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We perform dynamic rupture simulations to investigate the possible reactivation of backthrust branches
triggered by ruptures along amain thrust fault. Simulationswith slip-weakening fault friction and uniform initial
stress show that fast propagation speed or long propagation distance of the main rupture promotes reactivation
of backthrust over a range of branch angles. The latter conditionmay occur separately from the former if rupture
speed is limited by an increasing slip-weakening distance towards the junction direction. The results suggest a
trade-off between the amplitude and duration of the dynamic stress near the main rupture front for backthrust
reactivation. Termination of themain rupture by a barrier can provide enhanced loading amplitude and duration
along a backthrust rooted near the barrier, facilitating its reactivation especially with a high frictional resistance.
The free surface and depth-dependent initial stress can have several additional effects. The sign of the triggered
motion along the backthrust can be reversed from thrust to normal if a deeply nucleatedmain rupture breaks the
free surface, while it is preserved as thrust if the main rupture is terminated by a barrier at depth. The numerical
results are discussed in relation to several recentmegathrust earthquakes in Sumatra, Chile, and Japan, and relat-
ed topics such as branch feedbacks to the main fault. The dynamic view on backthrust fault branching provided
by the study fills a gap not covered by quasi-static models or observations. A specific examined case of antithetic
fault branching may be useful for indicating a barrier-like behavior along the main fault.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

1.1. Motivations

In thrust fault systems, “backthrusts” are secondary faults (branches
or splay faults) that dip in the opposite direction to the main thrust
fault (Fig. 1a). They are usually accompanied by conjugate “forethrusts”
that have same dip direction as the main thrust fault. In most cases,
backthrusts and forethrusts are distributed primarily above amain thrust
fault, and together are remotely compressed along a sub-horizontal di-
rection. Reactivated fault branches or splay faults with steep dip angles
and induced off-fault inelastic strainwith steep optimal failure directions
can contribute significantly to tsunami generation during megathrust
earthquakes (Cummins and Kaneda, 2000; Park et al., 2002; Plafker,
1972). Splay faults, branches, and distributed inelastic strain at the shal-
low portion of subduction zones may limit the up-dip propagation of
megathrust earthquakes (Audin et al., 2008; Barnes et al., 2002; Collot
et al., 2008; McCaffrey and Goldfinger, 1995). Recent seismological,
quake Research Building, Room
693.
geological, and geodetic studies also indicate that backthrustsmay fail in-
dividually, such as in Taiwan (Chuang et al., 2014); or become
reactivated in close relation tomegathrust earthquakes inmajor subduc-
tion zones, such as in Sumatra (Singh et al., 2011; Wiseman et al., 2011)
and Chile (Melnick et al., 2012). This raises a concern on the contribution
of failure along backthrusts to seismic and tsunami hazard.

Numerous studies have been done to understand the initiation and
evolution of thrust fault systems at plate scale and regional scale, using
conceptual, theoretical, analog and numerical models (e.g., Buiter,
2012; Graveleau et al., 2012, and references therein). Some studies fo-
cused on the interaction between fault branches and the main thrust
fault, e.g. the reactivation of forethrusts triggered by slip on the main
thrust fault and feedback processes (DeDontney and Hubbard, 2012;
Kame et al., 2003; Tamura and Ide, 2011; Wendt et al., 2009). Others
treated the off-fault region as a continuum to investigate the interaction
between distributed inelastic strain and themain thrust fault (Ma, 2012;
Ma andHirakawa, 2013). Although previous studies have given perspec-
tives on the origin of backthrusts (Mitra, 2002; Silver and Reed, 1988;
Willett et al., 1993) and their reactivation during megathrust earth-
quakes (Li et al., 2014), a dynamic perspective and a systematic compar-
ison among different models have not yet been presented. In particular,
recent observations reveal that pre-existing earthquake models that
have been applied under certain assumptions could be problematic
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Fig. 1. (a) Schematic diagram showing major structures for the forearc region in a typical
subduction zone, modified from Fig. 1 of Byrne et al. (1993). (b) Schematic diagram illus-
trating the generation of a pair of conjugate shear branches (a forethrust and a backthrust)
by a quasi-stationary high stress region (left) that remains in place, and by a moving high
stress region (right) that migrates roughly towards the growth direction of the forethrust
branch.
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(Hubbard et al., 2013), raising an urgent need to critically review those
models by comparison with observations and with dynamic models.

1.2. Origin of backthrusts

It is useful to first review how backthrusts can be created by various
processes, because certain features at the origin of backthrusts could be
preserved andwould repeatedly favor a reactivation of backthrusts.We
categorize processes into two classes: a general model and specific bar-
rier models.

1.2.1. A general model
This model comprises two ingredients (Fig. 1a): a frontal part de-

scribed by the critical taper model (Dahlen, 1984; Dahlen et al., 1984;
Davis et al., 1983) and a rear part controlled by the properties of a back-
stop (Byrne et al., 1993; Silver andReed, 1988).Without losing generality,
the following discussion focuses on accretionary wedges, often found in
subduction zones, but we point out that key features are also present in
their on-land counterpart, fold-and-thrust belts (Graveleau et al., 2012).

In the frontal part, the critical taper model relates the geometry of
the accretionarywedge (e.g. surface slope and basal dip) to themechan-
ical properties inside the wedge and along the basal slip plane (stress
and strength) under quasi-static equilibrium (Dahlen, 1984; Dahlen
et al., 1984; Davis et al., 1983;Wang and Hu, 2006). For example, it pre-
dicts that a non-cohesive wedge with planar basal surface and uniform
properties will reach a critical state under horizontal compression,
which is characterized by a triangular wedge shape and stress levels
on the verge of failure within the wedge as well as along its base. At
this state, the slip line theory (Hill, 1950) provides the likely orienta-
tions of forethrusts and backthrusts within the wedge.

However, this model cannot solve several issues raised by observa-
tions. One issue is whether at the critical state the wedge is on the
verge of failure everywhere or fails only along discrete shear bands. A
post-failure flow rule is required to distinguish between distributed and
localized deformation patterns (Hobbs et al., 1990). Pre-existing or grad-
ually developed material/mechanical heterogeneity can further compli-
cate the situation (Graveleau et al., 2012). Another issue is whether
forethrusts and backthrusts are equally created. Observations usually re-
flect a preference for forethrusts, especially when the basal friction is not
too low and/or in the absence of a basal ductile layer (see Graveleau et al.
(2012), and references therein). This has been attributed to the shallower
dips of forethrusts, compared to backthrusts, which promote larger
horizontal shortening for a given increase in gravitational potential ener-
gy and closer orientation to the pre-existing planes ofweakness for aniso-
tropic wedge materials (Dahlen et al., 1984). Also, backthrusts and
forethrusts initiated at a stationary high stress region are loaded over
comparable distances (left plot in Fig. 1b), but a high stress regionmigrat-
ing seawards can load forethrusts over a longer duration and distance
than backthrusts (right plot in Fig. 1b, also see Xu and Ben-Zion (2013)).

In the rear part of the accretionary wedge, a backstop composed of
stronger material than the wedge (e.g. continental crust or paleo-
accretionary wedge material that has been highly compacted) usually
exists. The strength contrast introduces a velocity discontinuity along
the basal plane. The geometry and relative strength of the backstop
have a first-order influence on the deformation pattern at the rear of
thewedge (Byrne et al., 1993): a seaward dipping and very strong back-
stop can generate a narrow deforming zone at the transition region, and
a reversal of predominant failure mode from forethrusts within the
wedge to backthrusts near the backstop and/or along its interface.
These features are generally not well developed for an arcward dipping
backstop, but may bemoderately pronounced for a backstopwith inter-
mediate geometries. Silver and Reed (1988) summarized many exam-
ples with a seaward dipping backstop and well-developed backthrusts.
They also suggested that the ratio of two length scales measured from
the crest of the wedge towards its frontal and rear directions may
have an important implication for the activity of backthrusts near the
backstop. Compared to backthrusts sequentially generated at the mi-
grating toe of the wedge, backthrusts located near a seaward dipping
backstop are consistently loaded by the persistent underlying velocity
discontinuity (Malavieille, 1984; Willett et al., 1993). Therefore, the
growth of backthrusts is expected to be favored by initiation near a sea-
ward dipping backstop (Fig. 1b).

1.2.2. Specific barrier models
Barriermodels of backthrust initiation rely on variations of geometry

or strength along the basal slip plane. Hereafter, “barrier” denotes any
mechanism with a transient or permanent strengthening effect, which
could result in decelerated, temporarily halted, or fully terminated
fault slip. This generalized definition unifies a range of models that
mainly differ in the degree and persistence of impeded fault slip.

As summarized in Fig. 2a, the type-I barrier model is characterized
by an upward changing geometry of the contact slip plane, which is
manifested either by the hanging wall being pushed upon a bend or
ramp, known as the fault-bend fold model (Bonini et al., 2000;
Erickson et al., 2001; Mitra, 2002; Suppe, 1983), or by a seamount
being subducted along the basal plane (Dominguez et al., 2000). The
strengthening effect can be understood by the fact that the horizontal
shortening rate is reduced by the upwelling geometry of the contact
plane between the hanging wall and footwall (for ramp and seamount,
we focus on their lower part where a compressional stress regime
holds), or by representing the compressional-bend geometry with a
higher equivalent strength due to the increased normal stress (Nielsen
and Knopoff, 1998). A number of factors can influence the generation
of backthrusts, such as rheology (brittle vs. ductile), detailed geometry
of the local compressional bend (sharp vs. smooth transition), friction,
and confining pressure. In general, a sharp fault bend, brittle rheology,
and little confining pressure promote the generation of backthrusts,
while bending angle, friction along the bend, and the details of the
adopted rheology (e.g. Mohr-Coulomb vs. von Mises) among others
control the properties of the generated backthrusts, such as their dip an-
gles (Bonini et al., 2000; Ding and Lin, 2012; Erickson et al., 2001).

The type-II barrier model, still assumes a planar geometry but em-
phasizes an increase in effective friction along the basal slip plane
(Cubas et al., 2013a), which can be directly viewed as the source for
the strengthening effect. One suchmodel is built on the basis of the crit-
ical taper model and limit analysis, which finds the optimal collapse
mechanism with the least upper bound to the tectonic force (Maillot
and Leroy, 2006). It is more flexible than the classic critical taper



Fig. 2. (a) Summary of various barrier models that can promote the generation of backthrusts (and sometimes forethrusts as well). The type-I model is characterized by a local compres-
sional bend thatmay correspond to a pure fault bend (Mitra, 2002), the lower part of aflat-ramp-flat (Bonini et al., 2000; Erickson et al., 2001), or the frontal side of a subducting seamount
(Dominguez et al., 2000). The type-II model instead assumes planar fault geometry but emphasizes an increasing basal friction towards the toe (Cubas et al., 2013a, 2013b). The type-III
model is featured by a fault end or some other form of barrier to terminate the fault motion at depth (Schultz, 2000; Xu and Ben-Zion, 2013), in which fault motion could be expressed as
either quasi-static slip or earthquake slip (with the starmarker indicating thehypocenter). (b) Schematic diagram showing a kinematic similarity shared by all three types ofmodels in (a),
in which a changing direction of particle velocity (or displacement) from V

!
before to V

!
after can result in a velocity jumpΔV

!
that mimics a backthrust motion. Such feature is obvious for the

type-I model implied by its geometric constraint, and can be found in Fig. S3 of Cubas et al. (2013a) for the type-II model and in Fig. 9b of Schultz (2000) for the type-III model.
(c) Distribution of particle velocity (with amplitude and directions indicated by the background color andwhite arrows, respectively) around a propagating subshear rupture front, mod-
ified from Fig. 7 of Mello et al. (2010). The imposed plot on the top shows a likely distribution of on-fault shear stress that corresponds to the particle-velocity plot below.
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model because it does not necessarily assume a critical state and it can
handle geometric and/or strength heterogeneities (therefore also suit-
able for a type-I barrier). For the simplest setting with piecewise con-
stant basal friction along a planar fault, backthrusts are primarily
created at the transition boundary with an increasing friction towards
the toe, while sometimes forethrusts are produced as well (Cubas
et al., 2013a, 2013b). The dip angles of the generated backthrusts de-
pend on several factors including the degree of contrast in basal friction
within different patches (Cubas et al., 2013b).

The above barrier models permit relative sliding (although some-
what impeded) through geometric or strength heterogeneity. In con-
trast, the type-III barrier model features a fault end or rupture
termination end that fully stops the fault motion in the considered
timeperiod (Schultz, 2000;Xu andBen-Zion, 2013). Fracturemechanics
is suitable for describing the off-fault deformation pattern in such situ-
ation, with a mixed slipped/locked basal boundary, and predicts a co-
existence of forethrust(s) and backthrust(s), or an equivalent expres-
sion in terms of aftershock clusters as observed during the 1983
Coalinga and 1985 Kettleman Hills earthquakes in California (Stein
and Ekström, 1992). Such prediction is also consistent with a type-II
barrier model assuming a strong increase in basal friction towards the
toe, inwhich stable sliding along the basal plane is no longer guaranteed
through the transition boundary and new conjugate thrust faults are re-
quired to accommodate strain (first case in Fig. 3c of Cubas et al.
(2013b)). Because the terminated fault may eventually propagate up-
ward by a quasi-static extension (Cowie and Scholz, 1992a) or by re-
peated earthquakes (Cowie and Scholz, 1992b), it is possible to find
previously generated forethrusts and backthrusts in the wake of its cur-
rent configuration.

It is useful to summarize the similarities of the three barrier models
beyond their common ability to generate backthrusts. In addition to a
dynamic similarity featured by a strengthening effect that has been
mentioned above, there is a remarkable kinematic similarity (Fig. 2b).
Near a backthrust initiation site, the particle velocity vector changes
from sub-horizontal (V

!
before) to more vertical (V

!
after) (see figure cap-

tion for more detail). This change influences the nearby hanging-wall
material, e.g. by imposing strain, and if inelastic deformation is allowed
such influence can produce a velocity jump ΔV

!¼ V
!

after−V
!

before that
corresponds to a backthrust motion (also see Pons and Leroy (2012)).
There is essentially no constraint on whether the vectors V

!
before and

V
!

after should remain piecewise continuous across the basal plane, be-
cause the above discussed feature as illustrated in Fig. 2b has no relation
to the deformation in the footwall. Consequently, we may emphasize
this kinematic feature and its implication for backthrust generation by
a propagating subshear rupture, which has well-pronounced particle
velocity in the fault-normal component ahead of the rupture front
(still locked, no discontinuity across the fault) and in the fault-parallel
component behind the rupture front (Fig. 2c; also see Mello et al.
(2010), and references therein). In fact, Xu and Ben-Zion (2013) have
also shown that backthrusts modeled as antithetic shear bands can be
generated by a propagating subshear rupture under an appropriate ini-
tial stress field. Correspondingly, the discussed dynamics featured by a
strengthening effect should be restated as an apparent strengthening
with the basal shear stress raised from the initial level towards the static



Fig. 3. A generic model configuration for the considered branch problem viewed in the
natural coordinate system of the main fault, inserted with a view of the unstructured
mesh near the fault junction. Rupture along the main fault is always nucleated to the
left of the fault junction, making the branch initially located on its compressional side.

164 S. Xu et al. / Tectonophysics 644–645 (2015) 161–183
strength ahead of the rupture front (a universal feature regardless of the
adopted friction law), followed by a possible true strengthening imme-
diately behind the rupture front (specific to, e.g., a rate-and-state de-
pendent friction law) before entering the weakening stage (Ben-Zion,
2003, and references therein).

Finally,we have to take amicroscopic view to understand the “hidden
barrier” during rupture propagation. Every forwardmotion is made in an
essentially intermittent way that consists of two basic steps: (1) encoun-
tering a barrier associated with stress build-up and a rupture decelera-
tion, and (2) breaking the barrier associated with stress drop and a
follow-up rupture acceleration (the barrier now turns into an asperity).
Therefore, physically there is no essential difference among a fully termi-
nated rupture, a temporarily halted rupture that resumes a propagation
after some time of delay, and a “smoothly” propagating rupture, whose
behavior can be uniformly evaluated by the balance (or competition) be-
tween steps (1) and (2). On the other hand, the partitioning between
steps (1) and (2) with different weights (e.g. amplitude, duration) can
have a practical influence on the creation or later reactivation of
backthrusts, such as the persistence of a load configuration as previously
illustrated in Fig. 1b.

1.3. Goal of this study

Motivated by the seismogenic–tsunamigenic potential of backthrusts
and the lack of a fully dynamic study on this topic, we perform earth-
quake rupture simulations to understand the dynamics of backthrust
branching, with a focus on how pre-existing backthrusts can be
reactivated by rupture along the underlying main thrust fault. As in pre-
vious studies on the dynamic reactivation of forward branches (some of
which resemble forethrusts) (DeDontney and Hubbard, 2012; Kame
et al., 2003; Tamura and Ide, 2011), we examine the role of several con-
trolling factors (e.g. propagation speed of the main rupture, branch
angle) on backthrust reactivation in an otherwise simplified full-space
model.

We also compare the potential for backthrust reactivation by propa-
gating main ruptures with and without termination, as inspired by the
review in Section 1.2 that backthrusts can be initiated at places with
orwithout a strong barrier along the basal fault. This comparison also il-
lustrates that both loading amplitude and duration are important for
reactivating a fault branch, and presumably also for its creation
(Fig. 1b). The role of loading duration has not received enough attention
in previous dynamic studies and cannot be analyzed by static studies.

We further carry out simulations incorporating a free surface and a
depth-dependent initial stress field to investigate, from a dynamic per-
spective, plausible triggering scenarios duringmegathrust earthquakes,
and to provide expectations on important transient features thatmay be
missed by static or remote observations.

Finally we present supporting earthquake examples and discussion
on other related topics in Section 4, and briefly summarize the results
in Section 5.

2. Model setup

2.1. Grid model

We model earthquake ruptures in a branching fault system in 2D
plane strain, ignoring the deformation along strike. A typical model con-
figuration viewed in the natural coordinate system of the main fault is
shown in Fig. 3. The origin of the coordinate system is set at the fault
junction. The X direction is defined along the dip of the main fault. The
branch makes an angle θ ≥ 90° with respect to the main fault. We
assume auniform initial stressfieldwithmaximumcompressive compo-
nent σmax oriented at 10° to themain fault, which promotes right-lateral
slip along it. In a thrust fault system the positive X direction corresponds
to the up-dip direction along the main fault. Since the assumed initial
stress field promotes left-lateral (antithetic) slip along the branch, we
refer to it as a backthrust, but point out that right-lateral slip can also
be triggered along the branch (such exception will be explicitly men-
tioned in Section 3.2). Similar to previous studies on dynamic fault
branching during a single main rupture event, we do not assume any
pre-existing slip or a resulting stress perturbation, to simplify the prob-
lem and to facilitate basic analyses.

Quadrilateral meshes generated with the software CUBIT (https://
cubit.sandia.gov/) are used to discretize the domain. A local view of the
mesh near the fault junction can be found in Fig. 3. For a demonstration
of how the intersection between fault and free surface is handled, see
Huang et al. (2012) and Galvez et al. (2014) who used the samemeshing
strategy.We typically adopt a spectral element size of 200m,which gives
an average node spacing of ~50m.We tested caseswith 100mmeshes to
ensure that our results are robust and do not strongly depend on mesh
size. The mesh setup near the fault junction follows the convention pre-
scribed by the SCEC/USGS Spontaneous Rupture Code Verification Project
for problems TPV18–TPV21 (http://scecdata.usc.edu/cvws/), inwhich the
split nodes that allow for displacement discontinuity (pairs of gray dots in
Fig. 3) run continuously through the junction along the main fault but
converge to a single node (exactly at the junction) along the branch
(also see Fig. 3d in DeDontney et al. (2012)). Although such convention
seems arbitrary (see other possible setups in Fig. 14 of DeDontney et al.
(2012)) and is primarily intended to avoid an ambiguous definition of
stress at the junction (Duan and Oglesby, 2007) and an underdetermined
issue (Barall, 2012), it does have a physicalmeaning for the current study,
because backthrusts are usually generated above an already well-
developed main thrust fault that remains macroscopically continuous
(e.g. in subduction zones).
2.2. Nucleation procedure

We follow the procedure of Andrews (1985) and Xu et al. (2012a) to
artificially nucleate the rupture along the main fault with a time-
weakening friction (red portion in Fig. 3, starmarker indicates thehypo-
center). The rupture front is initially forced to propagate bilaterally with
a constant subshear speed, and the fault portion swept by the nucle-
ation front experiences a change in friction coefficient that linearly
weakens with time down to a dynamic level. The duration of the nucle-
ation stage, usually less than 6 s in this study, is limited by the onset of
spontaneous rupture propagation under a physical friction law de-
scribed below. Rupture is nucleated along the main fault, down-dip of
the fault junction. The backthrust branch is on the compressional side
with respect to the hypocenter.

https://cubit.sandia.gov/
https://cubit.sandia.gov/
http://scecdata.usc.edu/cvws/


Table 1
Parameter values assumed in the simulations.

Parameters Values

Shear modulus μ 32.4 GPa
P-wave speed cp 6000 m/s
S-wave speed cs 3464 m/s
Rock density 2700 kg/m3

Static friction (main fault) fsm 0.6
Dynamic friction (main fault) fdm 0.1 (except for the tapered section)
Static friction (branch) fsb 0.6
Dynamic friction (branch) fdb Variable
Slip weakening distance (main fault) Variable
Slip weakening distance (branch) 2 m
Time scale for normal stress regularization t* 0.004 s
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2.3. Friction law and initial stresses

We adopt a linear slip-weakening friction (SWF) along both faults
(Andrews, 1976; Ida, 1972; Palmer and Rice, 1973). The friction coeffi-
cient is given as a function of slip Δu as:

f i ¼ f is− f is− f id
� �

Δuj j=Dc if 0≤ Δuj j≤Dc

f id if Δuj jNDc

(
; ð1Þ

where Dc is a characteristic slip distance over which the friction coeffi-
cient reduces from its static value f si to the dynamic value f di . The super-
script i distinguishes between quantities on the main fault (i =m) and
on thebranch (i= b). Unlessmentioned otherwise,we typically assume
that fsi = 0.6, fdi = 0.1 and Dc = 2 m. Unless mentioned otherwise, we
assume zero fault cohesion.

We also specify the initial shear stress τ0i and normal stress σ0
i along

each fault. The corresponding initial static fault strength and dynamic
fault strength are denoted by τsi = fs

i(−σ0
i) and τdi = fd

i(−σ0
i), respec-

tively (normal stress is negative for compression). The relative strength
parameter defined as

Si ¼ τis−τi0
τi0−τid

ð2Þ

quantifies the closeness of the initial stress to failure relative to the
stress drop (Andrews, 1976; Das and Aki, 1977).

The transformation from stress components expressed in an x − y
coordinate system to the ones resolved along a branch with inclination
angle θ is:

σθθ ¼ σ xx sin
2θþ σyycos

2θ−σ xy sin2θ

σθr ¼ σyy−σxx

� �
sin2θ

h i
=2þ σ xy cos2θ

ð3Þ

where positive and negative values of σθr promote right-lateral
(synthetic) and left-lateral (antithetic) slips, respectively (Xu and
Ben-Zion, 2013).

The size of the spatial region where friction reduction occurs, re-
ferred to as the process zone, is estimated (Rice, 1980) by

R ¼ R0

f II vrð Þ ; ð4Þ

where fII(vr) is a monotonic function of rupture speed vr, and increases
from unity at 0+ to infinity at the Rayleigh wave speed. In Eq. (4), R0
is the static value of R at rest,

R0 ¼ 3π
8

μDc

τs−τdð Þ ; ð5Þ

where μ is the shear modulus. We adopt as a characteristic length scale
the process zone size (either static or dynamic) evaluated with proper-
ties along the main fault.

2.4. Normal stress regularization

In a branching fault system waves and fault interaction induce nor-
mal stress changes along both faults. To be consistent with recent labo-
ratory results on fault strength response to normal stress perturbation
(Kilgore et al., 2012), we add a characteristic time scale t⁎ to describe
the effective normal stress evolution:

σ
� � ¼ σ−σ�ð Þ

t�
ð6Þ

where σ⁎ is a modified normal stress used to determine fault strength
and σ is the original (true) normal stress. It has been also shown that
adding a finite time scale as in Eq. (6) can help stabilize numerical
simulations (Ranjith and Rice, 2001; Rubin and Ampuero, 2007). We
typically set t⁎ = 4 × 10−3 s, which is several times larger than the
travel-time of a shear wave propagating through a minimum mesh
dimension.
2.5. Numerical method and parameters

We use a 2D spectral element code package SEM2DPACK (http://
sourceforge.net/projects/sem2d/; Ampuero, 2002) to perform earth-
quake rupture simulations. A discussion on the good accuracy of the
spectral element method in solving dynamic rupture problems with
sharp angles can be found in Galvez et al. (2014).We set up a surround-
ing absorbing boundary far away from the domain considered, except
for the free surface in the half-space modeling. The time step (Δt) is de-
termined from the Courant–Friedrichs–Lewy (CFL) condition stability
criterion (Xu et al., 2012a): CFL= cpΔt/Δxmin, with cp being the (fastest)
P-wave speed andΔxmin being theminimum grid size. In this study, CFL
is fixed at 0.2 to ensure numerical stability with deformed meshes near
the junction, which gives a time-step value between 0.0003 s and
0.001 s (roughly) for different branch angles.

We include a viscoelastic layer of Kelvin–Voigtmaterial surrounding
each fault, to damp high-frequency numerical oscillations. We assume
purely elastic off-fault material response and constrain all the inelastic
deformation along the fault in the formof slip,with somekeyparameter
values summarized in Table 1.
3. Results

3.1. Full-space cases with uniform initial stress

We first investigate a full-space model with uniform initial stress to
provide some basic understanding of backthrust reactivation. Such sim-
plified model may be considered as a proxy for a deep fault system,
where the free surface has limited effect on the concerned triggering
process at depth and thus can be removed from the analysis. The
model configuration is the one in Fig. 3. The initial stress components
are σxx

0 = −243 MPa, σ yy
0 = −100 MPa and σ xy

0 = 26 MPa. Along
the main fault, we taper the dynamic friction coefficient down-dip of
the hypocenter towards the static level (over a 5 km patch, see the
brown region in Fig. 3), to focus on the rupture propagation in the up-
dip direction. Such artificial assumption may physically mimic a
down-dip seismic/aseismic transition zone (Scholz, 2002; Fig. 3.28).
3.1.1. Without a main fault barrier
We first investigate backthrust reactivation by a propagating rup-

ture without barriers along the main fault, representing a backthrust
created near a seaward-dipping backstop or within the frontal accre-
tionary wedge above a relatively smooth plate interface.

http://sourceforge.net/projects/sem2d/
http://sourceforge.net/projects/sem2d/
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3.1.1.1. Basic analysis without fault feedback.We start with a basic analy-
sis of backthrust reactivation based on stress calculations around a
propagating main rupture without inserting a real branch. Although
this approach, known as “single fault test”, ignores feedbacks between
the two faults and cannot predict the fate of a reactivated branch, it is
useful for understanding the basic process during the initial stage of
branch reactivation. Its relevance will be demonstrated in the next sec-
tion by comparison to numerical simulations that include the branch.

Following Xu and Ben-Zion (2013)we first investigate the predicted
failure pattern at a particular time, and then migrate the predicted pat-
tern tracking the position of themain rupture front to construct scenar-
ios at successive time steps. The second step which is migrating
snapshot information is necessary because rupture nucleation along
the branch is not instantaneous but involves characteristic time and
length scales, throughout which the propagating main rupture also
changes position. To facilitate branch reactivation, we set a reference
case by nucleating the main rupture at X = −50 km, which leads to a
rupture speed of vr = 0.89cs at the fault junction.

Fig. 4a shows the predicted off-fault failure zone considering all pos-
sible failure orientations, based on theMohr–Coulomb criterionwith an
assumed friction coefficient of 0.6. Inside the failure zone, a pair of black
bars indicates the optimal (conjugate) shear orientations at each posi-
tion. On the compressional side there are two distinct failure lobes.
The optimal right-lateral failure planes (thick bars) are roughly aligned
with the orientation of the forward lobe, whereas the optimal left-
lateral failure planes (thin bars) are roughly aligned with the backward
lobe. As elaborated by Xu and Ben-Zion (2013), the dynamic generation
of forethrusts and backthrusts (referred to in their paper as synthetic
Fig. 4. (a) Predicted pattern of failure zone based on the Mohr–Coulomb criterion by using stre

2 ⋅ sin(arctan(0.6)) (assuming an internal friction coefficient of 0.6 and zero cohesion). Thick an
left-lateral shears, respectively. (b) Spatial interaction between the initial stress σ ij

0 (dashed arc
polar coordinate system. Red and blue colors indicate preferred synthetic (right-lateral) and ant
be found in Xu and Ben-Zion (2013). (c)–(f) Predicted pattern of failure zone by resolving the
and antithetic shear branches, respectively) by propagating ruptures
under low background stress angle Ψ is promoted in directions where
the initial stress field and the slip-induced stresses (based on Linear
Elastic Fracture Mechanics, LEFM) reinforce each other (where the
dashed arcs and solid lobes in Fig. 4b have the same color).

While Fig. 4a and b addresses failure on optimally oriented planes
and are relevant for the creation of new branches, Fig. 4c to f depicts fail-
ure zones on planeswith specific orientations to address the reactivation
of a pre-existing branch. For a backthrust with θ = 140°, optimally ori-
entedwith respect to the initial stress, the failure zone (Fig. 4c) is similar
to the optimal one (Fig. 4a). This is due to a close match between the as-
sumedbranch orientation and the local optimal failure orientations (thin
bars in Fig. 4a). The loading is more efficient inside the backward lobe
than inside the forward lobe, because the branch is roughly parallel to
the backward lobe's major axis and to the forward lobe's minor axis. A
similar argument can be applied to understand the more favored and
less favored loading configurations inside the forward and backward
lobes, respectively, for an assumed forethrust with θ = 20°, conjugate
to the previously considered backthrust (Fig. 4d). For branch orienta-
tions that depart from the optimal failure orientations, the failure zone
differs significantly from the optimal one (Fig. 4e and f).

Having a basic picture at a particular time, we now construct similar
pictureswith a changing position of themain rupture front. A likely sce-
nario is schematically shown in Fig. 5a at four time steps, assuming an
optimally oriented backthrust that can be successively loaded by two
distinct lobes (see Fig. 4a and c for reference). At time t1, the main rup-
ture front has not yet reached the junction but the forward failure lobe
has reached the branch and initiates its rupture at a distance from the
ss invariants τmax and σY, where τmax ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2

xy þ σxx−σyy
� �2

=4
q

and σY = − (σxx + σyy)/

d thin bars indicate the local failure planes that are optimally oriented, favoring right- and
s) and slip-induced stress change Δσij (solid curves, based on LEFM with vr = 0.89cs) in a
ithetic (left-lateral) shearingwith respect to the rupture tip, respectively. More details can
stress onto specific directions of θ = 140°, 20°, 160° and 120°, respectively.



Fig. 5. (a) Schematic diagram illustrating the process of backthrust reactivation by a prop-
agatingmain rupture at four successive time steps. The colored part alongbranch indicates
the loading path at each time step. (b) Spatiotemporal evolution of slip rate along a branch
with θ=140°, triggered by a propagatingmain rupture that is nucleated 50 kmaway from
the junction.
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junction. At time t2, the forward lobe in its new position loads the
branch even closer to the junction. If the branch rupture at this time
has not become self-sustained, it is forced to propagate towards the
junction. At time t3, the main rupture front reaches the junction, the
backward lobe starts to load the branch over a broader extent than
the forward lobe, and the branch rupture starts to propagate away
from the junction. At time t4, the branch is no longer loaded by the
main rupture, but is left inside the stress shadow in the wake of the
main rupture front. Depending on the evolution prior to t4, the initiated
branch rupture can either sustain its propagation or quickly decay after
t3.
3.1.1.2. Basic analysis on fault interaction with optimally oriented branch.
Next we consider the feedback mechanisms between an actually
reactivated branch and the main fault. The results of a numerical simu-
lation for a branchwith θ=140°, optimally orientedwith respect to the
initial stress, are presented in Fig. 5b. The branch rupture propagates
first towards the junction, shortly, then away from it, confirming our
previous expectations (Fig. 5a). Fig. 6 illustrates the spatiotemporal evo-
lution of various quantities to help understand the feedbacks to the
main fault. The evolution of slip rate along the main fault (Fig. 6a)
shows that the interaction between the main fault and the branch gen-
erates a backward propagating front followed by a transient healing
front, both emerging from the junction, and leaves a stationary slip
rate contrast across the junction. Similar features are found in the slip
evolution along the main fault (top plot in Fig. 6b), and correlate well
with the slip evolution along the branch (bottom plot in Fig. 6b). The
latter shows amajor propagation phase to the backward (left) direction
but is tapered to zero towards the junction.

Investigation of the stress field on and off the main fault (Figs. 6d–e
and 7) shows that the backward rupture and healing fronts along the
main fault are induced by the branch rupture front. The backward rup-
ture front (associated with the increase in slip rate marked as #2 in
Fig. 6c) is driven by a tensile change in σyy on the extensional side of
the branch rupture front (Figs. 6e and 7a). The healing phase is pro-
duced by a sudden reduction in σxy across the Mach cone behind the
branch rupture front (Figs. 6d and 7b), which is a unique signature of
supershear ruptures.

Comparison of the distributions of slip rate, shear and normal stress
changes along themain fault for caseswith andwithout branch reactiva-
tion (Fig. 6c–e), indicates that the slip rate contrast across the junction
along the main fault (Fig. 6c) is due to the angular modulation of the
stress concentration induced by the tapered branch fault slip towards
the junction (bottom plot in Fig. 6b). In the current elastic simulation,
opening occurs along part of the main fault right ahead of the junction,
which also modifies the stress at that location (Fig. 6d and e). If we
allow off-fault inelastic deformation (e.g. DeDontney et al., 2012) fault
opening is avoided (not shown here but confirmed). Although both
shear and normal stress perturbations contribute to the slip rate con-
trast, the shear component dominates because the friction coefficient
is low ( f = f d

m = 0.1) once the main rupture is past the junction.

3.1.1.3. Effect of hypocenter position relative to the junction andbranch angle.
In the previous sectionwe assumed a backthrust optimally oriented with
respect to the initial stress field and amain rupture with fast speed at the
junction. However, these assumptions are not necessary. For instance,
fault branches in nature can be progressively rotated after being created
with optimal orientation or because the stressfield is evolving. In this sec-
tion, we examine how rupture speed and branch angle influence
backthrust reactivation. To investigate the role of rupture speed we vary
the position of the hypocenter of the main rupture with respect to the
junction, as in previous studies on a forward branching problem (Bhat
et al., 2007; Kame et al., 2003).We nucleate themain rupture at three dif-
ferent distances Xprop to the junction (see illustrations on the right in
Fig. 8) corresponding to the following rupture speeds: (1) Xprop =
50 km, vr = 0.89cs (same as the reference case in Section 3.1.1.1),
(2) Xprop= 25 km, vr=0.85cs, and (3) Xprop= 12.5 km, vr=0.74cs. Al-
ternative processes controlling rupture speedswill be discussed in the fol-
lowing section. For each case, we examine the results over the range of
branch angles 90°≤ θ≤ 160°, for which the initial stress along the branch
allows for backthrust (left-lateral) motion and has a shear-to-normal
stress ratio higher than 0.1 (green curve in Fig. 8). Unlessmentioned oth-
erwise, the branch is still assumed to have the same frictional properties
( fs, fd, Dc) as the main fault.

We find that faster rupture speed favors sustained triggered ruptures
(with more than 5 km propagation distance) over a wider range of
branch angles (Fig. 8a), whereas slower ruptures may not be capable to
sustain a triggered rupture even for an optimally oriented branch with
θ=140° (Fig. 8c). The caption of Fig. 8 providesmore details on how dif-
ferent rupturemodes are defined. The range of angles allowing sustained
branch rupture is skewed towards angles larger than θ = 140°. If the
stress state around time t3 in Fig. 5a is themost important step for trigger-
ing an upward propagating rupture along the branch, then the stress in-
teraction pattern shown in Fig. 4b can partly explain the observed
asymmetry, because the slip-induced stress change at that rupture
speed (vr = 0.89cs) is skewed towards the same direction.

Overall, faster rupture speed favors backthrust reactivation, sim-
ilar to the case of forward branching (Kame et al., 2003). This may be
partly explained by the reduction of the process zone size as a func-
tion of rupture speed under slip-weakening friction (Rice et al.,
2005), causing larger strain (estimated as the ratio of Dc and process
zone size) and dynamic stress near the main rupture front. Also, for
all the cases investigated in Fig. 8, the main rupture propagates



Fig. 6. (a) Spatiotemporal evolution of slip rate along themain fault, with the rupture nucleated at X=−50 km. (b) Distribution of slip along themain fault (top) and along a reactivated
branchwith θ=140° (bottom) at an interval of 1 s up to 25 s. (c)–(e) Snapshot distribution of slip rate, shear stress change, and normal stress change along themain fault at 22.3 s (also see
the highlighted red line in (a)). The dashed curve in each plot corresponds to the case without triggering the branch.
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beyond the junction (although sometimes slower), regardless of the
triggering outcome along the branch. That is, either rupture propa-
gates simultaneously on both faults or it propagates exclusively
along the main fault. In contrast, in a forward branching problem
Fig. 7. Snapshot distribution of (a) Δσyy and (b) Δσxy for regions near the fault junction at the
plotted for reference.
(DeDontney et al., 2012; Kame et al., 2003) the triggered branch rup-
ture may stop the main rupture due to their strong interaction (both
near and behind the two rupture fronts) in the same forward
direction.
same time as in Fig. 6(c)–(e). Slip rate profile along the main fault at the same time is also



Fig. 8. Summary of backthrust reactivation by a propagating main rupture with three different rupture speeds, due to the variation of main rupture nucleation site. (a) vr = 0.89cs (with
Xprop=50 km), (b) vr=0.85cs (with Xprop=25 km) and (c) vr=0.74cs (with Xprop=12.5 km). The green curve in each plot represents the resolved initial shear-to-normal stress ratio
(−σθr

0 )/|σθθ
0 | as a function of the branch angle θ (see Fig. 3 and Eq. (3) for reference), and is treated as positive if left-lateral motion (i.e. backthrust slip) is promoted. We use a slip-based

criterion of 1 × 10−4 m resolved by at least 3 numerical cells to distinguish between decaying and not activated rupturemodes along the branch.We set a criterion of at least 5 km rupture
propagation distance to distinguish between sustained and decaying rupture modes along the branch.
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The rupture speed investigated in this section is strongly coupled
with the rupture propagation distance Xprop, meaning that branch reac-
tivation is also affected by a correlated stress intensity factorK∝

ffiffiffiffiffiffiffiffiffiffiffi
Xprop

p
,

which co-determineswith rupture speed the dynamic stress induced by
the propagatingmain rupture (Freund, 1990). To better understand the
role of rupture speed, we have to run testswith other controlling factors
equalized.
3.1.1.4. Effect of slip-weakening distance Dc. In this sectionwe try a differ-
ent approach to control themain rupture speed by introducing a spatial
gradient of Dc, increasing from a fixed hypocenter towards the junction.
Such an approach has been previously adopted to understand the rela-
tion between terminal rupture speed (possibly lower than the shear or
Rayleigh wave speeds) and scale-dependent fracture energy (Andrews,
2005; Templeton, 2009). We use the configuration in Fig. 8a
(Section 3.1.1.3) with uniform Dc as a reference, and provide two addi-
tional groups of tests with main rupture speeds near the junction com-
parable to those in Fig. 8b and c: vr =0.85cs (with∇xDc =0.04 m/km)
and vr=0.72cs (with∇xDc=0.1 m/km). For all cases,Dc=2 mdown-
dip of the hypocenter on the main fault (see illustrations in Fig. 9) and
along the branch.

We find that backthrust reactivation is favored over a range of
branching angles that is almost independent of the main rupture
speed (Fig. 9), in contrast to the results of Fig. 8. The effect of longer
propagation distance, and thus larger stress intensity factor, apparently
dominates over the effect of rupture speed. Another explanation is relat-
ed to the process zone size as a function of rupture speed (see discussion
in Section 3.1.1.3), but should be understood in a space-time varying
framework. The basic idea is illustrated by single fault tests with θ =
140° in Fig. 10, but the general features remain for other directions. A
larger Dc gradient results in slower rupture speed, larger process zone
at given propagation distance (Rice, 1980), and a stress field surround-
ing the rupture front that is more diffused along the direction parallel to
themain fault (Fig. 10a). Studies of the effect of quasi-static loadings on
rupture nucleation suggest a trade-off between loading amplitude and
spatial extent (Palmer and Rice, 1973), and studies of dynamic impact
loadings suggest a trade-off between loading amplitude and duration
(Yu et al., 2002). By extension, branch rupture nucleation by a moving
stress field (e.g. see Fig. 5a) can benefit either from a fast-moving con-
centrated stress field (with high stress amplitude and/or wide loading
extent along the branch) over a short time period (e.g. left plot in
Fig. 10b), or from a slowly-moving diffused stress field (with relatively
low stress amplitude and/or narrow loading extent along the branch)
but over a long time period (e.g. right plot in Fig. 10b). The trade-off be-
tween loading amplitude, spatial extent and duration may help explain
the similar triggering results in Fig. 9.

As an important supplement to the previous Section 3.1.1.3, our nu-
merical results and analysis in this section suggest that the criterion
based only on the rupture speed may not always be appropriate to pre-
dict or explain branch reactivation by propagating ruptures. A slow rup-
ture that has already propagated over a long distance, a possible
scenario for the up-dip propagation of a megathrust earthquake (Lay
et al., 2012), may still reactivate pre-existing branches. Moreover, our
model with increasing Dc may represent models with off-fault inelastic
deformation (Andrews, 2005; Templeton, 2009): both are capable of
generating diffuse deformation around a slowly propagating rupture
front (e.g. by encountering unconsolidated sediments that are



Fig. 9. Summary of backthrust reactivation by a propagatingmain rupture with three different rupture speeds, due to the variation of slip-weakening distance from a fixed nucleation site
towards the junction. (a) vr = 0.89cs (with∇xDc = 0), same as that of Fig. 8a, (b) vr = 0.85cs (with ∇xDc = 0.04 m/km), and (c) vr = 0.72cs (with ∇xDc = 0.1 m/km).
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distributed within the overriding accretionary wedge or subducted
along the plate interface), which can be used together with other effects
to explain multiple observational signatures associated with shallow
subduction-zone earthquakes (Ma, 2012; Ma and Hirakawa, 2013).

3.1.2. Effect of a main fault barrier at the junction
So far, the results and discussions have been focused on backthrust

reactivation by a propagating main rupture. In this section we investi-
gate how a main fault barrier, which could have created the backthrust
during a previous quasi-static or dynamic process (Fig. 2a), can influ-
ence its reactivation by arresting the main rupture. This scenario is
strongly supported by the fact that a subducted seamount can promote
the creation of backthrusts on its frontal side (Dominguez et al., 2000)
and can stop earthquake ruptures nucleated further down-dip (Yang
et al., 2013). To facilitate a later theoretical analysis, we assume a barrier
along the main fault, defined as a patch with high fault cohesion (up to
200 MPa) surrounding and beyond the junction. The assumed overlap
between the main fault barrier and the fault junction is also supported
by our earlier review that backthrusts are sometimes created with
their roots exactly at the barrier (see Fig. 2a and related references), al-
though various post-processes may change the configuration of either
the created backthrusts or the main fault barrier. Here we use this
end-member case to understand fundamental roles of fault barriers
during backthrust reactivation. We leave for future work a parameter-
space study of the influence of properties of the barrier (type, strength,
spatial extent, location, etc) on the main fault rupture and branch
reactivation.

Similar to the procedure in Section 3.1.1.1, we start with a single
fault test to provide some expectations on backthrust reactivation by a
stopping main rupture. Fig. 11a shows a snapshot distribution of the
predicted failure zone by using stress invariants based on the Mohr–
Coulomb criterion (similar to Fig. 4a) at time steps right before (0.01 s
in advance) and after the main rupture reaches the barrier (end of the
thick horizontal line in Fig. 11a). Clear variations can be observed:
with the deceleration towards a final arrest of the main rupture at the
barrier, the resulting stress field is enhanced over a broader extent
and with higher amplitude, especially for the two characteristic lobes
on the compressional side.

Fig. 11b presents, based on LEFM, theoretically calculated stress
changes under different rupture speeds that have been equally normal-
ized, and their spatial interaction with the initial stress profile within
the range 90° ≤ θ ≤ 180°. Not surprisingly, with a progressive decrease
in rupture speed (from blue towards purple), the calculated Coulomb
stress change as a function of θ increases over most of the investigated
directions: from positive to even higher positive values and from non-
positive to positive values. The macroscopic trend is that the Coulomb
stress change profile is raised and has an extended overlap with the
initial stress profile towards θ = 90°. These theoretically predicted
features are generally consistent with the simulation results in
Fig. 11a, at least for the backward lobe on the compressional side that
we are interested in.

A second role of the main fault barrier, which is independent of
whether and to what degree the resulting stress is further enhanced
as long as loading still remains, is to increase the loading duration
along the branch (also see discussion in Section 3.1.1.4). This is sche-
matically illustrated together with the coupled effect of stress enhance-
ment by a strong barrier in Fig. 11c, as a comparison to the case without
terminating themain rupture in Fig. 5a. The scenarios at time steps t1, t2,
and t3 are generally the same as in Fig. 5a. Themain difference is at time
step t4 and those after: instead of being left completely in the stress re-
lease region behind a forward propagating rupture front, the branch in
the current situation can be continuously loaded by an enhanced back-
ward stress lobe, and thus is more favored towards a reactivation. In
characterizing the scenario at time t4, we have ignored the possible



Fig. 10. (a) Snapshot distribution of the resolved Coulomb stress onto direction θ= 140° (refer to Fig. 4c), for single fault tests with three different spatial gradients of Dc along the main
fault. Note the plotting time varies for different cases, to facilitate the alignment ofmain rupture fronts commonly at X=0. The shear stress profile along themain fault is imposed for each
case,with R indicating the instantaneous size of process zone. (b) Spatiotemporal evolution of the resolved Coulomb stress along a virtual branchwith θ=140° (see thedashed line in (a)).
One can refer to Fig. 5a to understand the transformation from snapshots in (a) and at other neighboring time steps to the spatiotemporal evolution shown in (b).
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contribution from the stopping phase of seismic waves excited by the
main rupture termination (visible at 19.34 s in Fig. 11a), with a purpose
to focus on the loading stress that does not fade away surrounding the
branch.

Next, we use the above expectations based on a single fault test and
theoretical analysis to understand branch triggering by a main rupture
that stops. Fig. 12 summarizes the results of backthrust reactivation
without and with a main fault barrier at the junction, for cases with
three different hypocenter locations relative to the junction. Results of
simulations with and without barrier are compared in Fig. 12. As pre-
dicted by the above expectations, the barrier model is more favorable
for branching: it triggers sustained branch ruptures over a wider
range of branching angles, and enables rupture (although decaying)
along less optimally oriented branches, especially towards the direction
of θ = 90°.

Results with barrier and different nucleation sites (right plots in
Fig. 12a–c) yield similar branch rupture outcomes as a function of θ. In
fact, a finite main fault, bounded by tapered friction to the left and a
strong barrier to the right, produces similar final slip distribution re-
gardless of hypocenter position, and thus similar quasi-static loading
on the branch (but such conclusions may not hold for pulse-like rup-
tures and may be affected by how ruptures terminate). However, the
detailed process of branch reactivation can vary, depending on the hy-
pocenter position and on how the main rupture evolves towards a
final quasi-static state, as will be illustrated below.

We choose a slightly misoriented branch with θ = 155° to discuss
the importance of the detailed rupture process, with explicit illustra-
tions of how a barrier model can promote branch reactivation with en-
hanced amplitude and duration of loading stress. Fig. 13 shows the
spatiotemporal evolution of slip rate along the branch and the insets
show the slip distribution at every 1 s along the main fault for three
cases with different hypocenter positions. For the case of nucleation at
50 km from the barrier (Fig. 13a), the branch rupture quickly evolves
to a sustained mode within 2 s after being initiated, due to the strong
dynamic loading prior to main rupture termination. In fact, for this
case the barrier is not necessary to trigger sustained branch rupture
(Fig. 12a). In contrast, for the caseswith hypocenter closer to the barrier
(Fig. 13b and c), the triggered branch rupture experiences a slow nucle-
ation phase (the reader is directed to Ohnaka et al. (1986) and Ohnaka
and Shen (1999) for a definition of nucleation phase) with 6–7 s dura-
tion before becoming self-sustained. In these two cases, only with the
barrier can the branch be continuously loaded towards a critical state
enabling self-sustained rupture (Fig. 12b and c).

Such critical statemay be equivalently estimated from the slip distri-
bution along themain fault, which together with the initial stress deter-
mines the loading along the branch. For all three cases, the slip profiles
at the end of nucleation of the branch rupture (highlighted in red in the
insets of Fig. 13) are similar and reach both ends of the main fault, sug-
gesting a similar critical state for triggering a sustained branch rupture.
In contrast, the onset of branch rupture nucleation corresponds to quite
different slip profiles among the three cases (highlighted in blue) and to
different time advances (Fig. 13a and b) or delays (Fig. 13c)with respect
to the arrival of the main rupture at the barrier.

In the last case, the maximum slip on the main fault at the end of
branch nucleation (pink squaremarker in the inset of Fig. 13c) is located
significantly further away from the barrier than the hypocenter is (star
marker). Stress builds up progressively near the barrier even after the
main rupture reaches it, due to the continued unilateral propagation
to the left. One observational example that supports the idea of stress
build-up by generating prominent off-fault aftershocks to the negative



Fig. 11. (a) Snapshot distribution of the predicted failure zone by using stress invariants based on theMohr–Coulomb criterion, at three time steps right before and after themain rupture
reaches the barrier. (b) Theoretical calculation, based on LEFM, of the slip-induced Coulomb stress change as a function of θ under different rupture speeds. Note that all the results (curves
in color) have been normalized by the (same) static stress intensity factorKII

s that no longer depends on rupture speed (seemore detail in Xu and Ben-Zion (2013)). Initial shear-to-normal
stress ratio (curve imposedwith gray markers) resolved onto the same range of directions is also plotted for reference. (c) Schematic diagram illustrating the likely scenario of backthrust
reactivation by a propagating-then-terminatedmain rupture. The variation of stress pattern from step t3 to step t4 is based on the numerical results in (a) and the theoretical calculation in
(b), subject to a reduction in rupture speed.
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direction of a predominantly unilateral main rupture can be found in
Karakostas et al. (2003), although in the context of strike-slip faults
stressed at relatively high angles (Xu and Ben-Zion, 2013).

Overall, the above illustrations and discussions raise the importance
of distinguishing between the dynamic directivity effect towards the
junction, controlled by the hypocenter location (e.g. different triggering
results among left plots in Fig. 12a–c, different main fault slip profiles
colored in blue in Fig. 13), and the directivity effect with respect to the
location of the still evolving or finalized maximum slip or slip centroid
(e.g. similar triggering results among right plots in Fig. 12a–c, similar
main fault slip profiles colored in red in Fig. 13). Only dynamic models
are capable of distinguishing between such effects.Wewill later discuss
another example (Section 3.2) that is also characterized by a non-
overlap between mainshock hypocenter and location of the maximum
final slip, to improve our understanding on backthrust reactivation by
using dynamic models.

3.1.3. Effect of fault strength contrast
In all previous sections we assumed the same background values of

friction coefficients and cohesion along themain fault and the backthrust
branch. However, this is not necessarily the case in nature. For example,
if themain fault is amajor plate boundary, it can beweaker than the sur-
rounding branches, as assumed in the critical tapermodel of accretionary
wedges (Dahlen et al., 1984; Davis et al., 1983). Also, for many subduc-
tion and collision margins where the critical taper model is applicable,
some (perhapsmost) backthrusts were presumably created above an al-
readywell-developedmain thrust fault (Graveleau et al., 2012). Lessma-
ture faults tend to have rougher surface with additional fault resistance
(Dieterich and Smith, 2009; Fang and Dunham, 2013). Other effects
may also contribute to fault roughness that cannot be simply judged by
fault maturity, e.g. topographic features subducted along themain thrust
fault.

Among many possible ways to model a strength contrast between a
main fault and a branch (e.g. DeDontney and Hubbard, 2012; Tamura
and Ide, 2011), we choose to increase the dynamic friction of the
backthrust branch (fdb) to reflect its immaturity relative to the main
fault. We keep the corresponding static friction unchanged (fsb = 0.6).
We investigatewhether and towhat extent the triggered branch rupture
can be sustained. We nucleate the main rupture 50 km away from the
junction, and focus on a subset of branch angles 140° ≤ θ ≤ 160° that
allow for sustained triggered ruptures with fd

b = 0.1 (see Fig. 8a).
Fig. 14 summarizes the reactivation results for backthrustwith equal

or higher dynamic friction than themain fault ( fdb≥ fd
m=0.1), for cases

without (top left) and with a main fault barrier (top right) at the junc-
tion. As clearly shown in each plot, with an increase in dynamic friction
along the branch, the triggered rupture becomes less energetic,
switching from supershear to subshear rupture speed, and can even
turn into a decaying rupture. The increase of fdb reduces the stress
drop on the branch, which increases the loading size and duration re-
quired for nucleation (Ohnaka and Shen, 1999) and makes the transi-
tion to sustained propagation more difficult.

Comparison of results with and without a main fault barrier shows
that a barrier promotes sustained ruptures along immature backthrusts,
for the enhanced loading duration and/or amplitude (Section 3.1.2) that
compensate the effect of the increased fd

b. These results suggest that,
when taking into account the relative immaturity of fault branches, re-
activation of a backthrust ismore probable if the junction is located near
the up-dip end of the main rupture zone. Note that sustained branch
ruptures are expected to have clearer surface expressions and seismo-
logical signals than those rapidly decaying at depth, and that signals of



Fig. 12. Summary of backthrust reactivation by a propagating main rupture (left, without barrier) and a propagating-then-terminated main rupture (right, with barrier), for cases with
three different nucleation sites with respect to a fixed fault junction position: (a) Xprop = 50 km, (b) Xprop = 25 km, and (c) Xprop = 12.5 km.
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triggered branch ruptures can be better separated from a terminated
main rupture than from a still propagating main rupture.

The detailed information in Fig. 14 reveals that the supershear/
subshear transition on the branch does not collapse to a horizontal
line associated with a constant Sb (defined in Eq. (2)) evaluated based
on the initial stress σij

0, but approximately corresponds to a constant
Sd
b based on the residual stressσij

dwithin themain rupture (see the illus-
tration at the bottom of Fig. 14). This indicates that the effective back-
ground stress during branch rupture is set by the stress drop along the
main fault (also see the results in Fig. 7 at locations ahead of the branch
rupture front).

Up to about θ = 147.5°, Sdb is lower than Sb, implying that branches
with 147.5° ≤ θ ≤ 160° are brought closer to failure by the stress drop
along the main fault. The latter induces a rotation of the σmax direction
from Ψ = 10° to Ψ ≈ 4° (see Eq. T4 in Xu et al. (2012b)), which in-
creases the shear-to-normal stress ratio for a range of angles larger
than θ= 140°. This effect is opposite to the stress shadow effect on op-
timally oriented nearby faults (Hardebeck and Hauksson, 2001).

3.2. Effect of free surface and depth-dependent initial stress

In this section, we consider a model including a free surface and a
depth-dependent initial stress field (hereafter referred to as half-space
model), to investigate their effects on themain rupture and reactivation
of the branch.

We set up the half-space model so that it can be properly compared
with its full-space counterpart (Fig. 15): (1) below a depth of−5.73 km,
which is above the fault junction (see the dashed line in Fig. 15), the ini-
tial stress field is identical to that in the full-space model after rotation;
(2) above that depth, the initial horizontal and vertical principal stresses
(σh

0 and σv
0, respectively) linearly decrease to zero at the free surface,

which preserves their ratio; (3) there is enough space between the
free surface and the fault junction to host a sufficiently long branch so
that sustained branch ruptures can be clearly identified; (4) with previ-
ously assumed hypocenter locations and friction coefficients, the main
rupture speed is subshear at the junction.

We do not present here all the results of our half-space simulations,
but select key results for illustration and discussion. Also note that due
to the relatively high stress drop in our models (possibly higher than
the maximum of 16 MPa indicated in Fig. 15b) compared to typical
values inferred from seismological observations in subduction zones
(Lay et al., 2012), we do not over-emphasize the absolute values of
our results. One possible way to rescale them to a more realistic range
would be setting the initial pore fluid pressure higher than the hydro-
static level (see Fig. 15b) to reduce the effective normal stress. However,
this is not done here, because all the key quantities (slip, stress drop,



Fig. 13. Spatiotemporal evolution of the slip rate along the reactivated branch with θ=155°, insertedwith the corresponding slip distribution (plotted every 1 s) along themain fault, for
caseswith three differentmain rupture nucleation sites. Slip profile along themain fault, at a time that corresponds to the beginning and ending of the nucleation process along the branch
(rounded to the nearest integer number), is highlighted in blue and red, respectively. The squaremarker in a consistent color indicates the location of themaximumslip along each profile.

174 S. Xu et al. / Tectonophysics 644–645 (2015) 161–183
fault strength) scale in the same way with the effective normal stress
and thus can also be discussed using normalized values (e.g. refer to
the vertical axes in purple in Figs. 16 and 17). The key results are: a re-
versal from thrust to normal slip along the reactivated branch if the
main rupture propagates all the way to the free surface, and persistent
thrust motion along the reactivated branch if the main rupture termi-
nates at depth.

Since the reactivated branch may show slip reversal during a single
rupture, we show the results with a constant high friction along the
Fig. 14. Summary of backthrust reactivation by a propagating main rupture without (top left) a
rections 140°≤ θ≤ 160° that also allows a variation in dynamic friction coefficient. The bottom
front along the main fault, which can be used to derive a modified relative strength parameter
branch ( fdb = fs
b =0.6), to reflect the immaturity of the branch relative

to the main fault (Section 3.1.3) and to assign the same resistance for
thrust and normal slip by removing the dependency of friction on
total slip. Alternatively, we could (1) reset the friction once slip rate is
below a threshold value and use the incremental slip (the integral of
the absolute value of slip rate since the last reset time) instead of total
slip; (2) switch to a rate-and-state dependent friction that is ideal for
simulating earthquake cycles. Both approaches are available in the
SEM2DPACK package; however, they are not adopted here for
nd with (top right) being terminated by a barrier at the junction, for a range of branch di-
plot schematically shows a typical shear stress distribution around a propagating rupture
Sd
b (along the branch) by using the residual stress σij

d within the main rupture zone.



Fig. 15.Model setup for the half-space simulations. (a) Top: global view of themodel configuration incorporating a free surface and a curved absorbing boundary in the far field. σh
0 and σ v

0

represent, respectively, the initialmaximum(alonghorizontal) andminimum(alongvertical) principal stresses (both in compression). The trianglemarker represents a newly added barrier
to help stop the down-dip rupture propagation along themain fault (see text formore explanation), while the starmarker and color-highlighted fault portion have the same definitions as in
Fig. 3. Bottom: A zoom-in view of the model configuration near the fault junction. (b) Depth distribution of the initial principal stresses σh

0 and σ v
0, as well as various stress components re-

solved along the main fault. In the depth range above the dashed line, the setup of σ v
0 corresponds to lithostatic minus hydrostatic (by assuming a water density of 1000 kg/m3).
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simplicity. Some laboratory experiments show a moderate increase of
friction coefficient immediately after slip reversal (Chambon et al.,
2002, 2006), as implied by our approach in Eq. (1). However, in the ab-
sence of such strengthening or a constant high friction, slip reversalmay
occur more easily. For the results presented below, we also assume a
main fault barrier (following a similar way as for the full-space) located
further down-dip in the section with tapered friction (triangle in
Fig. 15a), to accelerate rupture arrest and the evolution of the main
fault slip towards a final static state (i.e. the originally assumed tapered
friction may not be strong enough to quickly stop the main rupture in a
half-space model).

Fig. 16 shows the slip distribution along each fault segment and the
recorded surface displacement at different times, for two cases with a
relative branch orientation of θ = 140° and different hypocenter loca-
tions, allowing for up-dip propagation to the free surface (see figure
caption for more details). Remarkable features and clear differences
are observed along the reactivated branch in Fig. 16a and b. For the
case with hypocenter at 50 km down-dip of the fault junction
(Fig. 16a), the branch is reactivated first with a thrust motion and
later with a normal motion. Both stages start from the shallow portion,
and are clearly captured by the surface deformation during each domi-
nant period. The normal motion does not fully compensate the initial
thrust motion in the deepest portion, leaving a mixed final sense of
slip along the branch, but apparently dominates the contribution to
the final surface deformation. In the case with hypocenter at 12.5 km
from the junction (Fig. 16b), the initial reactivation with thrust motion
is weak, occurs near the junction at depth, and leaves no obvious signa-
ture in the surface deformation. These examples illustrate the chal-
lenges of resolving time-dependent deformation at depth through
surface observations.

The difference in the early thrust motion may be understood as
follows. If the hypocenter is far enough from the junction, waves
reflected from the free surface and depth-dependent initial stresses con-
tribute to an earlier reactivation of the shallow portion of the branch (as
early as 12 s in Fig. 16a, compared to later than 17 s in the full space
model), due to the weaker branch strength near the surface and the
faster propagation speed of waves compared to the main rupture
speed. Once the main rupture front gets closer to the junction, the for-
ward stress lobe, presumably broadened by the reduced initial normal
stress at shallow depth, can reactivate the branch progressively towards
the junction (e.g. similar to Fig. 5a at times t1, t2 and t3) together with
some ongoing stress induced by waves. However, if the main rupture
starts close to the junction (Fig. 16b), waves cannot induce strong
enough stress near the surface before themain rupture front approaches
the junction (perhaps aggravated by a less preferred branch location
with respect to the hypocenter). The situation then reduces approxi-
mately to that in a full-spacemodel (Fig. 8c, despite a difference in the as-
sumed dynamic friction along the branch) because of a similar initial
stress setup near the junction (Fig. 15), which can only trigger a decaying
thrustmotion along the branch at depth. Such observations and interpre-
tations are generally consistent with the study on forward (forethrust)
branching of Tamura and Ide (2011). We emphasize that neither the
free surface nor the depth-dependent initial stress are necessary condi-
tions for reactivating a backward branch before themain rupture reaches
the junction, as previously discussed in Section 3.1.1.1.

The later normal motion of the branch, well pronounced in Fig. 16a
and b, is attributed here to the large shallow slip (relative to the deeper
section) along the main fault in both examples, which is due to (1) an
additional (static) stress drop resulting from the interaction between
the free surface and the coupled normal and shear stresses along the
main fault (Oglesby et al., 1998; Rudnicki andWu, 1995), (2) a dynamic
stress drop induced by trapped waves within the wedge (Huang et al.,
2012; Oglesby et al., 1998), and (3) the fact that the up-dip end of the
main fault is free to slip without requiring any pre-accumulated strain
(recall how Galileo illustrated the concept of inertia in his famous ex-
periment of rolling balls over frictional and frictionless surfaces). Large
shallow slip can reverse the sign of the dynamic normal stress change
surrounding the branch, from compression at earlier times to extension
at later times, as indicated by the change of sign of the gradient of main
fault slip near the branch (see the section bounded by the two vertical



Fig. 16. (a) Distributions of slip along the main fault (top left) and the reactivated branch (bottom left), and the corresponding surface displacement (top right for horizontal component and
bottom right for vertical component) at different times, for a casewhere themain rupture is nucleated at 50 kmdown-dip of the fault junction (see the starmarker) and is allowed to propagate
all theway to the free surface (i.e. no barrier along themain fault in the up-dip direction). For plots of slip along themain fault (top left), a squaremarker in a consistent color is used to indicate
the location of the maximum slip at each time step. For plots of slip along the branch (bottom left), positive and negative values indicate total slip as thrust and normal motions, respectively,
whereas amotion reversal in slip rate can be identified by comparing the relative slip changewith respect to a previous state. For plots of displacement along the surface (top right and bottom
right), all the shown results have been normalized by the maximum slip throughout the entire time period along the main fault. (b) Similar to (a), but with the main rupture nucleated at
12.5 km down-dip of the fault junction.
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dashed lines in Fig. 16a and b). Consistent results can be found by plot-
ting the dynamicmean stress change as in Fig. 2 of Ma (2012), although
that study also considered effects of pore pressure change and off-fault
inelastic deformation.

A reversal of the total normal stress is possible over a certain shallow
depth range determined by the competition between decreasing strain
change away from the slip plane, the decreasing initial stress towards
the free surface, and the constraint on different stress components at
the free surface. Indeed, our numerical results show that the horizontal
stress can become tensile at shallow depth while the vertical one re-
mains compressive or near zero, as anticipated from the fact that the
horizontal stress is more affected by slip along a sub-horizontal main
fault and that there is no constraint on this stress component at the
free surface. As a result, the orientation of the most compressive



Fig. 17. (a) Similar to Fig. 16a, but with a barrier at the fault junction to terminate the up-dip rupture propagation along the main fault. (b) Similar to Fig. 16b, but with a barrier at
the fault junction to terminate the up-dip rupture propagation along the main fault.
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principal stress at shallow depth switches from sub-horizontal to sub-
vertical, which allows for a later normal motion along the branch.

Alternatively, the reversal of the sign of normal stress change can be
understood by the analogy between slip profiles at different times and
the full-crack or half-crack models (Geist and Dmowska, 1999, and ref-
erences therein), depending on whether the main rupture reaches the
surface. A buried rupture can be described by a full-crack model with
a semi-elliptical slip profile, whose detailed shape is subject tomodifica-
tion depending on rupture speed (Freund, 1990) and proximity to the
free surface (Rudnicki andWu, 1995). Applying this to themain rupture
at early times, before it has reached the free surface (e.g. before 24 s in
Fig. 16a and before 8 s in Fig. 16b), the branch is located on the compres-
sional (up-dip) side with respect to the effective center of the evolving
full crack, defined as the position where the maximum slip is located
(square marker in Fig. 16a and b). Therefore, the branch is expected to
experience more compression than the initial level under a sub-
horizontal most compressive stress (e.g. see Figs. 13–14 in Xu et al.
(2012a), on the compressional side), and reactivation with a thrustmo-
tion is preferred.

When themain rupture later reaches the free surface, it is better de-
scribed by a half-crackmodel with a quarter-elliptical slip profile, larger
slip (by a factor of about two or more) than a buried rupture of same
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size (Boore and Dunbar, 1977; Rudnicki andWu, 1995), and maximum
slip located at the free surface (or close to it, depending on the details of
the assumed initial stress and strength profiles) where the lowest strain
and frictional resistance are located (Geist and Dmowska, 1999;
Rudnicki and Wu, 1995). At this stage, the branch is on the extensional
(down-dip) side with respect to the location of themaximum slip along
the main fault, therefore it is likely to undergo shear/extensional defor-
mation under a steeply oriented most compressive stress (e.g. see
Figs. 13–14 in Xu et al. (2012a), on the extensional side). In fact, this is
analogous to the cases of gently-to-moderately inclined synthetic
branches and steeply inclined wing cracks (parallel to the most com-
pressive stress) around the extensional ends of a shear crack (Kim
et al., 2004; Misra et al., 2009; Xu et al., 2012b). The branch in the cur-
rent configuration is not preferentially located near the extensional
end of the half crack. This, together with the assumed branch immaturi-
ty and less favored direction of the initial stress (Xu and Ben-Zion,
2013), contributes to limiting the depth extent of the triggered normal
slip.

The dramatic effects of the free surface on the polarity of the normal
stress change surrounding the branch lead to several important implica-
tions. First, it shows again, as anticipated in Section 3.1.2, how the trig-
gering of branch rupture can strongly depend on the detailed rupture
process along the main fault, e.g. on the migration of the location of
maximum slip. If the hypocenter is shallower than the junction, a sce-
nario not considered above, we expect the branch to always experience
an extensional normal stress change and to never record thrust motion.
Therefore, it is necessary to use dynamic models rather than static
models (e.g. Li et al., 2014) to study co-seismic branch reactivation, es-
pecially when there is a significant distance between the hypocenter
and the location of maximum final slip. A related concern is how to
properly evaluate various quantities (e.g. potency, heat flow, released
strain energy) accommodated along the branch for a situation with
slip reversal (as in Fig. 16a): a summation method based on vector ad-
dition and the summing up of the absolute value of increment in each
motion period (scalar addition) will definitely give different answers.

Secondly, it also inspires us to terminate the main rupture by an up-
dip barrier at the junction (Fig. 17a and b) to prevent the early thrust
motion along the branch from being masked by a later normal motion
(i.e.withoutmotion reversal). One characteristic feature of a terminated
rupture at depth, compared to a rupture reaching the free surface, is a
surface bump with high vertical-to-horizontal displacement ratio
above the up-dip end of the rupture (compare the inset result at 30 s
in Fig. 17a with that at 60 s in Fig. 16a). A similar feature exists right
above a subshear rupture front propagating up-dip (see the inset result
at 12 s in Fig. 16a, and our earlier illustration in Fig. 2c), but can be
masked by the subsequent unloading after the passage of the front.

Significant vertical surface deformation can also be produced by a
shorter branch with a steeper dip angle and persistent fault slip
(Fig. 17a and b), consistent with results from dislocation models
(Okada, 2003). A topic to be explored in future studies is the evaluation
of geomorphology and tsunami generation as a function of several
factors including number of faults, strain partitioning, dip angle and
presence of surface rupture.

4. Discussion

4.1. Earthquake examples

We associate our results with several megathrust earthquakes in Su-
matra, Chile and Japan. In Sumatra, Singh et al. (2011) found enhanced
seismic reflectors along backthrusts in the rupture zone of recent
megathrust earthquakes, which they attributed to fluid flow along
reactivated backthrusts during or after megathrust earthquakes. One of
such backthrusts is located near the interface of a seaward-dipping back-
stop, and is also close to the up-dip end of aMw 8.4 megathrust event in
2007 (Konca et al., 2008). Similar features were also observed near Isla
Santa María (ISM) during the 2010 Mw 8.8 Maule Chile earthquake,
where the reactivation of a seaward-dipping branch with thrust motion
was supported by localized co-seismic uplift, alignment of seismicity,
surface tilting, and up-dip location of ISM with respect to areas with
most slip along that segment (Cubas et al., 2013a; Melnick et al., 2012).

These two examples support our dynamic simulation results that re-
activationwith thrustmotion is favored in branches located near the up-
dip end of the rupture zone (e.g. Figs. 14 and 17). It is not well known
where and how the corresponding megathrust event terminated in the
up-dip direction for each example. Nevertheless, our additional results
(not shown here) confirmed that, as long as the main rupture does not
strongly interact with the free surface to produce large shallow slip and
does not propagate up-dipmore than 30 km beyond the junction, thrust
slip is still triggered along the branch. By extension of our results in
Section3.1.1.4,wemay similarly conclude that a gradual up-dip termina-
tion of the main rupture (e.g. induced by a spatial gradient of fdm) with
diffused loading stress could also promote branch reactivation with
thrust motion.

Another example is the 2011 Mw 9.0 Tohoku earthquake in Japan,
which nucleated at depth but had maximum final slip located near the
trench (see the review by Tajima et al., 2013). While no well-
developed backthrusts have been found in the east coast of Japan, we
may use an imaged landward-dipping normal branch (Tsuji et al.,
2011) to perform an indirect comparison with our results with a
seaward-dipping branch (Fig. 16), assuming that certain features can
be extrapolated between conjugate faults. The branch in both cases is
rooted between themainshock hypocenter and the location offinalmax-
imum slip near the trench. The imaged branch has a steep dip angle
(~50°) near the surface and a curved geometry bending towards the
plate interface (~15°) at depth (Fig. 2a and b of Tsuji et al. (2011)).

At an early stage, the deep section of this branch could be triggered
with a thrust slip by the up-dip propagation of the main rupture, based
on its similar local configuration (θ ≈ 15°) as a forethrust (θ = 20°)
that is dynamically conjugate to the simulated backthrust (see Fig. 4c
and d). However, the steeply dipping fault geometry at shallower
depth probably inhibits the up-dip extension of this thrust motion
under sub-horizontal compression, and thus its contribution to surface
deformation. Later, when the main rupture reaches the trench and pro-
duces a large shallow slip, normal motion could be triggered along the
shallow section of the branch. Its down-dip extension may be in turn
limited by the gently dipping fault geometry at depth under sub-
vertical compression. In-situ observations (Ito et al., 2011; Tsuji et al.,
2011, 2013) and stress inversion based on aftershocks (Chiba et al.,
2012) support a triggered normal motion along this branch during the
late stage of or after the main rupture. Whether a thrust motion has
been triggered at earlier times at depth remains unknown. Therefore,
improved real-time andhigh-resolution observational techniques are re-
quired to discern whether slip reversal can occur along the same branch
during a single mainshock event.

4.2. Effect of pre-existing branches on the up-dip limit of the seismogenic
zone

Our result in Fig. 7b shows that the surrounding medium ahead of
(behind) the junction experiences a decrease (increase) in shear stress.
This implies that a pre-existing backward branch with tapered thrust
slip towards the junction can stabilize or even inhibit the forward prop-
agation of the main rupture beyond the junction. Such effect can be en-
hanced when coupled with other strengthening effects (Fig. 18 with
∇xDc = 0.1 m/km) or by a repeating process of interaction between
the main rupture and multiple junctions (not modeled here). A similar
phenomenon has been previously reported in a study of the interaction
between bedding-plane slip and the propagation of a blind-thrust fault
(Roering et al., 1997) and in dynamic models of fault interaction be-
tween a main thrust fault and a forethrust branch (Figs. 14 and 15 of
Tamura and Ide (2011)).



Fig. 18. Spatiotemporal evolution of slip rate along the main fault, with an increasing
slip-weakening distance towards the junction (∇xDc = 0.1 m/km) and an inserted
branch θ = 140° that is co-seismically reactivated. The inset shows the comparison
of slip profiles near the junction with (black) and without (green) inserting the
branch.
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We can suggest the following scenario in subduction zones of the
type shown in Fig. 1a. The up-dip propagation of a megathrust rupture
is successively impeded by an array of pre-existing branches (forethrusts
and/or backthrusts), which could eventually lead to rupture termination
beneath the frontal accretionary wedge. This new understanding of the
effect of thrust fault branches enriches the list of mechanisms that can
limit the up-dip extent of the seismogenic zone, which also includes a
shallow velocity-strengthening friction region (Scholz, 1998), plate in-
terface roughness due to subducted topographic relief (Wang and
Bilek, 2014), and extensive off-fault inelastic deformation promoted by
dynamic pore pressure changes (Ma, 2012).

In contrast, if the branch fault slip changes from thrust to normal
(e.g. under a co-existing mechanism), then the polarity of shear stress
change ahead of and behind the junction will be reversed. In this situa-
tion, the branch could promote the up-dip propagation of a megathrust
rupture, similar to the effect of the free surface (Ide et al., 2011; this
study) and co-seismic thermal pressurization (Noda and Lapusta,
2013). The same suggestion on the effect of normal fault branches has
been made by Tsuji et al. (2013), but from a different point of view.

4.3. Slip reversal along the same branch

Our results in Fig. 16 enrich the list of mechanisms that can produce
slip reversal along the same branch during various processes, which are
summarized in Fig. 19.

Fig. 19a illustrates slip reversal occurring at two stages of a quasi-
static process, induced by a subducting seamount (Dominguez et al.,
2000). A similar result is found by forward sliding of the hanging wall
above a fault ramp (Bonini et al., 2000). In Section 1.2.2, we reviewed
backthrust creation near the deeper edge of a seamount (or fault
ramp) associated with compressional stress. However, with continued
subduction of the seamount (or a further relative sliding of the hanging
wall above the ramp), earlier created backthrusts can be later reactivated
with normal motion when located at the trailing edge of the seamount
(or the upper part of the ramp).

Fig. 19b displays slip reversal through earthquake cycles, with the
branch located near the down-dip end of the seismogenic zone (based
on Fig. 7 of Farías et al. (2011)). During the inter-seismic period, the re-
mote loading and/or the stable creep in the adjacent aseismic zone can
compress the branchwithin the still locked seismogenic zone, which fa-
vors thrust motion along the branch. During the co-seismic period,
much of the seismic slip occurs up-dip of the branch, which favors a re-
activation with normal motion along the branch.

Fig. 19c associates slip reversal with seismic events only. Thrust and
normal motions are preferred when the branch is located up-dip and
down-dip of the maximum slip along the main fault, respectively.
Such scenarios may occur separately in two different seismic events
that have deep and shallow final slip centroid, respectively (Li et al.,
2014). They may also occur at the early and late stages of a single
event, before and after a deeply nucleated main rupture reaches the
free surface, respectively (Fig. 16 of this study).

From the above summary, we clearly see that the reactivation of the
branch with normal motion is associated with a weakening effect,
reflected by a fault extensional-bend geometry (Fig. 19a), release of
accumulated strain or a decreasing fault resistance towards the up-dip di-
rection (Fig. 19b and c). Combining this feature with our previous under-
standing of a barrier-promoted backthrust activity (Section 1.2.2), we
may uniformly interpret slip reversal along the branch by a switching of
the underlying main fault section between barrier-like and asperity-like
behavior.

4.4. Comparison with previous earthquake models

We first compare our study to the expanded version of the critical
taper model by Wang and Hu (2006) (hereafter referred to as the WH
model).

TheWHmodel assumes that the up-dip portion of the subduction
zone is governed by velocity-strengthening friction, while the
seismogenic zone further down-dip is controlled by velocity-
weakening friction. Correspondingly, an outer and an inner wedge
can be defined above each of the mentioned sections. The model
states that during the co-seismic period, the inner wedge is
prevented from reaching a critical state by a drop in basal friction,
while the outer wedge can be pushed into a critical state by an in-
crease in basal friction and/or by stress transfer from the slipped
seismogenic zone. This model ignores the detailed co-seismic pro-
cess within the seismogenic zone, and implies that thrust fault
branches are mainly initiated or reactivated in the outer wedge.

In contrast, our current work and the study by Xu and Ben-Zion
(2013) clearly indicate that the inner wedge above the seismogenic
zone can also be transiently stressed to failure, and may even sustain
failure propagation along pre-existing branches. On the one hand, we
could attribute such co-seismic off-fault failure to the high dynamic
stress surrounding the propagating rupture front (e.g. Figs. 4 and 10).
On the other hand, in the framework of the critical taper model we
could interpret it by a strengthening effect of basal “friction” ahead of
and around the rupture front (Fig. 2c). Our study emphasizes the neces-
sity to consider the detailed co-seismic process, and to distinguish be-
tween basal stress, static friction and dynamic friction during rupture
propagation. Therefore, it fills a gap in the WH model, in which the
co-seismic process has been simplified by a “simultaneous” weakening
of basal stress and friction (ambiguously treated as equal to each other)
over the entire seismogenic zone. We remark that our dynamic model
still supports the observation of surface slope contrast between the
inner wedge and outer wedge (Wang and Hu, 2006, and references
therein), which is now understood by the persistence of the loading
configuration in addition to the peak amplitude of basal stress. The
thick inner wedge has a relatively flat surface slope because it only ex-
periences a transient (less persistent) loading during earthquakes. In
such situation, triggered failure above the basal plane has less opportu-
nity to influence the distant surface, and its extentmay be further limit-
ed by a depth-dependent distribution of cohesion.

Another comparison can be made with the static triggering models
based on the final slip distribution of the mainshock (e.g. Li et al.,
2014; Lin and Stein, 2004). Revealed by our dynamic simulations, we



Fig. 19. Summary ofmodels allowing for slip reversal along the same branch during various processes: (a) during a quasi-static process illustratedwith a subducting seamount (modified
from Fig. 3 of Dominguez et al. (2000)), (b) through earthquake cycles (modified from Fig. 7 of Farías et al. (2011)), and (c) during seismic event(s)with evolving location of themaximum
slip (modified from Fig. 16 of this study). See text for more explanation.
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list some triggering features that require caution when examined with
such a static model. Considering that pre-existing branches may be
reactivated during main rupture propagation, static Coulomb stress
analysis cannot explain its reactivation if the branch is finally located
in the stress shadow of the main rupture (e.g. time t4 in Fig. 5a). Given
that slip reversal may occur along the same branch during a single
main rupture event (Fig. 16), static Coulomb stress analysismay explain
the later motion style but not the early one.

4.5. Implication of antithetic fault branching

The studied backthrusts provide an example of compressional-side
antithetic fault branching that supports the early speculation of fault be-
havior at junctions (e.g., Andrews, 1989; King, 1986). More specifically,
King and Nábělek (1985) and King (1986) postulated that a non-
conservative geometric barrier, such as a fault bend, could induce vol-
ume change and secondary faulting around the junction. Later
Andrews (1989) constructed a simple kinematic model by assuming
rigid-body displacement around the fault junction. His model predicts
antithetic slip along one of the fault segments if the angle opposite to
this segment is larger than 180° (Eq. (1) and Fig. 5 of Andrews
(1989)). According to our review of backthrusts in Fig. 2a, the type-I
and type-III (by extension) barrier models agree well with the expecta-
tion by King (1986), and particularly the prediction by Andrews (1989)
for a compressional fault bend. Once again, we emphasize a general
agreement, from totally different points of view, that backthrusts should
be common above a compressional bend as well as barriers of other
types (Section 1.2.2) along the main thrust fault.

Regarding backthrust reactivation, our numerical results (Figs. 12,
14, 16 and 17) reveal that a main fault rupture terminated by a barrier
is more favorable for triggering a sustained rupture with persistentmo-
tion along the backthrust. Combined with the preferred condition for
backthrust creation, this suggests that well-pronounced backthrust ac-
tivity is indicative of a barrier along the underlying main thrust fault.

By adjusting the principal stress orientation and other conditions,
the above implication of antithetic branching can also be and indeed
has been applied for normal faults and strike-slip faults, with a possible
switch of branching location to the extensional side (King et al., 1985;
Xu and Ben-Zion, 2013). Therefore, antithetic fault branching may
have a universal implication for a barrier-like behavior (during a certain
time period) along the nearby main fault segment, regardless of the
type of faulting.

4.6. Limitations of the current study

Our current study has some limitations. It is a 2Dmodel assuming no
variations along the strike. It assumes a uniformor linearly varying initial
stress field, without considering feedbacks from previous events along
themain and the branch faults. It does not explicitly consider off-fault in-
elastic deformation or dynamic pore pressure change, making it most
suitable for dry or drained fault systems with relatively high strength
in the surrounding medium. It assumes a homogeneous velocity
structure, spatially invariant friction coefficients along the main fault
(except for the down-dip end), planar fault geometry and a flat free
surface (for the half-space case). 3D models enabling earthquake cycle
simulations,with implementation of off-fault poroelastoplastic response,
with consideration of more realistic velocity structure, fault frictional
properties and geometry, and surface topography, are required to pro-
duce results that can be more closely compared to observations. We
leave such studies for the future.



181S. Xu et al. / Tectonophysics 644–645 (2015) 161–183
5. Conclusions

Based on a review on the origin of backthrusts, we perform dynamic
simulations of earthquakes with a slip-weakening friction, to investi-
gate how a propagating or terminatedmain fault rupture can reactivate
a pre-existing backthrust branch. Our full-space results with a uniform
initial stress show that (1) a fast rupture speed generally promotes
the reactivationof backthrust over a rangeof branch angles; (2) relative-
ly slow rupture speed can still promote backthrust reactivation; and
(3) main fault rupture terminated by a barrier further facilitates
backthrust reactivation compared to cases without the barrier. We
also examine the effect of the free surface and a depth-dependent initial
stress, and find that (4) a deeply nucleated main rupture, if finally
reaching the surface, can cause a slip reversal from thrust to normal
along the reactivated backthrust; and (5) the samemain rupture, if ter-
minated by a barrier at depth near the junction, can preserve the earlier
triggered thrust motion along the backthrust. We provide a unifying in-
terpretation of these results based on the properties of the stress field
(modified by the main rupture on the basis of the initial level) along
the backthrust, which are characterized by the loading amplitude, dura-
tion, and direction. While the effect of stress amplitude has been previ-
ously recognized, here we emphasized the importance of stress
duration and direction as measures of the persistence of the loading.
Overall, our results suggest that a main fault rupture terminated by a
barrier, although not always necessary, is more favorable for triggering
a sustained rupture with persistent motion along a pre-existing
backthrust rooted near the barrier. Conversely, well-pronounced
backthrust activity may imply the presence of a barrier along the main
thrust fault. In addition, we explore the feedback of the backthrust on
the main fault. Interestingly, we observe that a reactivated backthrust
maywork independently or jointlywith other effects to impede the for-
ward propagation of themain rupture beyond the junction. Our dynam-
ic study greatly improves the understanding of backthrust fault
branching, and also provides important implications for several other
relevant topics.
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