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Abstract We use interferometric synthetic aperture radar (INSAR) and broadband seismic waveform data to
estimate a source model of the 11th July, 2004M 6.2 Zhongba earthquake, Tibet of China. This event occurred
within the seismically active zone of southwestern Tibetan Plateau where the east-west extension of the upper
crust is observed. Because of limitations in one pair of INSAR data available, there are trade-o s among centroid
depth, rupture area and amount of slip. Available seismic data tightly constrain the focal mechanism and centroid
depth of the earthquake but not the horizontal location. Together, two complementary data sets can be used to
identify the actual fault plane, better constrain the slip model and event location. We rst use regional seismic
waveform to estimate point source mechanism, then INSAR data is used to obtain better location. Finally, a
joint inversion of teleseismic P-waves and InNSAR data is performed to obtain a distributed model. Our preferred
point source mechanism indicates a seismic moment of 2.2 10 Nm ( M 6.2), a fault plane solution of 171
(342 )/42 (48 )/ 83 ( 97), corresponding to strike/dip/rake, and a depth of 11 km. The fault plane with strike
of 171 and dip of 42 is identi ed as the ruptured fault with the aid of INSAR data. The preferred source model
features compact area of slips between depth of 5{11 km and 10 km along strike with maximum slip amplitude

of about 1.5 m.
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1 Introduction

The 11th July 2004 Zhongba earthquake occurred
about 100 km to the north of Yarlung Zangbo suture
belt, within the Lhasa block which is located in south
of Tibet. Generally speaking, the collision of several con-
tinental fragments accreted to the southern margin of
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Eurasia led to the thick crust of the Tibetan Plateau. A
widely held view is that normal faulting on the plateau,
which extracts potential energy from the crust beneath
the plateau, started from the time when maximum el-
evation of the plateau had been reached (Blisniuk et
al., 2001; Molnar and Tapponnier, 1978). There are nu-
merous NNE-SSW or near NS oriented valleys extend-
ed from Himalaya to Lhasa block. Many normal faults,
on one of which this earthquake took place, are active
in this region (Blisniuk et al., 2001). GPS observations
across the plateau estimate ENE-WSW stretching of
21.6 2.5 mma ! between 79E and 93 E across the
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central plateau, with 10{14 mm a * NNE-SSW shorten-
ing occurring between north of the Himalaya and south
of the Altun and Kunlun faults (Zhang et al., 2004).
Indenti cation of the real fault plane and slip history
of this earthquake can provide useful information on
mechanics of lithosphere (geodynamic processes) in Ti-
betan Plateau, as well as the stress eld. This earth-
guake is useful for understanding seismotectonics of the
normal faulting mechanisms, including issues such as
centroid depth of the event, rupture velocity, etc. Rup-
ture velocity appears to be an indicator of fault ma-
turity, for example, the high rupture velocity of the
2009 Inglewood event is compatible with mature fault
of Newport-Inglewood fault (Luo et al., 2010).

M 6.0{6.5 earthquakes happen much more fre-
guently than larger events (M> 7.0) and can excite
strong ground motion that causes economy and life loss.
But details of the source process are relatively di cult
to determine just from teleseismic waveform as our lim-
ited knowledge of 3D Earth structure which could not
be ignored when studying the seismograms at higher
frequency. As seismometers are more sensitive to the
timing than to the spatial distribution of slip, there are
trade-o s among model parameters (namely between s-
lip, rupture velocity and rise time) in source models de-
rived from seismological records. This is especially true
if no, or poorly distributed, near-source strong-motion
data are available. Fortunately, geodetic data can pro-
vide more constraint on the slip distribution of this kind
of earthquake. Recently developed geodetic and remote

sensing techniques, such as INSAR (interferometric syn-
thetic aperture radar), GPS (Global Position System)
and optical images could provide extra information of
the static ground deformation (Ji et al., 2001, 2002a, b).
But static data for earthquake with magnitude around
M 6, such as InSAR, alone cannot determine the area
of the fault plane independent of magnitude of slip.
Thus, the kinematic slip model might be better con-
strained from complementary data sets of seismological
waveform records, eld measurement of fault slip and
measurements of static deformation using geodetic and
remote sensing techniques.

Accurate fault geometry is important for nite
fault inversion as it not only a ects radiation pattern
of seismic wave- elds but also the static displacement
on the free surface (Konca et al., 2010). The mecha-
nism of this event was reported by di erent agencies
as listed in Table 1, where we can see diversity of the
fault orientation, especially in strike and depth. Thus, it
is necessary to resolve the ambiguity of fault geometry
before doing nite fault inversion. The regional broad-
band seismic data are rst used to determine the point
source mechanism, which is 17342 / 83 /6.16/11
(strike/dip/rake/slip/ M /depth). Then we xed the
fault plane and allowed the earthquake to move around
so as to determine its best location by tting the INSAR
data. Finally, we use this fault geometry to obtain a dis-
tributed source model by the joint inversion of INSAR
and teleseismic body waves.

Table 1 Mechanism solutions of the 11th July 2004 Zhongba M 6.2 earthquake

Strike/ Dip/ Rake/ Depth/km Moment/(10 18 N m) Source
162/1 45/46 103/ 77 8.0 2.2 United Stated Geological Survey (USGS)
156/359 47145 106/ 74 13.0 2.36 Global Centroid Moment Tensor (GCMT)
81/288 26/67 114/ 79 18.0 0.65 China Center of Digital Seismic Network (CCDSN)
152 44 117 12.5 3.25 Li et al. (2005)

2 INSAR and seismic waveform
data

Two descending SAR data sets required by EN-
VISAT satellite of the European Space Agency (ESA)
on 17th March and 8th September 2004 have a small
baseline and can fully cover the deformation eld caused
by the 2004 Zhongba earthquake. We applied RQIPAC
INSAR software and DORIS orbit data to produce a de-
formation interferogram, and removed the topographic
signal from the interferogram using a digital elevation

model with 90 m resolution generated from National
Aeronautics and Space Administration (NASA)'s Shut-
tle Radar Topography Mission (Farr et al., 2000).

At regional distance, this earthquake was well
recorded by a temporary seismic array from PASSCAL
(Program for Array Seismic Studies of the Continental
Lithosphere), which consists of 68 broadband station-
s (Figure 1). The near north-south trend pro le covers
the epicentral distance from 130 km to 360 km with the
maximum azimuth gap of 220 . Seismic data at these
distance ranges are usually dominated by Pnl waves
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(a P-wave train), direct (Sg or Sn) and Moho-re ected  plitude waveform data are used instead of normalized
shear waves as well as large-amplitude surface waves. ones, the improved CAP method can better take ad-

Pnl waves contain depth phases such as sPn, sPg, there- vantage of relative ratio between di erent phases and

fore they are sensitive to the depth of the earthquake, avoid singularities in the source parameter space at
and we enhance the weight for Pnl waves relative to those points where source orientation generates nodal
surface waves using the cut-and-paste (CAP) method synthetics (Zhu and Helmberger, 1996).

(Zhao and Helmberger, 1994). Because the absolute am-
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Figure 1 Regional (left) and teleseismic (right) broadband stations (triangles) used in this study for the

July 11th 2004 Zhongba earthquake in western Tibet of China, the stars indicate the epicenter and the solid
square is the Zhongba County. Observation of stations within the gray rectangle are plotted in Figure 2. The
concentric circles in the right panel are shown every 30 of azimuthal distance from the epicenter.

Attempts to t Pnl and surface waves in abso- a frequency-wavenumber double integration (Zhu and
lute time are di cult since the synthetic seismograms  Rivera, 2002) in a layered elastic crustal model (see
are computed with an approximated 1D crustal model. Table 2).

Therefore we allow dierent time shifts to align Pn-

| waves and surface waves respectively; we also lter Table 2 Layered crustal velocity model of Tibetan Plateau
) ’ (from Zhu et al., 2006)

the data and the synthetics so that they only re ect

the long wavelength smoothed structure of the crust. Thickness vp Vs Density
Pnl waveforms are ltered to include higher frequen- fkm fkm s ) fkm s %) ftg cm *)
cies (0.02{0.2 Hz) than for shear waves and surface 4.0 4.68 2.70 2.45
waves (0.01{0.1 Hz) to better identify the depth phases 60.0 6.20 3.50 2.90
+1 8.29 4.60 3.73

that constitute Pnl. We compute the synthetics using
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Teleseismic P and SH waves are usually used for
nite fault inversion of large earthquakes because they
travel through relatively simple lower mantle and are
less a ected by shallow structure and triplications. We
collected 23 teleseismic P-waves with good azimuthal
coverage (Figure 1) for nite fault inversion. As this
was a normal event, radiation pattern of SH waves are
relatively weak at teleseismic distance, thus we do not
have good SNR (signal to noise ratio) records for SH
waves. Instrument responses are removed from original
data and converted to displacement. A band-passed |-
ter (0.002{1.0 Hz) is applied for these records after man-
ually picked onset of P and SH arrivals. Higher corner
frequency (> 1.0 Hz) in bandpass- Iltering teleseismic P
waveforms is not helpful because teleseismic P wave am-
plitude at frequency above 1 Hz can be dierent from
theoretical prediction by a factor of 10 (Ni et al., 2010;
Ru and Helmberger, 1982).

3 Inversion and results

3.1 Point source mechanism

Firstly, we used the CAP technique on the regional
broadband waveform records to obtain a point source
mechanism. This method applies a direct grid search
through all possible solutions to nd the global mini-
mum of mis ts between the observations and the syn-
thetics, allowing time shifts between portion of seismo-
grams and the synthetics. The synthetic displacement
for a double couple-source could be written as

x@
s(t)y= Mo AI( 5 )Gi(1); 1)
i=1

here,i=1, 2, 3 corresponds to three fundamental faults,
i.e., vertical strike-slip, vertical dip-slip, and 45 dip-
slip. Gij’s are the Green'’s functions,A;’s are the radi-
ation coe cients, and is the station azimuth. Mg is
scalar moment; ; and are strike, dip and rake of
the source that we want to determine from data. They
are estimated by tting the data in L , norm manner,
with time shifts allowed between synthetic and data to
get the maximum cross-correlation coe cients (Zhu and
Helmberger, 1996), as shown in Figure 2.

We obtained a strike of 171/342 , dip of 42 /48 ,
rake of 83/ 97, moment magnitude of 6.2 and a
depth of about 11 km (Figure 3), which is almost a pure
dip-slip (normal) event. Here we displayed waveform ts
for only a portion of representative stations, ts for all
the stations could be found in Figure Al. The synthet-
ics generated by the preferred point source mechanism

t the data pretty well for almost all stations, both for
Pnl waves and surface waves. By taking advantages of
relative amplitude ratio between di erent phases, such
as Rayleigh wave/Love waves, Pnl/surface waves, CAP
can usually produce stable and robust mechanism even
for this case where the station coverage has a maximum
azimuth gap of 220 . As stations are densely distributed
along a near north-south line and have azimuth cover-
age of about 140, we can observe some detail changes
of radiation pattern for Love waves (Figure 4). We ob-
serve a nodal plane along azimuth of about 75 where
the data show exactly the same feature (station H1240
and H1230 in Figure 2). The azimuth of this Love wave-
nodal plane is most sensitive to the strike of the fault.
The Love wave radiation pattern with strike 10 dif-
ferent from preferred mechanism is shown in Figure 4,
where we can see clearly the nodal plane is no longer
along the azimuth of station H1240 as in the data.
3.2 Joint inversion of INSAR and teleseismic
P-waves

Determining the actual fault plane for this M 6-
class earthquake is not easy because the earthquake did
not rupture the free surface. Fortunately, we have a de-
scending INSAR image for this event, which shows elon-
gated bulls-eye pattern with maximum line-of-sight dis-
placement of 34 cm corresponding to hanging wall sub-
sidence, corresponding to the fault plane with strike of
171 and dip of 42 (Figure 4). Furthermore, to reduce
the uncertainty of earthquake location, we searched
for the location of the fault plane by moving it east-
westward. The fault plane length along strike is set long
enough to make sure all possible slip will not reach the
edge of the fault plane. At each longitude grid point,
a static inversion is done to nd the best slip model.
The scaled mis ts are plotted versus longitude of epi-
center (Figure 5) when the depth of hypocenter is xed
at 11 km, and a minimum error is found at longitude of
83.73.

To derive nite source kinematic models, we use
the approach developed by Ji et al. (2002a, b) which
allows the joint inversion of seismic waveforms and co-
seismic static displacements. As teleseismic and INSAR
data provide complementary constraints on the spatio-
temporal evolution of the rupture, we used both data
sets to recover the slip history.

The determination of a source model for a given
fault geometry, is an underdetermined problem due to
numerous trade-o among model parameters including
rise time and rupture velocity. Following the observation
that most seismic ruptures seem to result from the
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Figure 2 Regional displacement of data (black) and synthetic (red) calculated by the best point source
solution (see Figure 3 for details). Waveforms at each station are segmented into Pnl (vertical and radial)
waves and surface waves (vertical, radial and tangential). Station name is displayed at the left side of each
wave train, with epicentral distance above (in km) and azimuth below (in degree). The rst number below
every waveform pair is the time shift necessary to align them up and the second number is cross-correlation
coe cient in percentage. Pnl waves are ltered between 5 s and 50 s and surface waves are ltered between
10 s and 100 s. Here we show only a portion of ts to data, see the supplement for all waveform ts.






























