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Propagation Characteristics of Lg across the Tibetan Plateau
by D. E. McNamara,* T. J. Owens, and W. R. Walter

Abstract We present the results of a study on the propagation of Lg within the
Tibetan Plateau. We analyze over 1200 seismograms for Lg propagation from 185
local and regional earthquakes recorded at distances from 150 to 2000 km, 52 of
which are located within the Tibetan Plateau. Although the propagation of Lg has
been observed across most of Asia, Lg has not been observed for paths crossing the
Tibetan Plateau. We analyze paths that cross the plateau boundaries and paths con-
tained entirely within the Tibetan Plateau. Lg is generated within the Tibetan Plateau
and can propagate to epicentral distances of at least 600 km. For events located
outside of the Tibetan Plateau, Lg is either absent or severely diminished for paths
that cross both the Himalayan and Kunlun ranges, confirming that the margins of the
plateau weaken Lg transmission.

Based on the observations from our qualitative analysis, we invert Lg amplitudes
for event/station paths that are confined to the Tibetan Plateau to estimate the quality
factor, Q. The inversion yields a frequency-dependent O function:

O(f) = (366 + 37045000 (05 = f= 16 Hz).

Similar observations in other areas indicate that frequency-dependent apparent Q
within the Tibetan Plateau is well below that expected for a typical continental in-
terior. Instead, it has a frequency dependence that is characteristic of a tectonically

active region.

Introduction

Regional differences in the attenuation of seismic waves
have been recognized since it was noticed that the shaking
intensity of earthquakes in the western United States de-
creases faster with epicentral distance than comparable-sized
earthquakes in the central and eastern United States (Richter,
1958; Nuttli er al.,, 1979). With the advent and subsequent
abundance of modern instrumentation, amplitude measure-
ments with respect to epicentral distance of fundamental-
mode Raleigh waves and regional phases, such as Lg, bave
confirmed that attenuation in the western United States is
significantly higher than in the eastern United States (Mitch-
ell, 1975, 1981; Frankel ez al., 1990). In fact, it has been
observed throughout the world that Lg attenuation is higher
for regions with active tectonism than for stable continental
interiors {Aki, 1980a, 1980b).

Lg is commonly thought to be generated by a super-
position of higher-mode surface waves (Oliver and Ewing,
1957; Mitchell, 1995) or multiple reflected shear energy in
the crust (Gutenberg, 1955). Lg travels with a group velocity
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of about 3.5 km/sec and is prominent on all three compo-
nents of motion on regional short-period seismograms. In
stable continental regions, it is observed at distances as great
as 4000 km and has been widely used to estimate earthquake
magnitudes and seismic moment for events at regional dis-
tances (Nuttli, 1973; Street et al, 1975; Herrmann and
Kijko, 1983). Lg has been successfully modeled as a higher-
mode surface wave (Ewing et al, 1957; Knopoff ef al.,
1973), and the group velocity of Lg implies that it propagates
as multiple reflected shear waves trapped within the crust
(Press and Ewing, 1952; Herrin and Richmond, 1960; Bou-
chon, 1982). It is commonly observed that lateral hetero-
geneity plays a significant role in shaping the characteristics
of the Lg signal (Ruzaikin et al., 1977; Kennett et al., 1985).
Consequently, Lg carries information about the average
crustal shear-wave velocity and apparent attenuation along
its path and is sensitive to varying tectonic environments.
The observation of Lg is often used to infer the existence
of continental crust because Lg does not propagate across
oceanic crust; it can be shown that Lg quickly loses energy
in the thin wave guide provided by oceanic crust (Kennett,
1986). Also, Lg propagation is affected by variations of the
crustal wave guide along its path. For example, Aki (1980a)
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proposed that scattering of Lg energy from fractures within
the crust, in tectonically active regions, is a major cause of
strong Lg attenuation. A disruption of Lg propagation can
also be caused by the lack of a continuous wave guide. For
example, strong attenuation of Lg can occur in areas where
significant crustal thickness variations exist (Gregersen,
1984; Ruzaikin et al., 1977; Rodgers et al., 1995; Cao and
Muirhead, 1993; Campillo, 1987; Kennett, 1986).

Lg has been observed across much of Asia; however,
Lg has not been observed for paths crossing through the
Tibetan Plateau (Ruzaikin et al, 1977; Ni and Barazangi,
1983; Bath, 1954; Pec, 1962; Saha, 1961). This effect has
been attributed to either scattering due to a change in the
crustal thickness and/or structural discontinuities at the
boundaries of the plateau or to an unusual velocity structure
or high attenuation within the plateau (Ruzaikin et al., 1977).
Previous studies were limited since they had to rely on sta-
tions outside of the Tibetan Plateau and could only observe
Lg for paths that cross the boundaries of the plateau. Con-
sequently, they were unable to distinguish between the ef-
fects that the interior of the plateau versus its boundaries
may have had on Lg amplitudes.

In this article, we study the nature of Lg propagation
and attenuation within the Tibetan Plateau. First, we quali-
tatively analyze Lg attenuation and blockage by visually in-
specting Lg amplitudes for paths crossing through the Ti-
betan Plateau and surrounding regions. Second, we invert Lg
amplitudes, from paths restricted to the Tibetan Plateau, for
frequency-dependent attenuation. Frequency-dependent Q
can be modeled as

Qf) = QoS €]

where Q, is the quality factor, Q, at a frequency, f, of 1 Hz
and the exponent 7 describes the frequency dependence of
Q. O(f) values vary considerably depending on the tectonic
style of the region of Lg propagation. For example, Chavez
and Priestley (1986) found Lg Q(f) = 214f*>* within the
tectonically active basin and range province of North Amer-
ica while Atkinson and Mereu (1992) showed that fre-
quency-dependent Q in tectonically stable southeastern Can-
ada is as high as Q(f) = 670f%%. In general, Q, is small
and # is large for tectonically active regions relative to more
stable continental interiors.

Data used in this study were digitally recorded using 3-
component, broadband sensors at 11 sites within the central
portion of the Tibetan Plateau (Fig. 1, Table 1). At 10 of the
stations, data were collected in an event-triggered mode at
40 samples per second (sps). LHSA operated in a continu-
ously recording mode at 5 sps (Fig. 1) (Owens et al., 1993a,
1993b). Instrumentation for this experiment consisted of 10
Streckeisen STS-2 sensors and one Guralp CMG-3ESP at
the TUNL station (Fig. 1). The STS-2 and Guralp are both
active feedback seismometers. The STS-2 has flat velocity
response between 1/120 and 50 Hz, and the CMG-3ESP has
comner frequencies of 1/30 and 30 Hz (see Owens ef al.,
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1993a). Over 1200 seismograms from 185 regional events
were examined for the existence of Lg. Of these, 52 events
provided paths that travel entirely within the Tibetan Pla-
teau. Event locations are determined from the USGS PDE’s
and are shown in Figure 1.

Lg Propagation within the Tibetan Plateau and
Surrounding Regions

Our qualitative analysis of Lg is similar to the method
applied by Ruzaikin et al. (1977) and to the mapping of Sn
propagation within the Tibetan Plateau (McNamara et al,,
1995; Ni and Barazangi, 1983). The procedure consists of
two parts. First, we merely note if Lg is present, absent, or
weak on both the tangential and radial component high-pass
filtered (>0.5 Hz) event record sections at the time appro-
priate for a wave traveling at a typical continental Lg veloc-
ity (3.1 to 3.6 km/sec). A weak Lg arrival is defined as one
with an amplitude less than half that of the vertical-com-
ponent P coda. Second, to better constrain the spatial distri-
bution of Lg propagation characteristics, we map event/sta-
tion paths, coded to represent our amplitude observations.
We were able to observe Lg within a range of path lengths
from several hundred to several thousand kilometers. We
focused on events with epicentral distances greater than 150
km for two reasons. First, in many cases with short epicentral
distances, it was difficult to determine the presence of Lg
because of interference with that of the higher amplitude S
arrivals. Second, by using events with distances greater that
150 km, we can assume a constant geometrical spreading
(Street et al., 1975; Atkinson and Mereu, 1992; Burger et
al., 1987).

The most significant new observations from our data set
is that Lg propagates within the Tibetan Plateau and that both
the northern and southern boundaries of the plateau cause
inefficient Lg propagation. We have observed strong Lg at
all plateau stations from events with epicenters also located
within the plateau. Previous studies have had few recording
stations on the plateau and thus limited opportunity to ob-
serve Lg that did not cross the margins of the Tibetan Pla-
teau. Though Lg is generated on the plateau, for our data set
(mb = 3.7 10 5.5), we find that energy is quickly attenuated
for event/station paths within the plateau that are greater than
about 600 to 700 km. Events to the north do not have ob-
servable Lg energy at recording stations >100 km into the
plateau, suggesting that the northern boundary diminishes
Lg amplitudes. We do, however, observe Lg at our stations
near the northern edge of the plateau (TUNL and MAQI) for
long paths (>700 km) from the same events to the north of
the plateau, suggesting that the Tarim and Qaidam Basins
allow more efficient propagation of Lg than the Tibetan Pla-
teau. We also confirm previous observations that the south-
ern boundary of the Tibetan Plateau blocks Lg propagation
(Ruzaikin et al., 1977; Ni and Barazangi, 1983).

Figures 2a and 2b are maps showing selected paths to
demonstrate the spatial distribution of Lg propagation with-
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Tibetan Plateau experiment base map showing recording stations (gray

diamonds) and the distribution of regional events (solid circles) used to map Lg prop-
agation. Regional structural trends are taken from Dewey e al. (1988). Solid lines show
major faults, and dashed lines indicate suture zones that bound tectonic terranes of the
plateau. Elevation is shown shaded with 1000-m contour intervals. The area in white
is above 4000-m elevation and is considered the boundary of the Tibetan Plateau for

our study.
Table 1 approximately 100 km from the 4000-m contour (BUDO and
Tibetan Plateau Seismic Experiment (Station Locations) GANZ) record Lg from events outside of the plateau (Fig.
2a). This suggests either a transition zone of Lg attenuation
Latitude Longitude Elevation . .

Station Ny CE) ) or that Lg is scattered and can propagate a short distance
VDO 12947 01683 12 before it is entl'rel.y attengated or “blocked. Flgu.re 2b
BUDO 35.529 93.910 4660 shows that a majority of regional paths that cross the Tibetan
ERDO 34.520 92.707 4623 Plateau do not contain significant Lg arrivals. These are ei-
GANZ 29.767 94.050 3150 ther long paths within the Tibetan Plateau or paths crossing

LHSA 29.702 91.128 3700 its boundaries.
iﬁ;ﬁ gé?gg 3‘11;(1)(5) ;’Eg Record sections are shown in Figures 3 and 4 to dem-
WNDO 33.448 91i904 4865 onstrate Lg propagation for some paths shown in Figure 2.
XIGA 29.234 38.851 3865 Event 91.222.20.21.24 is an example of an event within the
MAQI 34.478 100.249 3823 Tibetan Plateau, and sample seismograms are shown in Fig-

USHU 33.011 97.015 3727

out obscuring the important points with our abundance of
data. Figure 2a shows that a majority of paths where Lg is
observed are associated with events within the plateau. Most
of these paths are short and restricted to the eastern plateau.
At stations within the plateau, a small number of paths with
observed Lg energy are from events outside of the plateau.
In nearly all cases, paths crossing the Kunlun and Himalaya
ranges have little Lg energy. However, in some cases, for
events outside of the plateau, Lg is observed at stations to-
ward the edges of the plateau. More specifically, two stations

ure 3. This event was located between ERDO and WNDO in
the array, within the central portion of the plateau (Fig. 2).
For events within the plateau, recorded at stations within the
plateau, Lg energy is observable out to distances of 600 to
700 km. Energy and frequency content steadily decrease
with epicentral distance. By examining paths from many
event locations, we find little correlation with Lg amplitude
decay and internal plateau structure, suggesting that there is
no dependence on azimuth. Instead, amplitude decay ap-
pears to be primarily related to distance traveled within the
plateau, suggesting that intrinsic Q is the dominant attenu-
ation mechanism for these paths. Also, the previously iden-
tified zone of inefficient Sn propagation in the northem pla-
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teau (Ni and Barazangi, 1983; McNamara et al., 1995) does
not appear to affect Lg amplitudes. This would suggest that
while mantle properties vary across the Tibetan Plateau, at-
tenuation of Lg in the crust is laterally uniform.

For paths that cross into the Tibetan Plateau from out-
side, there is little observable Lg energy. We show an ex-
ample of how the northern boundary of the plateau blocks
Lg transmission using event 91.257.13.17.47 (Fig. 4). This
is an event from northeast of the array and shows Lg energy
at stations at the northern end of the array (TUNL, MAQI,
BUDO, and USHU). Since the magnitude of the earthquake
(mb = 5.1) is similar to events examined within the plateau,
the presence of energy at TUNL and MAQI suggests that Lg
will propagate at long distances (>700 km) outside of the
plateau. Lg amplitude is significantly decreased as paths
propagate into the plateau. The weak presence of energy at
stations USHU and ERDO for the same event demonstrates
that the boundary does not abruptly block Lg transmission.

- .94’1”/"15.?1{0
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Figure 2. Lg propagation characteristics
across the plateau. Events selected to demon-
strate Lg characteristics are shown with an
open circle. Event identifiers are the same as
in Table 2. (a) Map of paths where Lg is ob-
served. (b) Map of paths where Lg is not ob-
served.

Instead, energy diminishes across about 200 km of the pla-
teau path. These observations are unambiguous since the
stations within the plateau have similar azimuths for these
events, and thus, the absence of Lg can be attributed to the
margins of the plateau rather than to the source radiation
patterns.

The southern boundary of the Tibetan Plateau also has
a dramatic effect on Lg and has been demonstrated in pre-
vious studies (Ruzaikin ez al., 1977, Ni and Barazangi,
1983). For events south of the Tibetan Plateau, the amplitude
of Lg quickly dies out at stations progressively northward
into the plateau. Events 91.341.13.57.39, 91.325.04.06.35,
and 92.154.22.08.09 are located southwest of the array to
the south of the Tibetan Plateau and the Himalayan boundary
thrust (Fig. 2). Both show practically no Lg energy at our
recording stations, with the exception of some southem sta-
tions (GANZ and XIGA). In these cases, Lg amplitudes are
quite small, and energy quickly decays progressively to the
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Figure 3. Central plateau event record section

(91.222.20.21.24, mb = 5.4). Both the tangential
(left) and radial (right) components of motion are
shown high-pass filtered (>0.5 Hz) with the excep-
tion of LHSA. Data at the LHSA station was obtained
at a slower sampling rate of 5 samples/sec. Conse-
quently, seismograms are shown band-pass filtered
with corner frequencies of 0.5 and 2.0 Hz. Dashed
lines show the predicted arrival times of Pn (8.1 km/
sec), Su (4.6 km/sec), and Lg (3.6 to 3.1 km/sec) (Mc-
Namara et af., 1995). The recording station is shown
at the end of each record section trace.

north. Ni and Barazangi (1983) suggested that the Indus-
Zangbo suture zone rather than the Himalaya is the boundary
that blocks Lg energy from entering the plateau. Due to lim-
ited ray coverage, we are not able to resolve this distinction.

We have shown that Lg is generated within the plateau
but does not propagate efficiently to distances greater than
about 600 to 700 km for our data set (mb < 5.5). This im-
plies a high attenuation for paths within the plateau, as pre-
dicted by Molnar and Oliver (1969) and Ruzaikin et al.
(1977). We have also shown that Lg energy is strongly at-
tenuated for all paths that cross the margins of the plateau
defined by the Himalaya and Kunlun mountain ranges to the
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Figure 4. Regional event, from northeast of the
plateau (91.257.13.15.47, mb = 5.1). Display param-
eters are the same as Figure 3.

south and north, respectively. While attenuation for Lg paths
within the plateau is high, the dominant effect contributing
to the demise of Lg for paths entering the plateau is at its
margins. High attennation within the plateau is, however, a
significant contributing factor. In the next section, we pres-
ent our inversion of observed Lg amplitudes for frequency-

dependent apparent Q to quantify Tibetan Platean crustal
attenuation.

Measurement of Frequency-Dependent Lg O
within the Tibetan Plateau

Q Inversion Method. We have shown that Lg is generated
within the Tibetan Plateau and that the amplitude of Lg de-
creases quickly with increasing epicentral distance within
the plateau. These observations imply that attenuation is
high within the plateau. In order to quantify the attenuation,
we examined the amplitudes of Lg arrivals from events
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within the Tibetan Plateaun to estimate apparent Q (Fig. 1).
The quality factor, (), provides attenuation information
about the medium in which Lg propagates when compared
with other regions throughout the world.

The observed amplitude of Lg can be modeled as

A, D) = # R(NHS(fe~ 7120, ()

where D is the hypocentral distance, R is a receiver term that
denotes site effects, § is the term that represents the individ-
ual earthquake source excitation, f is the median frequency
of the observed wave, v is the group velocity for Lg (3.5 km/
sec), 4 is the exponent of the geometric spreading within the
medium, and Q(f) is the quality factor of Lg propagation
within the crust.

Rewriting and taking the natural log of both sides of (2)
yields

In[A(f, D)D"] = In[R()] + W[S(P] ~ ;’é%. (3)

When the left-hand side of (3) is plotted against distance,
(3) describes a line where the R and S terms control the
intercept and the Q term controls the slope.

Since the response of our instruments is well known
(Owens et al., 1993a), we directly solve for the source and
receiver terms as well as the regional Q(f) by inverting in-
strument-corrected and geometrical-spreading-corrected Lg
amplitudes from many different events recorded at the sta-
tions within our array (Benz ef al., 1994). Using our data set
of many source-receiver pairs, a system of linear equations
can be set up based on equation (3). The system of equations
can be expressed as

Ax = t, (4)

where A is a matrix made up of the parameter coefficients
of (3). It contains mostly ones and zeros, with one column
listing a portion of the last term of (3) (— zfD/v). The vector
x contains the unknowns S for each event, R for each station,
and the regional Q term. The t vector contains the left-hand
side of equation (3). By fixing f, we know A, D, and v for
each source-receiver pair. We then solve for S of each event,
R of each station, and Q using a singular-value decomposi-
tion inversion technique (e.g., Menke, 1990). By performing
the inversion over several frequency bands, we obtain a mea-
sure of frequency-dependent Q(f). Since we do not consider
the effects of scattering or radiation pattern, and assume a
reasonable geometric spreading, our measure is apparent
rather than intrinsic Q. Radiation effects should be minimal
since Lg consists of a large number of reflected rays that
distribute energy across all three components of motion.
Before we can obtain a measure of regional Lg O(f),
several assumptions must be considered. Generally, the Lg
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wave train is comprised of the high-frequency energy (>0.5
Hz) that propagates with a group velocity ranging from 3.6
to 2.8 km/sec at regional distances (Street et al., 1975; Nuttli,
1973; Press and Ewing, 1952; Atkinson and Mereu, 1992;
Campillo, 1990). Based on our qualitative analysis of Ti-
betan Plateau data, we observe that the main Lg energy ar-
rives within the group velocity window 3.6 to 3.1 km/sec.
Since Lg is not dispersive, we assume the generally accepted
frequency-independent group velocity of 3.5 km/sec and
find that the inversion is relatively insensitive to propagation
velocity. Inversions using the mid-window group velocity
(v = 3.4 km/sec) did not significantly alter resultant Q
values.

The selection of the geometric spreading coefficient, 7,
is critical since it is sensitive to the velocity structure of the
crust (Banda er al, 1982) and has been shown to trade off
with resultant values of @ (Atkinson and Mereu, 1992; Cam-
pillo et al., 1984). Lg O measurements in the frequency do-
main have shown that for local sources (<130 km), y is
approximately 1.0. At distances beyond 130 km, Lg ampli-
tude decays less steeply (Atkinson and Mereu, 1992). In this
case, a geometric spreading coefficient of y = 0.5 is used.
This is the conventional model for regional surface waves
(Street et al., 1975) and holds true for other regions (Frankel
et al., 1990). Our approach uses Lg amplitude measurements
in the time domain, so we must assume a geometric atten-
uation that corrects for the spectral density per time unit.
Since signal duration increases with distance, attenuation is
greater in the time domain. Thus, a larger geometric spread-
ing coefficient, y = 0.83, is generally assumed in the time
domain relative to the frequency domain (Campillo er al.,
1984; Campillo, 1990; Nuttli, 1973). Underestimating y
leads to an underestimation of Q, and an overestimation of
n. For this reason, the higher value, y = 0.83, assumed for
our time domain amplitudes will result in a more accurate
estimate of Lg Q.

Data Selection and Preparation. For our analysis, we rte-
strict the data to events with paths confined to the Tibetan
Plateau. Since we have shown that the boundaries of the
plateau diminish Lg amplitudes, this step will eliminate paths
with weak Lg that may contaminate the plateau measure of
Q. Figure 5 is an example of the Lg phases used in the
inversion. We first computed the instrument-corrected, dis-
placement seismogram of the bandpass-filtered tangential
component of motion. Selection of the tangential component
is based on the observation, from the previous section, that
energy is greater and more consistent across more passbands
on the tangential than on the vertical or radial components
of motion. As a test, we ran the inversion on amplitudes
measured from the vertical component and found that re-
sulting Q values were within one standard deviation of the
results acquired with tangential component amplitudes. This
supports our assumption that Lg energy is distributed across
all components of motion and that decay of amplitude with
increasing distance is consistent across all components of
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Figure 5. An example of Lg amplitudes measured in five passbands used in the
inversion. Event 92.143.05.46.46 (mb = 4.6) from the southeastern Tibetan Plateau,
recorded at USHU, at a distance of 356 km. Traces are scaled individually to show the
relative amplitudes of the P and Lg phases. (a) Tangential component of the instrument-
corrected displacement seismograms for passbands used in the inversion. (b) Envelopes
of seismograms shown in (a). Lg amplitude was taken as the maximum amplitude
within the window between 3.6 and 3.1 km/sec.

motion. We did find, however, that at high frequencies (>6
Hz), we were unable to obtain enough high signal-to-noise
Lg phases on the vertical component to compute Q. In gen-
eral, signal to noise was best on the tangential component
for all passbands examined.

Each filtered seismogram was then smoothed about the
mean of a 10-sample moving window. Next, we determined
the seismogram envelope E(#) from

E@) = [A®® + H®®, )

where A(?) is the smoothed, bandpassed time series and H(?)
is its Hilbert transform. We used the maximum amplitude
within a window bounded by velocities of 3.6 to 3.1 km/sec.
Examples of Lg amplitudes for one event, filtered in 1 octave
passbands, are shown in Figure 5.

Prior to the inversion, Lg signal to noise was examined
to eliminate random errors in the amplitude measurements.
Specifically, we only wish to include amplitudes in the in-
version where Lg is present. For the signal-to-noise analysis,
shown in Figure 6, the Lg signal was taken as the average
amplitude within the Lg group velocity window, and the
noise was measured as the average amplitude for an addi-
tional 50 sec behind the Lg window. Figure 6 shows the
signal-to-noise ratio versus epicentral distance for Lg am-
plitudes in the 2- to 4-Hz band, for paths from 52 events
within the Tibetan Plateau. The many cases with signal-to-
noise ratios much greater than 10 are not plotted so as to
demonstrate the differences at low signal-to-noise ratios. For
the inversion, we selected only Lg phases with a signal-to-
noise ratio of 2 or greater. In Figure 6, we see that this

10 L T rrT ™ T T TTT

. Tibefan Plateau Paths u
Paths to MAQ/, TUNL o |

Signal/Noise

800 1200
Distance (km)
Figure 6. Lg signal to noise versus epicentral dis-

tance in the 2- to 4-Hz band, for 52 events located
within the Tibetan Plateau. Closed squares show the
average amplitude between 3.6 and 3.1 km/sec di-
vided by the average amplitude for 50 sec beyond the
Lg window for paths confined to the Tibetan Plateau.
Open squares show signal to noise for paths that cross
the northern boundary of the platean to TUNL and
MAQI. Paths with signal to noise of 2 or greater were
used in the inversion for Q.

criteria eliminates all paths within the plateau greater than
about 700 km as well as all paths crossing the northern
boundary of the plateau to stations TUNL and MAQI. This
observation is consistent with our qualitative amplitude ob-
servations discussed in the previous section. We also re-
quired that each station record at least two events and that
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each event was recorded by at least two stations. In the 2-
to 4-Hz band, this leaves 106 observations from 20 events
recorded at eight different stations (Fig. 7). Ray-path cov-
erage is similar for the additional frequency bands and is
generally restricted to the eastern portion of the plateau. As
demonstrated in the qualitative section presented earlier,
longer paths from western plateau events do not contain
measurable Lg energy. Therefore, our final Q(f) is represen-
tative of only the eastern portion of the Tibetan Plateau due
to our station coverage and small magnitudes of the events
in our data set.

Inversion Results. By repeating the inversion over a range
of five different fixed frequency bands, we obtain a measure
of frequency-dependent Q(f). The inversion was performed
over five octaves with center frequencies of 0.75, 1.5, 3, 6,
and 12 Hz. Figure 8 shows Lg amplitude data with the source
and receiver contributions removed. Straight lines represent
the best-fitting Q for the particular frequency band. As is
often observed, Q increases with increasing frequency; how-
ever, our measured Q for the Tibetan Plateau is low relative
to other continental regions (Benz ef al., 1994). As shown
in equation (1), @ can be expressed as a function of fre-
quency. Taking the log of both sides of equation (1) yields

log[Q(N] = log[Q,] + nlog[f], (©)

which is an equation for a straight line where log [Q,] is the
intercept and # controls the slope. We use the standard de-
viation of the resultant Q fit for each passband as a weight
and determine the best-fit line in the range of passbands (0.5
to 16 Hz) for a measure of Q(f). A weighted least-squares
fit to the platean data is shown in Figure 9 and gives

Q) = (366 + 37.0)fO4=009 (05 =< f= 16 Hz).

As observed in Figure 9, our measured Q(f) is low and more
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Figure 7. Paths with Lg signal to noise
equal to or greater than 2 in the 2- to 4-Hz
frequency band.

consistent with values obtained from tectonically active
regions.

Discussion

The lack of Lg energy for paths crossing the Tibetan
Plateau has been attributed to either a change in the crustal
wave guide at the boundaries of the plateau or to compli-
cations to the wave guide within the interior of the plateau
itself. The crust within the Tibetan Plateau is thicker than
surrounding regions, such as the Indian Shield to the south
and the Tarim Basin to the north (Molnar, 1988; Christensen
and Mooney, 1995). Lg amplitude can decrease as it en-
counters the crustal thickness transitions at the margins of
the Tibetan Plateau. Also, the complicated structures that
bound the plateau, such as the southern Himalayan boundary
thrust and the northern Kunlun fault, could cause scattering
of Lg energy, significantly decreasing its observable ampli-
tude. Causes of Lg attenuation due exclusively to the interior
of the plateau could be attributed to intrinsic attenuation;
unusual velocity structure due to the anomalously thick pla-
teau crust; or scattering caused by faults, fractures, and in-
terstitial fluids within the crust (Aki, 1980a; Ruzaikin et al.,
1977, Gregersen, 1984; Frankel et al., 1990; Mitchell, 1995).
All are likely candidates to explain the observed Lg ampli-
tude decrease for paths crossing the Tibetan Plateau. In the
following sections, we explore these ideas in more detail.

Lg Attenuation at the Boundaries of the Tibetan Plateau.
Previous studies have reported that Lg is not observed for
paths crossing the Tibetan Plateau (Ruzaikin et al., 1977; Ni
and Barazangi, 1983). Since Lg is a crustal wave train, its
absence can be caused by significant changes and/or anom-
alies in the crustal wave guide. Ruzaikin ef al. (1977) have
speculated that Lg is disrupted at the margins. of the plateau
by a change in crustal thickness or by the absence of the
crustal “granitic layer.” Alternately, they suggest that Lg
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Figure 8.  Best-fit O determined from the inversion
over several passbands.

does not efficiently propagate within the plateau at all due
to extremely high intrinsic attenuation within the plateau it-
self. Our results suggest that both mechanisms may contrib-
ute to the absence of Lg; however, the boundaries of the
plateau have the most dominant effect. We have shown that
Lg is strongly attenuated for paths crossing the margins of
the plateau. This indicates that not only the southern bound-
ary, defined by the Himalaya, but the northern Kunlun front
is equally efficient at blocking the propagation of Lg. Due
to the lack of seismicity to the east of the plateau, in China,
we were not able to examine many paths crossing the eastern
boundary of the plateau. We have shown that Lg energy can
be observed at stations near these boundaries, but it quickly
decreases at stations farther within the plateau. This obser-
vation suggests that the signal is scattered rather than
abruptly removed. If the crustal “granitic” layer, in which
Lg propagates, were completely absent within the Tibetan
Plateau, then we would expect no Lg within the plateau.
Since we have shown that Lg does propagate within the pla-
teau, a variation in crustal thickness across the boundaries
rather than a complete removal of the crustal wave guide, as
previously suggested, is a more likely interpretation of our
observations. Also, Mitchell (1995) suggests that the disrup-
tion of Lg propagation could be due to scattering along
crustal cracks and faults, or an increased attenuation due to
interstitial fluids could significantly diminish Lg amplitudes.
This effect could be present with the complicated structures
at the boundaries of the plateau.

To generate realistic Lg arrivals and effectively analyze
propagation characteristics due to lateral heterogeneities, rel-
atively sophisticated techniques requiring multi-dimensional
models are required. Several such attempts have successfully
shown that Lg transmission is severely effected by crustal
pinching, such as transitions from continental to oceanic
crust with an overlying water column and, to a lesser extent,
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Figure 9. The weighted least-squares Q(f fit (TP,
solid line) to our data (solid circles). Also shown are
several other regions for comparison, including the
northeastern United States (NEUS), central United
States (CUS), basin and range province of North
America (BRP1) [Benz et al., 1994, BRP2, Chavez and
Priestley (1986)], Russian explosion recorded at sta-
tions in Siberia (SIB) (Xie, 1993), eastern Canada
(ECAN) (Atkinson and Mereu, 1992), eastern Kazak-
stan (EKAZ) (Sereno, 1990), Scandinavia (SCAN)
(Sereno et al., 1988), and a previously determined
value for the Tibetan Plateau (TIB) at longer periods
(Shih et al., 1994).

topography on the Moho or thickening of the crust (Kennett,
1986; Cao and Muirhead, 1993; Campillo, 1990). Few at-
tempts have been made to model the type of scenario that
exists at the margins of the Tibetan Plateau. To fully under-
stand the inefficient propagation of Lg in this region, models
must be able to distinguish between high attenuation due to
intrinsic rock and fluid properties from the effect of wave-
guide thickness variations.

Lg Attenuation within the Tibetan Plateau. Lg is clearly
generated within the Tibetan Plateau; however, for our data
set, amplitudes are significantly diminished after traveling
several hundred kilometers within the plateau. We have not
observed any correlation between propagation direction or
path location with the presence or absence of Lg within the
plateau. This suggests that while the crustal wave guide is
homogeneous enough to allow Lg to propagate, attenuation
in the crust is sufficient to rapidly diminish the signal am-
plitude. We suggest that several geologic factors may con-
tribute to apparent attenuation within the crust and the cor-
responding inefficient propagation of Lg. First is scattering
within the laterally complex crust along fractures and faults
bounding the numerous tectonic terranes that make up the
plateau. Second, in regions that have undergone recent
crustal deformation and tectonic activity, interstitial fluids
may be present that enhance attenuation. The fluids could
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be the result of melt and metamorphism in the crust due to
elevated temperatures from internal deformation and/or
heating from the upward migration of volcanic material. Fi-
nally, the anomalous thickness of the crust itself could po-
tentially contribute to lower values of Lg Q.

The Tibetan Plateau is highly fractured due to the suture
zones bounding the numerous terranes that make up the pla-
teau and the abundant normal and strike-slip faults in the
uppermost 20 km along which the crust is actively deform-
ing (Randall ef al., 1995). Since we cannot distinguish be-
tween scattering and intrinsic Q, apparent Q can decrease by
scattering along the faults and cracks or due to decreased
intrinsic Q from internal friction and interstitial fluids in the
cracks.

We do not yet have a good understanding of the thermal
properties of the Tibetan Plateau; however, the north-central
plateau has a number of seismic observations that have been
interpreted as evidence for high temperatures in the upper
mantle. For example, previous studies, focusing on the
northern Tibetan Plateau, have reported observations of
large teleseismic S-P travel-time residuals (Molnar and
Chen, 1984; Molnar, 1990), slow Rayleigh phase velocities
(Brandon and Romanowicz, 1986), low Pn velocities (Zhao
and Xie, 1993; McNamara et al., 1995), the absence of Sn
propagation (Ni and Barazangi, 1983; McNamara et al,,
1995), and large values of shear-wave splitting (McNamara
et al., 1994). All of these observations are consistent with
anomalously high heat production beneath the northern por-
tion of the plateau. Also, recent volcanic flows of both ba-
saltic and granitic composition are observed at the surface
throughout the northern portion of the plateau (Dewey et al.,
1988). This would indicate a mantle source of volcanism
causing crustal heating as it propagates toward the surface.
Crustal heating is likely to significantly increase crustal at-
tenuation (Frankel et al., 1990).

Finally, it may be possible that Lg apparent attenuation
is high due to the unusually thick crust itself. The Tibetan
Plateau crustal thickness is twice the continental average
(Christensen and Mooney, 1995; Molnar, 1988). If Lg is a
combination of multiple reflected crustal shear energy, a sig-
nificantly thicker crustal wave guide will increase the total
path length of travel for the multiple reflected waves that
make up Lg energy. We analyzed the effect of crustal thick-
ness on apparent Q by computing Lg reflectivity synthetics
for several 1D crustal models that varied only in thickness
of the crustal wave guide. In the 2- to 4-Hz band, we ob-
served a decrease in Q of about 10% for every 10 km of
increased crustal thickness. In general, we did not generate
realistic Lg synthetic seismograms or Q values that match
the models intrinsic Q input. This is a limitation of a 1D
modeling approach that cannot incorporate realistic scatter-
ing and may not reflect the actual decay of Lg amplitudes.
At this point, however, we will use the 1D results and at-
tempt to correct Lg Q for the increased path lengths in a
thickened crust (e.g., Campillo et al., 1985). We can apply
a simple correction to our measured O for the anomalous
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crustal thickness of the plateaun (70 km) that will allow a
more significant comparison with more typical continental
regions. Assuming a global average crustal thickness of 40
km, the crustal thickness correction increases our measured
Q, to be about 470. Since this is still significantly lower than
typical observations from stable continental regions, the in-
trinsic attenuation of the Tibetan Plateau is indicative of a
tectonically active region. To further test this idea, more re-
alistic modeling attempts should be made with 2D and 3D
synthetic codes that incorporate realistic scattering. Since we
are unable to distinguish between the mechanisms discussed,
it is likely that any one of these or all in combination may
cause a significant enough change in the crustal wave guide
to contribute a weakening effect to the amplitude of Lg.

Figure 9 is a plot of Lg apparent Q(f} functions obtained
from a variety of sources as well as our results obtained for
the Tibetan Plateau. Most results are obtained by the analysis
of Lg coda rather than Lg itself. Using Figure 9, it is possible
to compare our value of Lg Q(f) for the Tibetan Plateau with
other tectonic regions around the world as well as with pre-
viously determined values within the Tibetan Plateau. The
highest values of Q, are for relatively stable continental
paths with various frequency power-law values, # (see
ECAN, Fig. 9). Low Q and high » values are generally ob-
served in tectonically active regions (see BRP, Fig. 9).

Using a technique similar to ours, Shih et al. (1994)
reported a @, value, for the Tibetan Plateau, higher than ours
with a similar frequency dependence (TIB, Fig. 9). The dif-
ference between Shih er al. (1994) and this study is likely
due to differences in the respective data sets. Shih et al.
(1994) examined energy in the 2.9- to 3.6-km/sec group ve-
locity window with a much longer period (1 to 6 sec) than
that used in this study. Also, many paths used in their study
crossed the margins of the plateau. Finally, the CDSN station
in Lhasa (LSA) was the only station Shih et al. (1994) used
within the Tibetan Plateau. Consequently, event-to-station
paths do not entirely coincide with the area covered by our
study. Our study is an analysis of high-frequency Lg (0.5 to
16 Hz) within the eastern portion of the plateau.

Direct comparison of our results to regions in North
America show that Lg Q, within the Tibetan Plateau is well
below stable continental regions, such as northeastern and
central United States, eastern Canada, and Siberia (Fig. 9).
Also, the frequency dependence, 7, is lower and more similar
to the frequency dependence of tectonically active regions,
such as the basin and range (Fig. 9). This suggests that the
Tibetan Plateau is more similar to a tectonically active region
than a stable continental interior or passive margin.

The crust within the Tibetan Plateau is twice as thick as
the continental average, and because of this, Lg Q(f) com-
parisons, with different regions, should be made with cau-
tion. Previous authors have shown that earthquakes gener-
ally have lower Lg Q(f) than explosions (Chavez and
Priestley, 1986). This effect has been attributed to the depth
of the event itself. Raytracing indicates that near-surface
events (including explosions and shallow earthquakes) gen-
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erate Lg energy that propagates within a thin, surface wave
guide, while deeper earthquakes (>10 km) propagate Lg
throughout the entire crustal wave guide (Campillo ef al.,
1985). If wave-guide thickness effects Lg O, then the low
Lg Q of the Tibetan Plateau may be a function of the doubly
thick crust (~70 km) and may not uniquely refiect the actual
rock properties (i.e., intrinsic (). For Lg O comparisons be-
tween regions of varying crustal thicknesses, values of Q
may need to be corrected for wave-guide thickness.

Xie and Mitchell (1991) obtained a tomographic map
of the laterally varying Lg coda Q in southern Eurasia. They
predict a Q, that increases from the south to the north from
about 250 to 350 across the Tibetan Plateau. These Lg Q,
values can have errors that range from about 10% to 15%
(Xie, 1993). Taking into account uncertainties in the mea-
surement procedures and assuming a close resemblance be-
tween Lg coda Q and Lg Q, we find that our average 0, of
366 + 37 is in close agreement with the results (Q, ~ 350)
obtained by Xie and Mitchell (1991) for the Tibetan Plateau.
If we assume that our signal-to-noise criteria was successful
at reducing random error from the amplitude observations,
then our resultant error bars are likely to be a measure of the
lateral heterogeneity of the attenuation structure within the
Tibetan Plateau. Based on our qualitative analysis of Lg am-
plitudes that propagate within the plateau, we were unable
to detect lateral variations. However, the roughly 10% un-
certainty in our average Lg Q, indicates that such hetero-
geneities could exist.

The inverse method used in our analysis utilizes many
source-receiver paths, so it consequently solves for an av-
erage regional Lg Q estimate. It is likely that individual
paths, or else regionalized sets of paths, should be analyzed
to potentially correlate variable Lg Q with regional structures
across the platean. Xie (1993) has developed a method in
which both Lg source spectra and path-dependent ¢ can be
estimated simultaneously. The technique was demonstrated
to be successful using one explosion recorded at several sta-
tions in central Asia. The most significant advantage of Xie’s
technique is that it allows values of O, and # to be variable
among paths (see SIB and CAS, Fig. 9). Such information
would be useful in explaining the uncertainties in our Q(f)
results; however, when applied to earthquake sources, the
radiation pattern may be more significant than when using
explosion sources. Consequently, with few observations, in-
terpretation of path-dependent Lg Q might prove difficult.
Future analysis of Lg Q within the Tibetan Plateau will test
the applicability of path-variable Lg Q to better explain our
uncertainties with laterally heterogeneous attenuation struc-
ture within the Tibetan Plateau.

Implications for Event Discrimination. We can qualita-
tively demonstrate the significance of an accurate knowledge
of regional attenuation in event discrimination efforts. Spe-
cifically, the northern boundary of the plateau effectively
eliminates the ability to discriminate between naturally oc-
curring earthquakes and nuclear explosions with the use of
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P/Lg ratios (e.g., Walter et al., 1995). For example, Figure
10 shows broadband seismograms at two separate stations
from an earthquake (91.257.13.17.47) and a nuclear explo-
sion (92.142.05.00.01) at similar distances (998 and 793 km,
respectively) to the north of our array (see Fig. 2). At station
TUNL, north of the northern margin of the plateau, a clear
distinction can be seen in the relative amplitudes of the P
and Lg phases. Lg energy for the earthquake is significantly
greater, relative to the first arrivals, than for the explosion.
This suggests that at TUNL, the P/Lg ratio would be an ef-
fective discriminant. However, for stations within the pla-
teau (e.g., ERDO, Fig. 10), Lg paths from the two events
cross the northern boundary of the plateau, and Lg energy
is significantly reduced for both events relative to P-wave
energy. In this case, P/Lg ratios are similar for these two
events, and a distinction cannot easily be made between the
earthquake and the nuclear explosion using P/Lg ratios.
These observations demonstrate that if restricted to analysis
of event paths that cross the boundaries of the Tibetan Pla-
teau, discrimination and yield estimation efforts, based on
Lg, will be erroneous. Either additional methods or a more
accurate understanding of regional variations in attenuation
is required for the Tibetan Plateau.

Conclusions

Our data set represents the first observations of Lg ar-
rivals for source-receiver paths confined entirely to the Ti-
betan Plateau. From our qualitative analysis of Lg ampli-
tudes, we conclude that Lg is generated and does propagate
within the Tibetan Plateau. However, attenuation is high,
and Lg is not observed for paths greater than about 600 to
700 km for our data set. We find an Lg @ value that is similar
to values determined for the tectonically active basin and
range of North America and that is significantly less than Lg
Q determined for typical continental interior and passive
margin regions. Previous studies, which relied on distant sta-
tions, observed that Lg does not propagate through the south-
ern boundary of the Tibetan Plateau. We have shown that
both the northern and southern boundaries of the plateau
cause inefficient Lg transmission. Both the Himalayan
boundary thrust to the south and the Kunlun front to the
north are barriers to Lg propagation due to either scattering
along fractures or simply due to the change in crustal thick-
ness across the margin. An accurate understanding of re-
gional variations in attenuation is critical to current efforts
to discriminate between earthquakes and explosions in Asia.
The attenuation within the Tibetan Plateau and the blockage
of Lg transmission at its margins have clear implications for
many common nuclear monitoring discriminants, such as P/
Lg and P/Sn ratios. Since Lg will be greatly attenuated for
any path crossing the boundaries of the plateau and since
attenuation is high within the plateau for both Lg and Sw,
other techniques are required for event discrimination in this
region.
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Figure 10. Broadband vertical-component seismograms demonstrate the ineffec-
tiveness of P/Lg ratios for event discrimination using paths crossing the northern bound-
ary of the Tibetan Plateau. Seismograms are shown for two stations. One outside of
the plateau, TUNL, and one within the plateau, ERDO, illustrating Lg blockage. Note
the much larger P/Lg value for the explosion than for the earthquake at TUNL. At
ERDO, the P/Lg ratios are comparable. The Lg group velocity (3.6 to 3.1 km/sec) is
shown within the box. Note the azimuths from the earthquake to stations TUNL and
ERDO differ by only a few degrees, suggesting that the effect is not due to radiation
pattern of the source. Epicentral distances are shown next to each trace. (a) Earthquake
from northeast of the plateau (91.257.13.15.47, mb = 5.1). (b) Underground nuclear
explosion from north of the Tibetan Plateau at the Chinese Lop Nor test site
(92.142.05.00.01, mb = 6.5). Explosion P waves at TUNL are clipped.
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