates the inward propagation of the deformation from the model walls.

Within the weak zone, the stress field rotates due to the strength contrast with its surroundings.
When they form, phase 1 and phase 2 dip-slip extensional shear zones (Fig. 3A, 3C, 5, S3) are
oriented at ~ 75° from the extension vector, corresponding to an intermediate angle between the
rift trend and the plate motion direction (Withjack and Jamison, 1986; Brune and Autin, 2013;
Brune, 2014). Our models, however, shows that progressive deformation during Phase 1
extension results in rotation of the extensional shear zones to become orthogonal to the plate
motion direction and control the structural style during oblique rifting. Although the stress
around the active extensional shear zones rotate (Fig 3), the progressive rotation of Phase 1
extensional shear zones during widening (Fig. 5) forces a discrepancy between o> direction and
the strike of the structures that must be accommodated by a minor component of strike slip.
Early rift structures are thus critical in controlling the final architecture of oblique-rifted margins,
but because of potential rotations they must be used with caution when interpreting the tectonic

evolution of passive margins. This result indicates that while oblique rift trend remains stable
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through time, as it is imposed by the model geometry and boundary conditions, internal
structures rotate in order to efficiently accommodate thinning of the crust and lithosphere.

In the three models presented here, oblique rifts develop with alternating asymmetry visible as
shown in the thinning maps (Fig. 6). This characteristic thinning pattern confirms earlier 3D
model predictions (e.g., van Wijk, 2005) that oblique rifts are expected to develop with
alternating asymmetry, and show that such asymmetric thinning patterns should be preserved
after break-up on the passive margins of the rifts.

Spacing of the extensional shear zones is controlled by the effective thickness of the competent
layer(s) in the model at the time of localization (Soliva and Benedicto, 2005). During phase 1
segmentation, the effective competent layering includes the crust plus the top 20 kilometers of
the mantle lithosphere (Fig. 1). In our model extensional shear zones dip on average at 45° (e.g.,
Kaus, 2010), thus the thickness of the effective frictional plastic layer directly controls the 110
km width of the grabens. During phase 2 segmentation progressive rise of the hot and weak sub-
lithospheric mantle modifies the rheological layering in the system beneath the rift axis and
exerts a strong control on the width of the active deformation region resulting in narrowing of the
active deformation. The increasing geothermal gradient beneath the rift axis reduces the effective
frictional-plastic layer to the upper crust forcing the wavelength of second-order phase 2 grabens
to narrow to 50 km. Accordingly, the number, size, and extent of isolated grabens is controlled
by the rheological layering of the lithosphere, the width and the obliquity of the weak zone as

observed in analog experiments (Agostini et al., 2009).

Upon lithospheric rupture, the weak sub-lithospheric mantle accommodates most of the

extension in the system and the active deformation region is very narrow. Accommodation zones
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crosscut the long-lived phase 1 extensional shear zones while oblique ‘oceanic’ ridges bisect the

phase 2 oblique grabens.

Comparison to natural systems

Our results suggest that interaction between phase 1 and phase 2 extensional shear zones results
in complex strain partitioning during oblique rifting. Along the oblique rift axis, en-échelon
phase 1 extensional shear zones form at an intermediate orientation between the rift trend and the
normal to the plate motion direction and locally rotate to become close to normal to the plate
motion direction, thus accommodating maximum stretching of the lithosphere before narrowing
starts during Phase 2. Similar deformation patterns have been described in active oblique
continental rifts and passive margin systems (e.g. Fig. 1). The MER depression (Fig. 1A) trends
at a moderate obliquity from the extending Nubia and Somalia plate motion direction. The rift
depression width is comparable to the phase 1 grabens formed in our models. The depression
itself, delimited by the Miocene Boundary faults, oriented at about 10 to 25° from the orthogonal
to the plate motion direction, is curved in its center and shows asymmetric margins. The
variability in the Boundary faults orientation could well reflect local rotation of the central part
of the Boundary faults, associated with the progressive thinning of the active rift. This is
compatible with the slip re-orientation hypothesis proposed by Philippon and Corti (2016) and
later discussed by Sani et al. (2019). We argue that the MER has reached stage 2 of the model
we propose here. The phase 2 second-order segmentation and the development of extension-
orthogonal structures observed in our models form an analog to the Quaternary extension-
orthogonal Wonji faults that correspond to the active structures distributed en-échelon within the

MER depression (Figure 1A; Agostini et al., 2011; Corti et al., 2013; Philippon et al., 2015).
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This inward migration of active deformation occurred after ~ 20 km of overall extension
(Agostini et al., 2009), a magnitude similar to the widening phase of models M2 and M3 (Fig.
5B and 5C). Although high, the resolution of the numerical models is not sufficient to replicate
the development of small extension orthogonal shear zones like the Wonji faults. Interestingly,
both Boundary and Wonjji faults, while slightly oblique from each other, exhibit almost pure dip
slip kinematics (e.g. Keir et al., 2006; Philippon et al., 2015). A surface analysis of the
orientation of the principal stress tensor for model M2 during phase 2 confirms that deformation
along the active structures are normal shear zones dominated by dip-slip kinematics,
irrespectively of their orientations (Blue regions in Fig. S3). In addition, it is important to note
that volcanism in this region, close to the Afar hotspot, must contribute to additional thermal
weakening of the lithosphere (Ebinger and Sleep, 1998) facilitating the development of extension
orthogonal structures.

The Gulf of Aden displays an intermediate oblique trend with respect to the plate motion
direction associated with the rifting between Arabia and Somalia. The Gulf orientation is
controlled by the Afar hotspot in the SW and the Owen oceanic transform system in the NE on
its boundaries. However, extension-orthogonal and intermediate oblique faults populations
identified on the eastern part of the Gulf of Aden conjugate margins (e.g. Fig. 1B; Autin et al.,
2010) are consistent with phase 1 and phase 2 structures. Structures oriented obliquely and sub-
orthogonally to plate motion direction formed during Oligo-Miocene rifting control the
segmented geometry of the coastline and ocean-continent transition zone along the conjugate
passive margins (Agostini et al., 2009; Autin et al., 2013; Bellhasen et al., 2013) as observed in
our model. Extension orthogonal structures are dominant in this region of the Gulf, even toward

the edge of the depression. This is different from our models and could be related to fact that
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Oligo-Miocene rifting reactivates en-échelon Mesozoic basins oriented orthogonally to the
Cenozoic rifting plate motion direction. Still, the dimension of the Oligo-Miocene en-échelon
sedimentary basins is very similar to the phase 1 en-échelon grabens observed in models M2 and
M3. The asymmetric V-shaped of the thinning factors observed along model M2 passive margins
(Fig. 6) is strikingly similar to the asymmetric V-shape of the segmented geometry of the
coastline and ocean-continent transition zone on the conjugate margins of the East-Aden and

Shebba ridges (Autin et al., 2010).

Limitations

The numerical models presented here are purposely simple and already require very large
computational resources to compute. The range of physical processes solved within the code
neither include surface processes, nor magmatism which both could have a strong effect on strain
localization over the lifespan of a rift system (e.g. Burov and Cloetingh, 1997; Olive et al.,
2014). The geometry of the inherited structure is also very simple and solely aims to localize rift
deformation in an oblique zone. We did not explore the effect of localized inherited shear zones
or the impact of lateral rheological heterogeneities in the model (like cratonic domains, or mantle
plumes) (e.g. Koptev et al., 2015, 2016). The imposed boundary conditions have an important
impact on the localization pattern developing at the model edges. Upon breakup, when the ridge
propagates from the sides of the model, we note that the three models do not reproduce real
transform structures, oriented parallel to the extension direction and linking the active ridge
segments (Gerya, 2010, 2013). Finally, we only tested one set of thermal and rheological

conditions, and more work would be required to test the sensitivity of changes in crust and
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mantle rheologies for controlling the evolution of normal fault structures formed during oblique

extension.

5. Conclusion

We use high-resolution 3D thermo-mechanical modeling to investigate the structural style of

deformation during oblique rift and passive margin formation. We draw the following

conclusions.

1.

In our models the oblique trend of rift systems is controlled by the geometry of pre-existing
weak structures and imposed boundary conditions.

The forward models presented here indicate that structures formed within these obliquely
extending domains, follow a moderately oblique trend.

Model results presented here suggest that oblique rift systems exhibit three characteristic
phases of deformation. (1) First order rift segmentation (phase 1) with formation of
moderately-oblique segmented en-échelon normal faults within the imposed weak zone with
a spacing in the order of 110 km reflecting the model initial lithospheric rheological layering.
(2) Second order rift segmentation (phase 2) with shorter normal faults segments with a
characteristic spacing of ~50 km reflecting an upper crustal layer thickness control and
reduced influence of the thinned and weakened mantle lithosphere. (3) Lithospheric rupture
resulting in linked oblique ridge segments.

The model results predict that normal faults, during oblique rifting, form at 10-20° to the
extension orthogonal direction.

Progressive extension and finite deformation rotate early moderately-oblique structures to

close to the extension orthogonal direction.
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6. The models suggest that rift width varies with changing obliquity of the inherited weak zone
promoting more distributed deformation for high obliquity systems.

7. The distribution of mantle lithosphere thinning prior to break-up is largely controlled by
strain accumulated during first order rift segmentation, whereas the distribution of crustal
thinning results from the superposition of both widely spaced phase 1 and narrow phase 2
segmentation.

8. The inferred behavior is consistent with observations from two natural systems. Within the
curved trend of the MER depression, new normal faults follow a close to extension
orthogonal trend, consistent with model predictions for early stage 2. The Gulf of Aden
displays an oblique trend controlled by far field boundary controls of the Afar hotspot in the
SW and the Owen oceanic transform system in the NE. However, margin structure including
rift normal faults and the ocean continent boundary are close to orthogonal to the present-day

direction of plate divergence, consistent with our model results.
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