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a b s t r a c t
Recent observations of large continental strike-slip earthquakes show that different fault segments may
rupture at different speeds and that rupture may propagate faster than the shear wave velocity of
surrounding rocks. We report that all the documented occurrences of supershear rupture are associated with
faults which have simple geometry. The surface trace of these faults is described in the ﬁeld or seen on
satellite images as remarkably linear, continuous and narrow. Segmentation features along these segments
are small or absent and the deformation is highly localized. As theoretically predicted, supershear is clearly
associated with Mode II rupture.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
Rupture of a material can be described as a combination of three
modes. In Mode I the displacement discontinuity (slip) between the two
faces of the crack is normal to the crack faces. In the other two modes,
slip occurs along the surface of discontinuity, in the direction
perpendicular to the crack front (Mode II) or in the direction parallel
to it (Mode III). Earthquakes are a combination of Mode II and Mode III
rupture. Mode III is prevalent in large subduction earthquakes while
Mode II is predominantly the mode of rupture of long strike-slip faults.
In Mode I, rupture speed cannot exceed the Rayleigh velocity of the
material while the limiting speed for Mode III is the shear wave velocity.
In the 1970s, theoretical studies in fracture dynamics (Burridge, 1973;
Freund, 1979) and numerical studies (Andrews, 1976; Das and Aki,
1977) showed that Mode II rupture cannot propagate between the
Rayleigh and the shear wave velocities but can propagate faster than the
shear wave of the material and up to its P-wave speed.
These theoretical predictions have been conﬁrmed by laboratory
experiments (Rosakis et al., 1999; Xia et al., 2004). Indeed the ﬁrst
direct measurement of rupture velocity in a material was supershear
(Rosakis et al., 1999).
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The ﬁrst inference of an earthquake rupture velocity exceeding the
shear wave speed was made during a Mw 6.5 strike-slip earthquake in
California, the 1979 Imperial Valley earthquake (Archuleta, 1984;
Spudich and Cranswick, 1984). In the subsequent 20 years no other
observation of supershear rupture was reported. A possibility to
account for the Imperial Valley observation and the lack of further
reports is that the 1979 earthquake was exceptionally well recorded.
Studies of large strike-slip earthquakes which have occurred over the
last decade, under improved recording conditions, have shown
several occurrences of supershear rupture. Such observations have
been reported for the Mw 7.6 1999 Izmit (Turkey) earthquake
(Ellsworth and Celebi, 1999; Bouchon et al., 2000, 2001), the Mw 7.2
1999 Düzce (Turkey) earthquake (Bouchon et al., 2001; Bouin et al.,
2004; Konca et al., 2010), the Mw 7.8 2001 Kunlun (Tibet) earthquake
(Bouchon and Vallée, 2003; Robinson et al., 2006; Vallée et al., 2008;
Walker and Shearer, 2009; Wen et al., 2009), the Mw 7.9 2002 Denali
(Alaska) earthquake (Aagaard and Heaton, 2004; Dunham and
Archuleta, 2004; Ellsworth et al., 2004; Frankel, 2004; Walker and
Shearer, 2009). It seems well established that in each case, rupture
propagated at varying velocity, reaching supershear speed on some
fault segments while breaking others at sub-Rayleigh velocity.
What then characterizes supershear fault segments? To try to
answer this question, we begin with what is the simplest and most
obvious observable concerning a fault: its geometry.
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2. Fault geometry
2.1. Imperial Valley earthquake
The surface faulting produced by the 1979 Imperial Valley earthquake
was mapped in detail in the ﬁeld by Sharp et al. (1982). The segment
along which supershear rupture speed was inferred is shown in Fig. 1.
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The surface expression of the fault over this section, a little over 5 km
long, is a simple continuous linear scarp. As described by Sharp et al.
(1982) “the surface ruptures [in this area] were generally restricted to a
single echelon mole track”. This segment begins near an 85 m step-over
in the rupture trace termed “the most notable of the complexities” of the
southern half of the surface rupture (Sharp et al., 1982). The end of this
segment corresponds to the junction of the Imperial fault with the

Fig. 1. Trace of the surface rupture produced by the Imperial Valley earthquake in the zone where supershear rupture was inferred by Archuleta (1984). Kilometric values along the
fault trace indicate the distance from the start of the surface break.
After Sharp et al. (1982).
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Fig. 2. Segmentation of the surface trace of the Izmit rupture. The red trace indicates the observed (on land) rupture. The black trace is the estimated (underwater) rupture. Solid triangles denote major segmentation features while small open
triangles indicate small segmentation features. The epicenter and the extent of the supershear episode are shown.
Modiﬁed from Awata et al. (2003).
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Brawley fault where branching of the rupture occurred with both faults
rupturing.
2.2. Izmit earthquake
The map of the surface trace of the Izmit rupture is shown in Fig. 2.
This map displays the segmentation of the rupture inferred from ﬁeld
observations by Awata et al. (2003). The part of the fault on which
supershear rupture was inferred extends eastward from the hypocenter for about 50 km. It includes the Izmit-to-Sapanca (also called
Sarimese) section, the fault segment under Sapanca lake and most of
the Sakarya (or Ariﬁye) segment. Along this supershear strand, the
surface expression of the fault has been characterized by all the ﬁeld
investigators as simple, linear, and narrow: “Surface rupture [along
the Izmit–Sapanca segment] indicates a narrow (0.5 to 3 m)
deformation zone in general” (Barka et al., 2002); “The Sapanca–
Akyazi segment is typically expressed as a narrow (2–8 m wide)
rupture zone” (Barka et al., 2002); “Typically, the faulting [on the
Sakarya fault segment] was conﬁned to a simple trace, with little
motion transferred to secondary fractures or spays. Surface deformation was expressed as a narrow zone of cracks” (Langridge et al.,
2002); “The Sapanca segment is characterized by a relatively simple,
narrow (1–5 m wide) straight fault trace” (Hartleb et al., 2002);
“Surface rupture [along the Sakarya segment] is typically expressed as
a narrow (2–8 m wide) fault zone” (Hartleb et al., 2002).
Satellite images of the ground deformation obtained by SPOT
photograph correlation (Feigl et al., 2002; Michel and Avouac, 2002)
show the “very linear discontinuity” (Michel and Avouac, 2002) of the
ground displacement along the supershear fault strand (Fig. 3). These
authors further emphasize that along this strand “the coseismic fault
slip was entirely accommodated along the rupture seen at the surface”
and that “there was little if any coseismic deformation taken up by
distributed shear off the main fault's trace” and they conclude that
“the surface ruptures seem remarkably simple”.
Eastward of Sapanca lake, the Sakarya segment is linear and
continuous for about 18 km. Then, the rupture abruptly makes a
1.5 km-wide step to the north (Barka et al., 2002; Langridge et al.,
2002). This restraining step-over marks the end of the simple nearlycontinuous linear surface break mapped in the ﬁeld and imaged from
space, which extends eastward for about 50 km from the epicentral
area. Its location closely corresponds to the end of the inferred
supershear episode of the rupture (Bouchon et al., 2002). However,
the space–time model inferred for the rupture from the near-fault
recordings is not precise enough to know if this step-over provoked
the end of the supershear episode or if the rupture had already
decelerated a few kilometers before.

Fig. 3. Optical satellite image of the Izmit region obtained by correlating two sets of
photographs (SPOT) taken before and after the earthquake. The image shows the strong
and linear localization of the deformation along the supershear segment (see Fig. 2 for
geographic referencing).
After Michel and Avouac (2002).
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Quite remarkably, the part of the fault where supershear rupture was
inferred seems free of any signiﬁcant geometric segmentation (Awata
et al., 2003, Fig. 2), except, possibly, under Sapanca lake The geometry of
the fault under the lake, however, is not directly known. Some geologists
have argued that the lake is a pull-apart basin (Barka et al., 2002; Lettis
et al., 2002) and that the fault steps over from the Izmit–Sapanca
segment, which they suggest runs near the northern margin of the lake,
to the Sakarya segment, located one or two kilometers to the south.
However, other authors are less afﬁrmative about the existence of this
step-over. For Aydin and Kalafat (2002), if “it is possible that there may
be [a] discontinuity or step-over in the rupture zone under the lake”, “it
is unlikely that the lake Sapanca step-over is as wide as the lake itself and
is solely responsible for the present form of the lake.” They propose “that
lake Sapanca [] owes its geometry and size to faults immediately to the
north and south of the lake in addition to the fault strands associated
with the Izmit earthquake”. Arpat et al. (2001) and Herece and Akay
(2003) consider that the fault is continuous under the lake. The lake
bathymetry (Lettis et al., 2002) does not show any direct evidence of a
step-over between the Izmit–Sapanca segment to the west and the
Sakarya segment to the east. Indeed, as can be seen in Figs. 2 or 3, the
linear extrapolation of the Sakarya segment westward across the lake
would meet the Izmit-Sapanca segment near the very location where it
enters the lake. A set of observations which strongly argues against the
presence of a step-over beneath the lake is the spatial slip distribution
which shows that the zone of maximum slip occurred around Sapanca
lake (Reilinger et al., 2000; Barka et al., 2002; Michel and Avouac, 2002;
Awata et al., 2003; Çakir et al., 2003a). Such an observation seems
difﬁcult to conciliate with the fact that slip usually goes to a minimum at
a step-over. As stated by Michel and Avouac (2002): “Unexpectedly, it
seems that the near-fault slip tends to be maximum at the junction
between the fault segments”. Thus, we believe that data and observations now available favor the geometric continuity of the fault under
lake Sapanca.
2.3. Düzce earthquake
The Düzce earthquake occurred three months after the Izmit
earthquake and extended the 150 km long rupture some 40 km
eastward. Like the Izmit earthquake, it was a bilateral event
nucleating near the middle of the fault (Fig. 4) and near-ﬁeld
recordings show some evidence that, while rupture propagated
westward from the hypocenter at sub-Rayleigh velocity, the eastward
propagation occurred at an average speed exceeding the crustal shear
wave velocity (Bouchon et al., 2001; Bouin et al., 2004; Konca et al.,
2010). Remarkably, this inferred difference in rupture speed corresponds to clearly marked differences in the rupture geometry and
morphology: As described by Pucci et al. (2006), who made the most
extensive ﬁeld study of the Düzce rupture: “Overall, we recognized
two different sections of the Düzce segment: a western section, where
the coseismic fault trace has a staircase trajectory and reactivated part
of the older fault system; an eastern section, where the coseismic fault
trace shows a straight trajectory and cross-cuts the older and complex
fault system”. These differences are detailed in Pucci (2006): “The
present-day Düzce fault activity occurs along two fault sections that
show different architecture: (1) the western section where the
coseismic fault trace follows mainly the saw-tooth trajectory of the
pre-existing regional fault system [], and (2) the eastern section,
where the coseismic fault trace cross-cuts and violated completely the
en-échelon pattern of the regional fault system”. As also noted by
Akyüz et al. (2002), this eastern section of the fault is remarkably
narrow and linear.
2.4. Kunlun earthquake
The Kunlun (also called Kokoxili) earthquake occurred along one
of the major strike-slip faults of Tibet and produced the longest
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Fig. 4. Map of surface rupture of the Düzce earthquake (black line). The epicenter is shown by the star. The fault dips about 65° northward. The red arrows show the zones where sub-Rayleigh and superhear rupture velocities were inferred.
Modiﬁed from Pucci (2006).

M. Bouchon et al. / Tectonophysics 493 (2010) 244–253

surface rupture ever observed, a nearly-continuous break extending
for about 425 km (Xu et al., 2006) (Fig. 5). This surface rupture can be
divided into three main sections displaying different structures and
morphologies: In the west, where the earthquake began, a strike-slip
section about 26 km long on a secondary fault which is part of the
horsetail fault system that ends the Kunlun fault westward, followed
by a 50 km long transtensional section and after a sudden bend of
about 20° in strike, a remarkably straight 350 km long strike-slip
section. Seismic records indicate that the ﬁrst two sections broke at
sub-Rayleigh velocity, but that some time after reaching the long and
straight stretch of the Kunlun fault, rupture accelerated considerably,
breaking most of this very long segment at supershear speed
(Bouchon and Vallée, 2003; Robinson et al., 2006; Vallée et al.,
2008; Walker and Shearer, 2009; Wen et al., 2009).
The surface rupture of this main segment has been mapped in
great detail during several ﬁeld investigations (Lin et al., 2002; van der
Woerd et al., 2002; Xu et al., 2003, 2006; King et al., 2005) and using
high-resolution satellite imagery (Fu and Lin, 2003; Fu et al., 2005;
Klinger et al., 2005, 2006; Lasserre et al., 2005). The major
characteristic of this 350 km long stretch of the fault, which comprises
the Hongshui He/Kusai Hu segment (often simply referred to as the
Kusai Hu segment) and the Kunlun Pass segment, is its straight
geometry (Fig. 5). As described by van der Woerd et al. (2002), “The
Kusai Hu segment of the Kunlun fault is remarkably straight between
91° and 94°”. As also noted by Klinger et al. (2006), “From the point
where the ruptured joined the Kusai section, it propagated eastward
for about 270 km without any major change in strike.” This linearity is
particularly evident from space: “In the satellite image, the traces of
the Kusai Lake and Kunlun Pass faults exhibit striking lineaments” Fu
et al. (2005).
After rupturing the 270 km long Kusai Hu segment, rupture,
instead of bending its path northward to continue on the main Kunlun
fault, kept propagating nearly straight along a secondary strand, the
Kunlun Pass fault, which lies in the direct prolongation of the Kusai
segment.
2.5. Denali Fault earthquake
The Denali Fault earthquake ruptured the earth's surface over
about 340 km along three different faults (Fig. 6). It initiated on a
thrust fault and then propagated as a strike-slip rupture, ﬁrst for about
220 km along the Denali fault, then for another 66 km along the
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Totschunda fault. There is some evidence (Aagaard and Heaton, 2004;
Dunham and Archuleta, 2004; Ellsworth et al., 2004; Frankel, 2004;
Walker and Shearer, 2009) that after beginning at sub-Rayleigh
velocity, rupture propagated at supershear speed over part of the
Denali fault before decelerating again to sub-Rayleigh velocity. The
precise length of the supershear segment is unknown. What seems
well established is that rupture went by the only near-fault
accelerometer station at supershear speed (Aagaard and Heaton,
2004; Dunham and Archuleta, 2004; Ellsworth et al., 2004). Modeling
of the ground motion recorded there indicates that rupture had
propagated at that speed for at least 35 km before reaching the station
(Dunham and Archuleta, 2004). Details of the corresponding surface
rupture over this relatively short range are sparse. It is “typically a
single break, without splays or parallel traces” (Haeussler et al., 2004).
A large part of it occurs in glacier ice where it is “usually expressed as a
jogged linear trace [] inﬂuenced by the ice fabric” (Haeussler et al.,
2004).

3. Surface slip characteristics
3.1. Imperial Valley earthquake
The modeling of the near-fault recordings shows that the largest
slip during the 1979 earthquake—about 1.6 m—occurred on the short
supershear section of the fault (Archuleta, 1984), and that it was
nearly pure strike-slip. Only a small portion of this slip, about 40 cm,
reached the surface, producing ground fracturing typical of strike-slip
fault ruptures (Sharp et al., 1982). The vertical component of slip there
was minor, in contrast to the fault section to the north where the
vertical component of movement was relatively large and was often
the dominant component (Sharp et al., 1982).

3.2. Izmit earthquake
The slip distribution along the surface rupture, obtained from ﬁeld
measurements, is displayed in Fig. 7 (Awata et al., 2003). Along the
supershear segment, motion is almost purely right-lateral. When
present, vertical displacement is considerably smaller. This explains
the weak geomorphic expression of the fault along the Izmit–Sapanca
segment and the non-recognition of the Sakarya fault segment prior
to the earthquake (Emre et al., 1998; Langridge et al., 2002). The

Fig. 5. Topographic image of the Kunlun earthquake region. The epicenter is indicated by a star. The rupture trace is shown by the dots. Yellow and red dots indicate respectively subRayleigh and supershear rupture speeds.
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Fig. 6. Map of surface rupture of the Denali earthquake. The segment where supershear rupture was inferred by Ellsworth et al. (2004) and Dunham and Archuleta (2004) is shown
by the red line. Continuation of the supershear segment eastward (red dots) from the lone near-fault accelerometric station, located along the Trans Alaska Pipeline, is uncertain.
Modiﬁed from Haeussler et al. (2004).

Fig. 7. Surface slip measured in the ﬁeld along the Izmit rupture. The geographic extent of the supershear segment is indicated.
Modiﬁed from Awata et al. (2003).

variation of slip along the 50 km long supershear rupture is also
remarkably smooth.

3.3. Düzce earthquake
As described in the ﬁeld (Aydin and Kalafat, 2002): “The surface
faulting of the Düzce earthquake may be considered in three parts: the
western and central parts are characterized by transtension and
transpression respectively. The eastern part [where supershear was
inferred] displays typical strike-slip faulting. The vertical component
along this segment is minor and shows varying polarity”. The quasiabsence of vertical slip on the section of the fault where supershear
occurred (Fig. 8) is surprising as the Düzce fault is an oblique fault
plane dipping about 65° northward (Özalaybey et al., 2000; Bürgmann
et al., 2002; Çakir et al., 2003b; Bouin et al., 2004; Konca et al., 2010).
The correlation of satellite optical images (Konca et al., 2010) conﬁrms
that slip on the supershear segment is along strike and is smoothly
varying. Thus, again with the Düzce earthquake, the supershear
episode is associated with pure strike-slip faulting. Right-lateral slip
on this segment stays around 3 m before sharply decreasing towards
the end (Akyüz et al., 2002).

Fig. 8. Surface slip measured along the Düzce rupture.
From Akyüz et al. (2002).

3.4. Kunlun earthquake
The ﬁrst part of the long linear section of the Kunlun rupture—the
115 km long Hongshui He subsection—is “characterized by localized
left-lateral faulting with only minor vertical motion” (Xu et al., 2006).
There, as described by Klinger et al. (2005): “For over 100 km
eastward, the 2001 rupture is mostly single stranded and exhibits
nearly pure strike-slip motion.” To the east, this segment ends near
the outlet of the Hongshui He river, at which location the rupture
splits eastward in two subparallel segments (Klinger et al., 2005). For
about 70 km, these two surface rupture traces coexist (Fig. 9). The
nature of the two ruptures is remarkably different: “The southern
strand that cuts through bajadas and fan surfaces exhibits almost pure
strike-slip motion with typical associated morphology. The northern
strand is located at the base of the Kunlun range front, about 2 km
north from the southern strand, and exhibits mainly normal faulting
with vertical motion in the range of 0.5 to 1 m” (Xu et al., 2006). This
partitioning between coseismic strike-slip and normal faulting is
remarkable (King et al., 2005; Klinger et al., 2005). Although the
occurrence of dip-slip and strike-slip motion on parallel faults had
been observed before, the Kunlun earthquake provides the ﬁrst
unequivocal demonstration that this partition of slip, localizing
almost pure strike-slip and normal faulting on two parallel fault
strands, may occur simultaneously during one single event (Klinger
et al., 2005).
The fact that only Mode II ruptures—strike-slip motion in the
present case—can propagate at supershear speed, while Mode III
ruptures—the normal dip-slip motion in Kunlun—cannot exceed the
shear wave velocity of surrounding rocks implies a necessary
decoupling between the two modes of fracture during episodes of
fast propagation. This may provide the mechanism for the observed
slip partitioning. The geomorphology of the southern strand shows
that fracture there is nearly pure mode II: “The strike-slip faulting
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Fig. 9. (Top) Superposition of satellite (ICONOS) photographs showing part of the Kusai Hu segment of the Kunlun fault where slip partitioning occurred. (Bottom) Interpretation;
Ruptures are shown by red lines.
Modiﬁed from Klinger et al. (2005).

strand shows almost no evidence of signiﬁcant vertical motion” (Xu
et al., 2006). After running parallel to each other for about 70 km, the
two strands merge again into a single fault zone, located at, or a few
hundred meters south of, the mountain front. From this junction up to
its termination about 165 km further east, the fault zone deﬁnes a
single strand with little evidence of vertical motion.
3.5. Denali Fault earthquake
As mentioned earlier, there are relatively few details of the surface
rupture along the inferred supershear section of the fault, the reason
being that a large part of it occurs through glacier ice. Right-lateral
offsets in this section average about 5 m, while measurements of
vertical slip are typically around 50 cm (Haeussler et al., 2004).
4. Discussion
In all the documented observations of supershear ruptures, a
striking common feature is the simple geometry of the fault. Its
surface expression is always remarkably straight and continuous.
Mechanically this seems to require and to imply that stress–strength
conditions are relatively homogeneous along the fault. This is likely a
key factor for allowing rupture to go supershear. This is consistent
with two other sets of observations concerning supershear segments:
the low level of high frequency radiation and the near-absence of
aftershocks on the fault plane (Bouchon and Karabulut, 2008). The
surprisingly low peak ground accelerations recorded near the Izmit
(0.4 g) and Denali (0.36 g, Ellsworth et al., 2004) supershear segments
are readily explained by the absence of strong heterogeneities which
are the main source of high frequency seismic radiation (Madariaga,
1983).
Laboratory experiments and numerical simulations show that
rupture speed is very sensitive to the presence of geometrical fault
complexities such as bending, branching or step-overs and is often
reduced by such encounters (Harris et al., 2002; Poliakov et al., 2002;
Aochi and Madariaga, 2003; Rousseau and Rosakis, 2003, 2009; Bhat
et al., 2004, 2007; Templeton et al., 2009). They also show that, under
homogeneous pre-stress conditions, supershear rupture, when having
the choice between dual branches, tends to favor a straight trajectory
(Rousseau and Rosakis, 2009; Templeton et al., 2009). In particular,
these authors show that for a fault branching geometry similar to the
one existing in Kunlun at the end of the Kusai Hu segment (Fig. 5)

where the main Kunlun fault meets the Kunlun Pass fault, the straight
trajectory is preferred. This is precisely what happened during the
earthquake with rupture choosing the straight path—the Kunlun Pass
fault—and leaving unbroken, east of the junction, the main Kunlun
fault on which it had propagated until then. As told by Rousseau and
Rosakis (2009) in the analysis of their experiment “the rupture
velocity remains constant beyond the junction and moves past the
secondary path as if it had been absent” and “the rupture crosses the
junction without exhibiting any sign of having been disturbed and
seemingly without having acquired knowledge of the existence of the
incline”.
Another common feature of supershear observation is its association with remarkably pure Mode II rupture. Although this is
consistent with theoretical predictions, it makes us wonder if
sustained supershear rupture can develop in a mixed mode
environment and if the mode decoupling it implies plays a role in
slip partitioning.
5. Conclusion
Field investigations and satellite images show that faults which
rupture at supershear speed during earthquakes have remarkably
simple geometry. The linearity and continuity of supershear fault
segments and the absence of signiﬁcant segmentation features seem to
require and to imply quite homogeneous strength–stress conditions
along these segments. The homogeneity of friction along these faults is
consistent with the lack of aftershocks and the low background
seismicity of these segments. Sustained supershear rupture seems
associated with remarkably pure Mode II rupture.
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