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Observations of Regional Phase Propagation

Across the Tibetan Plateau
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t Depariment of Geological Sciences, University of South Carolina, Columbia, SC

¥ Earth Sciences Department, Lawrence Livermore National Laboratory, Livermore, CA

Abstract

We present observations of regional phase velocity and propagation characteristics using data
recorded during a one year deployment of broadband digital seismic stations across the central Tibetan
Plateau along the Qinghai-Tibet highway from (Golmud to Lhasa. Previous studies of regional Tibetan
Plateau earthquakes have had to rely on data recorded almost exclusively at stations outside of the pla-

teau. We have the opportunity to study numerous source-receiver paths confined entirely within the

clearly picked for all observed paths and propagates at an average velocity of 8.11+0.14 km/s across the
Tibetan Plateau. Sn shows dramatic variations in propagation efficiency and, as previously reported,
rapidly decreases in amplitude as it passes through the northern portion of the plateau. Additional
events, from outside of the plateau, are included to map the boundaries of the re_g,ion of inefficient Sn
propagation, The most significant observation from this unique data set is that the entire northern por-

tion of the Tibetan Plateau autenuates Sn energy. When observable, Sn propagales at an average velo-
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lithosphere beneath the Tibetan Pluteau.

Introduction

This paper summarizes observations of seismic velocity and propagation characteristics for high

frequenicy, regtonal phases (Pg, Po and Sn) recerded ai eleven 3-component, broadband, digital seismic
stations across the central Tibetan Plateau (Figure 1 and Table 1). The primary goals of this study are

to determine phase velocities for Pg, Pn and Sn and also to map the lateral variation in propagation

-




characteristics of Sn within the Tibetan Platcay. The propagation and attenuation characteristics of Lg
will be addressed in a separate study. During one year of recording (July 1991-July 1992) 183 events,
at regional distances to our array, were recorded. 53 of these events were located within the Tibetan
Plateau (Figure ! and Table 2) offering a unique opportunity 10 observe seismic phases that both ori-
ginated and were recorded entirely within the Tibetan Plateau. Previous studies of regional Tibetan Pla-
teau earthquakes have placed first-order constraints on upper mantle velocities, but have had to rely on
data recorded almost exclusively at stations outside of the plateau. Regional phase velocity and propa-
gation characteristics are essential to obtain accurate velocity information about the crust and upper

mantle. Such information is critical to understanding the tectonic evolution of this important region.

Geologic history and previous investigations. The Tibetan Plateau has intrigued geoscientists
for both its impressive physiographic teatures as well as the relative lack of data available for interpre-
tation. The Tibetan Plateau is comprised of a serics of tectonic terranes that accreted onto the southern
margin of Eurasia after the breakup of Gondwana. Since the collision of India, about 40 my ago, nearly
2000 km of convergence has occurred giving rise to the Himalaya and Karakoram ranges as well as the
Tibetan Plateau (Harrison et al., 1992), The Tibetan Plateau stands out because of its high, uniform
elevation and its anomalously thick crust (65-70km) (Molnar, 1988). To date, the paucity of interpret-
able data has not allowed for the determination of the exact tectonic mechanism that produced the
Tibetan Plateau. This has led to a wide vanety of tectonic evolution models, most of which fall into
two basic end-member theories. First, crustal thickening and lithospheric shortening occurring in
response to compression generated from continental collision between the Indian and Eurasian plates
{Dewey and Burke, 1973). Second, uplift occurring by shallow underthrusting of the Indian lithosphere

beneath Eurasia during collision (Argand, 1924; Barazangi and Ni, 1982; Beghoul et al., 1993).

Many first order geological and geophysicil ohservations have been made (for review see Molnar
{1988)) but information about the mantle velociy structure remains ambiguous. Previous studies, using
regional phases, have been conducted with stations outside the plateau, with the exception of the Lhasa
station. There are a wide range of Pn velocities reported from earlier studies. The lowest average Pn

velocity reported for the Tibetan Plateau is 7.93#0.17 km/s (Zhao and Xia, 1993). Other estimates




report Pn and Sn velocities of 8.1 km/s and 4.7 kn/s respectively (Chen and Molnar, 1981; Jia et al.,
1981; Ding et al., 1993). Siill other studies have found significantly higher velocities for Pn and Sn
(843 km/s, 4.73 km/s) (Barazangi and Ni. 1982; Ni and Barazangi, 1983; Beghoul et al., 1993). The
results of the separate studies led their authors to favor opposing theories for the evolution of the

Tibetan Plateau.

Data

The data used in this study were digitally recorded using broadband Streckeisen STS-2 sensors at
11 sites within the central portion of the Tibetan Plateau (Owens et al., 1993b). Initial event locations
were determined from the U. 8. Geological Survey {IUSGS) monthly Preliminary Determination of Epi-
centers (PDE) catalog. Locations for a small subset of Tibetan Plateau events have been improved and
will be discussed later. We have examined local and regional events to determine the propagation velo-
cities and characteristics of the phases Pg, Pn and Sn. For seismic phase velocity calculations, we have
restricted our analysis to paths entirely within the plateau. This includes 53 events with epicenters
within the Tibetan Plateau (Figure 1 and Table 2). We define the boundaries of the Tibetan Plateau as
the 4000 m elevation contour (Figure 1). An additional 130 regional events, with sources located out-
side of the plateau, were recorded and are used to evaluate the propagation characteristics of Sn (Table

3.

The phase, Pg, as used in our study is the direct compressional armmval that propagates at local
distances within the crust. Previous authors have shown that Pg is the first arrival for epicentral dis-
tances less than approximately 333 km (3°) within the Tibetan Plateau. Beyond this distance Pg is
observed as the second major arrival, behind the much smaller amplitude Pn. The regional crossover
distance can be seen as a change in slope in the first arrival travel limes versus distances plotted in Fig-
ure 2a. Both Pn and Sn are regional distance retracted or wrning waves that travel directly beneath the
Moho in the high velocity upper-mantle lid. Velocity variations of Pn and Sn can be used to determine

regional varnations within the upper mantle bencath the Tibetan Plateau.
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Observed Phase Velocities Within the Tibetan Plateau

I'n observations. Pn was manually picked as the first motion on the vertical component at
regional distances 10 our array. To aid in picking, we examined broadband, high pass filtered (corner 1
Hz) and band pass filtéred {(comner 0.5-4 1z} records as well as the envelopes of each passband. Pn
amival time was chosen as the earli
can be seen in the event record sections used to illustrate Sn behavior, Because both multiple stations
and multiple events were used, travel times were corrected for both focal depth and station elevation.
This was done by computing a travel time correction by simply multiplying the vertical slowness by the

deviation in station elevation or focal depth from the reference datum at sea level. The result of these

corrections was a slight reduction of travel time data scauter.

Figure 2a shows 1090 corrected, first arrival picks from 183 events recorded at regional distances
to our array. Pn is the first arrival and can be fit by a straight line between the regional crossover dis-
tance at approximately 270 km out to about 1800 km where deep turning P waves arrive before Pn. A
intercept time of 13.5 s was oblained by fitting travel times in the
distance range where Pn is the first arrival on the seismogram. The Pn-Pg crossover distance of 270 ki
apparent in Figure 2a is less than the approximately 333 km (3°) crossover distance observed in previ-
ous studies with less pure path plateau data, but we will still use 333 km as a minimym distance in our
Pn‘ velocity calculations to avoid contamination by Pg arrivals near the crossover distance. It is
apparent from Figure 2a that the slope of the Pn arrival trend decreases with increasing distance beyond
about 1500km, indicating that there is a positive velocity gradient in the upper mantle. Previous studies
ient (Holt and Wallace, 1990; Zhao
and Xie, 1993). In addition, our data shows a sharp change in slope of initial arrival, times around
1800km. This is due to deep tuming P-waves in the mantle transition zone (about 400km depth). In

order o focus our study on the uppermost mantle beneath the plateau, we will restrict our analysis 10

paths that are both entirely confined within the platcau and between distances of 333-1777 km {3-16%).

by
When we restrict our observations 1o paths entirely within the plateau, 263 Pn first amrivals were

obtained from the 53 events within the plateau. Travel time picks are shown in Figure 2b and were fit




between the distances of 333-1777 km (3°-16°). This tighter distance range is used to eliminate any
contamination from slower Pg phases near the crossover distance (270 km) and faster deep mantle P
waves arriving first around 1800 km. A velocity of 8.120.14 km/sec was obtained from the slope of the
L2 fit, with an intercept of 12.7 sec. The Pn velocity obtained from paths restricted to the plateau is
lower than that obtained from the entire regional data set, as well as lower than estimates obtained by
including paths longer than 1800 km. The intercept time and Pn velocity corresponds to a crustal thick-
ness of approximately 60 km when a crustal velocity of 6.1 km/s is assumed. This is comparable to pre-
viously published thickness estimations (Molnar, 1988). Uncertainty is relatively high due to scatter of

the travel times (Figure 2¢).

Figure 2¢ shows residuals from the L2 fit of Pn. Some are nearly 10 sec while most are at least
1-5 sec. Such wide scatter is indicative of either poor picks, inaccurate event locations or laterally
heterogeneous velocity structure in the lithosphere beneath the Tibetan Plateau. While Pn is often emer-
gent and difficult to precisely pick, in most cases a precision of at least 0.5 sec was obtainable. For this
- reason we considered larger residuals to be related to structure and/or event location errors. In a later

section, we describe attempts to reduce residuals through improving event locations.

Sn observations. When we restrict our analysis to paths within the Tibetan Plateau, Sn arrivals
are are. As observed by Ni and Barazangi (1983) and Barazangi and N1 (1982), Sn energy is attenuated
for paths that cross the north-central portion of the plateau. We were able to pick only 36 clear Sn
arrivals from our data set of Tibetan Plateau events. An Sn velocity of 4.59£0.14 km/sec was obtained
by an L2 fit to these observations. This is a typical velocity for continental Sn paths. Most residuals
fall within S seconds of the mean and all within 10 seconds. Uncertainty is large due to the lack of Sn

observations and our computed Sn velocity is lower than those in previous reports {Molnar. 1988).

Pg observations, Pg was fit for two distance ranges since it is unclear at what distance the exact
regional crossover occurs. If we use the previously observed crossover distance and fit all initial arrivals
less than 333 km (3°) wn L2 fit computed a Pg velocity of 6.7320.36 km/sec for 90 observations. When
the distance range is decreased to 0-270 km Pg velocity decreases to 6.141+0.23 km/sec. The first, velo-

city estimate is exceptionally high and may be a function of the ambiguity in the exact crossover dis-




tance. This indicates that the crossover distance is less than the previous estimate of 333km (3°). Con-
tamination by faster Pn arrivals beyond the actual crossover distance and error mapped into travel time
picks, due to mislocation of events, will affect the velocity estimate. At smaller distances, event depth
and location errors cause relatively larger residuals than at greater distances. For these reasons, an
exact crossover distince is difficult to determine. To be consistent with an intercept of 12,7 sec the
crossover should occur around 320 km if we assume a crustal velocity of 6.1 km/s and a crustal thick-
ness of 60 km. Though scatter is high at the crossover distance it appears that it is less than 320 km
{Figure 2). The discrepancy between the intercept time and the crossover distance is likely due to

errors in event location with the plateau, as discussed in the next section.

Event Relocation

Event locations and focal depths reported by the USGS PDE catalogs have been shown to be in
emror by as much as 25 km within the Tibetan Plateau (Zhao and Helmberger, 1991). Global earth-
quake locations are generally obtained by assuming an average crustai thickness of 30 km crust. How-
ever, the Tibetan Plateau crust is anomalously thick (60-75 km), so this assumption breaks down. Con-
sequently earthquake locations reported within the Tibetan Plateau are likely in error. To tnvestigate
the size and impact of these errors on our estimates of Pn velocity, we have attempted to improve the
locations of 16 local and regional earthquakes within the Tibetan Plateau. Mislocations can lead to
large residuals in travel limé curves, inaccurate fits and consequently inaccurate measurements of man-

tle velocity and crustal thickness.

To explore the effects of epicenter mislocation on our estimates of Pn velocity, we tried a simple
grid search procedure to determine a new event epicenter and Pn velocity that best reduces the travel
time residuals. The event epicenter is moved in a 1° by 1° grid, in 0.01° increments, centered about the
tnitial PDE location. At each new latitude/longitude grid point, travel times a;'e plotted versus the new
epicentral distance 10 each recording station and a new line is fit. Both L2 and the L1 fitting techniques
are used. The grid point that produces the lowest standard deviation from the L2 fit and the lowest

smallest mean error from the L1 fit is considered the new event location. Both origin time and focal
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depth are fixed in the relocation procedure because they will not have an effect on Pn velocity, only on
the intercept time. Since we are interested in Pn velocity and event location obtained by minimizing
residuals, the intercept time is not used. Adjustments to travel times for origin time and focal depth
corrections at each location would not help reduce individual station residuals since Pn velocity remains
unchanged. By fixing both origin time and focal depth and thereby travel time, and only varving event
location, we are analyzing relative travel times between recording stations. Finally, since we are fitting
travel times across the plateau we are assuming only that a one dimensional velocity structure is ade-
quate and picking errors are small. No spectfic velocity structure is assumed. This technique allows us
o explore the effects of event mislocation on the Pn velocity without the circularity of having to

assume a particular velocity modei.

From the 16 well-constrained new locations, we obtained an average relocation distance of 15.06
km. Relocation values ranged from just a few kilometers to as much as 34 km. Individual event meas-

urements of Pn velocity using the improved locations vary considerably (7.9-8.4 km/s). The large range

velocity from an individual event is biased by the individual event station paths because of the small
number of observations. Accurale determination of an average Pn velocity requires a large number of

observations. Individual paths may be vseful to chamcierize local variations in velocity structure.

Since trave! time is fixed in our relocation procedure, the individual event intercept mes ar¢ not
used in the relocatons. Travel times were normalized to an intercept ime of zero by removing indivi-
duat event intercept time measurements. Shown are 122 normalized travel times plotted versus the dis-
tances obtained from the 16 improved event locations as well as the 16 original, PDE, locations ( Fig-

ure 3a). When compared to the travel times for the original locations (Figure 3a) it is apparent that the

P D

average Pn velocity changes only slightly when locations are improv
velocity is insensitive 1o event mislocations, Errors are averaged out when a large number of travel titne
observations are used. These respits suggest that a Pn velocity in the range of 8.1 km/s 15 a good aver-

age for the Tibetan Plateau and that a large nurber of arrivals should be used in the dztermination. Fig-

ure 3b shows that despile refocation, scatter is not significantly reduced overall. Since we bave elim-




-8

inated event location errors as a source of scatter, it is reasonable to conclude that the scatter in Figures

2 and 3 is due (o lateral variations in seismic velocity within the Tibetan Plateau.

Regionai 'hase Propagation Characteristics

Sn propagation across the Tibetan Plateau. The later regional phase, Sn, shows interesting pro-
pagation variations across the Tibetan Plateau. 'We have divided our analysis of Sn propagation into
two parts based on location of the epicenter. First, we analyze eventsiation paths restricted to the

e first time such data has been
available. This data set removes any effect ol the platean boundaries on Sn amplitude and allows for
detailed mapping of propagation characteristics. Second, we analyze events with locations outside of
the Tibetan Plateau (Table 3). This second data set enables us to determine any effect that the plateau
boundaries may have on the propagation characteristics of the Sn phase. By combining information

from these two data sets, we can resolve ambiguities from previous studies that have not had access to

muitiple recording stations on the Tibetan Plateau.

Our analysis procedure was simplistic in that we merely noted if Sn was present, absent or weak
on the band pass (1-5 Hz) seismogram at the time appropriate for waves traveling at our measured So
velocity of approximately 4.6 km/s. We examined individual event high frequency record sections in
both the radial and tangential components of motion for the presence of Sn. After this determination,

we mapped the event/station paths to determine the spatiai partern of Sn propagation.

165 paths from 53 Tibetan Plateau events are shown in Figure 4a and b. Figure 4a shows paths
where Sn energy is clearly observed on both the radial and tangential components of motion. Figure 4b
indicates paths where no significant Sn energy is observed. A greater number of paths do not have Sn
energy observable on the seismogramn. It is clear that Sn docs not propagate efficiently across the cen-
tral Tibetan Plateau suggesting that our results are 1n agreement with a zone of inefficient Sn propaga-
tion proposed by Barazangi and Ni (1982). However, the density of our observations enable us to more
precisely define the boundaries of this poor-Sn zone. Specifically, we suggest that the entire northern

portion of the plateau effectively blocks the propagation of Sn.




To demonstrate the variable nature of Sn propagation across the Tibetan Plateau, record sections
of several events are shown in Figures 5-10. Event-station paths, for these events, are shown in Figure
11a. The record sections are plotted with a Pn reducing velocity of 8.1 km/sec and Sn tra;fel time pred-
ictions are included for reference. Both the radial and tangential components of motion are shown, band
pass filtered (1-5 Hz) 1o suppress the large amplitudes of the surface waves and to simulate a short
period instrument. The seismograms are each scaled to peak ampiitude for comparison of the traces,

eliminating any distance dependent amplitude varialions.

Event 91.222.20.21.24 (Figure 5) occurred within the region of inefficient Sn propagation pro-
posed by Ni and Barazangi (1983} and shows no significant Sn energy. 8Sn is either not generated, or
severely attenuated. Event 92.095.17.42.50 (Figure 6) in Southern Tibet (Figure 11a), shows Sn pro-
pagating to SANG, AMDQ, USHU, GANZ and WNDO and weak to nonexistent at MAQI, ERDQ,
BUDO and TUNL. Note the decrease of Sn energy at WNDO relative 10 AMDO, This suggests that
the southern boundary of the zone of inefficient Sn propagation is transitional and allows some Sn
energy to enter. However, the energy quickly dies out as evidenced by the complete lack of Sn at
ERDO and BUDOQ. A second interesting effect is Uie dramatic energy decrease along the same azimuth
from USHU to MAQI. This suggests a significant change in upper mantle properties between the two
stations that can be explained by exiending the poor Sn zone eastward. Also this indicates that radia-

tion pattern is not the cause for the absence of Sn at MAQI for this event.

Additonal support for the eastward extension of the zone of inefficient propagation can be seen
with event 91.242.14.30.58 (Figures 7 and 11a). At distances less than 300 km crustal shear energy is
present on the seismograms (USHU, MAQI) however, beyond 300 km Sn is nonexistent. This would
suggest that event 91.242.14.3.9.58 (Figure 7) is being effected in a manner similar to event
01.22220.21.24 (Figure 5) and that this event i3 likely within a zoue in which Sn energy is not gen-
erated or quickly attenuated (Figure 11a). The western boundary can also be verified and mapped in
more detail with our data set. For example, note the complete absence of Sn in event 92.096.07.47.27
(Figure 8) from the western Tibetan Plateau. The fact that station GANZ, SANG and LHSA have no

apparent Sna indicates that the zone of inefficient Sn propagation may extend farther to the west than
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previously suggested.

Sn propagation from outside the Tibetan Plateau. We have included additional events, with
source locations owtside of the plateau to add {urther constraints to e spatial distribution of Sn propa-
gation. The most significant observation from this data set is that the southern boundary of the Tibetan
Plateau has little to no effect on the propagation of Sn. Event 91.341,13.57.39, from direcdy south of
the platcau (Figures 9 and lla) demonstrates that the Himalaya mountain range does not adversely
affect Sn propagation. Sn clearly arrives at all stations in the southern portion of the array but is absent
from stations to the north. Again a rapid energy decrease occurs as Sn propagates from WNDO to
ERDO and from USHU to MAQI. The same propagation characteristics are observed for event
02.095.17.42.50 (Figure 6) and can be used to add constraints to the southern and eastern boundaries of

inefhicient Sn propagation.

Event 92.024.05.06.18, from the west in Pakistan (Figures 10 and 1ta), can be used in conjunc-
tion with event 92.096.07.47.27 (Figure 8) to help better define the western boundary of Sn attenuation,
Note the strong Sn arrival at XTIGA and its absence at AMDQO (Figure 10). This observation provides
evidence for the western boundary of the zone of poor Sn propagation. It cannot extend past the path
from event 91.024.05.06.18 to the siation XIGA (Figure 11a). It appears that S energy crosses through
the nonh-ce:mral plateau since an arrival is apparent at the station USHU. This is likely not Sn since the
epicentral distance is beyond 1800 km. Instead this is shear energy lha; travels deeper in the mantle
than Sn and apparently propagates more efficiently beneath the north-central portion of the plateau. This
would suggest that the mechanism effecting the propagation of Sn is contained within the upper pottion
of the mantle.

Due to our station coverage, we are not able to add constraints to the northern boundary of the Sn
attenuation zone. We support the idea that it is likely coincident with the Kunlun front as previously
suggested by Ni and Barazangi (1983) (Figure 11). The remaining three boundaries can be redrawn
based on our new observations as shown in Figure 11a and b, Qur data suggests that the entire northern
portion of the Tibetan Plateau attenuates Sn rather than just the smaller zone in the north-central portion

of the plateau as previously suggested by Ni and Barazangi (1983).
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Discussion

Upper mantle structure beneath the Tibetan Plateau. Regional Pn and Sn velocities are com-
monly used to determine the nature of the uppermost mantle. These velocities vary greatly between
stable shield regions and those that are tectonically active. For example, Pn and Sn propagate with
velocities of 8.4 and 4.5 km/s respectively, beneath the Indian Shield (Ni and Barazangi, 1983). Rela-
tively lower Pn and Suo velocities are typical of regions of high heat flow and active tectonics. Pn velo-
city measured in the tectonicaily active Basin and Range Province is as low as 7.8 km/s and Sn has
been shown not to propagate (Beghoul et al,, 1593; Benz et al, 1990). Based on this information Pn
and Sn have been used to attempt to distinguish between the two basic theories describing the mechan-
tsm of uplift of the Tibetan Plateaw. IF India has wnderthrust the Tibetan Plateau, then the mantle
beneath the plateau should closely resemble the structure beneath the Indian Shield. Our Pn and So
velocities beneath the plateau, fall within the middie of the velocities expected for the two end member
models. Molnar (1988) argued that an increase in pressure within the upper mantle of the Tibetan Pla-
teau due to an anomalously thick overlying crust could increase the Pn velocity by as much as (.15
km/s. If this correction were applied to our Pn velocity, it would decrease to less than 8.0 km/s. This is
a value more typical of a tectonically active region and well below a Pn velocity expected if the Indian
Shield is underthrust beneath the Tibetan Plateau. An additional correction could be applied 0 our Pn
velocity to correct for a velocity gradient in the mantle-lid. The effect of correcting for a positive gra-

dient would also result in the reduction of the average Pn velocity (Zhao and Xie, 1993).

The north-central Tibetan Plateau is particularly interesting because of the large amount of
seismic data that can be interpreted as evidence for high temperatures in the upper mantie. For exam-
ple, previous studies have reported observations of large teleseismic S-P travel time rcsiduals (Molnar
and Chen, 1984; Molnar, 1990}, slow Rayleigh phase vciocities {Brandon and Romanowicz, 1986), and
large wvalues of sheétr w;avc splitting (McNamara et al., 1994). Each observation, in addition to the
inefficient Sn propagation, is in support of anomalous heat production in the northern portion of the pla-
teau. The seismic evidence is also supported by surface geologic observations. In the northern Tibetan

Plateau there is strong evidence for widespread Cenozoic volcanism with both basaltic and granitic
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components (Deng, 1978; Dewey et al., 1988, Molnar, 1988). The basaltic composition suggests vol-

canic sources are from partial melt of upper mantle material.

The region of inefficient Sn propagation reported here expands the zone previously reported by Ni -
and Barazangi (1983) since we have more accurately defined its boundaries with our numerous addi-
tional propagation paths. More specifically, we suggest that the poor Sn zone be extended to include
the entire northern portion ot the Tibetan Plateau (Figure 11b). Previous studies have shown that Pn
velocity in the northern plateau is slow relative to the south {(Holt and Wallace, 1990; Zhao and Xie,
1993). Low Pn velocity coincident with the zone of Sn attenuation would not be surprising and we
plan 10 add further constraints to this idea with Pn tomography using our pure-path data set. We have
observed large residuals within our Pn travel time data set despite relocations of Tibetan Platean events.
We expect that the remaining residuals are likely do to lateral heterogeneity within the mantle-lid of the

plateau.

Conclusions

We have developed improved constraints on regional seismic wave propagation within the
Tibetan Plateau. The new areat and distance coverage provided by our iemporary deployment atlows us
to analyze a large number of propagation paths confined to the plateau interior for the first ime. Using
these data, we have determined an average Pn velocity for the plateau of 8.1%0.14 km/s. This velocity
appears somewhat higher than other tectonically active regions, but is in the lower range of Tibetan Pla-
teau Pn velocities, If pressure and velocity gradient corrections were applied, the Pn velocity would be
comparable (0 tectonically active areas with normal crusial thickness. By utilizing a restricted distance
range and paths confined entirely o the plateau, we have determined an average Pn velocity appropriate
for the uppermost mantle beneath the interior of the plateau. Despite the path restrictions and attempts
to improve event locations, Uie scatter of Pn travel times remains large, indicating velocity hetero-
ceneily within the plateau. Further characterization of this heterogeneity may be possible through
tomographic analysis of our Pn travei-times as well as waveform modeling of individual station-event

paths.
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The Sn velocity estimate determined in this study is also high relative o other tectonically active
regions, but is biased by the lack of measurable Sn arrivals. The Sn phase is severely attenuated
throughout the entire northern plateau, extending a zone of inefficient Sn propagation previously
identified in the north-central plateau (Barazangi and Ni, 1982; Ni and Barazangi, 1983). Observations
of crustal shear waves and shear waves at greater distances propagating through this zone suggests that
the mechanism impeding Sn propagation is confined to the uppermost mantle within the northern pla-

teau.
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Figure Captions

Figure 1. Tibetan Plateau experiment bas¢ map showing recording stations and the distribution
of 53 Tibetan Plaicau regional events recorded during the one year of déployment. Additional events,
outside of the 4000m contour, are shown to demonstrate Sn propagation across the boundaries of the

plateau. Regional structural trends are taken from Dewey et al. (1988). Events referenced in the text

are labeled with their event identifier using the notation of Owens et al., (1993b).
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Figure 2. (a) Travel time picks for 1090 first arrivals, from 183 events, ai regional disiances to the
array. This data set includes event/siation paths that cross the plateau boundaries. A reference velo-
city of 8.1 km/sec is shown 1o highlight the Pe-Pn cross over distance ("270 km) and the distance
where Pn is no longer the first arrival (71800 km). (b) Travel ume picks for first arrivals from events
within the Tibetan Plateau. This data set is restricted to event/station paths confined to the Tibetan
Plateau. Pn velocities of 8.08+0.15 km/s and 8.10£0.14 km/s were computed by fitting a line to 263
Pn arrivals beyond the cross over distance using bath L1 and L2 fitting techniques, respectively. (b)

Arrival time residuals relative to the L1 fit of 8.1 km/sec for the pure path plateau data set.

Figure 3, Pn travel times for 16 relocated regional events within the Tibetan Plateau. {a) Travel time
data and velocity fits before relocation. Pa velocities of 8.1420.15 km/s and 8.08+0.18 km/s were
computed using both L1 and L2 fitting technigues, respectively. (b) Travel time data and velocity firs
after event relocation. Pn velocities of 8.18+0.15 km/s and 8.1140.14 kin/s were computed using both
LI and L2 fitting techniques, respectively. {ci Residuals for data before relocation. (d) Residuals for

PN
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Figure 4. Sn propagation characteristics across the plateau. The shaded region in the north-central
plateau is a previously idenbified region of irefficient Sn propagation (Barazangi and Ni, 1982). (a)

Map of paths where Sn is not observed. (b) Map of paths where Sn in observed.

Figure 5. Central plateau local évent record sections (91.222.20.21.24). Both the radial and tangen-

tial components of motion are shown bund pass filiered (1-3 Hz) to simulate a short period instru-
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ment. Dashed lines show the predicted arrival times of Pn (8.1 km/s), Sn (4.6 km/s) and Lg (3.5

km/s).

Figure 6. Southern plateau local event record sections (92.095.17.42.50). Display parameters are the

same as Figure 5.

Figure 7. Regional event record sections from east of the Tibetan Plateau (91.242.14.30.58). Display

parameters are the same as Figure 5.

Figure 8. Regional event record sections from the northwestern Tibetan Plateau (92.096.07.47.27).
Display parameters are the same as Figure 5 except for LHSA. Data at LHSA was recorded continu-
ously at a slower sampling rate of 5 samples/s, Both the radial and tangential components of motion

are shown high pass filtered with a comer frequency of 1 Hz,

Figure 9. Regional record sections from a Burmese event, southeast of the Tibetan Platcau

(91.341.13.57.39). Display parameters are the same as Figure 5.

Figure 10. Regional event record section from Pakistan, west of the Tibetan Plateau

{92.024.05.06.18). Dashed tines show the predicted arrival times of Pn, Sn and Lg.

Figure 11. (2) Examples of Sn propagation from 6 separate events. Solid lines show paths where Sn
is observed. Dashed lines show paths where Su is not observed. (b) The extended zone of inefficient
Sn propagation, determined from our new data set, is shown as the shaded region in the northern pla-
teau. Also shown are regional events used in the study (stars) and the simplified regional structure

{solid lines) (after Dewey et al., 1983).




Table 1

Tibetan Plateau Seismic Experiment

{Station Locations)

Station  Latitude  Longitude  Elevation
{°N) (°E) {meters)

AMDO  32.247 01.688 4712
BUDO 35529 93910 4660
ERDO 34.520 92.707 4623
GANZ 29767 94.050 3150
LHSA 29.702 91.128 3700
SANG 31.024 91.700 4740
TUNL 36.199 94.815 3133
WNDO 33448 91.904 4865
XIGA 29.234 88.851 3865
MAQ! 34478 100.249 3323
USHU 33.011 97.015

3727




Table 2. Tibetan Plateau Events

Event D+ Origin Time Latitude  Longitude Depth Mb  #stations
YRDAYHIIMMSS.t °N) {°E) (Km)
91.199.13.23.31 911991324599 30.363 94.870 33 50 9
91.201.18.52.05 412011902306 30326 94.838 24 4.8 9
91.204.16.50.24 912041651540 30.269 94.820 33 4.7 9
91.205.06.06.43 91205060644.5 30.302 04785 33 4.8 7
91.206.01.52.18 91206015245.2 30.317 94,791 33 4.8 7
91.209.23.57.54 $1209235820.2 30.329 04793 33 49 8
91.210.1547.13 91210154808.8 30.269 94.793 33 4.7 9
91.211.22.21.39 012112222059 30.385 94.795 33 4.8 8
01.222.20.21.24 912222621517 33910 92.158 10 47 11
91.239.05.14.10 912390514323 34.249 92.161 33 34 9
91.242.14.30.58 91242143212.8 34,449 97.309 33 43 8
91.270.07.39.55 912700739553 34.645 08.874 33 47 7
91.270.11.55.24 912701156408 20911 40.423 33 37 5
91.270.23.29.56 912702331214 3244 93.354 33 43 8
91.323.01.03.00 913230104180 32484 93.593 33 49 10
91.325.13.36.25 91325133742.1 33714 90.337 33 43 9
$1.328.07.34.25 913280735266 33.980 38.646 33 47 &
91.329.10.07.40 91329100839.0 34.017 88.832 33 44 9
91.330.21.15.51 913302115599 14.073 94.247 33 43 10
91.336.19.44.36 91336194536.6 22.090 94.604 46 44 9
01.348.08.19.24 913480820238 13976 88.840 33 5.1 &
91.349.15.58.26 91349155932.8 29970 43.928 33 48 9
$1.351.20.26.50 91351202749.6 33.990 88.004 33 4.6 9
91.355.19.52.42 91355195245.5 27004 88.139 57 49 9
91.357.01.57.23 91357015825.1 33.917 88.863 33 5.2 8
01.358.21.26.32 91358212752.1 50.003 92.544 33 44 6
91.365.21.13.33 91365211418.5 30.657 99.571 i3 4.5 8
92.002.02.34.36 920020235372 33.990 88.859 33 48 9
92.007.16.23.40 92007162309.9 30.118 99.537 36 4.8 8
92.008.17.40.2] 92008174141.5 30.137 92.449 33 40 5
92.023.10.25.28 92023102626.7 34.566 93.164 33 52 5
92.034.1543.19 42034154422.6 34496 93.147 10 47 6
92.037.03.34.31 92037033515.3 20610 95.521 15 56 6
92.040.12.44.12 42040124452.7 29.627 95.646 10 5.1 6
92.040.14.36.56 920401437347 29.660 95.607 10 4.8 2
92.065.02.15.19 02065021417.6 35.625 80.585 36 4.7 3
92.067.22.40.50 92067224150.8 29.442 39.370 113 4.3 5
92.076.01.18.29 92076011855.9 34.343 36.288 33 4.7 6
92.084.19.32 48 92084193210.3 31.545 81.540 16 43 3
92.090.18.27.39 92090183006.6 31.929 91.465 33 39 9
02.092.20.54.29 920092205403.7 31.964 83.754 52 4.1 3
92.095.17.42.50 920951743207 28.147 87.979 3 49 9
92.096.07.47.27 92096074747 .6 35.696 80.661 18 5.5 9
92.096.11.08.11 920961109231 35.665 80.599 33 4.0 2
92.104.03.46.58 921040347510 31.958 38.339 33 4.6 9
92.109.18.19.52 02109181929.2 36.155 42.538 10 4.1 9
62.119.01.36.25 92119013628.9 32.145 35.066 33 38 4
92.130.07.23.48 02130072344 8 34.503 84.774 10 4.6 3
02.139.19.55.16 02139195538 .8 34.8538 86.331 13 4.1 6
92.143.05.46.46 921430547315 30.748 99.685 33 4.6 6
92 173.08.07.07 92173080746.5 30.428 89394 28 472 2

2000




92.179.02.14.16 92179021318.3
92.179.13.22.17 921791321209

-2

35.148
35.139

81.079
81.131

33
33

4.5
5.0

t based on the notation of Owens et al (1993b).




Table 3. Regional Events off the Tibetan Plateau

Event ID? Origin Time Latiwwde Loogitude Depth Mb  #stations
YRDAYHHMMSS .t {(°N} (°E) (Km)
91.193.21.55.49 01193220600.2 39421 94.832 16 438 4
91.199.09.53.55 91199095036.7 8224 94112 27 5.4 5
01.199.15.27.32 91199152405.1 8.439 94 629 f6 5.1 1
91.199.17.44.50 91199174543.5 10.362 94,667 33 4.2 6
91.201.18.52.00 912011852239 30.298 94741 33 4.5 7
01.204.13.29.37 012041325473 3.775 05,932 47 5.8 ]
91.210.03.18.45 91210032015.6 30.294 94,765 33 4.6 5
§1.215.08.38.02 91215083317.1 29330 129.081 17 55 2
91.216.12.42.55 912161238245 23.888 95.859 43 4.7 8
91.218.02.21.24 91218021731.6 3.827 95374 18 6.0 6
91.220.11.15.33 012201112384 36.879 65.848 53 53 10
91.231.06.07.09 91231060551.3 46.944 85.302 30 55 8
91.234.03.53.11 91234035341.1 25.030 91.330 33 4.7 9
01.234.21.26.07 912342115045 35.771 114.364 23 52 1
91.235.07.39.13 091235073625.8 36.155 68.802 33 49 5
91.236.17.46.43 012361745233 38.441 75213 33 4.7 4
91.237.05.04.30 01237050059.8 5.649 04.116 34 52 7
01.238.20.45.55 01238204231.8 6.937 94531 26 5.4 9
$91.238.20.54.25 $1238205423.0 6.382 94.609 22 58 8
91.245.11.05.48 01245110550.4 37.440 95.402 i0 5.5 i1
01.247.08.35.12 91247083233.5 10.746 92,843 33 5.1 8
91.247.22.31.26 012472227217 15.204 120.404 21 56 3
91.250.03.00.10 912500300243 24252 93.976 33 49 7
91.251.23.53.44 01251235441.5 36.626 98.553 23 4.8 3
91.25221.54.32 01252215450.5 28.879 94.937 33 4.8 11
91.255.00.45.00 01255003330.7 54.905 111,112 25 5.1 3
91.255.23.05.10 91255230630.1 29.698 95.688 34 4.6 7
01.257.13.17.47 01257131639.7 40.171 105.046 25 5.1 10
91.258.00.23.59 . 91258002050.3 30617 66.735 33 4.8 5
01.258.02.15.33 912580212249 30.724 66.763 26 4.6 5
91.260.18.53.51 91260185322.2 43.141 87.968 22 4.8 4
91.262.04.23.29 $1262042356.7 26.323 92,211 33 4.7 6
91.263.09.41.20 01263003742.5 +3.832 90.332 33 48 2
91263.11.15.36 91263111611.5 36.191 100.063 13 55 10
91.265.05.45.35 01265054227.8 30.165 67.799 10 4.9 i
01.273.09.47.58 12730044424 22.535 121.476 24 5.5 7
01.273.16.33.41 91273163306.2 37.766 101.323 20 53 11
91.273.18.35.45 01273183544.2 22,728 04 416 75 4.7 10
01.274.20.33.26 912742030200 35.705 65.512 12 53 10
91.279.10.58.20 91279105044 4 21.334 104,231 10 4.5 3
91.279.12.16.45 01279121812.0 37.677 101.437 10 4.1 3
91.285.05.12.00 01285050836.3 22.798 121.536 8 5.1 3
91,285.12.23.03 912851223472 37.791 101.176 36 4.3 5
01.288.19.11.31 31288191100.9 306.565 79.311 33 4.5 2
01.2922124.47 912022123143 30.780 78.774 10 6.3 11
91.293.05.34.33 91293053226.8 30.790 78.686 27 49 2
41.296.2041.02 91296203709.1 20.836 122158 29 4.4 2
9§.208. 14 44.00 92981440398 23.788 122.952 27 5.2 3
91.304.02.31.18 01304022902.5 J0.148 72.841 21 5.2 10
91.307.00.03.04 a1307000225.9 28.365 103.984 33 4.5 2
91312.15.16.59 91312151344.1 26.323 70.607 22 56 11

L



91.319.19.56.36
91.320.12.17.40
91.330.15.30.17
31.337.13.19.49
01.338.03.27.07
01.339.15.51.42
91.341.13.57.39
91.341.14.26.09
91.343.01.03.52
91.351.23.51.10
91.353.18.59.32
91.354.02.05.53
91.357.02.14.54
91.359.12.16.26
91.360.13.26.42
91.361.09.11.27
91.362.05.14.39
92.004.03.37.35
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92.0605.17.30.00
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92.012.00.11.55
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92.020.09.01.16
02.021.22.10.43
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92.025.15.16.29
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