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Velocity Structure of the Tibetan Lithosphere: Constraints

from P-Wave Travel Times of Regional Earthquakes

by Jessica D. Griffin, Robert L. Nowack, Wang-Ping Chen, and Tai-Lin Tseng*

Abstract Using data from regional earthquakes recorded by the Hi-CLIMB array
in Tibet, we model P-wave arrival times to constrain the velocity structure in the crust
and the upper mantle in central and western Tibet. Of more than 30 high-quality,
regional seismic profiles that have been assembled, we have selected 10 that show
excellent crustal and Pn arrivals for further analysis. Travel times from four events
along the Hi-CLIMB array provide details on crustal velocities, and six events at
regional distances to the array provide further constraints on Moho structure and
upper-mantle–lid velocities. We use three-dimensional ray tracing to model the travel
times, and the results indicate that the Moho beneath the Lhasa terrane of southern
Tibet is over 73 km deep, with a Pn speed of about 8:2 km=s. The Qiangtang terrane
north of the Bangong–Nujiang suture (BNS) shows a thinner crust, by up to 10 km,
and a lower Pn speed of 7:8–7:9 km=s. Travel times from events to the west and east of
the array indicate that both Moho structure and mantle–lid velocities in the region are
three-dimensional in nature but approximately follow the trend of the BNS. Although
only a limited number of events were used for the travel-time modeling, the results are
consistent with earlier results from teleseismic imaging using the Hi-CLIMB array.

Online Material: Regional earthquake locations.

Introduction

The Himalayan–Tibetan orogeny is the largest active
continent–continent collision zone in the world (Yin and
Harrison, 2000), and the continuing convergence has resulted
in large scale deformation in central Eurasia (Molnar and
Tapponnier, 1975; Tapponnier et al., 2001). The Hi-CLIMB
(Himalayan–Tibetan Continental Lithosphere During Moun-
tain Building) experiment was conducted along a north–south
corridor between 84° E and 86° E, extending from the Ganga
foreland basin, over the Lesser and Higher Himalayas, cross-
ing the Indus–Yarlung suture (IYS) and the Bangong–Nujiang
suture (BNS), then reaching into the Qiangtang terrane in cen-
tral Tibet (Fig. 1). Between 2002 and 2005, the Hi-CLIMB
array was deployed in three phases, with a total of over 210
broadband sites (Nabelek et al., 2005). A unique feature of the
Hi-CLIMBexperiment is that it crosses the highest portions of
the Himalayas from the Indian shield to the interior of Tibet.
It also has an important combination of a dense station spacing
of 3–8 km for themain linear array and a broad regional cover-
age. In this study, we investigate data from the linear array

component of Hi-CLIMB in Tibet to analyze first-arrival tra-
vel times from regional earthquakes.

Because of the importance of the region for understand-
ing active continental collision, Tibet has been the site of
several large-scale field experiments in recent years (e.g.,
Hirn et al., 1984; Zhao et al., 1993; McNamara et al., 1994;
Kind et al., 2002; Tilmann et al., 2003; Wittlinger et al.,
2004, 2009). Studies of Pn in Tibet have found thicknesses
of roughly double the continental average (Chen and Molnar,
1981; Hearn et al., 2004; and Liang et al., 2004; Liang and
Song, 2006; Sun and Toksoz, 2006).

Using teleseismic data from the Hi-CLIMB experiment,
the crust was found to be from 70 to 80 km thick beneath the
Lhasa terrane but on the order of 10 km thinner beneath the
Qiangtang terrane to the north (Nabelek et al., 2009; Tseng et
al., 2009; Nowack et al., 2010). From the analysis of wide-
angle and teleseismic data from the INDEPTH III seismic
array, located about 5° to the east of the Hi-CLIMB array
but crossing similar terranes, a somewhat smaller change in
crustal thickness was found from south to north (Zhao et al.,
2001; Kind et al., 2002; Shi et al., 2004; Tian, et al., 2005).
While the Moho conversion is distinct and coherent beneath
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a majority of both the Lhasa and Qiangtang terranes from
receiver function images of Hi-CLIMB data images, the con-
version strength was observed to vary with the direction of
illumination (Nabelek et al., 2009; Nowack et al., 2010). Also
from Hi-CLIMB data, a zone of crustal and Moho disruption
marks the BNS zone between the more stable Lhasa and
Qiangtang blocks (Nowack et al., 2010).

From travel-time studies, the average Pg velocities in the
Tibetan crust were found to be lower than the continental
average, in the range of 6.2–6:3 km=s (Zhao et al., 2001;
Monsalve et al., 2008; Steck et al., 2009). Studies from the
Hi-CLIMB and INDEPTH experiments, which have more
dense station spacings, found similar average crustal veloci-
ties. Also, lower crustal velocities were found in the areas of
the IYS and the BNS for Hi-CLIMB (Hung et al., 2010) and
in the area of the BNS for INDEPTH III (Haines et al., 2003;
Meissner et al., 2004).

Upper-mantle P-wave velocities beneath the Qiangtang
terrane north of the BNS were found from regional travel-
time studies to be as low as 7:9 km=s (Hearn et al., 2004;
Liang et al., 2004; Pei et al., 2007). These low velocities,
as well as the inefficient Sn propagation observed in this area
(Barazangi and Ni, 1982; Ni and Barazangi, 1983; Brandon
and Romanowicz, 1986; McNamara et al., 1995, 1997; Xie

et al., 2004; Barron and Priestley, 2009), imply that the
thinner crust of the Qiangtang terrane is at least in part
isostatically supported by an underlying mantle that is hotter
and more buoyant (Zhao et al., 2001; Jimenez-Munt et al.,
2008). The P-wave velocities inferred beneath the southern
Tibetan plateau, south of the BNS, are as high as 8:3 km=s
and similar to the upper-mantle velocities observed beneath
stable cratonic regions, such as the Indian shield or the Tarim
and Sichuan basins (McNamara et al., 1997; Liang and
Song, 2006; Pei et al., 2007).

The differences between results from Hi-CLIMB and
INDEPTH III highlight the fact that, while the Tibetan
plateau is composed of a succession of terranes from north
to south (Dewey et al., 1988), there exists significant lateral
variation from west to east, and the structure of the plateau
must be taken into account in all three dimensions. In this
study, forward modeling of P-wave travel times from
regional earthquakes recorded by the linear array component
of Hi-CLIMB in Tibet is used to determine the three-
dimensional (3D) P-wave velocity structure for the region
of the central and western Tibetan plateau beneath the
Hi-CLIMB array.

Data Analysis

We used broadband seismic data from regional earth-
quakes in Tibet recorded by the densely spaced, linear
component of the Hi-CLIMB array in Tibet (Fig. 1) to inves-
tigate crustal and upper-mantle structure. Based on locations
of epicenters reported in the Engdahl–van der Hilst–Buland
(EHB) catalog (Engdahl et al., 1998; see Data and Resources)
or the National Earthquake Information Center Preliminary
Determination of Epicenter (NEIC PDE) catalog [U.S. Geo-
logical Survey (USGS); see Data and Resources for events
not included in the EHB], we selected events for which both
Pg and Pn arrivals were recorded by the Hi-CLIMB array in
Tibet (Fig. 1; Ⓔ a list of events is available as an electronic
supplement to this paper).

To construct a velocity model along the trend of the
Hi-CLIMB array in Tibet, we relied on data from four events
located along and near the array (L2a, L2d, L3a, and L3b;
Fig. 1) for crustal structure. In addition, we used six events
whose epicenters are about 200–300 km from the nearest sta-
tion to constrain seismic velocity structures in the crust and
the upper mantle on a regional scale. Four of the events to the
south of the array have similar epicenters, and these provide
some verification on the variation in the P-wave travel times
due to small-scale heterogeneity, as well as picking errors.
The entire group of events was selected to be largely in line
with the trend of the array but also to provide a range of
azimuthal coverage. We visually picked the timing of the first
P arrivals on the vertical component of the broadband seis-
mograms after applying a six-pole, Butterworth band-pass
filter between 0.5 and 5.0 Hz. The average pick error is
estimated to be �0:3 s. Figure 2 shows examples of seismic
record sections from two events, with the traces plotted with

Figure 1. The topography of the Tibetan Plateau shown with
the stations of the Hi-CLIMB array in Tibet (triangles) and the
epicenters of the selected regional earthquake sources (circles).
Black circles indicate the USGS/NEIC PDE and EHB reported
hypocenters, and the white dots with dashed outlines indicate the
epicenters of the four events nearest to the array, which have been
relocated in this study. The locations of the Bangong–Nujiang
suture (BNS) and the Indus–Yarlung suture (IYS) are shown by
the dotted lines, and the solid line gives the reference line along the
Hi-CLIMB array. The color version of this figure is available only in
the electronic edition.
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respect to surface distance of the event to each station, and all
travel times are reduced by 8:0 km=s.

We carried out forward modeling of the travel times
using a 3D ray-tracing code by Cerveny et al. (1988; the
CRT algorithm). In doing so, the elevation of the free surface
in the model is at 5 km above sea-level, the average elevation
of the Hi-CLIMB stations. The model consists of a grid sys-
tem, with a spacing of 1° in longitude, 0.5° in latitude, and
10 km in depth, over the region between 27° and 36° N in
latitude and 80° to 90° E in longitude and extending down
to a depth of 200 km. The Moho is an explicit surface separ-
ating grid-points in the crust from those in the upper mantle.
A scheme of cubic splines interpolate among the nodes of the
grid system to specify values of seismic wave speeds and
positions of the Moho and to calculate ray paths in the 3D
model. An example of the 3D ray tracing for event L1e is
shown in Figure 3.

Earthquake Events along the Hi-CLIMB Array

The epicenters for earthquakes L2a, L2d, L3a, and L3b
are located along the length of the Hi-CLIMB array in Tibet

(Fig. 1), and the Pg travel times recorded from these nearby
sources are used to constrain the crustal velocity structure
beneath the array. The four events were first relocated using
the location code HYPOINVERSE 2000 (Klein, 2002), and
the relocated epicenters range from 4 to 15 km distant from
the reported epicenters (Ⓔ a table of the relocated hypocen-
ters for the nearby events is available in the electronic sup-
plement to this paper). Also, while the reported depths of
these sources are between 15 and 19 km below the surface,
their depths changed to 6–15 km below the surface after
relocation, which are more consistent with the shallow crus-
tal seismogenic zone in Tibet (Chen and Molnar, 1983; De la
Torre et al., 2007).

For the sources along the array, it can be observed in
Figure 4 that the slopes of the Pg branches for all four events
are generally linear, both to the north and to the south of each
source. The apparent velocities implied by the slopes of the
Pg branches are between 5.9 and 6:1 km=s. Modeling of the
Pg travel times for these events was first done using an initial
1D crustal model (Fig. 4a, solid line) derived from an average
crustal model of Meissner et al. (2004) for the INDEPTH III
experiment but with somewhat slower velocities in the mid to
lower crust, as inferred by the linear slopes of the observed
Pg arrivals for Hi-CLIMB. Fig 4b shows the observed
P-wave travel times for the relocated events L2a, L2d, L3a,
and L3b compared with the travel times calculated using the
initial 1D crustal velocity model. All travel times are reduced
by 8:0 km=s and plotted with respect to the minimum re-
corded travel time rather than an absolute origin time whose
precise value is unknown. In Figure 4b,c, the origin position
of each event on the x axis is determined by its projected
position along the linear trend of the Hi-CLIMB array, shown
by the solid line in Figure 1. However, as with the record
sections, the P-wave travel times are plotted in either direc-
tion away from the source position as a function of epicentral
distance from the source to each receiver.

Figure 2. Examples of vertical component record section
recorded by the Hi-CLIMB array in central Tibet. (a) The record
section for earthquake L3a; (b) the record section for earthquake
L1e. On both record sections, the first arriving Pg or Pn waves
are indicated. The waveforms were filtered with a six-pole Butter-
worth band-pass filter between 0.5 and 5.0 Hz. The data are
shown in reduced time by 8:0 km=s, and each trace is amplitude
normalized. For each trace on the record sections, the first arrivals
of P waves are marked by black dots.

Figure 3. A rendering of the P-wave ray paths calculated by the
3D ray-tracing code CRT (black lines) for the event L1e as viewed
from the west. The gray surface indicates the structure of the Moho
used within the input velocity model for the ray tracing.

1940 Short Note



Although the initial 1D crustal velocity model does a
reasonable job of fitting the travel times, there are still some
mismatches between the observed and calculated travel
times. The misfit between the observed and calculated travel
times can be seen in Figure 4b for event L2a at distances less
than �400 km and greater than �100 km on the x axis, for
L2d at distances less than �300 km and greater than
�50 km on the x axis, and for L3b at distances less than
�50 km on the x axis. This indicates that there is some
additional lateral variability in the crustal velocities along
the profile of the array. Therefore, starting from the initial
1D velocity profile, a refined crustal velocity model was
obtained that includes a reduction of up to 0:15 km=s (around
3%) from the initial 1D crustal model in the top 30 km of the
crust to the north of latitude 33.5° N and to the south of
latitude 31° N.

Figure 4c compares the observed and calculated travel
times for the refined crustal velocity model and shows that
the reduced velocities beneath the southern and northern por-
tions of the array provide a better fit to the observed travel
times at far offsets. The observed Pg travel times for event
L3a are well fit by the calculated travel times using the
refined crustal velocity model, and the value of rms misfit
for the Pg travel times is only 0.25 s, which is smaller than
the average picking error. The refined crustal velocity model
also produces a good fit between the observed and calculated
Pg travel times for event L3b, and the average misfit of Pg
arrivals is 0.29 s. For event L2a, the observed Pg travel times
at far offsets are well fit by those calculated for the refined
crustal velocity model and results in an rms misfit of 0.24 s
for crustal arrivals. The observed travel times to the north of
event L2d are generally well matched by the calculated travel

Figure 4. (a) The initial 1D crustal velocity model (solid line) found for the region of Hi-CLIMB with upper crustal velocities similar to
those found by Meissner et al. (2004) but with slower velocities in the mid to lower crust. (b) The observed travel times of the first arriving P
waves for the relocated events L2a (diamonds), L2d (squares), L3a (triangles), and L3b (circles), compared with the calculated travel times
(lines and crosses) using the initial 1D crustal velocity model. All travel times are reduced by 8:0 km=s and plotted with respect to the
minimum recorded travel time. The origin of each event is placed respective to its projected position along the solid line in Figure 1.
(c) The same observations as in (b) but with travel times (lines and crosses) predicted from using a refined crustal velocity model and
laterally varying Moho model.
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times for the refined crustal velocity model, but the observed
Pg travel times for stations to the south are still somewhat
later than those calculated. Also, the observed travel times
of L2d are earlier than those calculated for this model
between offsets of 75 to 200 km to the north, which could
possibly be due to the presence of a localized zone of high
velocity. However this is not observed in the travel times for
other sources recorded at the same stations, so, while the
average value of rms misfit of 0.43 s is slightly larger than
the average picking error, a crustal model that provides a
better fit for travel times at these offsets for event L2d would
not be consistent with the data observed from the other
events. Nonetheless, the refined crustal velocity model pro-
vides the best average fit to the Pg travel times for all the
events along the array.

While the Pn branches recorded for the nearby events
shown in Figure 4 are typically short and have a lower
signal-to-noise ratio, the Pg-to-Pn crossover distances can
offer some initial constraints on the depth of the Moho along
the Hi-CLIMB array. The Pg-to-Pn crossover distances for
the events L2a, L3a, and L3b are observed at epicenter dis-
tances in the range of 250–300 km and are consistent with
crustal thicknesses of up to 73 km in the south beneath event
L3a but with a thinner crust to the north beneath event L3b.
The Moho depths of the refined crustal velocity model can be
constrained by the observed Pg-to-Pn crossover distances of
these two events, as well as the observed Pn branches of the
more regional events located farther from the array. While
not all the observed Pn travel times for event L2a are well
fit, there is some uncertainty in the Pn picks for this event,
and there is a possibility that these arrivals were picked late
or on a different phase. However, this could also result from
additional 3D complications in the derived Moho model.

Earthquakes at Far Regional Distances
from the Hi-CLIMB Array

Six far regional earthquakes recorded by the Hi-CLIMB
array in Tibet were selected to study Pn velocities and Moho
depths to determine the velocity structure of the crust and
upper mantle in the region. The events shown in Figure 1
were selected because they have prominent Pn arrivals, as
well as some Pg arrivals, so that the crossover distance is
included. While these events are located too far from the
Hi-CLIMB array to be effectively relocated, the depths were
estimated to be consistent with the observed Pg-to-Pn cross-
over distances for each event, and the Moho depths were
inferred from the nearby events and the other far regional
events (Ⓔ available as an electronic supplement to this
paper; see also Griffin, 2010).

The observed P-wave travel times for the regional earth-
quakes are shown in Figure 5. In Figure 5a, the observed
travel times for event L1e show that the Pg travel times are
consistent with the average velocities of around 6:0 km=s
inferred from the four events nearby the Hi-CLIMB array.
It can be seen that the Pn travel times for stations at distances

between 250 and 450 km are delayed in comparison with
those at distances greater than 500 km to the north of the
event. Travel-time modeling indicates that the Moho is
deeper in the southern portion of the model at a depth of
around 73 km and shallower to the north at a depth of around
64 km. The slope of the Pn branch to the south can be mod-
eled by upper-mantle velocities and velocity gradients of
around 8:3 km=s and 0:004 s�1, respectively. The slope of
the Pn branch to the north can be modeled by upper-mantle
velocities and velocity gradients of 7:8 km=s and 0:003 s�1,
respectively. The Pn travel-time curve for event L1e shows a
transition between 400 and 550 km from the source and
indicates that the transition between the deeper Moho in the
south and the shallower Moho to the north occurs over a hor-
izontal distance of roughly 150 km between the latitudes of
31° and 32.5° N. The value of the rms misfit between the ob-
served and calculated travel times for this event using the
inferred 3D regional velocity model (Figs. 6 and 7) is 0.27 s.
Some of the misfit might suggest further complications on
the Pn speeds away from the Hi-CLIMB array. However,
here a self-consistent velocity model among all the seismic
gathers is developed.

Figure 5b shows the observed travel times for event L1a
located to the south of the Hi-CLIMB array. As with event
L1e, the observed Pg travel times are consistent with the
crustal velocities observed using the four nearby events to
the Hi-CLIMB array. The observed Pg-to-Pn crossover
distance and Pn travel times indicate Moho depths, upper-
mantle velocities, and velocity gradients with values in the
south and the north similar to those found for event L1e.
The Pn travel times are consistent with the northward shal-
lowing of the Moho, occurring over a distance of roughly
150 km between the latitudes 31° and 32.5° N (similar to that
found in event L1e).

These results also agree with the data from events L1i,
L1j, and L1k with epicenters located near event L1a and are
shown in Figures 5c–e. Because these events have similar
epicentral locations, they provide a good assessment of
the overall data quality. The value of the rms misfit between
the observed travel times and the calculated travel times for
event L1a using the 3D regional velocity model (Figs. 6 and
7) is 0.16 s, and similar values were found for events L1i,
L1j, and L1k.

Event E3b is located to the northeast of the Hi-CLIMB
array, and Figure 5f shows the observed travel times for this
event. The calculated Pg travel times agree with the observed
travel times using the refined crustal velocity model deter-
mined from the four events located nearby the array. The
observed Pn travel times indicate Moho depths, upper-
mantle velocities, and velocity gradients with values in the
south and north parts of the model are similar to those found
for the other far regional events. However, the transition
between Pn travel times in the north and in the south, shown
by the bar in Figure 5f, indicates that the Moho shallows
northward over a slightly longer distance of around 200 km
and slightly farther to the south between the latitudes of 30°
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and 32° N. The regional velocity model determined in this
study (Figs. 6 and 7) results in an rms misfit of 0.26 s be-
tween the calculated and observed travel times for this event.
Some of the misfit could result from additional variations in
the Pn velocities at greater distances from the Hi-CLIMB
array and also in the vicinity of the transition in Moho depth
near the BNS.

Results and Discussion

Using 3D ray tracing (the CRT algorithm, Cerveny et al.,
1988) to forward model the Pg and Pn travel times, we have

determined a 3D P-wave velocity model for the crust and
upper mantle in the central and western Tibetan plateau.
Figure 6a illustrates the crustal velocities found beneath the
Hi-CLIMB array; these crustal velocities vary laterally from
north to south and are slightly slower in the areas of the IYS

and north of the BNS. Figure 7 highlights the velocity struc-
ture of the upper mantle and shows that upper-mantle veloc-
ities of around 8:3 km=s and crustal thicknesses of close to
73 km are found beneath the southern portion of the Tibetan
plateau. To the north of the BNS in the Qiangtang terrane,
upper-mantle velocities are found to be lower, at around

Figure 5. The observed P-wave travel times (circles) for events (a) L1e, (b) L1a, (c) L1i, (d) L1j, (e) L1k, and (f) E3b. These sources are
located at regional distances to the Hi-CLIMB array, and Pn travel times for these events were used to constrain the P-wave velocity structure
of the upper mantle for the region of the Tibetan plateau. All travel times are reduced by 8:0 km=s and plotted with respect to the minimum
recorded travel time. The lines and crosses in each figure show the calculated travel times using the 3D regional velocity model found in this
study. Horizontal bars highlight the locations of the transition for shoaling of the Moho and northward decrease in Pn speed.
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7:8 km=s, and the crust in this area is about 10 km thinner
than that observed to the south.

The separation between the Lhasa terrane to the south
and the Qiangtang terrane to the north can also be observed
in receiver function images from Hi-CLIMB (Nabelek et al.,
2009; Nowack et al., 2010) as a disruption in the Moho con-
version in the receiver function images to the south of the
BNS. The location of this disruption coincides with the tran-
sition in the Moho depth and upper-mantle velocities found
in this study. Figure 6b shows a comparison of the Moho
depth results in this study (gray line), from wide-angle
travel-time modeling using regional events, with the teleseis-
mic imaging results of Nowack et al. (2010), in which the
solid lines are the interpreted locations of the subsurface
Moho and other major impedance discontinuities. Tseng
et al. (2009) also determined Moho depths from virtual wide-
angle seismic profiles using teleseismic data, and their wide-
angle imaging results are consistent with the results of this
study. While the results from geologic mapping and balanced
cross sections given in Kapp et al. (2005) and Ding et al.
(2007) suggest a northward dipping suture near the surface
between the Lhasa and Qiangtang terranes, the results of this
and other geophysical studies from Hi-CLIMB (Tseng et al.,
2009; Nowack et al., 2010) find a zone of changing Moho
depth that suggests a geophysical suture at depth is mainly
located to the south of the surface expression of the BNS,
which could imply a southward-dipping geophysical suture
between the Lhasa and the Qiangtang terranes.

Regional tomography studies have found lower than
average Pg and Sg velocities in the Tibetan crust of around
6.1 and 3:4 km=s, respectively (Sun and Toksoz, 2006;
Monsalve et al., 2008; Steck et al., 2009). Prior studies using
both Hi-CLIMB and INDEPTH III data have also observed

lower-velocity zones in the crust near the areas of the IYS and
BNS (Meissner et al., 2004; Hung et al., 2010), which is
similar to the results found from this study for the crust. Also,
the results for upper mantle Pn velocities found in this study
are consistent with earlier studies of Pn in Tibet, including
those of Hearn et al. (2004), Sun and Toksoz (2006), Liang
and Song (2006), and Phillips et al. (2007).

The inferred upper-mantle velocities and gradients from
this study are consistent with those of Phillips et al. (2007) in

Figure 6. (a) The P-velocity model determined in this study, showing a 2D transect along the strike of the Hi-CLIMB array shown in
Figure 1. Solid lines show velocity contours in km=s. Generally, slower crustal velocities were found beneath the areas of the BNS and IYS.
Also, a thicker crust and faster upper-mantle velocities were found in the southern area of the plateau beneath the Lhasa terrane. (b) Com-
parison of the crustal thickness beneath the area of the Hi-CLIMB array determined in this study (gray line) with the interpretation of the
major impedance discontinuities (black lines) adapted from the teleseismic imaging by Nowack et al. (2010). The color version of this figure
is available only in the electronic edition.

Figure 7. A rendering of the 3D Moho and upper-mantle
velocity structure found in this study for the region of the Tibetan
Plateau. The upper-mantle velocities are higher and the Moho
deeper beneath the southern portion of the plateau south of the
BNS, and upper-mantle velocities are lower and the Moho is
shallower north of the BNS. However, the area of higher velocities
extends farther to the north in the west than in the east and generally
follows the trend of the Bangong-Nujiang suture (BNS) as shown
by the dashed line along the Moho. The color version of this figure
is available only in the electronic edition.
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Tibet, with upper-mantle velocity gradients in this region of
Tibet between 0:003 s�1 and 0:004 s�1. Myers et al. (2010)
found similar upper-mantle velocity gradients in southern
Tibet but lower gradients in the Qiangtang terrane in northern
Tibet. However, their study was much larger in scale, incor-
porating Eurasia and North Africa. For this study, the
upper-mantle velocities are well modeled by the regional
travel-time data, but the modeled upper-mantle velocity gra-
dients are less constrained (Griffin, 2010). For a better reso-
lution of upper-mantle velocity gradients, longer offsets than
those used here would be needed because the offsets in this
study were restricted to include only events with well-
recorded crossover distances between the Pg and Pn
branches. Alternatively, other seismic attributes, such as Pn
amplitudes, could be used to provide better constraints on the
upper-mantle velocity gradients and are the subject of current
research.

Although the event coverage in this study is limited, In
addition to the north–south variation, the inferred velocity
model also shows an east–west lateral variation. The location
and width of the transition in Moho depth is largely
constrained by the travel times for ray paths from the regio-
nal event L1e (sampling mostly to the west of the Hi-CLIMB
array) and the travel times of the ray paths of event E3b (sam-
pling predominantly to the east of the array). To the west, the
Moho is found to shallow to the north between the latitudes
of 31° and 32.5° N, whereas, to the east, the northward shal-
lowing of the Moho is found to occur farther to the south
between 30° and 32° N and generally follows the surface
trend of the BNS.

Conclusions

This study uses broadband seismic data recorded by the
Hi-CLIMB array in central and western Tibet from earth-
quake sources located both along the array and at more
regional distances from it. These events provide travel-time
data along the profile of the array but also afford some
azimuthal coverage of the region. Observed P-wave travel
times from selected regional earthquakes were modeled
using 3D ray tracing in order to determine the velocity struc-
ture of the crust and upper-mantle structure in Tibet near the
Hi-CLIMB array. Although only a limited number of events
were used for the travel-time modeling, the results are con-
sistent with earlier results from teleseismic imaging beneath
the Hi-CLIMB array.

A laterally varying refined crustal velocity model was
found using Pg travel times from the events located along
and near the Hi-CLIMB array, and the inferred velocities
are similar to those given by Meissner et al. (2004) for
INDEPTH III in the upper crust but with slower velocities
in the mid to lower crust beneath the Hi-CLIMB array.
Crustal velocities in the top 30 km of the crust were also
found to be up to 0:15 km=s slower in the area of the IYS
south of latitude 31° N and in the area of the BNS north of
latitude 33.5° N.

The Pn travel times observed for the more regional
events to the Hi-CLIMB array were used to constrain the
Moho structure and upper-mantle velocities in the region. It
was found that the crust is as thick as 73 km beneath the
southern part of the plateau in the Lhasa terrane and about
10 km thinner beneath the northern area of the plateau in the
Qiangtang terrane. This north–south variation is also present
in the inferred variation in upper-mantle velocities, which
were found to be about 8:3 km=s beneath the Lhasa terrane
in the southern plateau but as low as 7:8 km=s to the north of
the BNS beneath the Qiangtang terrane. However, the travel-
time data from events L1e to the west of the Hi-CLIMB array
and E3b to the east of the array, imply variations in the east–
west direction as well, generally following the surface trend
of the BNS. The transition from faster upper-mantle veloci-
ties and a thicker crust in the south to slower upper-mantle
velocities and a thinner crust in the north occurs over a dis-
tance of 150 km between the latitudes of 31° and 32.5° N in
the western portion of the velocity model and occurs over a
distance of around 200 km between the latitudes of 30° and
32° N in the eastern portion of the model.

Data and Resources

Seismic data used in this study were collected by several
authors of this paper as part of the Hi-CLIMB Project
using instruments from a number of different sources, includ-
ing many from the Incorporated Research Institutions in
Seismology–Program for the Array Seismic Studies of the
Continental Lithosphere (IRIS-PASSCAL) Center. The project
was organized and coordinated jointly by the University of
Illinois (principal investigator, Wang-Ping Chen) and Oregon
State University (principal investigator, John Nabelek).
Seismic data is now available directly from the IRIS Data
Management Center at www.iris.edu.

Ray tracing was performed using the 3D ray-tracing code
by Cerveny et al. (1988; the CRT algorithm, available at
http://sw3d.mff.cuni.cz), and event relocation was performed
using the location code HYPOINVERSE-2000 (Klein, 2002;
available at http://earthquake.usgs.gov/research/software).

The U.S. Geological Survey/National Earthquake Infor-
mation Center earthquake locations are available at http://
earthquake.usgs.gov/earthquakes/eqarchives/epic/database
.php (last accessed, November 2010). The Engdahl–van der
Hilst–Buland catalog of earthquakes (Engdahl et al., 1998)
is available at http://www.isc.ac.uk/search/bulletin/ehb.html
(last accessed October 2010).
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