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Abstract: An analysis of fault-related fold structures and the focal mechanisms of large earthquakes reveals that the
maximum horizontal stress is oriented sub-perpendicular to the intracontinental strike-slip Kunlun Fault, which triggered
the 1997 M,, 7.6 Manyi and 2001 M,, 7.8 Kunlun earthquakes upon the northern Tibetan Plateau. Based on seismic
inversion results and in sifu measurements of stress performed immediately before and after the 2001 M,, 7.8 Kunlun
earthquake, a low shear stress of <1 MPa is estimated for the Kunlun Fault, which is an order of magnitude less than the
shear strength obtained from laboratory measurements but compatible with that measured along the San Andreas Fault.
Geological and geophysical evidence confirms that the Kunlun Fault is rheologically weak and that it plays an important
role in accommodating eastward extrusion of the Tibetan Plateau in response to ongoing continental collision between the

Indian and Eurasian plates.
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INTRODUCTION

Fault strength is an important factor in understanding the
rupture mechanisms of large earthquakes and the rheological
properties of seismogenic faults. Geological and geophysical
evidence suggests that some crustal faults are weak
compared with laboratory measurements of frictional
strength [1-3]. In particular, the strength of the San Andreas
Fault (SAF) has been the subject of debate for decades, with
many studies concluding that the SAF is weak [2-5],
although others argue otherwise [6,7]. Studies on fault
strength are largely limited to the SAF, and a lack of
geological and geophysical data for intracontinental active
faults upon which large earthquakes repeatedly occur means
that the topic of fault strength remains an area of contention.
Accordingly, additional case studies and data on faults other
than the SAF are needed to deepen our understanding of this
fundamental but controversial problem.

In the present study, we focus on the strike-slip Kunlun
Fault, one of the major intracontinental active faults in the
Tibetan Plateau. We examine the strength of the Kunlun
Fault based on analyses of fault-related fold structures
developed upon late Pleistocene-Holocene alluvial fans
around the fault, in situ measurements of stress obtained
immediately before and after the 2001 M, 7.8 Kunlun
earthquake, and the focal mechanisms of large earthquakes.
We then discuss the implications of these findings for the
collisional tectonics of the Tibetan Plateau.

TECTONIC OUTLINE

The Kunlun Fault is located within the Kunlun mountains
of northern Tibet, at an average elevation of >4500 m. The
fault strikes E-W to WNW-ESE and extends for >1200 km
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(Fig. 1). Geological and seismic data reveal that the fault is
an active strike-slip fault, one of major active faults in the
Tibetan Plateau. More than 10 moderate to large (M >6.0)
earthquakes occurred on the Kunlun Fault over the past
century, with four M >7.0 events having produced distinct
surface rupture structures (Fig. 1), indicating that the fault is
currently active [8-10]. Recent studies show that the rate of
left-lateral displacement along the fault diminishes from 10-
20 mm/yr in the west to 2-3 mm/yr in the east, at an average
gradient of 1 mm/100 km [10]; these findings are consistent
with GPS observations [11]. The enormous length of the
fault and high rate of displacement play an important role in
the eastward extrusion of the Tibetan Plateau,
accommodating the ongoing northward penetration of the
Indian Plate into the Eurasian Plate [10-12].

STATE OF STRESS NEAR THE KUNLUN FAULT

Several instrumentally recorded large earthquakes have
occurred upon the Kunlun Fault in recent decades, including
the 1997 M,, 7.6 Manyi earthquake at the western extremity
of the fault [13] and the 2001 M,, 7.8 Kunlun earthquake in
the central segment of the fault [9]. The focal mechanisms
derived from these earthquakes indicate nearly pure strike-
slip displacement and NNE-SSW compression along the
entire fault (Fig. 1). This finding indicates that the maximum
horizontal stress is oriented orthogonal to the Kunlun Fault,
as with the SAF [2, 4].

Co-seismic surface deformation structures related to the
Manyi and Kunlun earthquakes indicate strike-slip
displacement and NNE-SSW compression, reflecting the
orientation of the principal stress along the fault. The Kunlun
earthquake produced a 400-450 km long co-seismic surface
rupture zone along the pre-existing Kunlun Fault with an
average strike-slip displacement of 3-7 m and the
development of co-seismic mole track structures [9, 14].
These field observations indicate that the faulting is
dominated by strike-slip displacement as a result of the

2010 Bentham Open



Weakness of the Intracontinental Strike-Slip Kunlun Fault The Open Geology Journal, 2010, Volume 4 63

Fig. (1). Landsat image (a) and LTM (Landsat Thermatic Mapper) image (b) showing the seismotectonic features of study area around the
Kunlin Fault in the Tibetan Plateau. (a) Small yellow arrows indicate the eastward movement direction of the Tibetan Plateau. Large yellow
arrows indicate the movement direction of the Indian plate and the Tibetan Plateau. (b) Beach balls show the focal mechanisms of large
earthquakes of magnitude > 6. Red lines along the Kunlun Fault represent surface ruptures produced by the 1997 M,, 7.6 Manyi earthquake,

the 2001 Mw 7.8 Kunlun earthquake, and the 1937 M 7.5 Tuosuo Lake earthquake. Sites 1 and 2 are the locations of in situ stress
measurements (data from Liao et al. [15]).
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Fig. (2). SPOT image (a) and rose diagram (b) showing the distribution and orientation of mole track structures produced by the 2001 M ,,
7.8 Kunlun earthquake and pre-existing fault-related fold structures developed on late Pleistocene-Holocene alluvial fans, at a site located ~6
km west of Kusai Lake (92°40°E, 35°50°N). (a) The 2001 mole tracks and pre-existing fault-related fold structures occurred along the co-
seismic surface rupture. This image was acquired in December 2001, after the Kunlun earthquake (modified from Lin ez al. [14]). (b) The
long axes of mole tracks and fault-related folds measured along the 450-km-long co-seismic surface rupture zone are oriented within ~10° of
the general trend of the Kunlun Fault (N80°W).

principal compressional stress being oriented perpendicular general trace of the Kunlun Fault (Fig. 2b), as also observed
to the fault. The mole track structures are generally along the SAF [4], indicating that long-term compressional
duplicated upon pre-existing fault-related fold structures stress has been oriented sub-perpendicular to the fault in
developed upon alluvial fans that formed in the period recent geological time (late Pleistocene-Holocene).

between the last glacial (late Pleistocene) and the Holocene

(Fig. 2a). The fold axes are orientated subparallel to the The above geological and seismic data indicate that the

Kunlun Fault is largely locked by NNE-SSW compressional
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Table 1. Results of Ground Stress Measurement and Estimated Normal and Stress Stresses
Measurement Value of Horizontal HVa!ue otfl Di Alzgle Bfe ;)w.een. 1 Estimated Estimated
Sites | Lithology | Depth Below the | Maximum Principle _norizontal trection ol Frinciple Normal Stress | Shear Stress
Surface (m) Stress (MPa) Minimum Principle Stress and the Normal (MPa) (MPa)
Stress (MPa) to Fault Trend (Deg)
1 Granite 18 12.9 12.1 35 12.64 0.38
2 Gabbro 14 6.8 4.4 48 547 1.19

In situ measurement stress data from Liao ez al. [15]. See Figure 1 for detail locations of Site 1 and 2.
The measurements were taken in August 2001 at Site 1 and September 2001 at Site 2, respectively.

stress, and the recent occurrence of repeated large
earthquakes upon the fault suggests its low frictional
strength. /n situ stress measurements performed near the
Kunlun Fault at shallow depths of 14 and 18 m, taken
immediately before and after the 2001 M, 7.8 Kunlun
earthquake, reveal a low stress state upon the fault [15]. The
magnitude and orientation of the principal horizontal stress
were measured at the two sites in August and September of
2001, shortly before the Kunlun earthquake (November
2001), revealing maximum and minimum horizontal stresses
of 12.9 and 12.1 MPa at Site 1, and 6.8 and 4.4 MPa at Site
2, respectively. These values showed a marked decrease after
the earthquake (Table 1). These in sifu measurements
indicate that the maximum half horizontal differential stress
(0,—0,)/2 is low at both sites (< 2 MPa; Table 1, Fig. 3).

In the case of the SAF, the shear stress along the fault is
10-20 MPa, compatible with the half horizontal differential
stress of 100 MPa given the small angle between the
maximum principal stress direction normal to the fault [4]. In
contrast, the magnitude of half horizontal differential stress
upon the Kunlun Fault is one fourth of that estimated on the
SAF under the same assumption as that of the SAF that the
average shear stress is 20 MPa, regardless of the orientation of
the maximum principal stress (Fig. 4). Both the half horizontal
differential stress and maximum principal stress along the
Kunlun Fault plot below the horizontal dashed line in Fig. (3),
suggesting that the fault is much weaker than the SAF.

Based on the magnitude and direction of the principal
stress, it is possible to obtain the normal stress and shear
stress upon a fault plane. Assuming a homogeneous state of
stress over the study region, we estimated the magnitude of
normal stress (G,) and shear stress (o,) along the Kunlun
Fault based on in situ stress measurements, as follows:

o, = [(0,+6,) +(0,—G,) c0s20]/2 (1)
0,.=(0,—G,)sin26/2 (2)

where 6, and ¢, are the maximum and intermediate principal
stresses, respectively; and © is the angle between the
direction normal to the fault trend and the maximum
principal stress. The calculated results for Sites 1 and 2 are
shown in Fig. (4) and Table 1. Both the normal stress and
shear stress at the two sites near the Kunlun Fault are much
lower than values derived from experimental data based on
Byerlee’s law [16].

DISCUSSION AND CONCLUSIONS

Many theories have been proposed to explain fault
weakness in the brittle deformation regime, including high
pore-fluid pressure [17], acoustic fluidization [18], the

presence of a weak core material [19-21], and other
mechanisms summarized in Collettini et al. [21]. Recent
studies have tended to focus on the role of a weak core
material [20-23]. Previous studies have reported that a fault
core zone composed of cataclastic rocks is commonly
developed along the base of seismogenic fault zones, where
large-magnitude earthquakes nucleate and seismic slip is
initiated [3, 20, 21]. The results of laboratory experiments
and field observations suggest that such core material has a
lower frictional coefficient than that of the country rock
surrounding the core zone [20, 21], thereby explaining the
weakness of the SAF [23].

The in situ measurements of stress and calculated shear
strength of the Kunlun Fault, as described above, indicate a
low value of frictional strength that is an order of magnitude
less than the shear strength calculated in laboratory
experiments, that deviate markedly from Byerlee’s law (Fig.
4), consistent with findings for the SAF. The fact that fault-
related fold structures are oriented at a moderate to high
angle to the general trend of the Kunlun Fault indicates that
the fault is mechanically locked. However, the high rate of
strike-slip displacement (> 10 mm/yr) and short recurrence
interval (300-400 years) for large-magnitude earthquakes
along the fault [10, 24-26] demonstrate that it is unlocked
and currently active. Furthermore, more than 10 moderate to
large (M>6.0) earthquakes have occurred on the Kunlun
Fault over the past century, with four M >7.0 events
producing surface ruptures of 40- 450 km in length [10].
GPS (Global Position System) data show that the strike-slip
rate along the Kunlun Fault is large, up to 18 mm/yr, which
is comparable with that of the SAF [27]. Accordingly, the
accumulated geological, seismological and geophysical
evidence outlined above indicate that the fault is
rheologically weak. It is reported that a mechanically-weak
core zone composed of cataclastic fault rocks is popularly
developed in a mature active fault zone, which constrains the
fault strength of seismogenic zone [3, 20]. Geologic
evidence shows that the Kunlun Fault is a mature and long-
live active fault [12] with a large strike-slip of >10 km [28].
Therefore, we also propose that a weak core zone composed
of cataclastic fault rocks is present in the seismogenic zone
that constrains the rheological strength of the Kunlun Fault.

The weakness of the Kunlun Fault is important in
understanding the deformation patterns of intracontinental
faults, and is related to the larger problem of the nature of
crustal growth of the Tibetan Plateau. Analysis of the fault
strength and long-term behavior of active strike-slip faults
would provide new insight into the tectonic behavior of
intracontinental faults and the mode of continental
deformation and nature of seismic hazards upon the Tibetan
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Fig. (3). Plot of the o, stress orientation (8) vs the half horizontal differential stress (6, —0,)/2 for lines of constant shear-stress .. Both the
maximum shear stress and horizontal differential stress along the Kunlun Fault (KLF, Sites 1 and 2; see Fig. (1) for site locations) are
considerably lower than that along the San Andreas Fault (SAF; dashed line). Based on an average strike of N§0°W for the Kunlun Fault, 6
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Fig. (4). Shear stresses calculated from in sifu measurement data at Sites 1 and 2 along the Kunlun Fault, plotted as a function of normal
stress. The trend line is after Byerlee [16], based on laboratory experiments for a variety of rocks and minerals.

Plateau. The fact that the slip rate of the Kunlun Fault
decreases to the east and approaches zero at its eastern
termination, together with the gradational change in the
recurrence interval of large earthquakes from 300-400 years
along the western part of the fault to 1000 years along the
eastern part [10], suggests that the Kunlun Fault plays an
important role as a transfer fault in the eastward extrusion of
the Tibetan Plateau.

The Kunlun Fault is a major, active, left-lateral strike-slip
fault upon the Tibet Plateau [10]. Analysis of the fault

strength of the fault is important in understanding the
tectonic behavior of strike-slip faults and in assessing the
mode of continental deformation of the Tibet Plateau. The
deformation mode of the Kunlun Fault is in agreement with
the models proposed previously [29, 30], which assume a
weak fault. Although these models were originally
developed for the lower crust (i.e., ductile rather than brittle
deformation), the deformation patterns observed along the
Kunlun Fault suggest that the fault zone rheology in the
upper crust, as discussed above, is consistent with these
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models and that the weakness assumed in these models could
be attributed to the presence of a weak core zone of fault
rocks in the seismogenic zone. The long left-lateral strike-
slip history [10,12, 24-26] and large horizontal displacement
(>10 km) [28] along the Kunlun Fault, which indicate
repeated strike-slip displacement, also support the above idea
that the fault zone is rheologically weaker than the
surrounding basement rock and thereby more susceptible to
seismic slip. Accordingly, the weak Kunlun Fault plays an
important role in response to the eastward extrusion of the
Tibetan Plateau by strike-slip faulting and releasing the
seismic strain energy caused by the ongoing continental
collision between the India Plate and the Eurasian Plate.

In summary, the weakness of the Kunlun Fault is
consistent with the observed deformation characteristics and
current seismicity, and an explanation of the weakness in
terms of a weak core material provides a clearer picture of
the frontier of the zone of eastern extrusion of the Tibetan
Plateau. Based on the above data, we conclude that the
Kunlun Fault is a weak strike-slip fault that plays an
important role in the eastward extrusion of the Tibetan
Plateau.
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