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Fault Branching and Long-Term Earthquake Rupture
Scenario for Strike-Slip Earthquakes

Yann Klinger, Jin-Hyuck Choi, and Amaury Vallage

ABSTRACT

Careful examination of surface rupture for large continental strike-slip earthquakes reveals that for the majority
of earthquakes, at least one major branch is involved in the rupture pattern. Often, branching might be either
related to the location of the epicenter or located toward the end of the rupture, and possibly related to the stop-
ping of the rupture. In this work, we examine three large continental earthquakes that show significant branches
and for which ground surface rupture has been mapped in great details. In each case, rupture conditions are
described, including dynamic parameters, past earthquakes history, and regional stress orientation, to see if the
dynamic stress field would a priori favor branching. In one case, we show that it was not the first time that an
earthquake was branching in a similar fashion. Long-term geomorphology hints at the existence of a strong
asperity in the zone where the rupture branched off the main fault. There, no evidence of throughgoing rupture
could be seen along the main fault, while the branch is well connected to the main fault. This set of observations
suggests that for specific configurations, some rupture scenarios involving systematic branching are more likely
than others.
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11.1. INTRODUCTION

Surface ruptures associated with large continental
earthquakes bring a wealth of information about rupture
processes and fault structures [i.e., Haeussler et al., 2004;
King et al., 2005; Xu et al., 2006; Wei et al., 2011; Teran
et al., 2015]. Until the late 80s, however, the potential of
such information was not well recognized and details of
surface ruptures during an earthquake were often poorly
documented. Indeed, surface ruptures for large events are
distributed over tens to hundreds of kilometers, depend-
ing on the magnitude of the event, making them difficult
to be comprehended when one is limited only to field
observation and/or to low-resolution aerial photos. In
addition, earthquake source studies are mostly focused
on teleseismic distances, which limits the frequency
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domain addressed to be close to 1 Hz at most. Such
frequency domain, 1Hz and lower, corresponds to a
resolution of a few kilometers at best, which is out of
scale when compared to details of the rupture geometry
seen during field survey. Less often, waveform inversion is
carried out at higher frequency, allowing for a more
detailed view of the seismic source at smaller scale [Kim
and Dreger, 2008; Ji et al., 2015].

Major improvements in remote sensing during the last
two decades have opened new avenues to study details of
surface rupture geometry and to build a corpus of homo-
geneous data to feed more and more efficient modeling
tools. In 1992, the Mw 7.3 Landers earthquake was the
first large earthquake for which the deformation field was
imaged at once [Massonnet et al., 1993]. In parallel, the
Landers earthquake was also one of the first large events
that were mapped at a very detailed scale over its entire
length [Sieh et al., 1993], thanks to excellent exposures
and proximity of research centers. From the early 2000s,
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the availability of new submetric optical satellites and
topography to civilian scientists increased the resolution
by one order of magnitude. This has allowed scientists to
investigate more thoroughly major continental ruptures
around the world, without being constrained by the size
of the rupture [i.e., Klinger et al., 2005; Li et al., 2005],
including revisiting past large events [Klinger et al., 2011,
Ren et al., 2016]. This improvement in image resolution
and topography also helped with mapping active faults
in general, contributing to a better knowledge of the
surficial geometry of continental faults. Hence, over the
last two decades scientists have been building data sets of
surface rupture maps [Wesnousky, 2008; Klinger, 2010]
with an increasing level of details, often down to a few
meters or better, including revisiting past events and some
of the old archived aerial photos. The number of events
currently well documented is about 20 to 30, depending
on the level of details needed.

The main outcome of this improvement in mapping
ruptures has been to bring forward the fact that for con-
tinental earthquakes, at least, complexity of earthquake
source and associated ground rupture is the general rule
rather than the exception. Most of the recently documented
earthquakes have proven to have complex ruptures to
some extent, with significant fault segmentation and jogs,
such as the 2001 Kunlun earthquake [Klinger et al., 2005]
or the 1999 Izmit-Duzce sequence [Lettis et al., 2000],
and several active branches such as the 2002 Denali
earthquake [Haeussler et al., 2004] or the 2010 El-Mayor
earthquake [Wei et al., 2011; Oskin et al., 2012], to name
only a few. In fact, complexity appears at all scales, from
cracks at the metric scale, to kilometric-long branches
[Vallage et al., 2015]. Fault segmentation characterizing
the complexity of the overall fault geometry on a larger
scale (tens of kilometers) seems to be persistent over suc-
cessive seismic cycles, although the details of geometry
for individual fault segments could be modified during
individual earthquakes [Klinger, 2010]. The relay zones
that link segments, especially for strike-slip faults, have
been regarded as playing a special role in initiation and
arrest of earthquake ruptures [ Wesnousky, 20006], related
to the ill-configuration of local fault geometry that hin-
ders efficient accommodation of the stress accumulated
during the interseismic period [King and Nabelek, 1985].
Eventually, at the end of an earthquake rupture, the
residual stress would be higher at jogs, compared to
geometrically simpler fault segments, and more prone to
initiate new ruptures [Nielsen and Knopoff, 1998; Duan
and Oglesby, 2006].

Since the geometrical complexity appears to be an
inherent characteristic of the fault structure, many studies
have been conducted to explore the impact of the fault
geometry on rupture dynamic processes. Indeed, geological
observations remain difficult to include directly in rupture

models, as they often show a level of detail that is still
beyond computational capabilities of state-of-the-art
models. Hence, through simplified models, most often
addressing the geometry in 2D, the effects of jogs, fault
branching, or damage, in conjunction with local stress
orientation and rupture speed, have been systematically
explored [Harris and Day, 1993; 1999; Poliakov et al.,
2002; Kame et al., 2003; Thomas et al., 2017 (this volume)],
as well as impact of fault geometry on evaluating various
rupture scenario for specific fault systems [e.g., Muller
and Aydin, 2004]. These seminal works show that earth-
quake rupture patterns and earthquake cycle can probably
not be well understood if fault geometry is not properly
taken into account [Bhat et al., 2004; Bhat et al., 2007,
Elliott et al., 2015].

Some of the geometrical asperities can be kilometric
in size. More specifically, during several earthquakes it
has been shown that the existence of large branches had
affected the course of the rupture process significantly,
in diverting the rupture propagation from what would
be considered the long-term geological trace of the fault,
as discussed further in coming sections of this chapter.
These branches, however, because they are large-scale
features well visible in the landscape, have to be long-lived
features and could not be activated only during a single
event. Hence, in the next sections we explore three patho-
logical cases where large-scale branches were involved
during large continental strike-slip ruptures. The three
cases presented are the 1905M8 Bolnay event, the 2002
Mw 7.9 Denali event, and the 2001 Mw 7.8 Kunlun event.
For the Bolnay and the Kunlun earthquakes, new high-
resolution maps of the surface rupture, focused on the
location where branches are joining the main rupture,
are presented. These maps are based on submetric satel-
lite images, complemented with field observations. Special
care has been taken when mapping to document secondary
deformations that are likely relevant to the understanding
of earthquake-rupture branching processes. Data for the
Denali earthquake are solely derived from published
literature. In the case of the Bolnay earthquake, although
preservation of the landform is exceptional due to very
limited erosion, it could not be excluded that some
secondary cracks are not visible anymore, as images
were acquired about a century after the event. In the case
of the Kunlun event, images were acquired in the year
following the event, and maps established from satellite
imagery appear to be complete down to metric scale
features, when compared with field observations [Klinger
et al., 2005]. In each case, we present the geometry of the
rupture in detail and show how the rupture proceeded
through the branching section. Eventually, in one case we
present evidence suggesting that branching observed
during the last event might have happened similarly dur-
ing previous events. If this would be the case, then better
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understanding of the condition leading to such persistent
branching, as well as fault geometry, would allow the
building of rupture scenarios with a more limited range of
possible scenarios [Schwartz et al., 2012; Mignan et al., 2015].

11.2. CASE STUDIES

11.2.1. The 1905 M8 Bolnay Earthquake, Mongolia

In 1905, a series of earthquakes struck northwestern
Mongolia with two M~8§ earthquakes 14 days apart. The
Tsetserleg M8 earthquake occurred on 9 July 1905 and the
Bolnay M8+ event on 23 July 1905. This sequence is one of
the largest continental earthquake sequences known. These
earthquakes broke faults that relate to the northern most
extent of the India-Eurasia collision [Tapponnier and
Molnar, 1977]. Both earthquakes were dominated by strike-
slip mechanisms. Several works have already addressed
some details of the surface rupture, seismological aspects,
or triggering issues for these two events [Khilko et al., 1985;
Baljinnyam et al., 1993; Chéry et al., 2001; Schlupp and
Cisternas, 2007; Choi et al., 2015; Rizza et al., 2015] that
will not be repeated here. Focus will be limited here to
aspects more specifically related to branching during the
rupture process of the second event, the Bolnay earthquake.
No obvious branches were documented for the Tsetserleg
event, although its surface rupture displays some degree of
geometrical complexity, including significant changes of
azimuth along the rupture path [Choi et al., 2015].

The Bolnay rupture is formed by a main E-W rupture,
about 385km long, where strike-slip dominates the defor-
mation style. The left-lateral surface slip averages 6 m
with a maximum surface slip about 10.6m, documented
200km east of the epicenter. A major 80 km long branch,
the Teregtiyn fault, is associated with the main rupture
(Figure 11.1). This branch is itself divided into two sections
15km long and 65km long respectively. The Teregtiyn

fault strikes N140E, making an angle of 44° with the main
rupture (Figure 11.1). Displacement along the Teregtiyn
branch is mostly characterized by right-lateral strike-slip,
kinematically consistent with the left-lateral motion along
the main rupture, with some thrust component along the
closest section to the main rupture. Horizontal slip is about
Im to 3m, and thrust motion reaches 1.3m on average.
For the sake of completeness, the Dungen fault should
also be mentioned. It is oriented N-S, about 90° from the
main rupture. This fault, located about 100km eastward
from the epicentral area, is about 35km long. Ground surface
ruptures are characterized by a series of right-lateral
en-echelon cracks with no obvious primary fault plane.
At this stage it is impossible to assess the existence of a
fully connected fault plane even at depth. This part of the
rupture is actually not connected to the main Bolnay
rupture, and although it is classically associated with the
rupture of the Bolnay earthquake [Schlupp and Cisternas,
2007], the timing of the rupture remains arguable, and it
could be associated with the Tsetserleg event as well. In any
case, this branch does not seem to have influenced the rup-
ture pattern of the Bolnay earthquake significantly, and it
will not be discussed further here.

The Bolnay event typifies events where the epicenter is
located at the junction point between the main rupture and
a major branch. Although uncertainty about epicentral
location due to scarcity of records impedes more precision,
seismic source inversion [Schlupp and Cisternas, 2007] sug-
gests that the rupture might have actually started at the
northern end of the Teregtiyn branch, triggering bilateral
rupture along the main fault trace, from the junction point.
During the same time, part of the rupture also propagated
southward along the Teregtiyn fault. Both faults have a
long-term imprint in the topography that denotes that they
have been active for quite some time. Cumulative offsets
along the Teregtiyn, however, are smaller with a maximum
documented value of 16.5m, which confirms that this fault

 M8.6 Bulnay
EQ epicenter

(July 23, 1906)
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Figure 11.1 General rupture map of the 1905 earthquake sequence in Mongolia, including both the Tsetserleg
and the Bolnay earthquakes. The epicenter of the Bolnay rupture is located in the area where the Teregtiyn fault
connects to the main Bolnay fault. See electronic version for color representation.

05/18/2017 12:29:35 PM



220 FAULT ZONE DYNAMIC PROCESSES

is a secondary structure, not necessarily activated every time
the main Bolnay fault breaks. Mapping of the 1905 surface
rupture reveals that the two faults do not join through a
triple junction characterized by simple well-defined fault
traces (Figure 11.2). Instead, the exact location of the junc-
tion is characterized by a maze of cracks mostly located in
the inner corner between the two fault strands. Outside of
this zone, damage is limited to a few cracks oriented
according to the fabric of the local geology. Many cracks,
including the structures bounding the area to the south,
are mainly showing evidence of extension, in agreement
with the local kinematic controlled by simultaneous

activation of the left-lateral Bolnay fault and the right-
lateral Teregtiyn segment. Indeed, the pattern of rupture
illustrates that such junction could not be stable over long
periods of time, and fault geometry at that location has to
reconfigure itself during each event to accommodate nega-
tive volumetric change.

11.2.2. The 2002 Mw 7.9 Denali Earthquake, Alaska

On 3 November 2002, the Mw 7.9 Denali earthquake
broke 340km of the central part of the Denali fault
(Figure 11.3) in Alaska, USA [Haeussler et al., 2004].

Bolnay rupture

L=z

~ Main strand of the 1905 EQs coseismic rupture
~ Subsidiary rupture & crack from the 1905 EQs

_ - Tectonic scarp not activated during the 1905 EQs

Figure 11.2 Detail of the rupture pattern associated with the 1905 Bolnay earthquake, derived from satellite
imagery analyses and field observations. The corner in-between the Bolnay rupture and the Teregtiyn branch
appears to be significantly shattered by randomly oriented cracks. See electronic version for color representation.
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Figure 11.3 General rupture map of the 2002 Denali rupture (in red) and of the Denali fault system. CDF = Central
Denali fault, EDF=East Denali fault, WDF=West Denali fault, SGF =Susitna Glacier fault, TF=Totschunda fault.
Adapted from Schwartz et al. [2012]. See electronic version for color representation.
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This fault is part of the complex fault system that accom-
modates the collision between the Yakuta block and
the North America block [Elliott et al., 2010] through a
partitioned tectonic system [Vallage et al., 2014], where
the Denali fault acts as a major right-lateral strike-slip
fault. The long-term slip rate along the central part of
the Denali fault is about 123 mm/yr [Matmon et al.,
2006; Mériaux et al., 2009].

The rupture initiated along the Susitna Glacier fault
segment, a thrust fault that was unrecognized before the
2002 earthquake [Haeussler et al., 2004]. After 48 km,
this thrust fault connects to the central Denali fault,
where the rupture developed as a pure strike-slip rupture
for about 225 km, before branching onto the Totschunda
fault, where it ruptured 66km additional kilometers
(Figure 11.4). On average, the horizontal motion was
4.5mto Smwith a reported maximum of 8.8 m[Haeussler
et al., 2004]. The average right-lateral horizontal slip
along the Totschunda segment is 1.7m. Seismological
records suggest that part of the rupture went super-shear
in the central section, although it was only along a limited
section that ended even before the rupture approached
the junction between the proper Denali fault and the
Totschunda fault branch [Dreger et al., 2004; Dunham
and Archuleta, 2004].

The reason why the Denali rupture branched on the
Totschunda fault has been widely discussed. Coming
from the west along the Denali fault, at 62.82°N,
143.35°W the Denali fault splits into two strands, the
eastern Denali fault to the north and the Totschunda
fault to the south. Each strand accommodates about half

of the total slip rate of the Denali fault [Matmon et al.,
2006]. Although the full fault geometry is not yet well
understood, the two strands get back together about
250km farther south into a single Denali fault [Spotila
and Berger, 2010]. Recent observations suggest that along
the eastern Denali section, soon after the junction, the
strike-slip component of the Denali fault becomes very
small and that the fault is currently dominated by dip-
slip motion [Marechal, 2015]. Most of the strike-slip
component would then be accommodated along the
Totschunda strand [Marechal et al., 2015]. In the field,
however, the morphological trace of each segment can
be followed to the exact junction point (Figure 11.4),
suggesting that both segments have been active during
the Late Quaternary. Schwartz et al. [2012], based on pale-
oseismological findings, argue that according to the timing
of the last earthquake on each strand, it was more favora-
ble for an earthquake rupture propagating eastward to
continue along the Totschunda fault rather than along
the eastern Denali fault; the accumulated slip-deficit
since the last event on the east Denali fault would be
somewhere between 0.62m and 3.65m, whereas the accu-
mulated slip-deficit along the Totschunda fault would
stand somewhere between 2.77m and 5.29m. Hence, for
these authors, there was no need to invoke any additional
processes to explain the branching of the Denali rupture.
Conversely, several studies have considered more specifi-
cally the local stress conditions [Dreger et al., 2004] and
the effect of dynamic propagation of the rupture during
the Denali earthquake [Bhat et al., 2004] as the main
causes for branching. In fact, the Totschunda branch is
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Figure 11.4 Detail from Figure 11.3. Area where the Totschunda fault branches off from the Eastern Denali fault
strand. The two fault systems appear to be well connected and the 2002 Denali rupture (in red) is very continuous
across the junction. After Schwartz et al. [2012]. See electronic version for color representation.

05/18/2017 12:29:37 PM



cllindd 222

222 FAULT ZONE DYNAMIC PROCESSES

located in the extensional quadrant of the central Denali
fault and is naturally prone to rupture when dynami-
cally loaded by a seismic rupture coming from west
[Kame et al., 2003], independently of the rupture speed.
Hence, because the uncertainties on dating past earth-
quakes along the Denali fault and the Totschunda fault
remain large, no definitive conclusion can be drawn
from paleoseismic data alone. Also, it is difficult at this
stage to ascertain that dynamic rupture effect is the only
reason the rupture branched, it is clear that it could have
only helped.

11.2.3. The 2001 Mw 7.8 Kunlun Earthquake, China

On 14 November 2001, the Kunlun earthquake, also
coined the Kokoxili earthquake, broke 430km of the
Kunlun fault. The moment magnitude for this event,
dominated by left-lateral strike-slip, is Mw 7.8. The
Kunlun fault counts as one of the largest continental
strike-slip faults to participate in the eastward extrusion of
Tibet, in the context of the continental collision between
the Indian plate and the Eurasian plate [Tapponnier and
Molnar, 1977]. The Kunlun fault is about 1500km long,
with a finite offset estimated to be about 150km [Van Der
Woerd et al., 2000]. Slip rates at different time scales have
been estimated along this fault; along the western section
of the fault, which is of concern here, both geodetic and
long-term geologic slip rates point to values about 10 mm/
yr£2mm/yr [Wang et al., 2001; Van Der Woerd et al., 2002;
Liet al., 2005]. The Kunlun fault is segmented at a different
spatial scale; at a scale of hundreds of kilometers, the fault
is characterized by sections with significant differences
(>5°) in azimuth that translate into some dip-slip compo-
nent, in addition to the dominant strike-slip motion. For
example, the Xidatan section, located directly east of the
Kunlun rupture, is characterized by a slight opening com-
ponent in addition to the lateral motion to accommodate
the ~10° azimuth difference between the two successive
fault sections. This first-order structuration of the fault is
most probably related to the existence of an older suture

zone, associated with the progressive buildup of the
Tibetan plateau [ Tapponnier et al., 2001], that guided the
early localization of the deformation during the more
recent emplacement of the strike-slip fault. The fault
appears also to be segmented at a smaller scale of 10km
to 20 km. Structural discontinuities, such as relay zones,
bends, and joining side faults can be found along the 2001
earthquake surface rupture. These coincide with strong
variation in the coseismic slip distribution and were inter-
preted as evidence of such segmentation [Klinger et al.,
2006; Klinger, 2010].

The Kunlun earthquake rupture was unilateral [ Vallee
et al., 2008]. The rupture initiated in a small pull-apart
basin and after going through an oblique normal fault
section, it fully developed along the Kusai segment, over
~270km (Figure 11.5). Then the rupture branched south-
ward on the so-called Kunlun Pass fault, where the rup-
ture propagated for an extra 70km before dying out,
leaving the Xidatan segment, the long-term continuation
of the Kunlun fault, unbroken. Along the eastern section
of the Kunlun Pass fault, in addition to the strike-slip
motion, a significant thrust component was observed
with the fault dipping to the north [Klinger et al., 2005].
Detailed measurements of the rupture velocity along the
Kusai segment and the Kunlun Pass fault show that along
a significant part of the Kusai segment the rupture went
super-shear [ Bouchon and Vallée, 2003; Vallee et al., 2008].
Eventually, the rupture slowed down at the branching
point that corresponds to a change of azimuth of about
5° southward along the rupture. The horizontal slip, after
a progressive increase of up to ~6m when approaching
the branching point location from the west, dropped
abruptly to less than 2m at the fault junction. Such
asymmetric slip profile is often associated with fault
asperities [ Manighetti et al., 2004; Klinger et al., 2006],
which would also be consistent with the brutal slow
down of the rupture propagation.

The seismological history of the Xidatan section, the
long-term continuation of the Kunlun fault east of the
Kusai section, is not well established yet. The morphology
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Figure 11.5 Rupture map of the Mw 7.8 2001 Kunlun earthquake. The red star marks the epicenter location. The
rupture went unilaterally and ended on the Kunlun Pass fault, leaving the Xidatan section unbroken. After Klinger
et al. [2005]. See electronic version for color representation.
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of the fault along this segment is rather smooth, and the
few available dates from undeformed alluvial surfaces
and paleoseismological trenches suggest that no earth-
quake has occurred along this segment during the last
280 years [Van Der Woerd et al., 2002], although one
earthquake probably occurred along the Xidatan section
during the last 600 years [Lin et al., 2006; Klinger et al.,
2015]. Along the Xidatan segment, as well as along the
Kusai segment, few evidence for past earthquakes com-
bined with measured coseismic deformation from the
2001 event and the slip-rate yield an average return time
for a large event close to 500 years [Klinger et al., 2015].
Hence, the Kunlun earthquake occurred at a time when
one could expect that the adjacent segment was already
partially tectonically loaded, although not necessarily yet
on the verge of failure.

Detailed mapping of the surface rupture related to the
2001 earthquake at the branching location (Figures 11.6
and 11.7) reveals a complex pattern of rupture. Overall,
the rupture appears continuous across the branching sec-
tion. The rupture, however, which is rather linear along the
Kusai section, becomes more segmented with several
right-stepping jogs generating local small compressional
features as it approaches the junction. Eventually, once
the rupture has propagated through the junction and
continues along the Kunlun Pass fault, the surface rup-
ture pattern gets back to a simpler linear surface expres-
sion (Figure 11.6). At the junction location, the main
rupture trace bounds to the south the area affected by
cracks. No significant ground rupture can be observed
directly south of the main surface rupture. Only a few
extensional cracks are documented several kilometers
south from the main rupture, which are associated with
the super-shear rupture propagation [Bhat et al., 2007]
and are not directly related to the branching process.
Conversely, the area, about 500m wide and located

93.24 93.30

directly north of the main rupture trace, appears to be
extensively affected (Figure 11.7) by a set of cracks that
become more and more oblique to the main rupture trace
as one moves eastward. The intensely damaged section is
about 5.5km long, starting from the place where the rup-
ture begins to depart from the main Kusai section trace,
right stepping toward the Kunlun Pass fault, to end where
a well-established Kunlun Pass fault runs southward from
the Xidatan section, about 1.2km south of it. Actual sense
of motion for individual cracks is not easy to determine,
for each crack bears only a small amount of displace-
ment. Most of the cracks, however, seem to accommodate
at least a minor component of vertical deformation, while
horizontal component is harder to recognize. The cracks
are grossly parallel, aligned along a direction close to the
local azimuth of the Xidatan section. The length of the
cracks, which could also probably be called branches, var-
ies from few meters to almost one kilometer for the long-
est. Such rupture pattern suggests that when the rupture
arrived at the junction, probably at super-shear speed
[Vallee et al., 2008], the rupture attempted to breach
toward the Xidatan segment. However, the triggering of
the rupture along the western termination of the Xidatan
section seems to have been hindered, probably by the pres-
ence of a strong asperity, while at the same time branching
of the rupture along the Kunlun Pass fault was promoted
by a low angle between the branch and the main fault, a
close direction (<25°) of principal horizontal stress with
the local fault azimuth, and a super-shear rupture [Kame
et al., 2003]. As the rupture fully developed along the
Kunlun Pass fault, quickly the Xidatan section was in the
shadow zone of the propagating rupture and could not
rupture anymore. Hence, in the case of the Kunlun earth-
quake, both the specific geometry of the branch (low
angle with the main fault) and the horizontal stress direc-
tion appear to have been key in promoting branching in
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~ 2001 main ground rupture
2001 secondary cracks
“~ norupturein 2001
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Figure 11.6 Detail from Figure 11.5. Junction between the Kusai section, to the west, the Xidatan section, long-
term continuation of the Kunlun fault, and the Kunlun Pass fault. The rupture progressively jumped southward as
it was moving eastward. Long-term morphology suggests that the rupture was following the path already used by
previous earthquakes. Metric-resolution satellite image in background gives some sense of topography. Almost all
drainages, including the major drainage at the junction between Xidatan and Kusai sections, flow south.

See electronic version for color representation.
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Figure 11.7 Detail of the zone in Figure 11.6 where the rupture branched off on the Kunlun Pass fault, instead of
rupturing the Xidatan section. Numerous cracks north of the main rupture trace attest that the rupture tried to
connect to the Xidatan section. Interestingly, almost no cracks are visible south of the main rupture. See electronic
version for color representation.

the compressional quadrant, when in most configura-
tions it is easier to promote rupture in the extensional
quadrant [Kame et al., 2003]. In the case of the 2001 event,
super-shear rupture velocity made this configuration even
more favorable for such branching.

Interestingly, the Kunlun fault is characterized by dis-
tinctive morphology along most of its length, which attests
to its long-term activity and makes it easily identifiable in
the landscape [Li et al., 2005; Klinger et al., 2015]. Similarly,
although cumulative offsets are smaller, the western end of
the Kunlun Pass branch is also characterized by evidence
for long-term activity and a significant imprint in the
landscape. At the junction between the proper Kunlun
fault and the Kunlun Pass fault, however, the morphology
is more confused. Anywhere else, the Kunlun fault is usu-
ally characterized by some linear topographic features
such as ridge, valley, or fault scarp aligned with the fault
direction, that crosscut the general morphology associated
with the Kunlun Range, grossly controlled by the regional
north-south drainage direction. The location of the junc-
tion, instead, is characterized by some positive topography
with no clear evidence for a throughgoing fault, and an
oblique river channel flowing south across the range
(Figures 11.6 and 11.7). The channel does not show any
obvious evidence of long-term left-lateral offset, as should
be expected if earthquake ruptures would regularly offset
the channel. Eventually, it suggests that earthquake rup-
tures propagating eastward along the Kusai section might
never fully break through this asperity to connect to the
Xidatan section. Instead, due to geometry and stress condi-
tion, the rupture would just stop at the junction or might
branch to the Kunlun Pass Fault. The effect would be even
more enhanced when super-shear propagation occurs. The
positive topography visible at the junction site would then
be associated with compressional deformation related to
the right stepping of the rupture, accommodated by a myr-
iad of cracks in the jog area. Hence, such a scenario would
imply that earthquakes rupturing the Xidatan segment
would either initiate at the junction and propagate east-

ward, or if propagating from the east, they would system-
atically end at the junction. Because some deformation is
accommodated at the pressure ridge, and because the
Xidatan fault and the Kunlun Pass fault run almost paral-
lel for some distance, allowing for a progressive transfer of
deformation, no long-term slip deficit should be expected
at the junction between the two faults. The exact nature of
structural connection, including at depth, between the
Kusai segment and the Xidatan segment might, however,
be more complex than previously thought and would
deserve further investigation.

11.3. DISCUSSION

In the last decade, significant efforts have been made
to try to improve earthquake hazard assessment in the
framework of national or international consortiums, such
as the Uniform California Earthquake Rupture Forecast
project [Field et al., 2014] or the Global Earthquake
Model project (http://www.globalquakemodel.org/gem/).
The main emphasis, for aspects directly related to geology,
is on compiling accurate fault maps and the most com-
plete earthquake record, including paleoseismicity, for
each fault system considered. The way to incorporate
fault geometry and possibilities for a rupture to jump
from one fault to the next one, or to trigger rupture on a
secondary fault, are at the core of the most recent devel-
opments of such projects and are highly debated in the
literature [Liu and Duan, 2015; Mignan et al., 2015].

Fault branches are first-order features when it comes to
characterizing fault geometry. Careful examination of
earthquake ruptures during the last century, when accept-
able quality rupture maps are available, shows that in the
majority of strike-slip cases, a major branch is involved.
In some cases the epicenter or the end of the rupture is
co-located with the junction between the main fault and
the branch, such as in the case of the Bolnay earth-
quake discussed earlier in this chapter, or the Mw 7.1
Hector Mine earthquake in 1999 [Jonsson et al., 2002].
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More interestingly, the rupture often branches off the
main fault during propagation to end up in a cul-de-sac,
where it dies out, stopping the earthquake. This is the
case, for example, with the earthquakes of Denali or
Kunlun, extensively discussed earlier in this chapter, but
it has been documented for many other large earthquakes
such as the Mw 7.9 1939 Erzincan earthquake along the
North Anatolian fault, Turkey [Barka, 1996]; the Mw 7.2
[zmit/Mw 7.1 Ducze earthquake sequence in 1999, also
along the North Anatolian fault [Rockwell et al., 2002];
or the Mw 7.9 Manyi earthquake in Tibet [Peltzer et al.,
1999], to name only a few. In several cases, although the
branch could be identified in the landform morphology
even before the most recent earthquake took place, a
well-developed connection between the main fault and
the branch was not always easy to recognize, if existing at
all. In fact, in the case of strike-slip motion, the location
where a branch connects to the main fault is similar to a
triple junction between three strike-slip faults and, as
such, should not be expected to be stable through time
[McKenzie and Morgan, 1969], possibly hindering devel-
opment of a clear morphological signature. At short
timescale, stress-shadowing effects during an individual
rupture might also come into play to prevent concomi-
tant rupturing and further connection of the three legs of
the fault junction [4ndo et al., 2009].

Identification of such structures, understanding of
their impact on rupture propagation, and incorporation
of such knowledge in earthquake rupture scenario might,
however, prove to be efficient in limiting the number of
possible rupture scenarios to test while assessing seismic
hazard for large regions. The example of the Kunlun rup-
ture suggests that in that case, any rupture that would
propagate eastward along the Kusai section might branch
and die on the Kunlun Pass fault. Similarly, our observa-
tions suggest that rupture along the Xidatan section
would either initiate or end at the junction but not go
through this junction. Hence, such considerations limit
the number of potential rupture scenarios along this part
of the Kunlun fault, as well as the size of potential earth-
quakes. Similar factors have been taken into account in
considering the following: various rupture scenarios
along the Marmara Sea section of the North Anatolian
fault [Oglesby et al., 2008], possibilities of simultaneous
ruptures of the southern section of the San Andreas fault
and of the San Jacinto fault [Lozos et al., 2012; Lozos,
2016], and rupture extent along the Altyn Tagh fault
[Elliott et al., 2015].

Eventually, it appears from case studies that fault
branching is a major player in the propagation and arrest
of, at the minimum, strike-slip ruptures. It is likely that
branches would also be important during propagation of
dip-slip ruptures [Templeton et al., 2010; Melnick et al.,
2012; Xu et al., 2015].

A significant effort in developing conceptual models
and efficient modeling tools has been emerging in the last
decades to account for such complex geometry. Taking
advantage of the increase in computational capabilities,
models including dynamic rupture propagation on multi-
ple planar vertical fault planes embedded in a volume have
been developed that give us some new insight into dynamic
fault interaction, including fault branching [Oglesby et al.,
2008; Lozos, 2016]. Planar nonvertical faults have also
been modeled to look at geometry effects for dip-slip faults,
such as the thrust fault that caused the Mw 7.7 Chi-Chi
earthquake in Taiwan in 1999 [Oglesby and Day, 2001].
Recent work explored possibilities of models including
nonplanar faults [Duru and Dunham, 2016], which show
the impact of fault roughness on wave propagation and
deformation patterns [Bruhat et al., 2016].

Eventually, these different approaches will converge to
provide the community with some tools able to incorpo-
rate field data with a level of detail similar to what is pre-
sented in this chapter. Based on real case studies, we
might then be able to better understand what actually
controls rupture branching and to focus only on the most
likely rupture schemes when running earthquake scenario
for an entire fault system.
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