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Calibration of the Tibetan Plateau Using Regional Seismic Waveforms

Luper Zuu!, YING Tan?, DoNALD V. HELMBERGER?, and CHANDAN K. Saikia®

Abstract—We use the recordings from 51 earthquakes produced by a PASSCAL deployment in Tibet
to develop a two-layer crustal model for the region. Starting with their ISC locations, we iteratively fit the
P-arrival times to relocate the earthquakes and estimate mantle and crustal seismic parameters. An average
crustal P velocity of 6.2-6.3 km/s is obtained for a crustal thickness of 65 km while the P velocity of the
uppermost mantle is 8.1 km/s. The upper layer of the model is further fine-tuned by obtaining the best
synthetic SH waveform match to an observed waveform for a well-located event. Green’s functions from
this model are then used to estimate the source parameters for those events using a grid search procedure.
Average event relocation relative to the ISC locations, excluding two poorly located earthquakes, is 16 km.
All but one earthquake are determined by the waveform inversion to be at depths between 5 and 15 km.
This is 15 km shallower, on average, than depths reported by the ISC. The shallow seismicity cut-off depth
and low crustal velocities suggest high temperatures in the lower crust. Thrust faulting source mechanisms
dominate at the margins of the plateau. Within the plateau, at locations with surface elevations less than 5
km, source mechanisms are a mixture of strike-slip and thrust. Most events occurring in the high plateau
where elevations are above 5 km show normal faulting. This indicates that a large portion of the plateau is
under EW extension.

Key words: The Tibetan Plateau, locations of regional earthquakes, earthquake moment tensors,
crustal velocity model, waveform modeling.

1 Introduction

The main objective of this paper is to demonstrate the usefulness of temporary
seismic recording deployments in calibrating regional paths so that Green’s functions
can be used effectively in real-time seismic monitoring systems. The characterization
of seismic activity is becoming increasingly important in many ways, from
monitoring and developing tectonic kinematics to generating effective shake-maps
(KANAMORI et al., 1999). While local propagation effects can be extremely complex,
especially at short periods, signals in the period range of 2—-10 s remain stable over
local geological provinces. Thus, local 1-D model Green’s functions can work quite
well in many places. Adding path-specific timing corrections then allows a few
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broadband stations, in combination with a few travel-time picks and first-motion
polarities from other stations, to be used effectively in source characterization. This
and a companion paper (TAN et al., 2006) will demonstrate the effectiveness of this
methodology.

We will use waveform data collected in a Sino-US PASSCAL seismic recording
experiment on the Tibetan Plateau (OWENS ef al., 1993). In the one-year long
experiment from July 1991 to July 1992, 11 broadband digital seismic stations were
deployed (Fig. 1). Except for station TUNL where a Guralp sensor was installed, all
stations were equipped with STS-2 sensors. The large amount of high quality data
from this experiment provided, for the first time, a unique opportunity to study
seismic activity of the Tibetan Plateau, one of the most interesting structures on
Earth. We will concentrate on deriving the best average 1-D velocity model for the
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Figure 1
Topography (light and dark grays represent areas 3 and 5 km above sea-level, respectively), and major
faults (solid curves) in central and eastern Tibet. The plateau is divided into several terranes separated by
sutures (dashed lines); BGS: Bangong Suture; IZS: Indo-Zangbu Suture; JSS: Jinsha Suture; KQS:
Kunlun-Qinling Suture; LS: Lhasa Terrane; SG: Songpan-Ganzi Terrane; QT: Qiangtang Terrane.
Triangles represent eleven broadband stations of the 1991-92 Sino-US PASSCAL experiment. Ellipses
represent 51 relocated earthquakes using their first arrivals. The ellipsis sizes are determined by 1-¢’s of
relocation uncertainties. Their offsets relative to their ISC locations are indicated by straight lines.
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plateau. This is achieved by using travel times of various regional phases and
matching waveforms. Source mechanisms and depths are then determined for 51
earthquakes using the Cut-and-Paste (CAP) method (ZHU and HELMBERGER,
1996b). We refer to these pure double-couple solutions as regional fault parameters
(RFP), to distinguish them from other source estimates, such as long-period CMT
solutions.

2. Tectonic Setting and Previous Results

The Tibetan Plateau is the youngest plateau in the world. It is estimated that the
present elevation of much of the plateau was attained only 8 to 11 million years ago
(HARRISON et al., 1992; MOLNAR et al., 1993). The plateau is surrounded by several
Precambrian cratons with large-scale thrust and strike-slip faults serving as
boundaries. Despite its uniform elevation, the plateau consists principally of three
terranes that were accreted successively to Eurasia during the Mesozoic Era (DEWEY
et al., 1988). They are, from north to south, the Songpan-Ganzi Terrane, the
Qiangtang Terrane, and the Lhasa Terrane as denoted in Figure 1. This division is
mostly based on the recognition of several ophiolite zones that are interpreted as
sutures (DEWEY et al., 1988; YIN and NIE, 1996).

Before the 1991-1992 PASSCAL experiment, many seismic studies measured
group and/or phase velocities of surface waves propagating across the plateau and
invert for 1-D velocity structure (RoMANOWICZ, 1982; JOBERT et al., 1985; BRANDON
and RoMANOWICZ, 1986). Others used Pr and Sk travel times to estimate velocities in
the uppermost mantle (CHEN and MOLNAR, 1981; BARAZANGI and N1, 1982). There
were also several deep seismic sounding profiles in southern and central Tibet by
Chinese and French scientists (TENG et al., 1983; HIRN et al., 1984a,b; Lu and
WANG, 1990). Upper mantle structure down to 400 km beneath the plateau was
investigated using S waves in the distance range of 15° to 30° (LYON-CAEN, 1986;
ZHAO et al., 1991). The results from some of these studies have been summarized by
MOLNAR 1988. In general, all of them show a thick crust (50 to 80 km) with high
uppermost mantle velocities of 8.1 to 8.4 km/s for Pn and 4.6 to 4.8 km/s for Sn. The
average velocities of lithospheric mantle in this region are low, particularly under
north-central Tibet. Many studies also emphasize lateral variation. For example,
surface wave studies indicate a thinner crust in north-central Tibet. Strong
attenuation of high-frequency Sn exists in the same region (N1 and BARAZANGI,
1983).

The 1991-1992 Sino-US experiment provided a data set to study the plateau
structure using both earthquakes and receivers within the plateau. MCNAMARA et al.
(1995) used 371 Pn arrival times of 61 Tibetan earthquakes recorded by the array and
obtained a Pn velocity of 8.16 + 0.07 km/s. There is also a 4% velocity variation
between the northern and the southern part. RODGERs and SCHWARTZ (1997)
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estimated average crustal and uppermost mantle velocities of the plateau by
modeling Pnl waveforms from a few large regional earthquakes. They found a Pn
velocity of 8.2 km/s beneath a 70 km thick crust in southern Tibet. The crust of
northern and central Tibet (the Qiangtang Terrane) has a lower average velocity
(6.2 km/s), lower Pn velocity (8.1 km/s) and a crustal thickness of 65 £ 5 km
(RODGERS and SCHWARTZ, 1998).

Since 1992, there have been several more seismic experiments conducted on the
Tibetan plateau, including the International Deep Profiling of Tibet and the
Himalaya (INDEPTH, phases I-III) (e.g., ZHAO et al., 1993,2001; NELSON et al.,
1996) and the 1993 and 1998 Sino-French passive seismic experiments (e.g.,
WITTLINGER et al., 1996; VERGNE et al., 2002). The INDEPTH-III wide-angle and
vertical seismic reflection data show that the crust of central Tibet is about 65-km
thick without significant Moho offset in the vicinity of the Bangong Suture. The
average crustal P-wave velocity decreases from 6.3 km/s in southern Tibet to
6.2 km/s in northern Tibet (ZHAO et al., 2001). The results are consistent with the
crustal structure obtained from surface wave dispersion analysis (RAPINE et al.,
2003). In addition, the wide-angle seismic data and the surface wave study indicate a
high-velocity lower crust in southern Tibet. LANGIN et al. (2003) relocated 267 local
earthquakes within 400 km of the INDEPTH-III array. They found that events tend
to be more clustered in or near large grabens and strike-slip faults after relocation.
99% of the earthquakes are shallower than 25 km. The majority of the 50 focal
mechanisms obtained from first-motion polarities are normal and strike-slip faulting
and are consistent with results of previous studies (e.g., MOLNAR and LYON-CAEN,
1989; RANDALL et al., 1995).

3. Event Relocation Using P Arrivals

During the one-year experiment the array recorded about 100 earthquakes listed
in the International Seismological Centre (ISC) Bulletin with distances less than
1000 km. For the purpose of deriving a 1-D velocity model for the plateau, we
excluded events that are outside the plateau to avoid possible path contamination.
We selected 51 earthquakes, all of which were recorded by at least four stations with
clear P onsets. We measured P onsets for all 51 events, obtaining 391 picks. Their
travel times vs. epicentral distances using their ISC origin times and locations (listed
in Table 1) are plotted in Figure 2. The large scatter is mostly attributed to the
unreliable locations and origin times in the catalog. The m;, magnitudes of these
events are between 3.3 and 5.5, therefore the number of station reports used by the
ISC is very limited. The abnormal crust of Tibet also causes bias in the ISC event
origin times. Therefore, relocating these events is necessary before further travel-time
analysis can be applied.
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Figure 2
First P arrival travel times as a function of epicentral distance (A) using the ISC source locations and origin
times; (B) using relocations by P arrivals; (C) using relocations by P arrivals and S-wave shifts, see text.
Estimated Pn and Py velocities are presented next to their branches.

Locating earthquake from arrival times is a classical nonlinear inversion problem
in seismology. Most location methods simplify the problem by linearization using an
a priori velocity model, usually one-dimensional. To account for heterogeneity in the
shallow crust, some methods such as the Joint Hypocenter Determination (JHD) or
the Progressive Multiple Event Location (PMEL) introduce station corrections and
solve for event locations and station corrections simultaneously using multiple events
(DoucLas, 1967; PAvLis and BOOKER, 1983). The station corrections may even be
made source region dependent (RICHARDS-DINGER and SHEARER, 2000). KISSLING et
al. (1994) gave a “recipe’ to obtain the “best’” 1-D model through multiple steps of
event relocations and velocity inversions starting from the a priori model(s).
Nevertheless, all these methods demand sufficient information for establishing a
good velocity model of study area and the linearization approximation makes the
final results sensitive to preliminary locations of events. Although there are several
crustal velocity models, such as M45 (RomaNowicz, 1982) or TIP (ZHAO et al.,
1991), that could be used for earthquake relocation in Tibet, we prefer relocating our
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events without using any a priori velocity model because the travel-time data will be
used later to derive a velocity model and we want to avoid bias that might be caused
by the initial model.

We developed a simple but effective relocation method which does not require an
a priori velocity model. Assuming a one-layer crustal velocity model, the first arrival
time at station i from event ; satisfies

po Pubhi(x, ) 1) o, ifA; > A )
Y pei(x ) F 1) 0 iTA; <A,

where x;, y;, and o; are the longitude, latitude, and origin time of the event; p, and p,
are the apparent slownesses for Pr and Pg and #0 and tg are the intercept times; A;; is
the epicentral distance and A, is the cross-over distance. The relocation is formulated
as an optimization problem to find the best (x;, y;, 0;) that minimizes the difference
between observed and predicted travel times. Note that both event parameters (x;, y;,
0;) and velocity model parameters (p,, £, py, tg) are unknown. The problem is solved
in two steps. First, using the ISC locations and origin times as the initial values of (x;,
¥j, 0j), model parameters (p,, £, Dy tg) can be obtained by solving the above linear
equations. Then we fix the velocity model parameters and look for the “best” event
locations. This is done using a grid search surrounding the ISC locations, starting
from the event with the largest rms of travel-time residuals. The procedure is repeated
until a convergence is reached. Note that the second step is a nonlinear problem. The
use of grid search avoids the linearization approximation thus greatly reducing the
dependence of solution on initial event locations. This technique does not require an
a priori velocity model but assumes that all events are located at the same depth.
Since parameter o; trades off with source depth, depth difference between events are
absorbed into the origin time. Also, there is evidence that most earthquakes in Tibet
occur at depths between 5 and 20 km (MOLNAR and CHEN, 1983; ZHAO and
HELMBERGER, 1991; LANGIN et al., 2003).

We applied the relocation method to the 391 P picks of the 51 events. We found
that the algorithm is very efficient and is able to reach convergence after five
iterations. We also tested the sensitivity of the final solution to the initial event
locations by both randomly and systematically perturbing their ISC locations up to
30 km. The final locations and velocity model parameters remain the same. Figure 1
shows the relocation results. For events located within the array, relocation
uncertainties are 5 to 10 km, based on the sizes of 1-¢ uncertainty ellipses. Events
outside the array have larger relocation uncertainties (10 to 50 km) and the ellipses
are elongated in the direction toward the center of the array. This is due to a trade-off
between epicentral distance and event origin time in our relocation algorithm. For
most events, relocation offsets from their ISC locations are within relocation
uncertainty, suggesting that they were reasonably well located by the ISC. However,
there are a few well-relocated earthquakes which are more than 50 km away from
their ISC locations (Fig. 1). Two events are relocated by more than 270 km. In the
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ISC report, both events were recorded by fewer than 10 stations and are listed as
“less reliable/poor solution” with travel-time residuals exceeding 10 s at some
stations (INTERNATIONAL SEISMOLOGIVAL CENTR, 2001). The success of our method to
locate these events which were mislocated by more than 100 km is not surprising, and
is attributed to the elimination of linearization approximation. It also confirms the
insensitivity of solution to events’ initial locations.

4. 1-D Velocity Structure of Tibet and Lateral Variation

Model parameters p,, 2, and p, estimated from the relocation are given in Figure 2.
Our determination of Pr velocity (8.08 km/s) is consistent with previous results (CHEN
and MOLNAR, 1981; MCNAMARA et al., 1995; RODGERS and SCHWARTZ, 1998). The Py
velocity of 6.12 km/s is quite low and probably represents the P-wave velocity of the
upper crust. From teleseismic receiver function studies (OWENS and ZANDT, 1997;
YUAN et al., 1997; ZHu, 1998) and regional seismic data analyses (RODGERS and
SCHWARTZ, 1998; ZHAO et al.,2001, ROSS et al., 2004), the average crustal thickness of
the Tibetan plateau is about 65 km. Assuming a shallow source depth of 10 km and a
crustal thickness of 65 km, we estimated the average crustal P velocity to be 6.3 km/s
from the Pn intercept time, which agrees well with values from modeling Pn/ waveforms
(RODGERS and SCHWARTZ, 1998) and the INDEPTH-III wide-angle seismic survey
(ZHAO et al., 2001).

Because the shallow crustal structure has a strong influence on the propagation of
regional Love and Rayleigh waves (e.g., SONG et al., 1996), we divided the crust into
two layers and use Love waveforms to invert for the thickness and S velocity of the
top layer. We used a well recorded event (222, see Fig. 1). The source depth and
mechanism of the event were taken from RANDALL et al. (1995). Synthetic
seismograms were computed for a range of velocity models with different thicknesses
and velocities. The rms of misfits between the observed waveforms and synthetics is
shown in Figure 3. The elongated minimum area shows the trade-off between
thickness and velocity, which is quite common for surface wave studies. The best
model has a layer thickness of 4 km with an S velocity of 2.7 km/s. The model is
consistent with the INDEPTH-III wide-angle seismic reflection result that shows a
4-km-thick sedimentary layer of P velocity of 4-5 km/s (ZHAO et al., 2001).

The above 1-D model is used to determine source depths and focal mechanisms of
all 51 events (see next section). After the source parameters are obtained, the events
are relocated again by minimizing a weighted sum of L2-norms of P-wave travel-time
residuals and S-wave time shifts between observations and synthetics. The S-wave
time shifts are obtained by cross-correlating data and synthetics after aligning the
two by the first-arrival. In other words, they are double differences of S-P travel
times. They constrain epicentral distances, which is very helpful in reducing the
trade-off between event origin time and distance, especially for events outside the
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Waveform misfit errors between the SH waveforms of event 222 and synthetics using different thicknesses
and S-wave velocities of the uppermost layer.

array. Two examples, one for event 330b, which is inside the array, and another for
event 357 outside the array, are shown in Figure 4. We can see that by using S-wave
time shifts relocation uncertainty of the outside event is greatly reduced. The final
relocation results are shown in Figure 5 and are listed in Table 1.

The apparent velocities of Pg and Pn are re-estimated using the relocated events
(Fig. 2C). Their values are slightly larger than previous estimates. The final velocity
model T93 based on the above travel-time data and surface-wave modeling, and
corrected for Earth’s spherical geometry, is listed in Table 2. A crustal Vp/Vs ratio of
1.8 is used, based on teleseismic receiver function studies (ZHU, 1998).

After relocations that minimize P travel-time residuals and S-wave time shifts,
there are still time shifts extending to 4+ 6 s between observed surface waves and
synthetics (Fig. 6). They are interpreted as being caused by lateral velocity variations
in the crust. We divided the region into 10-km-size cells and determine velocity
perturbation of each cell by a tomographic inversion of the time shifts. A singular
value decomposition (SVD) method is used to solve the travel-time perturbation
equations with an added constraint of smoothness of velocity perturbations. The
resulting velocity perturbations are displayed in Figure 6. Because the time shifts are
derived by cross-correlating Rayleigh/Love surface waves with synthetics in the
frequency range of 10 to 30 s, the velocity perturbation map shows effectively group
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Figure 4
Contour plots of rms of P travel-time residuals (left), S-wave time shifts (middle), and a weighted sum of
the two (right) for event 330b on the top and 357a on the bottom. Star represents the ISC location.

velocity perturbations of surface waves in this period range. The map shows low-
velocity anomalies in the Qiangtang Terrane, which is consistent with previous
studies (N1 and BARAZANGI, 1983; MCNAMARA et al., 1995; RODGERS and
ScHWARTZ, 1998). We view this kind of map as a useful product of regional
calibration to be used in conjunction with the 1-D regional model. It allows us to
predict time shifts for locating and determining source parameters of future
earthquakes. This will be demonstrated in TAN et al., (20006).

5. Source Depths and Mechanisms of Tibetan Earthquakes

Green’s functions for the 1-D model were computed for distance ranges and
depths on a grid with 5-km spacing using a frequency-wavenumber (F-K) integration
method (ZHU and RIVERA, 2000). We used a direct grid search technique to
determine the source mechanisms and depths in which misfits in the Pn/ (extended P
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wave) and surface waves are minimized separately. The approach was originally
proposed by ZHAO and HELMBERGER (1994) and modified to handle data recorded
by stations near nodes of radiation pattern by ZHU and HELMBERGER (1996b). One
of the advantages of this approach is that it desensitizes the timing between principal
crustal arrivals by fitting portions of the waveforms independently, allowing some
time shifts between the observations and synthetics. Good source mechanism
estimations can be obtained even when only imperfect Green’s functions and

earthquake locations are available.

Table 2
Velocity Model T93 of Tibet

Layer Thickness, km Vp, km/s Vs, km/s
1 4 4.86 2.70
2 60 6.30 3.50
3 - 8.10 4.54
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Figure 6
Surface wave time shifts from CAP inversion (left, positive shift means that the observation is later than
predicted by the model) and the resultant surface wave velocity perturbations (right).

Figure 7 illustrates our RFP approach in which we present results pertaining to
one event (330b) that occurred in the middle of our study area (Fig. 1). As shown in
the figure, we have separated the Pn/ portion from the surface waves. We low-pass
filtered the surface waves up to 10 s and the P/ waves to 3 s. We also multiplied the
Pnl amplitudes by a factor of 2 to put more weighting on the body waves relative to
the surface waves. The waveform fits of Pnl data and synthetics are shown on the left
two columns. The next three columns show the waveform fits for surface waves. The
numbers below each fit are the time shifts in seconds and the correlation coefficients
(cc). Note that the cc’s for the P/ observations beyond ~400 km are low because the
Pnl waves are partially lost in noise. This means that the SV/SH ratio of the surface
waves controls the solutions; a situation that works fine if there are at least two
stations.

The focal mechanisms and depths of all events are listed in Table 1 and shown in
Figure 8. Most all events are shallow (5 to 15 km). This is consistent with the result
of LANGIN et al. (2003). Of the 51 events, RANDALL et al. (1995) determined moment
tensors and depths of 37 events using long-period (>20 s) waveforms. In general, the
two results agree well except for events 201, 210, 211, 023 and 104 (Table 1). Three of
these events’ moment tensor solutions were graded quality “C”” in RANDALL et al.
(1995), meaning that they have at least one of the P, T, or B axes relatively
unconstrained. By including higher frequency signals in the inversion, we are able to
place better constraints on focal mechanisms. The average difference between m;, and
M,, is 0.25 magnitude unit with a mechanism dependence (Fig. 9). The strike-slip
events exhibit m,, values that are lower than 0.5 magnitude unit than dip-slip events.
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Displacement waveform fits for Event 330b. Data are shown in black with synthetics in gray color. Station

names plus epicentral distances in km are given on the left. Their amplitudes are distance-decay

compensated (r for the Pnl’s and +/r for the surface waves) and the Pnl’s are amplified by a factor of 2

relative to the surface waves. The time shift in seconds and cross-correlation coefficient are given below
each waveform segment.
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Figure 8
The lower-hemisphere projections of focal mechanisms of 51 earthquakes determined in this study and
three subcrustal earthquakes (in gray shade) previously determined by ZHU and HELMBERGER (1996a).

This difference can be explained as being due to radiation pattern effects
(HELMBERGER, 1983). A cluster of earthquakes northeast of station GANZ exhibit
very large my:M,, differences of close to one magnitude unit; an intriguing anomaly
noted by RANDALL ef al. (1995). They also pointed out the complex earthquake
faulting patterns of co-existing strike-slip, thrust, and normal faulting within a
relative small geographic region. If we exclude this cluster there is in general a good
correlation of focal mechanism with the epicenter elevation (Figs. 8 and 9). Along the
margins of the plateau and in Qilian Shan where surface elevations are less than
4 km, thrusting events are dominant, reflecting ongoing crustal shortening in these
regions. Source mechanisms are a mixture of strike-slip and thrust for events within
the plateau but at locations with surface elevations less than 5 km. For areas with
surface elevations greater than 5 km, most events show normal faulting. Such a
variation of source mechanism with elevation in Tibet was noted by MOLNAR and
LyYON-CAEN (1989) when they compiled fault plane solutions of 74 large earthquakes
between 1962 and 1986. Our results, although only from one year of recording,
demonstrate clearly the onset of normal faulting near the 5 km elevation (Fig. 9).
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(A) Variation of my, — M,, with focal mechanism types. (B) Change of focal mechanisms with epicenter
elevation. Focal spheres in gray shade are a cluster of earthquakes near station GANZ that exhibit
anomalous mj:M,, ratios.

6. Discussion and Conclusions

Our regional earthquake travel-time and waveform analyses show that the
Tibetan plateau has a crustal thickness of 65 km with an average P velocity of 6.2—
6.3 km/s. These values corroborate previous results from seismic data collected
within the plateau (MCNAMARA et al., 1995; RODGERS and SCHWARTZ, 1998; ZHAO
et al.,2001). The global average thickness and P velocity of the continental crust are
41.0 &+ 6.2 km and 6.45 £ 0.21 km/s, respectively (CHRISTENSEN and MOONEY,
1995). Therefore, the Tibetan plateau has not only an anomalous thick crust but also
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low crustal P velocity compared to the global average, which is unusual because
under normal geotherm conditions, crustal material converts into high-density/high-
velocity “‘mantle-like”” mineral eclogites starting at a depth of about 50 km (e.g.,
ANDERSON, 1989). The low average crustal velocity of the Tibetan plateau suggests a
steep geotherm, which is also supported by the high crustal Poisson’s ratio (OWEN
and ZANDT, 1997; ZHu, 1998), shallow seismicity cut-off depth (CHEN and MOLNAR,
1983; ZHAO and HELMBERGER, 1991; RANDALL ef al., 1995; LANGIN et al., 2003), and
widespread hot-springs and young volcanism throughout the plateau. Such a high
geotherm gradient could be produced by the concentration of continental radiogenic
crustal materials during crustal shortening (ZHAO and HELMBERGER, 1991) or by
high heat flow from the upper mantle. LE PICHON et al., (1997) used a simplified
petrogenetic grid and a 1-D thermal model to calculate metamorphic transitions in
the lower crust and their contribution to the uplift of Tibet. They found that a
temperature of 1000°C is reached at the base of the crust after 30 to 80 Ma and all
eclogites, if initially present, will be transformed to granulites in 18 to 45 Ma. The
density reduction accompanied with the transformation will contribute ~3 km of
post-thickening uplift.

There have been several seismic observations and interpretations that suggest a
thin and warm mantle lithosphere beneath the central and northern Tibetan
plateau (e.g., NI and BARAZANGI, 1983; MCNAMARA et al., 1995; WITTLINGER et
al., 1996), which might be the locus of an upper mantle upwelling (MOLNAR, 1988).
Our uppermost mantle P velocity of 8.1 km/s is consistent with previous results
(CHEN and MOLNAR, 1981; MCNAMARA et al., 1995; RODGERS and SCHWARTZ,
1998). Although it is close to the global average of 8.09 + 0.20 km/s (CHRISTENSEN
and MOONEY, 1995), it would be 7.93 km/s if the effect of overburden pressure due
to the thick crust is corrected for (RODGERS and SCHWARTZ, 1998). Besides, the
8.1 km/s is an average over a large portion of the plateau. Seismic observations
show that the upper mantle P and S velocities are slower in the central and
northern plateau than in southern Tibet (e.g., N1 and BARAZANGI, 1983; ZHAO and
XIE, 1993; MCNAMARA et al., 1995; RAPINE et al., 2003). A relatively faster and
colder mantle lithosphere beneath southern Tibet is also indicated by the existence
of intermediate-depth (70 to 90 km) earthquakes under the Himalayas and near the
Indo-Zangbu Suture (Fig. 8) (CHEN et al., 1981; MOLNAR and CHEN, 1983;
EKSTROM, 1987, CHEN, 1988; ZHU and HELMBERGER, 1996a). Whether these
earthquakes occurred in the mantle lithosphere, given the abnormal crustal
thickness of the plateau, has been questioned recently by MAGGI et al., (2000);
JACKSON (2002). The three earthquakes recorded by the one-year PASSCAL array
were analyzed in detail by ZHU and HELMBERGER (1996a) using their broadband
regional waveforms, and were concluded to be located 5 to 10 km below the Moho
discontinuity. Given the short recording time period of the experiment, it is
reasonable to suspect that more such subcrustal earthquakes exist. Effort should be
taken to detect and map their spatial distribution.
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Five km seems to be a critical elevation at which the Tibetan plateau can be
maintained over long wavelengths. Normal-fault earthquakes occur where eleva-
tions are above this limit; an indication of crustal thinning and extension. The
numerous large-scale NS-trending grabens in southern and central Tibet are most
likely products of this extension over geological time (e.g., ARMUO et al., 1986).
The beginning time of the EW extension and its relationship with the plateau uplift
are not clear. One model suggests that the extension started when the thickened
Tibetan mantle lithosphere was removed by a thermal instability, which subse-
quently lifted the surface elevation of the plateau from 3 km to 5 km (ENGLAND
and HOUSEMAN, 1986; MOLNAR et al., 1993). Others believe that the extension is
much more recent and unrelated to large uplift increments (e.g., TAPPONNIER et al.,
2001). The coincidence of high topography with normal faulting merely implies
large vertical stress that enhances rifting (ARMIO et al., 1986, 1989; TAPPONNIER et
al., 2001). TAYLOR et al., (2003) proposed that rifts in the Qiangtang and Lhasa
Terranes are kinematically linked by a series of conjugate sets of strike-slip faults
along the Bangong Suture. We notice that most of our normal faulting earthquakes
occurred in the Qiangtang terrane where the surface elevations are above 5 km and
NS-trending grabens are less pronounced than those in the south (Fig. 8). As
mentioned above, this is also where the current mantle lithosphere is believed to be
thin and warm. Therefore, the normal faulting earthquakes may reflect the on-
going uplift and EW extension in the Qiangtang Terrane which might be related to
a mantle lithosphere delamination underneath. These tectonic issues need to be
addressed by future studies.

In summary, we have developed a simple but efficient multiple-event relocation
method that does not employ a linearization approximation nor require an a
priori velocity model. It uses first arrival times of events and iteratively estimates
crust and upper mantle velocity parameters and relocates the events. We applied
the method to 51 earthquakes in the Tibetan plateau recorded during a one-year
PASSCAL seismic experiment. We found that on average, the crustal thickness of
the plateau is about 65 km with a P velocity of 6.3 km/s. Average event
relocation relative to the ISC locations, excluding two poorly located earthquakes,
is 16 km. Their moment tensors and depths were also obtained by waveform
inversion. All but one earthquake are at depths between 5 and 15 km. This is
15 km shallower, on average, than depths reported by ISC. The shallow seismicity
cut-off depth and low crustal velocities suggest high temperatures in the lower
crust. Thrust faulting source mechanisms dominate at the margins of the plateau.
Within the plateau, but at locations with surface elevations less than 5 km, source
mechanisms are a mixture of strike-slip and thrust. Almost all events occurring in
the high plateau where elevations are above 5 km show normal faulting. This
shows that a large portion of the plateau is under EW extension.
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