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A B S T R A C T

Continental rifts normally initiate within previously deformed lithosphere and thus their evolution and archi
tecture can be largely controlled by inherited weak zones in the pre-rift crust. Here, we quantify the role of the 
strength and obliquity of pre-existing crustal-scale weak zones in the evolution of continental rift systems. We use 
a 3D numerical geodynamic model to assess strain localization, associated fault development, and rift segmen
tation during the early stages of tectonic extension. We find that both the strength and obliquity of the weak 
zones significantly influence the patterns of strain localization. A pre-existing very weak zone with low obliquity 
can promote the development of continuous and long-lived border faults parallel to the rift axis. Conversely, a 
comparatively strong weak zone with high obliquity leads to a staggered en-echelon rift geometry that lacks 
rectilinear laterally persistent strain localization. Furthermore, we find that rift obliquity and weak zone strength 
may modulate rift fault length, throw, and azimuth. These results provide new and compelling insights into the 
structure and evolution of natural active rifts that develop within orogenic basement terranes.

1. Introduction

Continental rifting is a fundamental plate tectonic process and a key 
stage of the Wilson Cycle. Inception and evolution of continental rifts is 
known to be strongly influenced by inherited heterogeneities of different 
scales that include lithospheric-scale suture zones, foliations, shear 
zones, and local-scale structures such as folds, faults, and dykes (e.g., 
Corti et al., 2022; Kolawole et al., 2018; Laó-Dávila et al., 2015; Van 
Wijk, 2005; Molnar et al., 2019; Zwaan and Schreurs, 2017, 2020). Here, 
we employ the term “pre-existing weak zones” that encompasses all 
these inherited structures to describe regions of reduced mechanical 
strength, resulting from past orogenic or intraplate processes at the 
lithosphere scale (e.g., Corti, 2008; Gueydan et al., 2008; Molnar et al., 
2019). Natural rift systems that exhibit a wide range of relationships 
between these lithospheric-scale pre-existing weak zones and rift ar
chitecture include, for example, the Rhine Graben (Michon and Merle, 
2000), the Rio Grande Rift (Morgan et al., 1986), the Main Ethiopian Rift 
(Corti et al., 2018), the Malawi Rift (Kolawole et al., 2018; Laó-Dávila 
et al., 2015; Grijalva et al., 2018), and the Red Sea (Molnar et al., 2019).

The orientation of the pre-existing weak zones can largely influence 
strain localization during rift evolution and result in oblique rifting, 

when the divergence direction is not perpendicular to the weak zone (e. 
g., Brune, 2014). These oblique rifts are characterized by an angle be
tween the divergence direction and the direction perpendicular to the 
axis (here and after referred to as rift obliquity, Fig. 1f). Most present- 
day rifts and ridges exhibit some degree of obliquity (Fig. 1), such as 
the Lake Tanganyika Rift (Fig. 1a; Molnar et al., 2019; Versfelt and 
Rosendahl, 1989), Main Ethiopian Rift (Fig. 1b Corti et al., 2013), Gulf 
of Aden (Fig. 1c; Bellahsen et al., 2013; Jourdon et al., 2020), Gulf of 
California (Fig. 1d; Bonini et al., 2019), Malawi Rift (Chorowicz and 
Sorlien, 1992), South China Sea (Le Pourhiet et al., 2017), and Aegean 
Rift (Agostini et al., 2010). It is also suggested that orthogonal rifts are 
possibly just a temporary stage in the evolution of continental rifts (e.g., 
Brune et al., 2018).

Rift obliquity appears to impact the timing, patterns, and nature of 
rift faulting (e.g., Ebinger and van Wijk, 2014; Philippon and Corti, 
2016; Withjack et al., 2002). Oblique rifting commonly leads to variable 
rift axis orientations along strike, segmented border faults, and/or 
rotation of intrarift faults (e.g., Díaz-Azpiroz et al., 2016; McClay and 
White, 1995). For example, in the Main Ethiopian Rift (Fig. 1b) the 
northern segment exhibits an obliquity of ~45◦ and is characterized by 
oblique boundary faults with a strike-slip component, whereas the 
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southern segment of the Main Ethiopian Rift, with an obliquity ~10◦, is 
dominated by dip-slip intrarift faults (e.g., Agostini et al., 2011; Corti 
et al., 2013). Herein, we define a rift segment as a distinct laterally 
continuous rectilinear (or sub-rectilinear) rift basin, such that rift sys
tems with staggered shorter-length rift basins are described as ‘highly 
segmented’, and those with laterally persistent rectilinear segments that 
form relatively longer basins are described to have lateral persistent 
strain localization. Different from the low-moderate obliquity rift seg
ments in Ethiopia, the Gulf of California is characterized by a highly 
oblique (~70◦) divergent boundary between the Pacific and North 
American plates that has progressed to sea floor spreading (Fig. 1d), 
with strain accommodated by a group of en-echelon strike-slip faults 
within the oceanic pull apart basins (Ferrari, 2013).

Kinematic, analogue (physical), and numerical models are often 
adopted to conduct rifting experiments and to explore the influence of 
pre-existing weak zones on rift evolution. Kinematic models and their 
interpretations of oblique rift geometry, faults, and block movements 
(Courtillot, 1982; Heine and Brune, 2014; Le Pourhiet et al., 2017; Vink, 
1982) are constructed using geological observations of rift structure 
(Argus et al., 2011) and inferred geodetic and paleomagnetic observa
tions (Kreemer et al., 2003). Such models are often applied to recon
struct the plate motion of rift systems and can be used for statistical 
analysis of strain partitioning along plate boundaries (Brune et al., 2018; 
Heine and Brune, 2014; Müller et al., 2016; Philippon and Corti, 2016).

Analogue models can also provide valuable insights into the geom
etry and formation of rifts and ridges within pre-existing weak zones (e. 
g., Agostini et al., 2009, 2011; Basile and Brun, 1999; Bonini et al., 1997, 
2023; Clifton et al., 2000; Corti et al., 2003, Corti, 2008; Corti et al., 
2011; Dauteuil and Brun, 1993; Henza et al., 2011; Molnar et al., 2018, 
2019, 2020; Osagiede et al., 2021; Richetti et al., 2023; Samsu et al., 
2023; Withjack et al., 2002; Zou et al., 2024; Zwaan and Schreurs, 2017, 

2020; Zwaan et al., 2018, 2020; Zwaan et al., 2021; Zwaan et al., 2022). 
For example, Dauteuil et al. (2002) used analogue models to explore the 
role of lithospheric strength, weak zone, and divergence direction in the 
evolution of oblique rifts and concluded that major transform faults 
associated with fast-spreading ridges are formed by diffuse, complex 
arrays of strike-slip segments, while transform faults associated with 
slow-spreading ridges form deep, narrow linear valleys. Likewise, Autin 
et al. (2013) used a four-layer analogue model to investigate the evo
lution of the Gulf of Aden and proposed that the obliquity of rifted 
margin basins largely control the present-day rifted margin geometry 
and determine the location of oceanic transform faults. Whereas, Phil
ippon et al. (2015) used an analogue model to investigate the relation
ship between dip-slip and strike-slip displacements along orthogonal 
and oblique faults corresponding to extension direction, and observed 
slip reorientation during oblique extension. More recently, analogue 
models tested the interaction between extensional direction, inherited 
structural orientation, and rift axis directions (e.g., Zou et al., 2024). 
Lastly, Zwaan et al. (2022) reviewed and evaluated the effects of both 
structural inheritance and kinematics (i.e. extension rate and direction) 
on oblique rift evolution, suggesting that the preferential patterns of 
reactivation of pre-existing weak zones is related to rift obliquity, lith
ospheric layering, and extension rates.

Numerical modeling can expand on these findings of analogue ex
periments by incorporating rheological complexities and surface pro
cesses that include erosion and sedimentation. Recently, a variety of 3D 
or 2.5D (2D surface models coupled with 2D geodynamic models) nu
merical models have been developed to investigate continental rifting 
(e.g., Allken et al., 2011 Andrés-Martínez et al., 2019; Brune et al., 
2017a, 2017b; Brune et al., 2018; Corti et al., 2019; Dyksterhuis et al., 
2007; Gouiza and Naliboff, 2021; Jourdon et al., 2020; Koptev et al., 
2015; Liu et al., 2022; Maestrelli et al., 2022; Naliboff et al., 2020; 

Fig. 1. (a-d) Natural examples of oblique rifts classified by the approximate obliquity from low (left) to high (right). Digital elevation model of topography and 
bathymetry are from Global Bathymetry and Topography at 15 Arc Sec (Tozer et al., 2019).The arrow shows the general divergence direction for Tanganyika Rift 
(Stamps et al., 2008; Stamps et al., 2018), Main Ethiopian Rift (Stamps et al., 2008; Corti et al., 2013), Gulf of Aden (Bellahsen et al., 2013), and Gulf of California 
(Plattner et al., 2007; Bonini et al., 2019). The faults are derived from Active Faults of Eurasia Database. The inset shows the divergence direction from principal 
stress component σ3 from Delvaux and Barth (2010) and Cruz-Hernández et al. (2023). The red lines represent dike orientation from Wadge et al. (2016). (e, f) 
Illustration of rift obliquity, the angle between divergence direction and perpendicular to rift axis. The rift fault geometry for orthogonal rifts and oblique rifts (f) is 
derived and modified from analogue model results (Philippon and Corti, 2016). Notably, all the extension rates and directions shown here are derived present-day 
geodetic studies, which may not entirely reflect the initial rifting direction.
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Neuharth et al., 2021, Neuharth et al., 2022; Njinju et al., 2021; Olive 
et al., 2022; Pichel et al., 2022; Rajaonarison et al., 2021; Schmid et al., 
2023; Van Wijk, 2005). However, only a few numerical models have 
focused on investigating the role of pre-existing weak zones (e.g., 
Ammann et al., 2018; Duclaux et al., 2020; Glerum et al., 2020; Neu
harth et al., 2021; Wolf et al., 2022). Brune et al. (2012) suggested that 
oblique extension can facilitate and possibly accelerate rifting processes, 
because oblique deformation requires less force to reach plastic yield 
strength than orthogonal extension. Brune (2014) later demonstrated 
that oblique extension can also generate multiple fault populations, with 
the number of orientations of fault systems varying depending on the 
angle of rift obliquity. Similarly, Duclaux et al. (2020) examined the 
effects of obliquity on normal fault development and identified phases of 
strain localization during rift evolution, where en-échelon faults form 
early and as rifting progresses, the faults link and develop into well- 
defined mid-ocean ridges. A study by Zwaan et al. (2016) combined 

analogue and 3D numerical models to demonstrate that orthogonal 
extension produced wider rifts compared to oblique rifting, which 
resulted in rift narrowing as obliquity increased. More recently, Naliboff 
et al. (2020) started with a randomly distributed weak zone and found 
that an initially distributed fault network tends to coalesce during 
extension, and that rift geometry in the later phases of extension was 
largely dependent on thermal and rheological properties rather than 
pre-existing structures. Further, numerical modeling of oblique rift 
segmentation revealed that individual rift segments can propagate to
wards each other under oblique extension, interacting (Allken et al., 
2011; Van Wijk et al., 2017; Wolf et al., 2022) and/or forming a 
microplate between them, resembling the Victoria Plate in the East Af
rican Rift (Glerum et al., 2020; Neuharth et al., 2021). Such results also 
align with the outcomes from analogue experiments (e.g, Zwaan and 
Schreurs, 2020, 2023).

Despite the numerous insights obtained from both numerical and 

Fig. 2. Model setups of the (a) orthogonal and (b) oblique rift with upper crust, lower, crust, lithospheric mantle, and asthenosphere. The red dashed zone is the 
region of pre-existing weak zone. The arrow indicates the extension direction. (c) thermal gradient and strength envelopes for the Earth material (blue) and weak 
zone (orange). The strength profile is calculated based on Anderson fault theory (Anderson, 1905) with a strain rate of 8 × 10 −17 s−1. The weak zone strength is 
based on the average of the randomly distributed pre-existing plastic strain, equivalent to lower cohesion and internal friction angle. (d) plot showing the plastic 
strain weakening. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.).

L. Xue et al.                                                                                                                                                                                                                                      Tectonophysics 890 (2024) 230472 

3 



analogue models of rift zones undergoing varying degrees of rifting, 
several questions remain unanswered regarding the obliquity and the 
role of strength variations in regional-scale pre-existing weak zones in 
controlling the style of oblique rifting and fault system evolution. 
Particularly, the parameter space of relative weak zone strength and 
obliquity has not been fully explored. For example, how weak is “weak,” 
and to what extent can it influence the shape of individual rift segments? 
Additionally, can different combinations of weak zone obliquity and 
strength promote or discourage rift segmentation? To investigate this, 
we use 3D geodynamic models with implemented pre-existing weak 
zones at an oblique angle to the divergence direction. Herein, we (1) 
quantify the impact of different rift obliquities on the development of rift 
faults and segmentation, (2) examine the role of relative weak zone 
strength on rift segmentation, and (3) quantify the different responses of 
border faults and intrarift faults to various styles of oblique rifting using 
fault statistical analysis as a post-processes of geodynamic modeling.

2. Methods

2.1. Geodynamic model

ASPECT is an open-source (aspect.geodynamics.org), parallel code 
using the finite element method to solve the coupled Boussinesq equa
tions of momentum, mass, and energy for a Eulerian compositional field 
with a free-surface (Gassmöller et al., 2018; Heister et al., 2017; Kron
bichler et al., 2012; Rose et al., 2017): 

− ∇⋅(2ηε̇) + ∇P = ρg (1) 

∇⋅u = 0 (2) 

ρCp

(
∂T
∂t

+ u⋅∇T
)

− ∇⋅k∇T = ρH + (2ηε̇) : ε̇ − αρTu⋅g (3) 

where Eq. 1 corresponds to the conservation of momentum with effec
tive viscosity η, deviatoric strain rate tensor ε̇, velocity u, pressure P, 

density ρ, and gravity g. Mass conservation is given by Eq. 2 and Eq. 3
describes the energy conservation that includes radiogenic heating H, 
shear/frictional heating, and adiabatic heating, with reference adiabatic 
density ρ, heat capacity Cp, temperature T, and thermal expansivity α.

Rock types and time-dependent quantities including initial plastic 
strain, and non-initial plastic strain are tracked using compositional 
fields. Advection (Eq. 4) is solved in each of the compositional fields ci of 
the model with reaction rate qi for plastic strain and viscous strain field 
as below: 

∂ci

∂t
+ u⋅∇ci = qi (4) 

The geodynamic model adopts a viscoplastic rheology (Glerum et al., 
2018), combining viscous flow following the dislocation and diffusion 
creep function (Eq. 5) and plastic regime following the Drucker-Prager 
yield criterion (Eq. 6; Davis and Selvadurai, 2002) 

ηviscous
eff = 0.5A−1/ndm ˙ε1/n−1

e exp
(

E + PV
nRT

)

(5) 

ηplastic
eff =

3Ccos(ϕ)
̅̅̅
3

√
ε̇e(3 − sin(ϕ) )

+
3Psin(ϕ)

̅̅̅
3

√
ε̇e(3 − sin(ϕ) )

(6) 

where A is a scalar prefactor, d the grain size, E the activation energy, V 
the activation volume, R the gas constant, n the stress exponent, m the 
grain size exponent, ε̇e the square root of second invariant of the 
deviatoric strain rate, C the cohesion, and Ф the internal angle of fric
tion. To simulate plastic strain weakening, the cohesion (C) and angle of 
friction (Ф) is weakened linearly by 75% from accumulated plastic strain 
of 0.5 to 6 (Fig. 2d). The strain healing is implemented with temperature 
dependence after Fuchs and Becker (2021). All these parameters are 
provided in Table 1 and the weak zone obliquity and strength are shown 
in Table 2.

Table 1 
Input parameters of geodynamic model.

unit upper crust lower crust lithospheric mantle asthenosphere

thickness km 20 20 80 80
thermal expansivity (α) K−1 2.70E-05 2.70E-05 3.10E-05 3.10E-05
reference density (ρ0) kg m−3 2700 2850 3280 3300
thermal diffusivity (κ) m2 s−1 7.72E-07 7.31E-07 8.38E-07 8.33E-07
heat capacity (Cp) J kg−1 k−1 1200 1200 1200 1200
heat production (H) Wm−3 1.50E-06 2.00E-07 0 0
Reference T (T0) K 293 293 293 293
thermal conductivity W m−1 K−1 2.5 2.5 2.5 2.5

dislocation creep parameters
power law exponent (n) – 4 3 3.5 3.5
coefficient prefactor (A) Pan s−1 8.57E-28 7.13E-18 6.52E-16 6.52E-16
activation volume (V) m3 mol−1 0 3.80E-05 1.80E-05 1.80E-05
Activation Energy (Q) J mol−1 2.23E+05 3.45E+05 5.30E+05 5.30E+05

diffusion creep parameters
power law exponent (n) – 1 1 1 1
grain size exponent (m) 2 3 0
coefficient prefactor (A) Pan s−1 5.97E-19 2.99E-25 2.25E-09 2.25E-09
activation volume (V) m3 mol−1 0 3.80E-05 6.00E-06 6.00E-06
Activation Energy (Q) J mol−1 2.23E+05 1.59E+05 3.75E+05 3.75E+05
grain size (d) m 1.00E-03 1.00E-03 1.00E-03 1.00E-03
surface heat flow W m−2 0.055 0.035 0.03 0
Cohesion (C) Pa 2.00E+07 2.00E+07 2.00E+07 2.00E+07
Frication angle (Ф) degree 20 20 20 20
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2.2. Model setup

Our 3D model is a 400 × 200 × 200 km box with 20-km-thick upper 
and 20-km-thick lower crustal layers using a dry quartzite and wet 
anorthite rheology, respectively. We use a 80-km-thick lithospheric 
mantle and a 80-km-thick asthenosphere of dry olivine (Fig. 2). Our 
selected lithosphere thickness is comparable to that of East Africa 
(Pasyanos et al., 2014). The model mesh features a resolution gradually 
decreasing from the top of the model to the bottom. This resolution 
corresponds to discrete layers with resolutions of diminishing from 1.25 
km, to 2.5 km, to 5 km, and finally to 10 km at depths of 10 km, 30 km, 
50 km, and beyond.

The initial temperature in the model is prescribed using a steady- 
state geotherm (Chapman, 1986) from surface to the lithospher
e–asthenosphere boundary (LAB) with a Moho, LAB, and mantle po
tential temperature of 576 ◦C, 1376 ◦C, and 1316 ◦C, respectively. From 
LAB to the bottom of the domain, the initial temperature distribution is 
determined by a mantle adiabatic gradient (0.5 K/km). All other 
boundaries are set to zero heat-flux. The right and left boundaries are a 
free slip surface, extended with a total extension rate of 5 mm/yr for 10 
Myr. The top boundary is a free surface and outflow at the right and left 
edges of the model is compensated by inflow at the bottom boundary to 
conserve volume.

To implement a pre-existing weak zone, numerical modeling studies 
either prescribe a local thermal anomaly (Brune et al., 2017a, 2017b; 
Corti et al., 2003; Glerum et al., 2020; Neuharth et al., 2022) and/or a 
single weak seed or a prescribed fault (e.g., Olive et al., 2022). Some 
models also incorporate a random distribution of pre-existing plastic 
strain to define a region of weakness (Duclaux et al., 2020; Naliboff 
et al., 2020; Richter et al., 2021). Herein we adopted the later approach 
and define a 40-km-wide (similar to previous weak zone width, e.g. 
Brune, 2014) and 80-km-deep zone with a randomized initial plastic 
strain. The weak zones are delineated by regions with higher initial 
plastic strain compared to the surrounding rocks, producing a yield 
strength profile that allows for rock failure to occur at relative lower 
stresses (Fig. 2). The magnitude of strain within the weak zone gradually 
decreases from the center towards the edge, following sinusoidal curves, 
representing suture zones or paleo rifts within the brittle portion of the 
lithosphere (Fig. 2). The tapered weak zone involves a gradual transition 
between the weak zone and normal crust without a focusing effect. The 
mean strength of the weak zone is also shown in Fig. 2c and can be 

varied by changing the maximum plastic strain of the weak zone. 
Therefore, the obliquity of the rift is reflected by the angle between the 
axis of this weak zone and E-W divergence direction, from 0◦ to 75◦ with 
intervals of 15◦. Meanwhile, we examine the role of weak zone strength 
by varying the maximum weak zone plastic strain from 1.5 to 6, rep
resenting the range of relative strength of weak zones compared to 
surrounding rock with zero plastic strain.

2.3. Fault statistic analysis

To quantify strain localization during oblique rifting, fault analysis is 
carried out using an open-source (github.com/thilowrona/fatbox) 
image processing toolbox called Fatbox (Wrona et al., 2022). We track 
fault development and quantify the total number of faults, fault lengths, 
azimuths, and their displacement. Fatbox can use model outputs of 
strain rate, cumulative strain, or topographic data in 2D and extract 
connected nodes as faults (details in Neuharth et al., 2022; Wrona et al., 
2022). The fault displacement can be estimated as the relative move
ment of nodes projected on a fault between two time steps. Here we 
extract faults using topography data at 10 Myr and for each fault longer 
than 2500 m, we calculate their azimuth and throw for statistical 
analysis. Notably, the azimuth of fault is the orientation of the 1D fault 
on topography ranging from -90o to 90o and the length and throw of the 
fault is also measured on topography. Moreover, the faults caused by 
edge effects (within 10 km of the edges and outside of weak zone) are 
filtered out to avoid their effects on the fault statistical analysis.

In this study, certain processes of rifting are excluded in our models. 
First, we do not consider melting and associated magma migrations, 
intrusions, dykes, and magma chamber formations. By restricting the 
model runtime to early stages of rifting, the influence of magmatism is 
due to decompressive melting would be minimal. Second, to ensure that 
we can isolate the effects of pre-existing weak zones, we exclude the 
impact of surface processes on rift evolution in our numerical experi
ments. (e.g., Neuharth et al., 2022; Olive et al., 2022; Wolf et al., 2022). 
However, it’s worth noting that previous studies (e.g., Zwaan et al., 
2018) have indicated that surface processes are not the primary con
trolling factor in early-stage rift structural evolution. Last, we do not 
explore the parameter space of crust and mantle rheology in this study, 
as these aspects have been thoroughly investigated in prior analogue 
and numerical modeling efforts (e.g., Brune, 2014; Duclaux et al., 2020; 
Naliboff et al., 2020; Zwaan et al., 2022). Instead, we focus on the 

Table 2 
Name of models (bold) and weak zone strength and obliquity used in all figures.

Maximum weak zone plastic strength 0◦ 15◦ 30◦ 45◦ 60◦

1.6 Fig. 9 (C1R5) Fig. 9 (C1R4) Fig. 9 (C1R3) Fig. 9 (C1R2)
2 Fig. 9 (C2R5) Fig. 9 (C2R4) Fig. 9 (C2R3) Fig. 9 (C2R2) 

Fig. 6I
Fig. 9 (C1R1)

2.2 Fig. 4A&E (EA45) 
Fig. 7I

2.4 Fig. 4B&F (EB45)
2.6 Fig. 9 (C3R5) 

Fig. 6A 
Fig. 7A

Fig. 9 (C3R4) 
Fig. 3A&E 
Fig. 6B 
Fig. 7B 
Fig. 5(G-L)

Fig. 9 (C3R3) 
Fig. 3B&F 
Fig. 6C 
Fig. 7C

Fig. 9 (C3R2) 
Fig. 3C&G 
Fig. 4C&G 
Fig. 6D 
Fig. 6H 
Fig. 7D 
Fig. 7H

Fig. 9 (C2R1) 
Fig. 3D&H 
Fig. 6E 
Fig. 7E

2.8 Fig. 4D&H (EC45) 
Fig. 5(A-F)

3 Fig. 9 (C4R5) Fig. 9 (C4R4) Fig. 9 (C4R3) Fig. 9 (C4R2) 
Fig. 6G 
Fig. 7G

Fig. 9 (C3R1)

4 Fig. 9 (C5R5) Fig. 9 (C5R4) Fig. 9 (C5R3) Fig. 9 (C5R2) 
Fig. 6F 
Fig. 7F

Fig. 9 (C4R1)

5 Fig. 9 (C6R4) Fig. 9 (C6R3) Fig. 9 (C6R3)
6 Fig. 9 (C6R5) Fig. 9 (C5R1)
7 Fig. 9 (C6R1)
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relative strength and obliquity of the pre-existing weak zone.

3. Results

Our model results demonstrate the influence of oblique weak zones 
by (1) describing the rift evolution and associated fault development in 
response to different obliquities over 10 Myr, (2) evaluating the effect of 
relative strength of the weak zone on strain localization, and (3) sta
tistical analysis of different fault geometries due to oblique rifting.

3.1. The role of rift obliquity

In our models, rifting initiates with the emergence of small-scale 
strain localization in the pre-existing weak zone during extension. 
With progressive stretching, these initially dispersed minor faults 
amalgamate into a select number of significant faults, each character
ized by distinct patterns correlating with varying degrees of obliquity. 
For rifts with an obliquity of 15◦(Fig. 3a, model C3R4) and a medium 
weak zone strength (plastic strain of 2.6, applied to all cases evaluating 
weak zone obliquity in this section), fault coalescence gives rise to the 
rapid development of border faults over 2–3 Myr synchronous with 

mantle upwelling and lithospheric thinning in the rift zone. The border 
faults crosscut the entire model domain from north to south in the upper 
crust, forming a single continuous rift segment. Border faults accom
modate majority of the strain throughout the 10 Myr model run, with 
some strain localization near the rift basin center generating a graben-in- 
graben structure (Fig. 3a). The resulting rift at 10 Myr is ~90 km wide 
and forms the widest rift basin in comparison to other model results, 
because the stress is purely extensional over the entire model run.

For an obliquity of 30◦, an en-echelon rift geometry starts to develop, 
comprising a set of subparallel, closely-spaced, overlapping low-strain 
faults staggered in such a way that the evolving plate boundary runs 
obliquely to the strike of the individual faults (see the example in 
Fig. 1f). The en-echelon structure first forms across the rift basin at ~ 3 
Myr prior to rift segmentation. These small-scale en-echelon structures 
then coalesce to form the rift border faults. Instead of the long and 
continuous border faults observed for the orthogonal rifts, separate 
border faults form as multiple rift segments (Fig. 3b, model C3R3). 
Distinct intrarift faults striking perpendicular to the divergence direc
tion develop from ~ 5–10 Myr.

When the obliquity is 45◦ (Fig. 3C, model C3R2), rift evolution is 
much slower with less mantle upwelling, and comparatively limited 

Fig. 3. Cumulative plastic strain for models with obliquity of (a) 0◦, (b) 15◦, (c) 30◦, and (d) 45◦ after 10 Myr. The cumulative plastic strain delineates the fault 
system. The gray arrows indicate divergence direction. (e-h) Extracted faults from topography data for (e) 0◦, (f) 15◦, (g) 30◦, and (h) 45◦ on the same scale. The 
strength of pre-existing weak zone is with the same maximum plastic strain(2.6). Details on the weak zone strength and obliquity is shown in Table 2.
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extension, strain localization and fault system migration. In these 
models, the en-echelon structure develops within a narrower rift basin 
(~30–50 km), with shorter lengths and lower strain compared to the 
low/moderate obliquity models. These en-echelon structures persist 
over 10 Myr with constituent faults exhibiting strikes that are generally 
perpendicular to the divergence direction (Fig. 3c).

With high obliquity (60◦, Fig. 3d, model C2R1), the en-echelon 
structures are dominant throughout the domain. While, the throw in 
the center of the domain is much smaller compared to that of other 
models, showing a transforming to a strike-slip system. As a result, the 
rift basin is characterized by a narrow and less developed rift zone with 
no distinguishable border faults and comparatively less lithospheric 
thinning (Fig. 3d).

3.2. Role of weak zone strength

The relative strength of a pre-existing weak zone also plays a major 
role in rift evolution. To demonstrate this, we vary the weak zone 
strength from high to low relative to background with a fixed obliquity 
of 45◦ (Fig. 4). We find that for a relatively strong weak zone, strain 

localization is evenly partitioned across rift basin and is represented by 
en-echelon structure comprising of faults with minimal throw (Figs. 4a 
& 4e, model EA45). Moreover, lithospheric thinning and accompanied 
mantle upwelling is distributed across the entire domain due to the 
widely diffused viscous strain in the lithosphere.

When the weak zone strength is intermediate (model C3R2), the en- 
echelon structure becomes inactive at ~5 Myr (Fig. 5) as strain begins to 
migrate to the border faults. Rift basin segmentation is established by 
~6 Myr and strain is preferentially localized on the border faults by 10 
Myr. While the border faults nucleate parallel to the pre-existing weak 
zone, tips of the intrarift faults remain (sub)orthogonal to the divergence 
direction throughout model time (Figs. 4b,c, see also Section 3.3).

Systems with especially low weak zone strength, however, promote 
rapid coalescence of rift faults at early stages of rift evolution. The early 
phase of en-echelon structure development ends at 3 Myr and strain then 
starts to migrate to the border faults, resulting in two border faults that 
cut through the entire domain (Fig. 4d). This progression is similar to 
orthogonal rifts with a stronger weak zone (Fig. 3a and b, initial strain of 
2.6 vs 2.8). The development of border faults with high accumulated 
strain (with throw >1 km, Fig. 4h) is also accompanied by greater 

Fig. 4. Cumulative plastic strain for models with different weak zone strengths of (a) high, (b) medium high, (c) medium, and (d) low with a fixed obliquity of 45◦. 
The gray arrows indicate divergence direction. The cumulative plastic strain delineates the fault system. (e-h) Extracted faults from topography data with different 
maximum plastic strain. Details on the weak zone strength and obliquity is shown in Table 2.
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asthenospheric upwelling and lithospheric thinning (necking phase of 
rifting) compared to rifts with a stronger weak zone (Fig. 4d, model 
EC45).

3.3. Statistical analysis of faults

To quantify the patterns of strain localization, we use Fatbox to 
extract faults from the modeled results to examine the azimuth, throw, 
and length of fault networks at 10 Myr. From this, we note that the fault 
azimuth distribution is clearly influenced by weak zone obliquity 
(Fig. 6). When the obliquity is low (0◦), the azimuth distribution exhibits 
a peak frequency at ~0◦, indicating that all border and intrarift faults 
strike perpendicular to the divergence direction (Fig. 6a). As obliquity 
increases, we observe a multimodal distribution of faults azimuth 
(Figs. 6c-e), highlighting the different patterns of strain localization 
throughout rift basin. The pattern suggests that border faults tend to 
strike parallel to the weak zone axis and intrarift faults preferentially 
strike perpendicular to the divergence direction (i.e. azimuth 0◦, 
Figs. 6c-e). The different orientations observed between border and 
intrarift faults are also shown in map-view in Figs. 3g-h and Figs. 4e-f.

Furthermore, the relative strength of the weak zone is also shown to 

affect fault azimuth distribution when the obliquity is fixed at 45◦. A 
bimodal pattern in fault azimuth exists for high and medium strength 
weak zones reflecting the development of both intrarift and border faults 
with different orientations, here 0◦ and 45◦, respectively (Figs. 6h-i). In 
contrast, when the weak zone strength is low, fewer intrarift faults 
develop, and few, if any, are oriented parallel to the weak zone axis 
(Figs. 6f-g).

Fault throw maps (Figs. 3, 4) and histograms (Fig. 7) can also provide 
insights into strain localization during oblique rifting. Consistent with 
our results above, an increase of obliquity promotes a transition from 
preferential development of border faults with large throws to en- 
echelon structures with medium to small throws (Figs. 3e-h & 7). 
Similarly, we find a decrease of fault throw, from a maximum of 2000 m 
to 500 m, for low to high obliquity rifts, respectively (Figs. 7a-e). In 
contrast, a decrease of weak zone strength promotes higher throws on 
border faults (Figs. 4e-h, 7f-i).

We also notice that weak zone obliquity plays an important role in 
rift fault lengths during extension. We observe that multiple rift faults 
with shorter lengths develop in rifts with either high obliquity (Fig. 3c) 
or medium weak zone strength (Fig. 4 b& c). Moreover, low obliquity 
results in the formation of rift faults with longer lengths regardless of 

Fig. 5. Cumulative strain localization from 0 to 10 Myr, showing the structural evolution of a rift with a obliquity of 45◦(EC45, a-f) and 15◦(C3R4, g-l) weak zone 
with a step of 2 Myr.
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weak zone strength (Figs. 3, 4, & 8b). This relationship between rift 
obliquity and fault length is illustrated in Fig. 8a, where the normalized 
rift fault length (each fault’s length normalized to the length of the rift 
axis) depicts a negative correlation with rift obliquity. Our modeling 
results offer new insights into structural evolution of oblique rifts, 
revealing that it is influenced not only by the weak zone obliquity but 
also by its relative strength. To illustrate these findings, we have created 
Fig. 9 as a summary of our modeled results. This figure encapsulates the 
key trends and variations observed in our study, providing a visual 
representation of how different combinations of obliquity and strength 
affect rift segmentation.

4. Discussion

4.1. Effect of weak zone obliquity and strength on rift evolution

We find that the nature of strain localization is strongly modified by 
pre-existing weak zone obliquity, consistent with previous numerical 
and analogue studies (e.g., Brune, 2014; Duclaux et al., 2020). Previous 
numerical studies suggested there are three key phases of oblique rifting 
regarding the timing of strain localization (Brune, 2014; Duclaux et al., 
2020). The initial phase 1 starts with fault coalescence as strain localizes 
on faults formed from widely distributed deformation within the pre- 
existing weak zone. Rift phase 2 involves the development of en- 
echelon structures featuring a broad distribution of fault orientations, 
before strain successively localizes on rift-parallel faults during 

Fig. 6. Histogram (blue) and Kernel distribution estimation (red) plot of fault azimuths with different obliquities (first row) and pre-existing weak zone strengths 
(second row). The black dash-line and arrow indicate the weak zone obliquity. Details on the weak zone strength and obliquity is shown in Table 2.

Fig. 7. Histogram (blue) and Kernel distribution estimation (red) plot of fault throws for different obliquity (first row) and pre-existing weak zone strength (second 
row). The fault throw data on the second row is from models with different maximum plastic strain. Details on the weak zone strength and obliquity is shown 
in Table 2.
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extension. During this stage, necking-induced density variations and 
strain partitioning between border faults and intrarift faults result in 
preferential strain accommodation on rift-parallel faults. Finally, phase 
3 involves pre-breakup strain localization that rapidly terminates the 
previous phase (en-echelon), resulting in the linkage of previous rift 
segments with strain localizing on faults striking (sub)perpendicular to 
the divergence direction.

Similar to these previous studies, we observe the development of en- 
echelon structures in oblique rifts during the initial rift stages for me
dium and high rift obliquities (Fig. 3); however, the timing and pattern 
of faulting and rift segmentation differs from the models of Brune (2014)
and Duclaux et al. (2020), particularly when the strength of the weak 
zone is considered. First, at low rift obliquity (0◦ to 15◦), strain localizes 
along the rift-axis with rift-perpendicular border faults and intrarift 
faults forming immediately, without the rift experiencing a phase of en- 
echelon structure formation. This is likely due to border fault and 
intrarift faults rapidly accommodating dip-slip deformation during (sub) 
orthogonal rifting (Figs. 3e-f). Second, instead of early-stage strain 
migration into the rift valley, we find that strain can localize at the rift 
border faults for long periods before the lithospheric necking phase 
(Figs. 3, 4). These long-lived border faults preferentially form under 
either condition of low obliquity or low weak zone strength. When the 
weak zone strength is low, the distinct cohesion difference promotes 
strain localization at the contact between the weak zone and sur
rounding intact lithosphere, forming highly pronounced border faults. 
The lithospheric necking and subsequent continental breakup would 
likely and preferentially occur from such border faults. Therefore, to 
reproduce the three-phase oblique rift evolution style and form the 
classic en-echelon structures (e.g., Brune, 2014, Figs. 3d, 4a), both 
medium-high obliquity (> 30◦) and a relatively high strength (high and 
medium-high in Fig. 4) of the weak zone is required. This suggests that 
the en-echelon structure is not necessarily a distinct phase of oblique rift 
systems (i.e., phase 2 mentioned above). These results reveal that rela
tive strength of lithospheric-scale weak zones, and not just their orien
tation, plays a critical role in rift evolution.

Our results corroborate and expand upon previous analogue exper
iments on the role of weak zone obliquity. For example, Agostini et al. 

Fig. 8. (a) Plot of normalized segment length (the ratio between segment 
length and rift axis length) for different rift obliquities with medium weak zone 
strength (2.6). The blue shaded region represents the uncertainty with 75% 
confidence. (b) Plot of normalized segment length for different strengths of 
weak zone.

Fig. 9. Matrix plot of modeled results between obliquity (y axis) and relative weak zone strength (x axis). All the modeled results are at time of 10 Myr all with the 
same setup but variable obliquity and weak zone strength. The plastic strain shown for different models are at the same scale. Details on the weak zone strength and 
obliquity is shown in Table 2. The inset number shows the maximum plastic strain of the initial weak zone.
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(2009) demonstrated with analogue modeling of oblique extension that 
border faults form via coalescence of multiple small-scale faults that 
initially form perpendicular to divergence direction. Our model results 
suggest that the rift-axis parallel border faults can be formed due to 
either low weak zone strength (Figs. 4c,d), or from fault coalescence 
under low obliquity conditions (Figs. 3a,b). Therefore, both the relative 
strength of the weak zone and rift obliquity contribute to the appearance 
of rift-axis parallel border faults.

Our statistical fault analysis also agree with results from previous 
analogue studies. Statistical analysis of rift faults by Clifton et al. (2000)
suggested that the fault lengths at the 95th percentile decrease with 
increase in rift obliquity. Similarly, Agostini et al. (2009) also found that 
the mean length of rift faults decreases as obliquity increases from 0◦ to 
60◦. Faults in our model also exhibit similar geometric patterns, where 
higher obliquity leads to smaller fault lengths (Fig. 8a) as strain is more 
widely distributed in high obliquity rifts. Moreover, the different ori
entations between intrarift faults and border faults under oblique rifting 
is also reported by previous analogue models (e.g., Corti et al., 2013; 
Philippon et al., 2015; Osagiede et al., 2021), where intrarift faults are 
mostly perpendicular to divergence direction and border faults parallel 
to the rift axis and the weak zone. Furthermore, our results of variation of 
rift width vs obliquity are also supported by previous analogue experiments 
that indicate decreasing rift width with increasing rift/divergence obliquity 
(Zwaan et al., 2016).

Our modeling results quantify the critical role of pre-existing weak 
zone strength in rift evolution. Multiple studies have reported that the 
existence of weak zones in the lithosphere may control rift basin ar
chitecture and segmentation (e.g., Ethiopia and Kenya, Corti et al., 
2022; Malawi Rift, Laó-Dávila et al., 2015; Rhine Graben, Grimmer 
et al., 2017; Lower Shire Graben, Kolawole et al., 2022). Morley et al. 
(2004) reported that the strength of pre-existing structures with respect 
to each other and to the strength of intact host rock is one of the key 
factors that influences oblique extensional systems. Our results suggest 
that differences in weak zone strength can lead to distinct faulting pat
terns and segmentation (Fig. 4). The analysis of fault statistics reveals 
that strain preferentially localizes along border faults when weak zone 
strength is low. We attribute this to the larger and abrupt rheological 
changes at lithospheric boundaries where these border faults form 
(Fig. 6). Furthermore, rift systems transition from distributed to local
ized extension at a much faster rate when the relative strength of weak 
zones is low.

Our modeling results provide new insights on rift segmentation, 
which is related to not only the weak zone obliquity, but also its relative 
strength. Rift segmentation is characterized by partitioning of strain 
localization and can reflect the weak zone geometry (e.g., Muirhead 
et al., 2019; Nixon et al., 2016). When the pre-existing weak zone is 
strong, it is less likely that the weak zone will be reactivated to form 
typical rift border faults (left columns of Fig. 9, C1-C3), thus increasing 
the likelihood of en-echelon structures with low relief within the weak 
zone. On the other hand, when the weak zone is far weaker than the 
surrounding bedrock, strain preferentially and rapidly localizes on the 
border faults (right columns of Fig. 9, C4-C6). Neither case leads to the 
development of multiple rift segmentation. Strain tends to localize onto 
distinct rift segments when the weak zone strength falls within the spectrum 
defined by the two end-member scenarios. Moreover, as rift obliquity in
creases, a weaker weak zone becomes more critical for the segmentation. This 
suggests that high obliquity may foster the development of multiple rift seg
ments, regardless of weak zone strength (Fig. 9).

4.2. Implications and insights into the evolution of natural continental 
rifts

Rift segmentation in natural rift examples can be complex, where the 
effects of obliquity, weak zone strength, and other factors can largely 
overprint each other. Two different rifts with similar segmentation can 
result from different deformation histories, and thus interpreting rift 

evolution using present-day the configuration of segments can be 
inherently ambiguous (e.g., Reeve et al., 2015; Zwaan et al., 2021). 
Indeed, our results demonstrate that combinations of high obliquity and 
low weak zone strength can develop the same rift segmentation pattern 
as combinations of low obliquity and high strength (Fig. 9). In general, 
the interplay between obliquity and weak zone strength may lead to 
very similar rift configurations (Fig. 9). Therefore, we suggest that 
detailed investigations of fault activity are needed to properly determine 
the structural history of complex rift systems and the cause of rift 
segmentation.

Temporal changes in divergence direction may also introduce complex
ities in interpreting rift segmentation and evolution. Analogue models have 
indicated diverse responses of rift structures in various layers to changes 
in divergence direction over time (e.g., Bonini et al., 1997; Wang et al., 
2021; Zwaan et al., 2022). However, herein, we specifically concentrate 
on the final stages of strain localization after 10 Myr model runs and do 
not account for temporal variations. Our modeled results indicate that 
rift fault populations with distinct strikes can co-exist under one optimal 
obliquity without the need for a change in the divergence direction. For 
example, intrarift faults and border faults can develop with different 
orientations despite a common divergence direction (Figs. 3, 6), in 
alignment with the results from previous analog models (Zwaan et al., 
2021). As such, when encountering such rift arrangements in the field, 
as for instance in the Mesozoic Northeast Atlantic and North Sea (e.g., 
Zwaan et al., 2024), there is no need to invoke changes in the divergence 
direction over time.

In natural examples, it is challenging to quantify the mechanical 
strength of pre-existing weak zones that underlie natural continental 
rifts at a scale that is relevant for understanding their controls on rift 
development. However, our model results may provide insights into the 
development of certain natural rifts with seemingly enigmatic structural 
relationships with the pre-rift basement that they developed within. Our 
numerical model setup incorporates a pre-rift intra-basement weak zone 
that spans the entire scale of a rift basin (i.e., 50 km wide and 200 km 
long), with ~5 km-wide gradational boundaries. In the context of nat
ural rifts, this model pre-rift structure represents large inherited 
orogenic terranes in the crystalline basement of continental rift envi
ronments. Examples will include the metamorphic terranes of the 
Ubendian Belt underlying the Rukwa Rift (e.g., Figs. 10a&b), the 
Mozambique Belt underlying the Kenyan Rift and Malawi Rift, the 
Damaran-Lufilian-Zambezi Orogen underlying the Luangwa Rift, Oka
vango Rift, Zambezi-Kariba Rift, and the Shire Rift Zone, all along the 
East African Rift System (e.g., Daly, 1988; Daly et al., 1989; Fritz et al., 
2013; Sarafian et al., 2018). Other examples include the Sierra Nevada 
Igneous terranes hosting the Walker Lane Rift Zone and the Sevier and 
Central Nevada fold and thrust belts underlying the Basin and Range (e. 
g., Figs. 11a,b; Greene and Schweickert, 1995; Long, 2012). Further
more, the kilometer-scale wide margins of the model weak zone is 
representative of terrane boundaries in the inherited basement of rift 
zones, examples of which include the steep ductile shear zones bounding 
the terranes of the Ubendian Belt (e.g., Fig. 10b; Daly, 1988; Heilman 
et al., 2019; Kolawole et al., 2021b), and the ductile shear zones and 
thrust faults bounding the Sierra Nevada terranes (e.g., Fig. 11b; Greene 
and Schweickert, 1995; Dunne and Walker, 2004).

Several studies have provided evidence suggesting the controls of 
inherited basement terrane boundaries on rift localization and rift 
structure (e.g., Daly et al., 1989; Wheeler and Karson, 1989; Kinabo 
et al., 2007; Katumwehe et al., 2015; Phillips et al., 2019; Muirhead and 
Kattenhorn, 2018; Heilman et al., 2019; Kolawole et al., 2021b; Kola
wole et al., 2022; Shaban et al., 2023; Phillips et al., 2023). However, 
there is little understanding of the role of terrane-scale (i.e., 30–50 km) 
mechanical strength on the evolution of the rifts that develop within 
them. Our modeled weak zone is of basement terrane-scale, providing an 
opportunity to evaluate how the possible variability of inherited terrane 
strength may have influenced the evolution of a continental rift. Here, 
we consider two actively propagating rift zones: the Rukwa Rift, an 
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orthogonally opening NW-trending rift basin along the East African Rift 
System (Figs. 10a&b), and the Walker Lane, an obliquely-opening NNW- 
trending rift zone in the Eastern California (Figs. 11a&b).

The Rukwa Rift follows the NW-trending Precambrian terranes of the 
Ubendian Belt and the border faults follow the terrane boundary shear 
zones and their surrounding metamorphic fabrics (Figs 10a,b; Daly 
et al., 1989; Wheeler and Karson, 1994; Lemna et al., 2019; Heilman 
et al., 2019; Kolawole et al., 2021a, 2021b). The development of the 
border faults along these shear zones suggests these shear zones 

represent inherited basement weak zones that localized the border faults 
and controlled their geometries. The present divergence direction pre
sents a low to medium obliquity rift zone (~36o; Fig. 10a inset). More 
importantly, the Rukwa Rift largely developed in the Ubende Terrane, 
and particularly its eastern half where the border fault displacement is 
greatest (Fig. 10b; Morley et al., 1992). Although the Rukwa Rift is a 
multiphase rift with moderate rotations in extension axes over the rift 
phases (Delvaux et al., 2012), the rift basin generally retains a promi
nent rectilinearity and lateral persistence and strong coalescence of its 

Fig. 10. (a) Topographic relief map, and (b) geologic map of the Rukwa Rift, East Africa – a zone of active low-obliquity rifting (low to medium, ~36◦). Fault traces 
are from Morley et al. (1992, 1999), Delvaux et al. (2012), and Kolawole et al. (2021a). Basement terranes and shear zones are from Daly (1988), Daly et al. (1989), 
Lenoir et al. (1994), and Kolawole et al. (2021b). Geodetic plate velocity vectors (black arrows) are from Stamps et al. (2008), and white arrows represent the 
regional divergence direction in southern Tanganyika Rift (from Lavayssière et al., 2019). (c) Map of Africa, the star indicates the location of Rukwa Rift.

Fig. 11. (a) Topographic relief map, and (b) geologic map of the Southern Walker Lane, Eastern California – a zone of active high-obliquity rifting (medium to high, 
~68◦) where the western domain hosts a highly localized rift with laterally persistent border fault system (Owens Valley), and the eastern domain hosts smaller 
paired staggered (en-echelon) rift basins (e.g., Panamint and Saline Valleys). Fault traces are from the U.S. Geological Survey and California Geological Survey, 
Quaternary fault and fold database (2022). Basement terranes, terrane boundaries, and shear zones are from Bateman (1968), Greene and Schweickert (1995), Dunne 
and Walker (2004), and Long (2012). Geodetic plate velocity vectors (black arrows) are from Bennett et al. (2003). White arrows represent the regional divergence 
direction taken from the largest magnitude geodetic plate motion vector at the center of the Panamint-Saline basin(Fig. 11a). HMF: Hunter Mountain Fault, PTC SZ: 
Proto-Kern Canyon Shear Zone, SC SZ: Sierra Crest Shear Zone, NDV, Northern Death Valley, ESTS: East Sierran Thrust System. (c) Index map with the star indicating 
the location of Southern Walker Lane.
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border faults (Fig. 10a). With the repeated failure and reactivation of the 
rift, the geometry of the rift faults appears to have remained the same 
(Kilembe and Rosendahl, 1992; Kolawole et al., 2021b), which without a 
detailed view of border fault vs intra-rift fault structure, could be 
interpreted to indicate that the host basement terranes and their shear 
zones are very weak. However, the intra-rift faults which have been 
shown to cluster along a deeply rooted intra-basement shear zone (Chisi 
Shear Zone, Kolawole et al., 2021a, 2021b) appear to be significantly 
discontinuous along-strike (Fig. 10a-b). The low obliquity extension 
suggests a comparison with model results in row R4 (Fig. 10a), from 
which we note that models R4C2 and R4C3 are most representative of 
the current structure of the rift zone. These model results present 
laterally persistent border faults and discontinuous intra-rift faults. 
Thus, based on the comparison of the border and intra-rift fault patterns 
in nature vs model results, we infer that the basement inheritance of the 
Rukwa Rift is within a moderately strong weak zone. Moreover, 
considering that the rift basin is magma-poor, an alternative explanation 
could be that the inherited basement weak zones are inherently me
chanically weak, but that the relatively cooler lithospheric thermal re
gimes of the basin (Jones, 2020; Kolawole and Evenick, 2023) imposed a 
‘strong’ crustal rheology that promoted segmentation and inhibited 
pronounced lateral persistence of the faults (Fagereng, 2013).

In the Walker Lane, eastern California, the present divergence di
rection presents a medium to high obliquity rift zone (~68◦; Fig. 11a 
inset). The rift zone hosts tectonic domains with contrasting rifting 
styles (Figs. 11a,b; Wesnousky, 2005; Wesnousky and Jones, 1994). The 
western domain hosts the Owens Valley, which is characterized by a 
prominent rectilinear laterally persistent rift basin with a highly local
ized border fault (the Sierran Range Front Fault), and the central and 
eastern domains host a system of laterally discontinuous (staggered), but 
paired, rift basins (e.g., Panamint and Saline valleys in Fig. 11a-b; 
Wesnousky, 2005). The rift zone is volcanically active with magmatic 
centers spread across the basins (Fig. 11b). The Owens Valley developed 
within the Eastern Sierra Thrust Belt with a general trend that is 
parallel/sub-parallel to the NNW-SSE trend of the terranes (Fig. 11b). 
Furthermore, the Owens Valley border fault, the Sierran Range Front 
Fault, is co-located with the boundary between the Sierra Nevada 
igneous terrane and the Eastern Sierra Thrust Belt (Fig. 11b), suggesting 
that the fault exploited the terrane boundary. In contrast, in the central 
domain of the Walker Lane, the staggered NNW-trending Panamint- 
Saline basin system developed within the NE/NNE-trending Central 
Nevada Thrust Belt, which is characterized by a predominantly NE- 
trending structural fabric (Long, 2012). Although both the Owens Val
ley and the Panamint-Saline rift zone have the same structural trend and 
are developing within the same regional NW-SE divergence direction 
(Fig. 11a), their contrasting structural styles raise questions on the 
possible roles of distinct crustal structure and associated mechanical 
weaknesses beneath the rift zones. Our model results show that oblique 
rifts that lack laterally persistent along-strike structures or prominent 
fault localization characteristic of en-echelon segmented basin systems 
likely developed in relatively strong weak zone (e.g., Fig. 9 R1C1 - 
R1C4). Although this causal interpretation is plausible in the context of 
our model results, the segmentation of the Panamint-Saline basin system 
into short basins may also be attributed to their propagation across 
orthogonally-oriented basement fabrics of the Central Nevada Thrust 
Belt (Fig. 11b). In contrast to the Rukwa Rift, the Walker Lane is magma- 
rich, implying a relatively hotter thermal regime that should weaken the 
crust and promote lateral fault continuity (e.g., Fagereng, 2013); thus, 
suggesting that the rift structure in the central domain of the Walker 
Lane is likely influenced by oblique extension without the inheritance of 
a “weak” pre-existing weak zone (R1C2 and R1C3). In contrast, the 
western domain of the Walker Lane most accurately represents oblique 
extension that is modulated by a pre-existing weak zone, (R1C4). 
Overall, the reported observations from these natural active continental 
rifts in East Africa (Rukwa Rift; Fig. 10) and eastern California (Walker 
Lane; Fig. 11) provide insights into the potential controls of the strength 

of inherited weak zones on rift geometry and faulting patterns in both 
high- and low-obliquity extensional settings.

5. Conclusions

We used a 3D geodynamic model to investigate strain localization 
along early-stage continental rift systems that develop within inherited 
basement weak zones (e.g., large orogenic terranes) in low-, moderate-, 
and high-obliquity extensional settings. We summarize our findings as 
follows:

1. Depending on the strength of the inherited weak zone, rift obliquity 
can lead to different strain localization patterns, where low obliquity 
results in the development of border faults, and high obliquity 
generally leads to the formation of en-echelon structures.

2. The relative strength of a pre-existing weak zone plays a significant 
role in the large-scale patterns of strain localization, such that a pre- 
existing weak zone of relative lower strength leads to the develop
ment of rifts with rectilinear laterally persistent strain localization, 
whereas a stronger weak zone results in a staggered en-echelon 
structure with relatively shorter faults.

3. The strain localization patterns can be long-lived during rift evolu
tion, persisting into the more mature rift stages where strain migrates 
into the center of the rift valley. Furthermore, we find that rift 
obliquity and weak zone strength may modulate rift fault length, 
throw, and azimuth.

4. An assessment of the structure and geometry of well-studied natural rifts 
that develop within orogenic basement terranes show similarity of 
strain localization patterns to those in our model results, with the models 
providing new and compelling insights into the possible roles of the 
inherited basement strength on the evolution of these rifts.
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