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Digest

Models of shear-wave Q (Q,) have been obtained for southeastern
Asia using two methods. The first method inverts attenuation coeffi-
cients of the fundamental Rayleigh mode obtained using a standard
two-station technique. The second method matches theoretical am-
plitude spectra for the fundamental and higher-mode Rayleigh waves
computed for previously obtained velocity and assumed (), models, and
earthquakes with known source depths and focal mechanisms, to ob-
served spectra. The latter method provides much better regional cov-
erage than the first and allows us to map lateral variations of ), at
various levels in the crust and uppermost mantle.

For the single-station, multi-mode method, I assumed an Earth model
consisting of three layers, layer 1 being 10 km, layer 2 being 20 km, and
layer 3 being 30 km in thickness. @), in layer 1 achieves lowest values
(about 40) in the southern part of the Tibetan Plateau and in the Tarim
basin and is highest (about 250) in southeastern China. The (), map of
layer 2 indicates that the highest @), values (about 150) lie in the cen-
tral part of China and in parts of the Sino-Korean platform. The lowest
@), value (about 50) occurs in Tibet and the Pamir thrust system. Layer
2 exhibits an overall increase in (), going from south to north. For layer
3 the resolution of crustal variations in @), is poorer than layers 1 and
2. Available results, however, indicate that @), is highest (about 180)
under southern Mongolia and the Tarim basin, somewhat lower (100)

beneath the southern portion of the Baikal Rift, and lowest (80) under



the Pamir thrust system.
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1. Introduction

1.1 The problem

Delineation of elastic, or velocity, structure of the Earth has long
been a goal of the world’s seismologists. For the first few decades of
seismological research, research on velocity structure was restricted to
the determination of one-dimensional models of the solid Earth and of
various regions within it. Seismologists are currently obtaining three-
dimensional velocity models and are working to resolve finer and finer
features in the Earth.

Knowledge of seismic velocity structure of the crust and the upper
mantle is important for several reasons. These include accurate loca-
tion of earthquakes, determination of the composition and origin of the
outer layers of the earth, improvement of our ability to discriminate
nuclear explosions from earthquakes, and interpretation of large-scale
tectonics.

Earth material is, however, not perfectly elastic. Departure from
perfect elasticity, at seismic frequencies, is termed anelasticity and is
commonly described by the parameter Q, or quality factor. The inverse
of Q (Q7') is termed the internal friction. The higher the value of Q
(or the lower the value of Q—1!), the more efficiently seismic waves will
propagate through the Earth. Q! is defined as

AFE

— 1.1
Q 27TEmaa: ( )

where AFE is the amount of energy lost per cycle and E,,,, is the maxi-



mum amount of elastic energy contained in a cycle.
We can also write an equation for amplitude as a function of dis-
tance traveled:

A(z) = Age (@) (1.2)

where f is frequency, u is group velocity and z is distance traveled.
Models of seismic Q are much less common than those of seismic veloc-
ities in the Earth. The primary reason for this is that valid measure-
ments of amplitude decay due to Q in the Earth are much more difficult
to obtain than are valid measurements of arrival times due to the ve-
locity structure of the Earth. Velocity studies usually entail measuring
arrival times of the onsets of various body-wave phases or the phase or
group arrival times of portions of surface-wave trains. Time measure-
ments for the early portions of these waves are usually not greatly de-
graded by propagation through three-dimensional complexities in the
Earth. Seismic amplitudes, since they are usually measured at times
later than the wave onsets, can be adversely affected by such factors
as focusing/defocusing, multipathing, scattering, and wave conversions
that occur along the wave path and beneath recording stations.
Although determinations of seismic Q have much greater uncertain-
ties than velocity determinations, we are helped by the wide range of
Q values that occur in the crust and upper mantle. If we consider only
crystalline rock (and exclude sedimentary basins), seismic velocities in
continents may vary laterally by no more than 5 or 10%. In contrast,

seismic Q values may vary laterally by nearly two orders of magnitude.



Thus, if we are interested primarily in regional variations in Q (and not
precise absolute values), we can often obtain useful Q information even
though random and systematic errors may be relatively large.

It is important to obtain models of Q for the Earth because those
models are sensitive to factors not easily determined from velocity stud-
ies. These include temperature and fluid content in the crust and tem-
perature, partial melt, and the presence of solid state defects in the
upper mantle.

Previous studies have shown that Q varies regionally and that vari-
ation appears to be closely related to the tectonic history of the crust.
Tectonically active regions and regions which were active in the recent
past invariably exhibit lower Q values than do old stable cratons. This
study concentrates on a region that includes a diffuse plate boundary
undergoing collisional tectonics in southeastern Asia. My results show
that even in this relatively small region, shear-wave Q exhibits clearly
measurable regional variations.

My purpose is to map the shear-wave attenuation structure of south-
eastern Asia (60°E - 140°E and 20°N - 60°N), a region that is complex
both in its topography and its tectonics. I will present models of shear-
wave Q and show how that parameter varies laterally in selected depth
ranges. Since shear-velocity models are necessary preliminary infor-
mation for Q studies, I will also determine velocity models for the re-

gion of study.



1.2 Review of related literature

1.2.1 Seismic wave velocities

Studies of a large heterogeneous region using surface wave disper-
sion methods often include three steps: (1) Measurement of surface
wave dispersion for numerous wave paths crisscrossing the region, (2)
subdivision of the region into a number of small elements and determi-
nation of pure-path dispersion curves for each element from the mixed-
path measurements obtained in step 1, and (3) inversion of the pure-
path dispersion curves for seismic velocity models appropriate for each
element (Feng and Teng, 1983).

The second step is often referred to as regionalization. This step is
needed because no practical theory has thus far been available to cal-
culate theoretical dispersion for a laterally heterogeneous earth model.
Early methods of regionalization, (Toksoz and Anderson, 1966), con-
sisted of dividing a surface-wave path into oceanic, shield, and tectoni-
cally active regions. Each type of region was known to have a different
effect upon the average group velocity. Toksoz and Anderson (1966)
noted that shield areas raise the average group velocity, whereas ac-
tive tectonic regions have the effect of lowering it. As a result, surface
wave paths crossing different tectonic regions should show different
trends in their average group velocity dispersion curves.

A common procedure in regionalization is to subdivide a region into
geological provinces each of which is assumed to be laterally relatively
uniform, then to determine the pure-path dispersion curves from mixed-

path data by a least squares procedure (e.g., Yu and Mitchell, 1979; Pat-



ton, 1980). Within each of these laterally relatively homogeneous geo-
logical provinces (pure paths) inversion of the dispersion data is carried
out by assuming a layered half-space model (Haskell, 1953; Harkrider,
1964).

There are a number of shear-velocity studies of eastern Asia. Some
of these use continental surface waves that have propagated across the
Eurasian continent and include paths through southeastern Asia (e.g.,
Patton, 1980; Feng and Teng, 1983). The rest are regional studies using
very few paths confined to eastern Asia (e.g., Wier, 1982; Pines et al.,
1980; Zhang, 1998; and many others in Chinese).

Papers published in China (both in English and Chinese) are very
difficult to obtain and may be available only to Chinese scientists. The
same is true for publications in Russian for studies of the Siberian
crust.

Using the tripartite method of measuring Rayleigh wave phase ve-
locities, Tseng and Sung (1963) obtained velocities (at 20-30 sec) over
a large area of China. They interpreted the observations by comparing
them to standard dispersion curves (Press et al., 1956) to determine
crustal thickness. West of Chengdu they found crustal thickness to be
between 50 and 76 km. North of Sian and Nanking crustal thicknesses
range from 40 to 55 km. These thickness are generally greater than
those found for the South China plate, where they range between 34
and 44 km. The crust in both the northern and southern regions is
thinner near the coastline.

In the South China plate, Rosenthal and Teng (1977) inverted group

velocities of Love and Rayleigh waves over the period range 10-60 sec to



obtain crust and upper mantle structure. Their model shows a crustal
thickness of 40 km. The S, velocity is 4.5 + 0.1km/s, and the lid (the
uppermost mantle above the low-velocity zone)is believed to be thin,
between 20 and 30 km.

A detailed picture of the crustal thickness under Japan is known
from studies of Rayleigh and Love wave phase velocities (Aki, 1961; Aki
and Kaminuma, 1963; Kaminuma and Aki, 1963; Kaminuma, 1966).
The maximum thickness is 36 km under central Honshu and thins to
24 km along the coastlines.

Pines et al., (1980) used a single source-single station method to
study the shear-velocity structure of China along four paths, two across
the Tibet plateau, one across the northern and northwestern China
sub-plates, and one across coastal China. They used large aftershocks
of several great (M > 7) earthquakes, which occurred in China in
the 1970's, to measure Rayleigh and Love-wave fundamental- and first
higher-mode group velocities. All events in their study were recorded at
two seismological Research Observatory (SRO) stations located in Iran
(MAIO) and Taiwan (TATO). Rayleigh-wave group velocities ranged be-
tween 2.60 and 3.65 km/s, and steep slopes occurred in the dispersion
curves between 40 and 60 sec.

Their results can be summarized as follows:

1. Group velocities obtained for pure paths across the Tibetan plateau
are unusually low compared to average continental dispersion (Ewing
et al., 1957). Results of velocity inversions indicate that a four-layer
70-km-thick crust is an adequate model for the Tibetan plateau. The
first layer is 15 km thick and has shear velocities between 2.87 and 3.06



km/s. The second layer is approximately 15 km thick and has shear ve-
locities between 3.20 and 3.40 km/s. The third layer is 15-20 km thick
and has shear velocities between 3.40 and 3.70 km/s. The fourth layer
is 20-25 km thick and has shear velocities between 3.85 and 3.95 km/s.
The velocity at the top of the mantle is approximately 4.4 km/s. At
all depths shear velocities are lower than either the Gutenburg earth
model (Takeuchi et al., 1964) or the Brune and Dorman (1963) model
for the Canadian Shield.

2. Group velocities for mixed great circle paths crossing the North
China sub-plate, the Northwest China sub-plate, and central Asia (from
Tangshan in northern China to Mashad in Iran) are lower than average
continental velocities. Results of their inversion indicate that a three-
layer, 45-km-thick crust explains the dispersion data. The first layer
is approximately 10 km thick and has an average shear velocity of ap-
proximately 3.0 km/s. The second layer is 15-20 km thick and has an
average shear velocity of 3.55 km/s. The layer at the base of the crust,
20-25 km thick, has an average shear velocity of approximately 3.80
km/s. The average shear velocity at the top of the mantle is 4.40-4.45
km/s. Comparison of the Canadian Shield model (Brune and Dorman,
1963) with the average shear-velocity model of this path shows that
both models have higher shear velocities in the crust and the top of the
mantle.

3. Group velocities for the path along the eastern coast of China be-
tween Tangshan in northern China and Taipei in Taiwan, are the clos-
est of the three regions to having average continental dispersion. Inver-

sion of these velocities indicate that a three-layer 30-km thick crust is



an adequate model. The first layer, approximately 5-7 km thick, has a
shear-velocity of approximately 2.95 km/s. The second layer is approx-
imately 10 km thick. The third layer, approximately 15-20 km thick,
has a shear-velocity of approximately 3.85 km/s. The shear-velocity of
4.46 km/s at the top of the mantle is lower than the shear velocity of
the Canadian shield (4.65 km/s). Tung and Teng (1974) also inferred a
shear-velocity of 4.42 km/s at the top of the mantle from the inversion
of Rayleigh wave velocities along a path crossing northeastern China
and recorded in Hong kong.

Weir (1982) obtained a shear-velocity model for southeastern China
from the simultaneous inversion of Rayleigh- and Love-wave disper-
sion. His results suggest that the crust of southeastern China is typical
of continents, but the upper mantle has an unusually low shear-wave
velocity. The shear-wave velocity of the uppermost mantle may be as
low as 4.35 km/s which is in agreement with the Pines et al. (1980)
result.

Feng and Teng (1983) used 109 wave paths to obtain the group ve-
locities of fundamental-mode Rayleigh waves within the Eurasian con-
tinent. They applied stochastic inversion theory to mixed-path mea-
surements to extract pure-path group velocities for 10° x 10° grid ele-
ments that form the subdivisions of Eurasia. They then constructed
a three-dimensional crust and upper mantle structure of the Eurasian
continent to a depth of 300 km. They found the average crustal thick-
ness of Eurasia to be about 40 km. They obtained abnormally thick
crust between 50 and 65 km, in areas of the Tien Shan, the Altai

mountains, Afghanistan, Pamir, Tibet, and Burma. Among them, Tibet



has the least dense crust and highest elevation. Feng and Teng (1983)
found that, upper mantle seismic velocities of the tectonically active
regions of Asia are considerably lower than those of the European and
Siberian cratons.

Zhang (1998) studied three-dimensional shear-velocity variations,
and their possible dynamic implications, in the upper mantle beneath
eastern Asia, including the Tibetan Plateau and surrounding regions.
He found that the velocity structure beneath eastern Asia at a depth
of 50 km is highly correlated with the crustal thickness (thicker crust
has higher velocities) and that velocities at depths of 100 and 400 km
can be divided into several blocks that correlate with surface tectonics.
Fast material underlies the old platforms, and the slow material lies
beneath the active fold systems.

The shear-wave velocity structure in the upper 50 km under eastern
Asia does not correlate with the geological setting. This lack of correla-
tion may indicate that many centers of small-scale activity or chemical
variations occur in this region. Backarc basins and sites of recent sub-
duction explain slow velocities above 200 km depth and moderately fast
velocities below that depth. Velocities in the Tianshan, the Altai Moun-
tains, and the Baikal rift all have different depth distributions. Zhang
(1998) interpreted that difference as indicating that this tectonic belt is
related to externally induced tension, possibly due to collision of India
and Eurasia.

Zhang (1998) reported that fast velocities appear to extend from
the Indian sub-continent to the north and east of the Tibetan Plateau

with a small dip-angle of 10° & 3° over a length of more than 1000 km.
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High-velocity materials occur in the mantle below the Pamir, Tarim
and Junggar regions at depths between 100 and 300 km.

Wu and Levshin, (1994) used group velocities of both Rayleigh and
Love waves in the period range 30-70 s to obtain tomographic group
velocity maps of eastern Asia (60°E — 140°FE and 20°N — 60°N). Wu et
al. (1997) expanded the range of this study to include Siberia and other
nearby regions (40°E — 160°E and 20°N — 70°N).

Both studies show that Tibet appears as a region of prominently
low velocity (about 15% below average) structure, with western and
central Tibet often having the lowest velocities. The central Asian fold
belt and the Angara craton show consistently high group velocities.
Some lesser tectonic features are also recognizable. For example, Lake
Baikal is seen as a high-velocity feature at periods greater than 40 sec-
onds. However, the high velocities extend beyond the southern end of
Lake Baikal to Mongolia. The North China Plain is an area of high ve-
locities as a result of relatively thin crust. The South-China block, the
least tectonically active region of China, is generally an area of high
velocity. For periods greater than 40 seconds, a NNE trending high
group-velocity gradient exists in eastern China. From the group ve-
locity maps, average dispersion curves at twelve locations were deter-
mined and inverted to obtain velocity structure. The main results of the
group-velocity inversion are that: (1) the Tibetan crust is about 60 km
thick, with low crustal and upper mantle shear velocities of 3.3 km/s
and 4.2 km/s, respectively; (2) with the Moho constrained at 40-43 km,
the Angara craton and the Central Asian fold belt have a Vs in excess

of 4.6 km/s; (3) relatively low shear velocities are obtained for tectoni-
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cally active areas. In many parts of the study area, where Precambrian
basement is exposed, processes in the crust and upper mantle, related
to recent tectonic activity, have modified the velocity structure so those

regions are no longer underlain by high-velocity crust and mantle.
1.2.2 Seismic wave attenuation

Seismologists have long known that seismic waves in the Earth at-
tenuate with distance at rates greater than those predicted by geomet-
rical spreading of the wave fronts. The excess attenuation might be
caused by intrinsic anelasticity of the earth, such as movement along
mineral dislocations, shear heating at grain boundaries and movement
of interstitial fludis or by inhomogeneities which refract, reflect, or
scatter seismic energy (Anderson et al., 1965; Jackson and Anderson,
1970; Mitchell, 1995).

The decrease in seismic wave amplitudes produced by those factors
must be taken into account when determining magnitudes of earth-
quakes or yields of explosions. This practical need generated much of
the research on seismic wave attenuation during past decades.

If we can isolate the component of attenuation which is produced
by intrinsic anelasticity, we can obtain information about properties
such as temperature, state, fluid content of permeable rock, and move-
ment of solid-state defects, factors which are closely tied to the tectonic
history of the crust and upper mantle and which are not easily stud-
ied using only seismic velocities (Anderson, et al., 1965; Kovach, 1978;
Jackson and Anderson, 1970; Mitchell, 1995.)

The effects of intrinsic attenuation on amplitudes of surface waves
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may be masked by amplitude variations due to lateral refraction, mul-
tipathing, or focusing/defocusing. It is important to try to remove, or
at least minimize, the effects of lateral structural complexities before
making interpretations of attenuation data in terms of intrinsic Q. Ex-
perience has shown that determinations of surface-wave attenuation
coefficients can be uncertain because of all of these effects. Attenua-
tion measurements therefore require great care and careful selection
of sources, station locations, and paths (Patton, 1980; Mitchell, 1995;
Mitchell, et al., 1997).

McGarr (1969) studied horizontal refraction of Rayleigh waves at
20 sec caused by lateral heterogeneities of phase velocity along Pacific
and Atlantic oceanic paths. In his study, amplitude fluctuations across
stations on the coast of the western United States were shown to be
due to effects of lateral variation of phase velocity, causing focusing
and defocusing of surface-wave energy.

Patton (1980) obtained ray paths of 40 s period Rayleigh waves from
a synthetic ray tracing experiment to study lateral refraction of sur-
face waves in Eurasia. His study showed that rays are defocused when
crossing a rapid velocity transition zone such as that from the Tarim
Basin (high velocity) to the Tien Shan and Kunlun fold belts (low ve-
locity). Focusing and crossing of rays, which imply multipathing, are
found for azimuths in southeastern Asia.

The study of Pines et al. (1980) of Love wave propagation across
the Tibetan plateau shows no amplitude maxima in the fundamental-
mode dispersion curves of these waves between 40 and 60 sec. They

inferred that this occurred because the Love waves did not follow a
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least-time path. A possible structural implication is that there may
be structures along the path corresponding to wavelengths of the Love
waves, causing the wave energy to travel along a non-least time path
with slower velocities.

One way to minimize the effects of lateral structural variations is to
use paths which are as short as possible. Surface waves, however, at-
tenuate very slowly with distance, especially in high-Q regions. Since
amplitude decay is small for short distances of travel, it is difficult
to obtain precise and reliable measurements of the attenuation coeffi-
cients for short paths. To obtain precise measurements of attenuation,
it is preferable to use long paths, but with long paths we increase the
chance of introducing systematic errors, from factors such as focusing,
into our measurements (Mitchell, 1995).

The best method to use for a particular region will depend on several
factors, including the availability of great circle paths and two in-line
stations, suitably located sources and, in the case of single-station mea-
surements, the availability of sources with known focal mechanisms.
Because we cannot always count on the occurrence of earthquakes in
places that would be suitable for the application of a particular method,
several methods for determining surface wave attenuation coefficients
have been developed; some of these are described by Mitchell (1995).

There were no known surface-wave attenuation studies in the
Eurasian continent, particularly in eastern Asia, prior to the study
of Yacoub and Mitchell (1977). Tryggvason (1965) and Burton (1974)
had, however, obtained worldwide Rayleigh wave attenuation data for

which some paths, and portions of paths, traverse Eurasia. They may
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not have considered purely Eurasian paths because of difficulty in de-
termining attenuation coefficients for paths across Eurasia, because
of the small number of available stations, or because paths between
sources and stations are necessarily long and usually cross more than
one tectonic province. These factors are likely to produce large errors
in measured attenuation coefficient values.

Yacoub and Mitchell (1977) used surface waves (5 to 50 sec) gener-
ated by six earthquakes and two nuclear explosions to study the atten-
uation coefficients of the fundamental Rayleigh mode across the Eura-
sia landmass. Because of the great scatter in the then available ampli-
tude observations, they divided Eurasia into only two provinces guided
by a Bouguer anomaly map and topographic features of Eurasia.

They separated Eurasia into stable provinces comprised of Siberia,
northern Europe, India, and the Arabian Peninsula, and a tectonic
province comprised of a zone extending from China and eastern Siberia
into southern Europe. The latter region includes the fold systems of
China, the Tibetan Plateau, the Himalayas, and countries adjacent to
the Mediterranean.

Their results show that Rayleigh-wave attenuation coefficients for

L and 4 x

stable regions decrease from values between 3 x 107%km~
10~*km~! at the shorter periods to values near 2 x 10~*km~! at longer
periods. Tectonic regions are characterized by values as high as 7.5 x
10 *km "' at the short periods and by values near 3 x 10 *km ! at the
longer periods. Considerable overlap of the standard deviation bars oc-

curs at all periods between stable and tectonic regions when the results

for four events are averaged. Some individual events, however, indicate
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that real differences in the attenuation coefficients occur at short pe-
riods, tectonic regions being characterized by greater attenuation than
shield regions.

Patton (1980) proposed a Rayleigh-wave phase-velocity regionaliza-
tion of Eurasia based on crustal conditions and topography involving
five continental provinces: the Indian shield, northern Platforms and
Shields, forelands and coastal plains, tectonically active regions, and
plateaus. He observed a negative correlation between phase velocities
and attenuation across eastern and southern Asia. For example, over
Tibet, where attenuation has been reported to be high in the frequency
range 0.02-0.03 Hz (Bird, 1976), he observed low velocities at 50 sec
periods, but very small, if not negative, attenuation coefficients. Phase
velocity was found to increase from southern to northern China and at-
tenuation was found to increase in the same direction. Stations in India
record the highest phase velocities in southern Asia and also the high-
est apparent attenuation. The expected correlation is that the lower
the phase velocity, the lower the value of Q (or higher the attenuation),
as in the western United States (Lee and Solomon, 1975), or vise versa.
These observations suggest that factors other than intrinsic Q of the
medium enter into determining the amplitudes of surface waves in and
around the Eurasian continent. These factors include lateral refrac-
tion and focussing/defocussing of surface waves due to lateral changes
in elastic structure.

Mitchell et al., (1997) derived a tomographic image of broad-scale
variations of L, coda Q for most of Eurasia. Their image indicates

that L, coda Q, at a frequency of 1 Hz, varies between about 200 and
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1000. Lowest Q values (< 350) all lie within the Tethysides orogenic
belt which includes most of southern Asia. They interpreted the low
Q as resulting largely from hydrothermal fluids, generated by tectonic
activity and heating, that now reside in cracks and permeable portions

of the Eurasian crust.
1.3 Research questions

I will try to answer the following questions in this research.

1. How does the Qljl depth distribution vary from place to place
throughout southeastern Asia? Is there a systematic variation from
south to north? Are there east-west variations throughout Southeast-
ern Asia? Does this variation correlate with the tectonics of the region?

2. How does Qu~! structure correlate with shear-velocity structure
in regions where both types of model are available? If there is correla-
tion, what is the reason for it?

3. How do variations in shear-velocity distribution with depth cor-
relate with the regional tectonics of eastern Asia?

4. How does the shear-velocity structure obtained in this study
agree with models obtained from earlier studies in the Eurasian conti-
nent?

5. How do the Qu~! and shear-velocity structures of southeastern

Asia compare with those in other regions?
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Figure 1.1: Tectonic map of China (Ren et al., 1987; Zhang, 1998)

1.4 Tectonics of Southeastern Asia

1.4.1 Tectonic settings

Figure 1.1 shows the different tectonic units of China. Brief descrip-
tions of them mostly follow after Ren et al., 1987. The South China
Block is composed of the Yangteze platform and the south China fold
system. The basement rocks of the Yangtze platform are Proterozoic in
age (Yang et al.,1986). The South China geosynclinal fold systems were
formed during the late Cambrian to the end of the Silurian (Ren et al.,
1987). At present, this region is one of the least tectonically active parts
of southeastern Asia. The seismicity is very low except in southeastern
coastal China near Taiwan, where some seismicity is present, probably
related to the collisional tectonics there (Wu et al., 1994, 1997).

The Sino-Korean paraplatform (North-China Craton) is the oldest
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platform in China. It achieved its present form 1700 my ago (Protero-
zoic), although the first continental nucleus may have originated 3000
my (Archean) ago (Ren et al., 1987). This paraplatform, roughly tri-
angular in shape, consists of several tectonic units separated by active
structures that differ in their geological history and intensity of recent
tectonics. In this paraplatform, the North China plain is active, mainly
as an extensional basin under NNW tension (Nabelek et al., 1987). The
older blocks west of the plain, such as the Ordos platform, remain in-
active (Wu et al., 1997).

Northeastern China consists of two fold systems: the Inner
Mongolian-Greater Hinggan fold system and the Jilin-Heilongjiang fold
system. The Inner Mongolian-Greater Hinggan geosynclinal fold sys-
tem occupies the south-central part of the Geater Hinggan Mountains
and the Inner Mongolian grassland. Most parts of the region are con-
nected with corresponding fold belts in Mongolia. The main outcrops
in the region are of late Paleozoic strata, generally not metamorphosed
or very slightly metamorphosed.

The Jilin-Heilongjiang fold system is located in the Zhangguangcai
Mountain and the Lesser Hinggan Mountains. It is bounded on the
south by the Jiaoliao platform uplift of the Sino-Korean platform, on
the west by the Inner Mongolian-Greater Hinggan fold system, and on
the east by the Nadanhada fold belt.

The Altay geosynclinal fold system is located in northwestern China
and is averted in a northwesterly direction, parallel to the Altay Moun-
tains. It extends northwestward across the border between Mongolia

and China and is connected with the mountainous Altay fold belt in
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the former Soviet Union and extends southeastward across the China-
Mongolia border and connects with the Mongolian Altay fold belt. In
the south it is separated from the Junggar fold system by a zone of
fractured crust. The oldest exposed strata are of Middle and Upper
Ordovician age represented by metamorphic rocks of different grades.

The Junggar fold system is located in a vast area south of the Altay
Mountains and north of the Tianshan Mountains. Westward, it crosses
the China-Mongolia border and connects with the Junggar-Balkgash
geosyncline. To the east it crosses the border and connects with the
southern Mongolian geosyncline. At present the oldest known strata
exposed in the Junggar geosynclinal system are those in the Middle
Ordovician.

The Tianshan geosynclinal fold system is located in northwestern
China. Its areal extent largely corresponds to that of the Tianshan
Mountains. It extends westward across the China-Mongolia border and
connects with the Tianshan Mountains of the former Soviet Union. To
the east connects with the Inner Mongolian-Greater Hinggan fold sys-
tem. In the south a zone of crustal fractures on the southern margin of
the Tianshan Mountains separates it from the Tarim Platform, while
in the north the deep fractures on the northern margin of the Tianshan
Mountains separate it from the Junggar Geosynclinal fold system.

The Tarim Platform, rhombic in form, lies to the south of the Tian-
shan Mountains and to the north of the Kunlun Mountains. Cenozoic
deposits cover this broad platform everywhere except at its peripheries
where basement made up of pre-Sinian metamorphic rocks and Pale-

ozoic sedimentary cover are exposed. The age of the basement in the
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platform varies from Archean to late Proterozoic.

The Tarim Platform began to transform into a depression region
during the Tertiary. The basement surface of the depression is uneven.
It is separated into northern and southern depressions by a median up-
lift. The amplitude of the subsidence of the two depressions increases
towards the piedmonts. Geophysical data and Landsat photographs
show that the interior of the depression, like its margins, is also cut by
WNW and ENE trending fractures.

Owing to the northward movement of the Indian plate, movement of
the Tarim platform and its surrounding area during that time took two
forms. These were uplift and subsidence of fault blocks, and thrusting
of older strata over the Upper Tertiary, with the latter forming over-
turned folds.

The Qilian fold system, NW-trending in general, occupies the area
where the Qilian mountains lie. In the south it is bounded by the Kun-
lun fold system along the Nashan deep fractures in Danghe, and by
the Qinling fold system along the Tianshi-Baoji deep fracture and the
Nanshan deep fracture in Qinghi (the western segment of the Qinghai
Lake-northern Huaiyang fracture). In the north it shows a transitional
relation to the Sino-Korean paraplatform, with the northwestern end
being cut by the Altun deep fracture.

The Qinling fold system is located in the heart of China. On the
north, it adjoins the Sino-Korean paraplatform along the deep frac-
ture on the northern margin of the Qinling axis (its eastern exten-
sion is known as the Queshan-Feidong deep fracture) and is separated

from the Qilian fold system by the Tianshui-Baoji fracture. To the
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south, it is bounded by the Yangtze paraplatform along the Chengkou-
Fangxian deep fracture and the Xiangfan-Guangji deep fracture; and
by the Songpan-Garze fold system along the Magen-Lueyang deep frac-
ture. Its eastern end is cut by the Tancheng-Lujiang deep fracture. Its
western end is inserted between the Kunlun fold system and the Qilian
fold system south of Qinghai Lake. The Kunlun fold system is divided
into two parts, the western Kunlun and eastern Kunlun fold systems,
by the Ruoqgiang-Lazhulong fault.

The northern part of the eastern Kunlun fold system adjoins the
Qilian fold system. Its southern part bounds the Songpan-Garze fold
system along the deep fracture on the southern margin of the Kunlun
Mountains and its western part is separated from the Tarim platform
by the Ruoqgiang-Lazhulong deep fracture. The Qinling Indosinian
geosynclinal fold belt overlaps its westernmost part in the Xinghai area
east of Dulan.

The Qaidam Depression is a large Meso-Cenozoic intermontane de-
pression. It resulted from strong activity in the Tethys-Himalayan tec-
tonic domain in western China that has occurred since the Mesozoic,
particularly the Cenozoic. The Western Kunlun fold system is located
to the west of the Ruoqiang-Lazhulong fracture. It occurs as a reversed
S-shaped fold mountain system towering to the southwest of the Tarim
platform.

The Songpan-Garze fold system occupies a triangular area south
of the Eastern Kunlun deep fracture, west of the Longmen Mountain
deep fracture, north and east of the Jinshan River-Red River deep frac-

ture. The entire area has been almost completely covered by Triassic
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geosynclinal sediments, the Paleozoic rocks being exposed only in the
eastern margins that adjoin the Yangtze paraplatform.

The Sanjiang fold lays in western Yunnan and the Qamdo area of
Tibet east of the Nujiang River and west of the Jinsha River. In eastern
Tibet the Jinshan, Lancang and Nujiang Rivers turn suddenly to the
south to form the Sanjiang (Three-River) Valley. To the south it extends
into the Indo-China peninsula, and its western end is overlapped by the
Tanggula Yanshanian fold system.

The Karakorum-Tanggula fold system has the western segment of
the Jinsha River-Red River deep fracture serving as its northern bound-
ary and the Bangong lake-Nujiang River deep fracture as its southern
boundary. The southeastern part of the fold system overlaps the San-
jiang Indosinian fold system, and westwards it extends through the
Karakorum mountains across the border line.

The Gangdise-Nyaingentanglha fold system embraces a wide area
between the Bangong Lake-Nujiang River deep fracture and the Yarlung-
Zangbo-River deep fracture, and constitutes the southernmost geosyn-
clinal fold system of the Northern Tethyan Mesozoic geosynclinal Re-
gion. The Himalayan geosynclinal fold region forms the southern mar-
gin of the Qinghai-Tibet plateau, adjoining the Gangdise-
Nyaingentanglha fold system along the Yarlung-Zangbo-River deep frac-

ture on the north.
1.4.2 Present day tectonics

Southeastern Asia is known to have formed essentially as an as-

sembly of several continental blocks that split from Gondwanaland and
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drifted northward in Paleozoic time. These blocks later amalgamated
to form the present configuration (Metcalfe, 1990; Chung et al., 1998).
Current tectonic activity in Asia is often cited as the consequence of
continental collision, in progress, between India and Eurasia (Molnar
and Tapponnier, 1975).

Continental reconstructions show steady convergence of India and
Eurasia since the late Cretaceous, but suggest that since the collision
between them in the Eocene the rate of convergence has decreased by
one half. Due to the collision of the Indian and Eurasian plates, the
Tethyan ocean, which existed between the Indian and Eurasian con-
tinents, was consumed (Molnar, 1989). At least 1500 km of crustal
shortening must have occurred by deformation solely within continen-
tal lithosphere. Both seismic data, including the spatial distribution
of earthquakes, associated fault plane solutions, and surface deforma-
tion, and geological evidence of recent tectonic activity, imply that de-
formation occur throughout a broad zone extending as much as 3000
km northeast of the Himalayas (Molnar and Tapponnier, 1975).

Crustal shortening and underthrusting of India beneath the Hi-
malayas and Tibet is estimated to be at least 300 and perhaps 700
km. Probably another 200 to 300 km can be accounted for by thrust-
ing and crustal thickening in the Pamir, Tien Shan, Altai, Nan Shan,
and other mountain belts. A major fraction of the convergence occurs
on major east-west trending strike-slip faults in China and Mongolia.
Movement on those faults may allows material lying between the sta-
ble portions of the India and Eurasia plates to move laterally out of the

way of the two plates. A total of 500 km, and conceivably 1000 km of
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east-west motion could have occurred there (Molnar and Tapponnier,
1975).

Two quite different scenarios have been proposed to explain the
particular tectonic process responsible for the Tibetan plateau. One
hypothesis infers that extensive underthrusting of Indian continen-
tal lithosphere beneath Eurasia produced the uprising Tibetan plateau
(Zhang, 1998; Powell and Conagham, 1975), while another hypothesis
explains that the 70 km thick crust of the Plateau is formed by horizon-
tal shortening and vertical stretching of the Asian crust since collision
(Zhang, 1998; Dewey and Bird, 1970; Dewey and Burke, 1973).

Fault-plane solutions indicate an approximately consistent north to
northeast orientation of the P axis throughout central and eastern Asia
(Tapponnier and Molnar, 1977). Molnar et al. (1973) suggested that
the Indian-Eurasia collision may cause high stresses to be transmitted
over this broad area.

Reverse faulting dominates the tectonics of the Tien Shan. This
faulting coexists prominent northwest trending right-lateral strike-slip
fault systems. Both types of faulting imply approximately a north-
south maximum compressive stress direction. The active tectonics of
the Altai range and of southern Mongolia is controlled by large scale
conjugate strike slip faulting; left lateral on east-west planes and right
lateral on north-northwest planes. This implies that the maximum
compressive stress is oriented approximately northeast-southwest. Far-
ther north, strike-slip faulting gives way to predominantly normal fault-
ing (Tapponnier and Molnar, 1979).

Miocene to Recent volcanism in central and southeastern Asia is at-



25

tributed to progressive fracturing of the China plate caused by the im-
pact of India into the southern margin of the continent, superimposed
on developing hotcell conditions caused by the insulating effect of the
overlying lithosphere (Smith, 1998). Continental rift-related basalts
containing aboundant upper mantle peridotite xenoliths are widely dis-

tributed in eastern China.



2. The procedure

In this research I obtain shear-velocity structure and attenuation
models of the crust and upper mantle across a broad portion of south-
eastern Asia using measurements of the dispersion and attenuation of
Rayleigh waves. I use two-station measurements of fundamental-mode
Rayleigh-wave phase velocity and attenuation and single-station mea-
surements of group velocity and multi-mode attenuation.

The following paragraphs I will explain the methodologies used in
this study.

2.1 Instrument and geometrical spreading correc-
tions

Before doing any analysis of the seismogram the magnification, group
delay and phase delay of the recording system must be removed. This
is done by deconvolving the instrument from the seismogram using the
“transfer” command of SAC. The poles and zeros of the instrument re-
quired to do the deconvolution come with the seed file of each event
when requested from the IRIS Data Management Center (DMC).

In the two-station method the amplitudes obtained for two seismo-
grams generated by the same event are multiplied by the square root
of the sine of the great circle arc distance from event source to station
in order to correct for geometrical spreading. This correction is not
required in the single-station method since the theoretical amplitude
spectra used in that method are computed with geometrical spreading

included.

26
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2.2 Multiple-filter analysis

Difficulties are often encountered in the analysis of surface-wave
seismograms. Disturbances, such as microseisms, sometimes tend to
obscure the signal of interest. Several dispersive modes or several
branches of the same mode may arrive simultaneously at the recording
site. These difficulties are especially severe for data at short periods.
Because the surface-wave spectrum for short periods is a superposition
of many modal contributions, the resultant spectrum may be highly os-
cillatory, making analysis difficult (DziewonskKi et al., 1969; Herrmann,
1973).

To study individual modes we need to be able to separate them in ei-
ther time or frequency. The only way to do this exactly is by using a lin-
ear array of detectors spaced along the same azimuth from the source.
Having this, wave number-frequency analysis can be performed to re-
cover both phase velocities and spectral amplitudes of the individual
modes as a function of frequency (Herrmann, 1973).

Such array data, however, are usually not available. The peak and
trough method, which is based on careful observation of the times of
arrival of individual crests and troughs in the dispersed wave train
(Ewing, Jardetzky and Press 1957; Brune et al., 1960), often fails when
the signal-to-noise ratio is small or when the signal is contaminated
by other arrivals. Similar difficulties have been noted when the phase
delay calculated by ordinary Fourier analysis (Sato 1955, 1956, 1958)
are differentiated in order to obtain the group velocity (Dziewonski and

Hales, 1972).
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Dziewonski et al.,(1969) developed the multiple-filter analysis tech-
nique to determine group velocities of dispersed waves. This tech-
nique converts an ordinary time series (amplitude vs. time) into a two-
dimensional display of velocity (rows) versus period (columns) plane.
The multiple-filter technique is a fast and efficient method of analyz-
ing multiply dispersed signals. The amplitudes and phases of signals
passed by an array of narrow-band filters centered at selected frequen-
cies can be used to measure group velocity as a function of period. Ap-
plication of this method of analysis to the recordings of mutually or-
thogonal detectors permits the measurement of lateral refraction and
the separation of Love waves from Rayleigh waves. It is also useful in
the identification of fundamental and higher modes.

A flow chart describing the multiple filter analysis is given by Dziewon-
ski et al. (1969). Instead of following the procedure outlined by Dziewon-
ski et al. (1969), however, I followed that of Herrmann (1973). Her-
rmann (1973) interpreted the envelope of the filtered time history by
assuming a flat spectrum (constant amplitude spectrum A(w)) of the
signal within the band-pass region of the filter.

The program MFT(II) (Herrmann, 1987), searches for the four largest
amplitude values of the envelope. The program provides two plots per
run. The first plot gives spectral amplitudes versus period or frequency
and shows the four largest spectral amplitudes at each frequency (Fig-
ure 2.2). The second plot gives the group velocity (versus period or

frequency) corresponding to each peak (Figure 2.1).
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Figure 2.1: Group velocity dispersion curve for Rayleigh waves
recorded at station BRVK from the earthquake that occurred in
Kazakhstan on Nov. 01, 1995 at an epicentral distance of 1348.0
km. The plot was obtained using the MFT following the method of
Herrmann (1987). The fundamental mode between about 8 and 60
sec (with group velocities between about 3.1 and 4.2 km/s) and the
higher modes between about 2 and 10 sec (with group velocity of
about 3.4 km/s) are clearly seen on the MFT map.
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Figure 2.2;: Amplitudes for the four largest spectral components ob-
tained from the MFT.
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2.3 Phase match filtering

The presence of multipaths in a surface-wave train, interfering with
the great circle path arrival, will bias conventional methods for deter-
mining apparent group-velocity dispersion curves such that the esti-
mates will be too slow. The effect of multipaths can be reduced using
the process of “phase match filtering” developed by Herrin and Goforth
(1977). This method removes the bias mentioned above and thus im-
proves the accuracy of the estimate of group velocity. The method is
developed based on “the matched filter” defined by Turin (1960).

Multipath interference can cause ripples and spectral holes, in ad-
dition to those caused by some effects, to appear in the signal spec-
trum. The removal of these effects of multipaths using phase-matched
filtering provides Rayleigh-wave spectra which are much more closely
related to source characteristics than are those obtained from Fourier
transforms of the entire signal, and at the same time results in a sub-
stantial improvement in the signal-to-noise ratio (Herrin and Goforth,
1977).

The phase-match filtering program, MATCH(IV) (Herrmann, 1987)
is applied to the spectrum of a seismogram after passing it through the

instrument correction and multiple filter analysis steps.

2.4 Inter-station phase velocities, group velocities
and attenuation coefficients

To avoid the azimuthal effect of the source radiation pattern, we can

measure amplitudes at two stations that lay at two distances on the
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same great circle path from an earthquake. The inter-station phase

velocity is given by

)
— w(r2 — 7"1)
B ¢2 - (/j)l - (251'2 - Qsil — Inm (2.1)

where ¢; and ¢, are the phase spectrum functions of the signal recorded
at stations 1 and 2, ¢;; and ¢;, are instrumental phase shifts at stations
1 and 2, and the integer n reflects the non-uniqueness of the phase
measurements. n can be determined directly if there is a third station
or the same great-circle path, or can be estimated from knowledge of
the possible range of the phase velocity values (Dziewonski and Hales,
1972).

Inter-station group velocities can be calculated by differentiating
the phase velocity curve or by measuring group arrival times at each
station either directly from the seismograms or by narrow-band filter-
ing each seismogram and dividing the group delay into the station sep-
aration. The two-station method of phase velocity measurement avoids
difficulties with the source phase shift.

Ben-Menahem (1965) defined the inter-station attenuation coeffi-

cient () for a travelling wave as

A .0,
In [{420ebr2)y (sinda ) 5]

o —T

(2.2)

Y(w) =

where A, , are observed spectral amplitudes at stations 1 and 2 at dis-
tances 1 (in kilometres) and A, ,(in radians) from the source and w is

angular frequency. 6 is the azimuth of the event from the stations.
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Measurements of inter-station phase velocities by calculating phase
differences (equation 2.1) are however, strongly affected by noise and
therefore the phase velocity curves are very rough (Dziewonski et al.,
1968; Dziewonski and Hales, 1972). Spectral holes or peaks caused by
scattering, multipathing, or noise, severely affect spectral ratio mea-
surements (equation 2.2) resulting in a very unstable attenuation curve.

To reduce these problems, Landisman et al. (1969) suggested mea-
suring inter-station phase velocities from the windowed cross correl-
ogram. Windowing where the correlation is high reduces the effect of
random noise in the phase spectrum and stabilizes the phase velocities.
Landisman et al. (1969) also noted that the cross-correlation function
approximates the inter-station impulse response and application of the
moving window or multiple-filter technique (Dziewonski et al. 1969)
can be used to calculate inter-station group velocities.

Taylor and Toksoz (1982) developed a method for calculating inter-
station phase and group velocities which is equivalent to the cross-
correlogram method of Landisman et al. (1969) but uses a method
for measuring the inter-station attenuation coefficient that is greatly
improved over that given by equation (2.2).

This method uses a Wiener (least-squares) filtering technique to
estimate the inter-station Green’s (or transfer) function from surface-
wave data from two stations lying along the same great-circle path.
The Wiener filter is constructed to estimate the signal recorded at the
station further from the source from the signal recorded at the nearer
station.

Inter-station group velocities are obtained by applying the multiple-
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filter technique to the Green’s function and the inter-station phase ve-
locity from the phase spectrum of the Green’s function. The amplitude
spectrum of the Green’s function is used to calculate average attenua-
tion between the two stations. Using synthetic seismograms contam-
inated by noise, Taylor and Toksoz (1982) showed that the Q values
calculated from the Green’s function are significantly more stable and
accurate than those obtained by taking spectral ratios (equation 2.2).
They pointed out that, the method is particularly useful for paths in-
volving short station separations.

The program XSPRAT(IV) (Herrmann, 1987) uses the algorithm of
Taylor and Toksoz (1982) to determine the inter-station Green’s func-
tions in the frequency domain. The individual station spectra are run
through MATCH(IV) (Herrmann,1987) first to correctly isolate modes
and, in addition, to smooth the spectrum. The spectrum and disper-
sion output of the program MATCH(IV) are then used by XSPRAT(IV).
The program XSPGAM (IV) (Herrmann, 1987) uses the spectral ratio
output from the program XSPART(IV) to determine the spatial atten-

uation coefficient () as a function of frequency or period.

2.5 Single source-single station method for attenu-
ation measurement

One of the goals of this research is to characterize regional varia-
tions of ), across southeastern Asia. However, when using the two-
station method, it is a very difficult to find enough paths for good con-
tinental coverage. The reason for this is that two stations may not be

available that lie along great-circle paths to a useful earthquake, or
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the source-station configuration may be adequate but paths between
the source and station pair may be long and cross complex structures
that produce focusing or defocusing of surface waves.

Cheng and Mitchell (1981) developed single station-single source
method which avoids the necessity of having two stations that lie along
a single great-circle path through the source. This method has the
advantage that it is often possible to find earthquake sources that lie
within the same tectonic province as that of the station and therefore
may provide a relatively uniform path of travel for surface waves. How-
ever, to use this method, either we must know the source depth and
focal mechanism for each earthquake used, or we must be able to de-
termine those parameters from the available data.

The single-station method consists of generating theoretical ampli-
tude spectra for fundamental-mode and higher-mode Rayleigh waves
and comparing them to corresponding observed spectra to obtain Q
models of the crust and, if possible, the upper mantle (Cheng and
Mitchell, 1981). The Programs SURFACES85(I1I), REIGENS5(III),
WIG85(III), and SPEC85(III) (Herrmann, 1985) are used to generate
theoretical amplitude spectra for fundamental- and higher-mode Rayleigh

waves used in this study.
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2.6 Inversion theory for shear-wave Q structure

The phase-velocity dispersion equation (Haskell, 1953) for elastic
surface waves of Rayleigh type on multi layered solid earth gives an
implicit relationship between phase velocity C' and wave number k.
This implicit equation also shows the dependence of the phase veloc-
ity on density p , thickness h, shear wave velocity 3, and compressional
wave velocity a of each layer of the earth. The functional dependence
of phase velocity on these parameters at an angular frequency w may

be expressed (Anderson et al., 1965) as

w

C(w) = E = f(ﬁa Oz,p)- (23)

Since, in general, the above equation is non-linear we have to lin-
earize it by applying Taylor’s expansion to the phase velocity about a

starting Earth model (5, a, o), ie.,

0 0 0
(B8, p) = c(Bo, , Po)+£ ﬁo(ﬁ—ﬁo)-i-' . i ao(a—ao)-i-- - 8_; po(p—po)-i-- -
(2.4)
and
oc oC dc
C(ﬁa aap) - C(ﬁ(), Qp, pO) = % IBO(AB) +--- a—a aO(AOZ) +--- a_p pO(Ap) + -
(2.5)

Here ¢(53, «, p) is the observed phase velocity at a seismic station and
¢(Bo, o, po) is the phase velocity predicted by a starting Earth model,

using Haskell’s (1953) matrix method or its improved versions. The
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change in phase velocity Ac is the difference between the observed and
theoretically predicted phase velocities. If we drop the higher order

terms in the Taylor’s expansion, then Ac becomes

Ae=261 (ag) + 2 (a0)+ 28] (ap). (2.6)

B op Bo Oc: Op po

A Rayleigh wave traveling in a vertically heterogeneous layered

o

anelastic Earth of N-layers (Anderson et al., 1965; Ben-Menahem and
Singh, 2000) has an inverse quality factor Q' given by

1 N iv: (ﬁ 8CR>
k,p,ox Q,B,i i—1 \CR aai

The subscript 7 is the layer index, o and 3 are compressional and shear

! @.7)

N la
O =2 (f_R a%f)

=1

k,p,B Qai

wave velocities, respectively, and & is the wave number.
The Rayleigh wave spatial attenuation coefficient yx(w) is related to

the quality factor Qr (Futterman, 1962) by

w
= (2.8)
Q) 2vr(w)cr
This implies that
- Y o
Tr(W) = QCRQR (2.9)

and thus

N Za B N Za
- (33)]_os£ (32

— Q.i¢. (210
i=1 kpa i=1 ck 0 kpB

(@ r depends on the distributions of ¢, 3, p, @, and Qs with depth (An-

derson et al. 1965). The functional dependence of v with 3, le, a and

Q! can be expressed as
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v=7(8,Q5" o, Q") (2.11)

Taylor’s expansion of this about a starting earth model (5o, Qs,0, 2, Qa,0)

gives
r)/(ﬁa Q,B: «, Qa) -
(B Qs 20, Qu) + 53| (B fo)+-+ 5L (5= pw) +
Bo BN
v o0y
aQEOI Qﬂ (Q,B - Q,BO ) +oeet m Qﬁ—l(Qﬂ Q,BN) (2 12)
and
Ay =
g—gﬂ(ﬁ Bo) + +g_;ﬂ(5_ﬁN)+
dvy o0y
90 o Q5" = Q) +---+ 35T oo Q' — Qz))- (2.13)

Equations (2.6 and 2.13) can be written in short form as

where d is an N x 1 matrix in which the elements are the differences
between the observed and the predicted phase velocities or attenua-
tion coefficients, G is an N x M matrix of partial derivatives of either
phase velocity or attenuation coefficient with respect to layer parame-
ters o, 3,Qs and (Q,. m is an M x 1 matrix in which elements are the dif-
ferences between Earth parameters computed from the observed phase

velocities, or attenuation coefficients, and the starting Earth model.
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If G is a square matrix, which implies that N = M (the number of
equations is equal to the number of unknowns) we could simply mul-
tiply both sides of the equations by G~! , assuming it exists. By def-
inition, G~'G = I, where I is the identity matrix, so a new system of

equations is formed:

Gld=m (2.15)

Thus we could solve for m directly. This is a simple equation and
is in principle easy to solve. Unfortunately, because of the complex-
ity of the Earth, this is never the case in seismology. We are deal-
ing with data that have errors, such as those associated with the mea-
surement of phase velocities or attenuation coefficients. Similarly, the
above equation assumes that our derived model can perfectly predict
the data. In the case of phase velocities or attenuation coefficients, this
means that we must be able to infer the shear-velocity and shear-wave
Q structure between the source and receiver extremely well. In fact, we
usually do not; thus, we are dealing with inconsistent equations, mak-

ing it impossible to use the above equation (Lay and Wallace, 1995).
2.6.1 Least-squares solution

The fact that the equation d = Gm cannot be satisfied by every data
point means that it has no exact solution. Since we cannot solve d = Gm
deterministically, it leads us to use statistics (Mendenhall and Scheaf-
fer, 1973). The simplest method for solving the linear inverse problem
Gm = d is based on measures of the size, or length, of the estimated

model parameters m®' and of the predicted data d?"¢ = Gm*®s'. For each
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observation one defines a prediction error, or misfit, e; = d** — d¥"°.
Here the superscripts, obs and pre, mean observed and predicted, re-
spectively. The best approximate solution is the one with model param-
eters that lead to the smallest overall error (the sum of the squares of
the individual errors) E, defined as

N

E=>¢€. (2.16)

=1

The total error E is exactly the squared Euclidean length of the
vector e, or E = eTe, which is the L, prediction error (Menke, 1984).
This is the method of least-squares estimates for the solution of an in-
verse problem. It finds model parameters that minimize the Euclidean
length. Therefore we seek values of the model parameters that solve
d = Gm approximately, where the goodness of the approximation is

given by the total error

E = ¢le (2.17)
= (d—Gm)"(d - Gm)

N M M
= > ldi - Gijmj] ldi - Gz’kmk‘| : (2.18)
J k

Multiplying out the terms and reversing the order of the summa-

tions lead to

M M M M N N
j k i J 1 i

From calculus, the minimum of the function E is found by setting

the derivatives of E with respect to m, to zero and solving the resulting
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equations, i.e,

o =0 (2.20)
omy,
gives (Menke, 1984)
GT'Gm - GTd =o. (2.21)

Note that the quantity G* G is a square an M x M matrix and that it
multiplies a vector m of length M. The quantity G7d is also a vector of
length M. This equation is therefore a square matrix equation for the
unknown model parameters. Presuming that [GTG|™" exists, we have

the following solution

m®' = [GTG7'G"d (2.22)

which is the least-squares solution to the inverse problem Gm = d
(Menke, 1984; Jackson, 1972). The quantity [GTG|7'G” is called the
generalized inverse and is given the symbol G~9 (Menke, 1984).
However, the least-squares solution fails if the number of solutions
(m®?) that give the same minimum prediction error E is greater than
one. This occurs when the matrix [GTG] ™! does not exist (becomes
infinite or [G" G| is singular), which also makes the solution m®"’ in-
finite (non-unique). The matrix [G"G]™' becomes infinite for under-
determined problems, where we have fewer data than unknown model
parameters, because the equation Gm = d does not provide enough
information to uniquely determine all the model parameters. In even-
determined problems there is exactly enough information to determine

the model parameters; therefore, there is only one solution, and it has
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zero prediction error.

Most problems in seismology are over-determined, where there are
many more data than model parameters (Lay and Wallace, 1995). In
this case there is too much information contained in the equation Gm =
d for it to possess an exact solution. Therefore, we can employ least-
squares to select a “best” approximate solution. However, it is diffi-
cult to practically use least-squares because there are numerical er-
rors in the computation of [GTG]™! which make it infinite. This diffi-
culty is seen when the fundamental decomposition theorem for a non-
symmetric matrix G of size N x M is applied (Lanczos, 1997).

According to the fundamental decomposition theorem (also called,
the singular-value decomposition theorem), the matrix G can be writ-

ten as

G =UAVT" (2.23)

where U is an N x N orthogonal matrix with the eigenvectors of G in
the columns , A is an N x M diagonal matrix with the eigenvalues of
G along the diagonal, and V7 is the transpose of an M x M orthogonal
matrix V with the eigenvectors of G? in the columns. The diagonal
elements of A are non-negative and are called singular values (Menke,
1984).

If one or more of the eigenvalues \; are zero, then we have to sepa-

rate them from the non-zero eigenvalues:
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A 00 0
0 X 0 0

Ap=| 0 0 X - 0 | (2.24)
0 0 0 Ap

where p < M.

The matrix U formed from the corresponding eigenvectors u; is

U=(w ug -+ Up Upy1 -+ UN ) (2.25)

where

ui=(uy Uy - uni ). (2.26)

Since both G and G” have the same eigenvalues, the eigenvectors v;

that form matrix V are

V=_(v vy -+ Uy Upp1 -+ Unr) (2.27)

where

vi= (v ve - V) (2.28)

We discard the zero eigenvalues and the corresponding eigenvec-

tors. Therefore the decomposition theorem becomes

G = U,V (2.29)

which gives an N x M matrix G as a product of the semi-orthogonal
N x p matrix U, the p x p diagonal matrix A, and the transpose of a

semi-orthogonal M x p matrix V' (Lanczos, 1997).
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The least-squares solution can be constructed from the singular

value decomposition (Menke, 1984) of G

mest — (GTG)flGTd

= VA 'UYd. (2.30)

We can define the a generalized inverse operator G~7 as:

G = VA UL (2.31)
such that

met = G79d (2.32)
where A;' is given by

v 00 0

0 3 O 0

A= 0 0 5 0 . (2.33)
0 0 O i

Eigenvalues that are identically zero are theoretically ignored in
the decomposition of G. In practice, however, because of numerical er-
rors, normally very small eigenvalues are encountered (Crosson, 1976).
These small eigenvalues can cause large and unstable changes in one
or more of the components of the estimated m®* model.

Ideally, we seek a solution procedure that results in suppression of
those model components associated with small or near-zero eigenval-

ues. This requires a modification of the least-squares procedure.
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2.6.2 The damped least-squares solution

The so called damped least-squares solution method (Levenberg,
1944; Marquardt, 1963) tries to estimate a solution that minimizes
some combination ® of the prediction error E and the solution length

mTm (Menke, 1984):

®(m) =FE+ 0L =ele+6°m'm (2.34)

where the weighting factor §? determines the relative importance given
to the prediction error and solution length.
By minimizing ®(m) with respect to the model parameters in a man-

ner exactly analogous to the least-squares derivation, we can obtain

m® = [GTG + 0*1) 'G"d. (2.35)

The generalized inverse for this case is:

G9 = [G"G + 0*1]7'G". (2.36)

This estimate of the model parameters is called the damped least-

squares solution.
The Model Resolution Matrix

We may be interested in knowing how closely a particular estimate
of the model parameters m®? is to a “true” but unknown set of model
parameters (m'“¢), that solve Gm'“¢ = d°*. Plugging the expression for

the observed data Gm!™¢ = d°® into the expression for the estimated
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model m®! = G~9d° gives

mest = G dobs
— G—g [Gmtrue]
— [G—gG] mtrue

= Rm'™e. (2.37)

Here the N x M matrix R = G79G is called model resolution matrix
(Menke, 1984). If R = I, then each model parameter is uniquely deter-
mined. If R is not an identity matrix, then the estimates of the model

parameters are weighted averages of the true model parameters.
The Data Resolution Matrix

To know how well the estimate of model parameters fits the data,

we plug in m®? into the equation Gm = d

dpre — Gmest
= G[G]d
= [GG™9)d*"

B (2.38)

The N x N square matrix S = GG 7Y is called the data resolution ma-
trix (Menke, 1984), or the ‘information’ distribution matrix (Wiggins,
1972). This matrix describes how well the predictions match the data.
It characterizes whether the data can be independently predicted, or

resolved. If S = I, then dP® = d°** and the prediction error is zero. On
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the other hand, if the data resolution matrix is not an identity matrix,

the prediction error is nonzero.
Covariance of estimated model parameters

The data contain noise that cause errors in the estimates of the
model parameters. We can calculate how this measurement error maps
into errors in m®!. If the data have a distribution characterized by
some covariance matrix [C'ovd|, then the estimates of the model param-
eters have a distribution characterized by a covariance matrix (Menke,

1984):

[Covm®'] = G~ 9[Covd)G 7. (2.39)

If the data are uncorrelated and all of equal variance o3, then

[Covm®!] = G 902I(G9)T. (2.40)

Application of the singular value decomposition theorem to G—9 = [GTG+

6?117'GT, for the damped least-squares solution, gives

G = [(UpApV;JT)T(UpApV;)T) + 921)]_1(UPAPV;1T)T
= V[AD+ 621" A U, (2.41)

where the elements of the matrix [Ap? + 6?I]* are (Crosson, 1976)
Ai

(A +6%)

This last expression shows that, in the presence of near-zero eigenval-

(2.42)

ues, G79 will no longer be infinite.
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2.7 The inversion procedure

Surface waves are more sensitive to shear velocity than compressional-
velocity or density (Wiggins, 1972; Der et al., 1970; Jackson and Burkhard,
1976; Kovach, 1978). Therefore, surface-wave inversions are usually
made only for shear-velocity models. However, the compressional-velocity
and density values are derived assuming values for Poisson’s ratio and
density as obtained from emprical relationships (e.g. Nafe, 1970) be-
tween compressional velocity and density.

Intrinsic anelasticity can be described by the shear-wave quality
factor (), and the bulk quality factor ),. The Rayleigh-wave quality
factor (Qz is not an intrinsic property of the Earth but refers to the at-
tenuation of surface waves. Qi is a weighted average of ), and @), and
is also affected by intrinsic velocities over a range of crustal and upper
mantle depths. Because of the relative insensitivity of surface wave
attenuation to ()., inversion of surface wave attenuation values lead to
models of ), or its inverse Q;l (Mitchell, 1995). Shear-velocity and @,
models are obtained using the inversion program SURF(IV)(Herrmann,

1987).



3. Group velocities, phase velocities, and
attenuation coefficients in southeastern
Asia using the two-station method

3.1 Introduction

It has been recognized (Anderson et al., 1965) that the rate of en-
ergy dissipation, or attenuation of seismic energy in the earth, being a
direct measure of anelasticity, is a more sensitive indicator of changes
in crystalline structure due to temperature and phase change than is
elasticity. It is also a more pertinent quantity for many geological prob-
lems.

However, accurate amplitude information is very difficult to obtain
and interpret. Instrumental effects, local geology, mode conversion,
scattering, and source characteristics have tended to obscure the am-
plitude variations due to true energy dissipation (Anderson et al., 1965).

Amplitudes of body waves are particularly difficult to interpret be-
cause of mode conversion at interfaces, scattering, and complicated
spreading losses. Direct waves that bottom in the crust or upper man-
tle are also very sensitive to velocity gradients in that depth range.

The attenuation of long-period waves depends in a very complicated
way on the distribution of elastic and anelastic parameters of the depth
Earth. However, complications of source, instrument, and path dif-
ferences are minimized in studies of this sort. Because of the long
wavelengths of these vibrations, such effects as scattering and mode-
conversion are reduced, and we are more likely to be measuring an

intrinsic property of the material. The same inhomogeneity which may

49
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cause scattering of body waves at frequencies of 1Hz and higher may al-
low surface waves at much lower frequencies to be transmitted without
significant scattering. Complications due to discontinuities and low-
velocity zones are also minimized (Anderson and Archambeau, 1964;
Anderson et al., 1965)

Since Love waves are more sensitive to lateral structural hetero-
geneities than are Rayleigh waves (Lysmer and Drake, 1971), they are
more greatly affected by scattering and multi-pathing than the latter.
Therefore I use Rayleigh waves from earthquakes that occur in and

around southeastern Asia.

3.2 Data

A large number of events which occurred between 1993 and 1999 in
the region enclosed by geographic coordinates 60°F to 165°F and 10°N
to 70°N were searched from the PDE catalog. Because most of the sta-
tions in this geographic region were not installed before 1993, I looked
for events from this year onwards. A program developed to search for
events recorded by two stations at a specified angular deviation from
the great circle path of the seismic wave was used. The search was

made with the following criteria:

1. The allowable angular deviation of the path of an earthquake
from the great circle path joining two recording stations is 8 de-
grees or less. By restricting selected events in this way I hope to
minimize adverse effects that may be caused by seismic energy

arriving at the two stations that leave the focal region at differ-
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ent angles (Knopoff et al., 1966; Bloch and Hales, 1968). It is
difficult to find an event recorded by two stations with very small

deviations from the great circle path.

2. m, of events used in this study range between 4.8 and 6.2. Events
which have magnitudes below 4.8 were found to be too small to
generate surface waves that are well recorded at two stations.
Those above magnitude 6.2 are very large and source effects such
as directivity and radiation pattern may affect the amplitudes, es-
pecially for those events recorded by stations which deviate from

the true great circle path.

3. Since surface-wave amplitudes are usually larger for shallow

events I have restricted my search to those events that occur at

depths less than about 50 km.

4. The distances between the event and the stations are in the range
300 km to 3000 km. This is because my study is regional and
I hope to minimize the degree of lateral complexity along the
surface-wave path. Near-distance events do not have enough time
to develop well-dispersed surface waves, while teleseismic events
are affected much by multipathing, focusing and defocusing which

in turn affect the amplitude of the signal.

Since I am interested in Rayleigh waves, the broadband vertical
component (BHZ) of those events which satisfy the above criteria were
requested from the IRIS DMC data bank using the Breakfast web re-

quest method. Seismograms, which have well-developed surface waves,
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were selected for further processing. Fifty-six events (Table 3.2), recorded
by the station pairs shown in Figure 3.1, were used in the two-station
method

The phase and group velocities are average values over the entire
great-circle path of the Rayleigh wave. Variations in the average values
are correlated with the composition of the paths (Toks6z and Anderson,
1966; Patton, 1980).

In the following section I will explain how southeastern Asia is re-
gionalized based on inter-station phase- and group-velocity variations.
The methods for obtaining inter-station group velocities, phase veloci-

ties and attenuation coefficients were described in Chapter 2.

3.3 Regionalization based on inter-station group ve-
locities and phase velocities

Eighty percent of my region of study in southeastern Asia consists
of China, which has been divided tectonically into four major subplates
(Pines et al., 1980 and references there in) based on surface geology.
These subplates include (1) Chinghai-Tibet (southwestern China),

(2) northern China, (3) southern China, and (4) northwestern China
(including the Tien Shan fold belt). Each subplate has different geo-
morphologic features, gravity anomalies, and crustal thickness.

The concept of regionalization, first proposed by Toks6z and Ander-
son (1966), consists of dividing a surface-wave path into oceanic, shield,
and tectonic regions. Each region has a different effect upon the aver-
age group velocity. Toksoz and Anderson (1966) noted that shield areas

raise the average group velocity, whereas active tectonic regions have
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| Number | Origin date | Origin Time | EVLA | EVLO | d(km) | my |

1 03/19/93 15:53:52.8 12.15 95.08 25 | 5.4

2 08/24/93 22:52:21.3 10.21 93.85 23 | 4.9

3 08/24/93 23:35:55.6 10.35 93.73 22 | 4.8

4 03/19/93 15:53:52.8 12.15 95.08 25 | 5.4

5 02/20/93 11:40:33.0 | 47.08 | 154.05 17 | 5.0

6 02/26/93 19:16:40.8 | 47.58 | 154.36 32 | 5.1

7 04/28/93 056:16:15.4 | 47.38 | 153.58 33 | 5.3

8 05/06/93 07:58:47.9 | 46.71 | 153.51 37 | 5.7

9 07/11/93 17:48:11.0 | 47.63 | 154.16 28 | 5.6
10 07/14/93 17:38:33.9 | 43.18 | 139.12 20 | 5.5
11 07/19/93 19:18:38.7 | 43.12 | 139.15 19 | 5.0
12 04/08/93 03:49:33.2 | 35.65 77.65 42 | 5.0
13 06/14/93 07:30:17.4 | 35.57 78.41 33 | 5.1
14 06/15/93 23:12:24.8 | 35.63 77.79 33 | 4.9
15 05/29/94 14:11:50.9 | 20.56 94.16 36 | 6.2
16 04/26/94 18:59:27.3 | 56.73 | 117.87 18 | 5.3
17 11/18/94 01:13:00.2 13.06 | 121.09 20 | 54
18 11/18/ 94 05:14:03.4 13.02 | 120.95 33 | 49
19 03/24/95 04:13:46.4 | 24.58 | 121.97 45 | 5.0
20 04/03/95 11:54:43.5 | 24.07 | 122.29 33 | 5.6
21 03/04/95 22:33:26.0 | 24.07 | 122.30 26 | 5.2
22 05/27/95 18:11:11.9 | 23.01 | 121.43 29 | 5.2
23 02/25/95 03:15:05.9 | 24.33 | 118.69 10 | 4.9
24 06/05/95 20:20:17.5 18.43 | 120.85 48 | 54
25 06/28/95 14:14:53.3 | 22.09 | 121.57 33 | 5.3
26 02/12/97 12:50:22.6 | 52.05 | 171.30 33 | 5.0
27 05/16/97 22:41:03.5 | 55.58 | 162.54 33 | 5.2
28 12/04/97 22:41:50.4 | 55.22 | 162.62 33 | 5.1
29 12/10/97 08:08:17.6 | 54.85 | 162.95 33 | 5.2
30 12/11/97 14:55:15.5 | 54.88 | 162.84 33 | 5.1
31 10/08/97 21:20:59.7 | 41.91 | 144.82 33 | 5.5
32 10/09/97 03:29:10.7 | 42.13 | 144.44 33 | 5.1
33 05/30/97 17:54:53.0 | 37.15 78.05 33 | 5.2
34 07/18/97 18:59:41.9 | 29.59 68.40 33 | 5.0
35 12/13/97 03:41:35.6 | 29.63 68.34 33 | 4.9
36 03/12/97 14:51:49.2 13.44 | 120.99 33 | 5.2
37 05/22/97 13:21:36.3 18.92 | 121.34 34 | 5.7
38 07/01/97 18:24:24 .4 19.08 | 121.20 33 | 5.1
39 05/12/98 17:01:03.8 | 45.31 | 150.36 33 | 5.6
40 06/12/98 00:29:33.6 | 48.30 | 155.62 33 | 5.0
41 12/13/98 13:17:54.7 | 48.09 | 155.29 33 | 5.3
42 08/20/98 19:41:41.9 | 5158 | 175.35 33 | 5.3
43 08/28/98 15:31:38.2 | 51.44 | 175.53 33 | 5.5
44 05/08/98 17:37:05.4 | 22.36 | 125.44 33 | 5.0
45 05/27/98 01:16:30.4 | 22.03 | 125.60 33 | 5.4
46 01/10/98 03:50:41.5 | 41.08 | 114.50 30 | 5.8
47 11/06/98 20:29:24.1 11.06 92.46 33 | 5.0
48 11/06/98 22:52:09.3 11.06 92.51 33 | 5.2
49 05/12/98 17:01:03.8 | 45.31 | 150.36 33 | 5.6
50 06/12/98 00:29:33.6 | 48.30 | 155.62 33 | 5.0
51 12/13/98 13:17:54.7 | 48.09 | 155.29 33 | 5.3
52 08/20/98 19:41:41.9 | 51568 | 175.35 33 | 5.3
53 08/28/98 15:31:38.2 | 51.44 | 175.53 33 | 5.5
54 02/12/99 17:44:48.5 | 44.47 | 149.68 33 | 5.6
55 03/11/99 13:18:09.3 | 41.13 | 114.66 33 | 5.1
56 02/25/99 08:41:17.7 | 52.23 | 173.96 33 | 5.1

Table 3.1: Events used in the two-station method with hypocentral
information. EVLA and EVLO are event latitude and longitude, re-
spectively. d is focal depth and m, is the body-wave magnitude.
A depth of 33 ken normally indicates a default value; this does not
affect the two-station fechnique.
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Figure 3.1: Two-station paths.
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Figure 3.3: Group velocity comparisons between group 1(boxes)
and group 2 (dots).
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Figure 3.4: Phase velocity comparisons between group 1(boxes)
and group 2 (dots).
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Figure 3.5: Group velocities for group 3.
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Figure 3.6: Phase velocities for group 3.



58

4.0

=z L i
g L i
=35

= F ]
g L i
G>) | -
§3'0, .
&L i
250 |
20 20 40 60 80 100

Period (s)

Figure 3.7: Group velocity comparisons between group 4(dots) and
group 5 (boxes).
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Figure 3.8: Phase velocity comparisons between group 4(dots) and
group 5 (boxes).
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Figure 3.9: Group velocities of group 6.
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Figure 3.10: Phase velocities of group 6.
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Figure 3.11: Group velocity comparisons between group 7(dots)
and group 8 (boxes).
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Figure 3.12: Phase velocity comparisons between group 7(dots) and
group 8 (boxes).
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Figure 3.13: Group velocities of group 9.
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Figure 3.14: Phase velocities of group 9.
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the effect of lowering the average group velocity. As a result, surface-
wave paths crossing different tectonic regions should show different
trends in their average group-velocity dispersion curves.

I plotted inter-station group-velocity curves on the same scale for

paths crossing approximately the same region. The same thing is done
for phase velocities. The paths between stations cover different tectonic
regions. These are: (1) southeastern China, (2) eastern China,
(3) northeastern China, (4) the southern Russia, (5) the Mongolia re-
gion and the Junggar block, (6) The Tien-Shan fold belt system, the
Tarim Basin and the western Kunlun fold system (Figure 1.1).

In the two-station method the Tibetan Plateau is not studied for the

following main reasons:

1. Seismic waves propagate across the highly variable Tibetan crust
and topography. These factors may cause multipathing and scat-

tering of the seismic waves in that region (Pavlis and Mahdi,

1996; Mahdi and Pavlis, 1998).

2. There are no permanent stations other than LSA within the Ti-

betan Plateau.

The 1991-92 temporary array of stations on the Tibetan plateau are
aligned along only one direction, northeast-southwest. If I try to use
data from these stations, because of reason 1 it is hard to apply the
two-station method for the Tibetan Plateau.

In the following subsections, I will explain how different regions

(groups) are formed based on differences in the group-velocity and phase-
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velocity dispersion curves. The groups so formed and the station names

are shown in Figure 3.1.
3.3.1 The South China Block

Inter-station group velocities for paths in the South China Block
are plotted in Figure 3.3. Paths between stations CHTO and KMI and
between ENH and CHTO have lower group velocities than do paths
ENH-TATO and KMI-SSE, for periods between 20 sec and 40 sec. The
same difference is also seen for phase velocities (Figure 3.4) for the
period range 15 sec to 35 sec. According to these figures, paths CHTO-
KMI and ENH-CHTO form group 1 and paths ENH-TATO and KMI-
SSE form group 2.

The phase and group velocities of the path SSE-TATO exhibit sub-
stantial scatter (Figures 3.5 and 3.6) which may be due to the short
travel distances between the earthquakes and stations. Comparison of
these curves with published oceanic and continental phase- and group-
velocity curves show that they are more like oceanic dispersion curves.
This may be due to a large thickness of low-velocity sediments in this

shelf region. This path forms group 3.
3.3.2 Northeastern China

This region consists of most of east-central China, northeastern
China, the Yellow Sea, and North Korea. The paths crossing these
regions are SSE-HIA, SSE-MDJ, MDJ-YSS and HIA-YSS.

Figure 3.7 shows that the group velocities for paths HIA-SSE and
MDJ-SSE are lower than those for paths MDJ-YSS and HIA-YSS, for
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periods between 15 sec and 40 sec. Differences in phase velocities are
also seen for the entire period range (Figure 3.8). Therefore, paths HIA-
SSE and MDJ-SSE form group 4, while paths MDJ-YSS and HIA-YSS

form group 5.
3.3.3 Southeastern Russia

In this region the phase and group velocity curves for paths YSS-
YAK and YAK-MA2 overlap (Figures 3.9 and 3.10), so are grouped
together to form group 6. These paths cross the tectonically stable

Siberia craton.
3.3.4 The Mongolian Plateau and the Junggar basin

Path HIA-TLY crosses the region south of Lake Baikal in an east-
west direction in the northern periphery of Mongolia. Path TLY-WMQ
crosses western Mongolia and the Junggar basin, in northwestern China,
in a southwesterly direction. The group-velocity curves (Figure 3.11) of
these two paths show clear differences at periods greater than 20 s.
This difference is also seen in phase velocities (Figure 3.12) for periods
between 15 sec and 35 sec. Therefore path HIA-TLY forms group 7, and
path TLY-WMQ forms group 8. The southern end of the Junggar basin

stops at the southern end of Group 8 (Figures 3.1 and 1.1).

3.3.5 The Tianshan fold system, the Tarim Basin, and the West-
ern Kunlun fold system

Path WMQ-NIL starts from the northern part of the Tienshan fold
system (Figures 3.1 and 1.1), crosses the Tarim Basin and the Western

Kunlun fold system in a southwesterly direction, and ends in northern
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Figure 3.15: Group velocity comparisons for group 7(dots), group 8
(boxes) and group 9 (triangles).

Pakistan. When the group-velocity curves (Figure 3.15) for this path
are plotted with those of paths HIA-TLY and TLY-WMQ, they are dif-
ferent at periods greater than 20 s. The phase velocities (Figure 3.16)
are also different between the periods 5 sec and 40 sec. Therefore I let

path WMQ-NIL form group 9.

3.4 Average inter-station group velocities, phase ve-
locities and attenuation coefficients

From elementary statistical theory, the average (statistical mean)
of a set of n measured quantities y1, 4o, - - -, ¥, is defined by

> v (3.1)

i

_ 1
y=-
n

Here each 7 is computed at each period. The y,s are either group veloc-

ities, phase velocities or attenuation coefficients of the i** event.
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Figure 3.16: Phase velocity comparisons for group 7(dots), group
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The standard deviation is a measure of how widely values are dis-
persed from the mean value. The Microsoft Excel utility STDEV is
used to compute the standard deviation at each period. It estimates
the standard deviation based on a sample and is calculated using the
“nonbiased” or “n-1” method.

STDEYV uses the formula

(3.2)

n¥i Y — (X7 y)
n(n —1)

where the y;’s are observations and n is the number of observations.
The average group velocities, phase velocities, and attenuation coeffi-
cients for all groups are shown in Figures 3.17 , 3.18 and 3.19.

If the number of data points at each period is less than two, then it
is not possible to compute the average and standard deviation at that

period. Therefore, I assigned the maximum STDV in the entire period
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Figure 3.17: Average group velocity comparisons for groups 1
through 9, except that for group 3.

range to those data points with only one value at a period.

3.5 Comparisons of average group and phase veloc-
ities between regions

The average group velocities of group 1 are lower at all periods than
those of group 2 (Figure 3.17). The average phase velocities of group 1
are also lower than those of group 2 for periods less than 40 sec (Figure
3.18). Both group 1 and group 2 paths are within the South China
Block. However, as can be seen from Figure 3.1, paths of group 1 cross
higher topographic regions at the transition from Tibet to southeastern
China. Most of the group 2 paths are in the lowland part of the South
China Block, crossing the South China fold system and part of Yangtze
platform (Figures 1.1 and 3.1).

Group 1 has also lower average group velocity values than those
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9.
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of groups 4, 5, 6, and 7 for periods between about 15 sec and about
45 sec. However, the relation is reversed between 40 to 50 sec and 65
to 80 sec. The average phase-velocity comparisons show that group 1
has lower values than does group 4 for periods between 15 sec and 35
sec but a reversed relation beyond 35 sec. Group 1 has lower average
phase velocities at all periods compared to those of groups 5, 6, and 7.
These comparisons show that the thicker crust, as shown in a Moho
map for China (Figure 3.2, Ren et al.,1987), crossed by group 1 slows
the seismic waves propagating across it.

Groups 8 and 9 have lower average group velocities than does group
1 for periods between about 35 sec and 80 sec. But, the relation is re-
versed for periods less than 35 sec. If average group-velocities are cor-
rect (and are not badly contaminated by lateral refraction of energy),
then at shallower depths, shear velocities are higher in western China
than in the transition from Tibet to southeastern China, but the rela-
tions are reversed at greater depths. However, comparisons of average
phase velocities show that group 1 has higher values at all periods com-
pared to those of groups 8 and 9.

The average group-velocity curves of groups 2 and 4 overlap be-
tween 30 sec and 40 sec. Beyond 40 sec, group 2 has higher values
than does group 4. The average phase velocity of group 2 is higher
than that of group 4 at all periods.

Between 20 sec and 40 sec, group 2 has lower average group ve-
locities than group 5. For periods greater than 40 sec, group 2 has
higher average group velocities. There is an overlap between the aver-

age phase velocities of these groups between 15 and 45 sec. Above 45
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sec, group 5 has higher phase velocities.

Comparison between groups 2 and 6 shows that the average group
velocity of group 2 is higher than that of group 6 at all periods. There is
an overlap in average phase velocities for periods less than 40 sec. At
periods longer than 40 sec, group 6 has higher average phase velocities.

Group 2 has higher average group velocities at almost all periods
when compared with group 7. The phase velocity comparison shows
that for periods less than 40 sec, group 2 has higher values than group
7, but the relation is reversed beyond 40 sec. Groups 8 and 9 have lower
average group and phase velocities at almost all periods compared to
group 2.

Group 4 has lower average group velocities for periods less than
about 70 sec when compared with group 5. The average phase veloc-
ities of group 4 are lower than those of group 5 at all periods. There
is an overlap between the average group velocities of groups 4 and 6
between periods 30 sec and 45 sec. Below 30 sec and between 45 sec
and 65 sec, group 4 has lower values. Beyond 65 sec group 4 has higher
values. The comparison of average phase velocities shows that group 4
has lower values at all periods compared to that of group 6.

For periods between 25 sec and 50 sec, the average group velocities
of group 4 are higher than those of group 7. Below 25 sec and above
50 sec, group 7 has higher values. Average phase velocities agree for
periods less than 35 sec but group 7 has higher values beyond 35 sec.

Group 4 has higher average group and phase velocities at almost all
periods when compared with groups 8 and 9.

The average group velocity of group 5 is slightly higher than that
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of group 6 for periods between 20 sec and 40 sec, but the relation is
reversed for periods less than 20 sec and greater than 70 sec. Between
40 sec and 70 sec, the average group velocities of groups 5 and 6 ap-
proximately coincide. The average phase velocities of these groups ap-
proximately coincide for all periods.

The average group and phase velocity curves of group 5 are higher
than those of group 7 for periods between 15 sec and 60 sec. Beyond 60
sec group 7 has higher values. Group 5 has higher average phase and
group velocities than do groups 8 and 9 at all periods.

The average group-velocities of group 6 are higher than those of
group 7 for periods less than 60 sec. Beyond 60 sec group 7 has higher
values. The phase-velocity curves show that group 6 has higher values
for periods less than 40 sec but there is an agreement between groups
6 and 7 beyond 40 sec. Groups 6 and 7 have higher average group
and phase velocity values when compared with groups 8 and 9 at all
periods.

Group 8 has higher average group velocity values than group 9 for
periods less than 55 sec. For periods above 55 sec, group 9 has higher
values. The average phase velocities of group 8 are higher than that of
group 9 for periods less than 40 sec.

3.5.1 Relations between tectonics and group and phase veloc-
ity variations

From the Nafe-Drake curve (Ludwig et al. 1970), the shear- and
compressional- wave velocities are directly proportional to the densities

of rocks in the Earth. Higher densities are therefore associated with
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the higher velocities known to be present in the mantle.

Low group velocities may arise form a combination of low veloci-
ties in the crustal column and a thick crust. Rayleigh waves that are
trapped in the crust will have low group velocities (Wu and Levshin,
1994).

From the contour map showing the depth of Moho in China (Figure
3.2) the crustal thickness in eastern Tibet reaches about 65 km and
thins to 50 km at the transition from Tibet to the South China Block.
In southeastern China, the crustal thickness ranges between 45 and
50 km in the west and thins to 36 km near the east coast. Wier(1982)
shows that the crust along the eastern coast thins to about 30 km.

The crust is thin, between 42 km and 34 km, in almost all parts of
eastern China, including parts of the Sino-Korean platform, and the
fold systems in northeastern China (Figures 1.1 and 3.2). The western
parts of the study area have relatively thick crust except in the Junggar
and Tarim basins where the crust thins to about 42 km.

These differences in crustal thickness between the east and the west
give rise to differences in the average group-velocity curves. The west-
ern part (groups 8 and 9) has the thickest crust and is tectonically more
active. The seismicity of the region (Figure 3.20) shows that the west-
ern part of southeastern Asia is more active than the eastern part. The
western region is also characterized by lower group velocity values (see
the values for groups 8 and 9) than the southeastern part (groups 1 to
6).

The eastern part of the North China Craton (the Sino-Korean plat-

form) (Figure 1.1) crossed by group 4, has relatively low average group
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Figure 3.20: Seismicity map of southeastern Asia for the past 10
years.

velocities compared to group 2. The North China Basin is a region
of active extensional tectonics (Nabelek et al., 1987) while the South
China Block crossed by group 2 is one of the least tectonically active
regions in southeastern Asia (Wu et al., 1994). They show little differ-
ence in their crustal thickness, but the higher tectonic activity in the
North China Basin may cause the average group velocities of group 4
to be lower than those of groups 2, 5, and 6.

Recent seismic and surface heat flow studies (Liu, 1992; Menzies
and Xu, 1998) show that the present-day lithosphere in the eastern
part of the North China Craton is thin (less than 80 km) and hot with
low velocities at shallow depths. This is consistent with the result for
group 4 when compared with groups 2, 5, and 6.

The high group velocities in the fold systems of northeastern China
(Figure 3.1), crossed by group 5, coincide with an area of Cenozoic
basalts (Figure 3.21). The crustal thickness is as small as 23 km in

the Songliao Basin (Figure 3.21) in northeastern China (Zhang, 1998).
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But it thickens to 38 km near the eastern and western boundaries. Sur-
face heat flow decreases gradually from the center of the basin (up to
95 mWm~2) towards the northern margin (44 mWm~2). This indicates
that northeastern China is tectonically active. However, the small
crustal thickness may be responsible for the higher average group ve-
locity of group 5 when compared with group 2 (between 20 sec and 40
sec), group 4 (at all periods) and group 6 (between 20 and 70 sec). Group
6 crosses the Siberian craton which is one of the most stable regions in
the world.

Group 7, and most parts of group 8, are within the Mongolian Plateau
(Figure 3.1; Windley and Allen, 1993). This region is tectonically very
active as indicated by high seismicity (Figure 3.20) and high heat flow
(Khutorskoy and Yarmoluk, 1989). The heat flow is high, reaching 120
mW/m?2. The lithospheric thickness of the region crossed by group 7
ranges from 100 to 150 km (Windley and Allen, 1993). Part of the path
crossed by group 8 is in central Mongolia where the lithosphere is as
thin as 50 km. The crustal thickness is not well defined in the Mongo-
lian Plateau ( Windley and Allen, 1993).

Most parts of the paths for group 8 are within the thicker litho-
sphere in western Mongolia. The crust in the Junggar fold system is as
thick as 50 km in its northern part (Figure 3.2). This might be partly
responsible for the low average group velocities of group 8 compared to
most of the others.

The crustal thickness crossed by group 9 varies from place to place.
In the Western Kunlun fold system it reaches 65 km whereas in the

Tarim and Junggar basins it is 42 km. The relatively thick crust, com-
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Figure 3.22: Comparison of the average velocities of group 4
(gdav.gv) with that of Pines et al. (1980) for the path Tangshan to
Taipei (Tan Tai.gv) in southeastern China.

pared to the other parts of southeastern Asia, gives rise to the lowest

group and phase velocities of the region of study.

3.6 Comparison with results of previous studies in
southeastern Asia

I compare the average group velocity curve of group 4 to a study by
Pines et al. (1980) for the eastern coast of China along the path from
Tangshan to Taipei. The comparison shows that the two curves agree
well between 20 sec and 40 sec, but differ at shorter and longer periods
(Figure 3.22).

Wier (1982) obtained fundamental-mode Rayleigh-wave group ve-
locities for southeastern China. I compared the group velocities for his

model “6-ANP” with the group-velocity dispersion curve of group 2 in
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Figure 3.23: Comparison between average group velocities of
group 2 (g2av.gv) and Wier’s 1982 "6-ANP“ group velocity curve for
southeast China (weir 6 ANPgV).

my study. Figure 3.23 shows that the two agree very well at all periods
where “6-ANP” dispersion values are available. Comparison between
the dispersion for “6-ANP” and group 1 shows that the latter is much

lower for periods less than about 50 sec.
3.7 Comparison with the Canadian Shield

The Canadian Shield has been stable for more than a half billion
years. It is characterized by low relief, very few earthquakes, no vol-
canism, and low heat flow (Brune and Dorman, 1963). I have compared
(Figure 3.24) phase velocities predicted by the shear-velocity structure
of the Canadian Shield with phase velocities of all groups in this study.
For periods less or equal to about 50 sec, the phase velocity of the Cana-

dian Shield is higher than that for all of the nine groups used in this
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Figure 3.24: Comparison of the phase velocities for the Canadian
Shield (CANADA.phv) with the average phase velocities for groups
1 through 9, excluding group 3. in southeastern Asia.
study. However for periods greater than about 50 sec groups 5, 6, and
7 show higher phase velocities than does the Canadian shield.

Group 6 crosses the southeastern part of southeastern Russia. Group
7 crosses part of southern Russia parallel to the border with Mongolia,
beginning from the northern tip of China and ending at the southern
tip of the Baikal rift. These are the two fastest groups found in my
study. The high group and phase velocities of groups 5, 6, and 7 com-
pared to that of the Canadian Shield at longer periods might be due to

differences in the deep Earth structure.

3.8 Inter-station attenuation coefficients

Figure 3.19 shows the average attenuation coefficient curves of all

groups. On the basis of previous work we expect that there will be an
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inverse relationship between attenuation and velocity. However, the
average attenuation coefficient values for some groups are not consis-
tent with that relationship. For example, group 2 has high average
group and phase velocities but the attenuation coefficient values be-
tween 15 and 55 sec are the highest I have found.

Another example is group 1, which shows that the lowest average
group/phase velocities occur in eastern China. However this group has
the lowest average attenuation coefficient values between 20 sec and
50 sec that I have observed.

This inconsistency between attenuation coefficient values and veloc-
ity may be due to effects of lateral heterogeneity which focus or defocus
the seismic rays. This will result in an increase or decrease, respec-
tively, in the amplitudes of seismic waves. Because attenuation coeffi-
cients are computed from ratios of amplitudes at two stations, hetero-
geneity in velocity structure, rather than attenuation may dominate
the attenuation coefficient determinations.

Group 7 has low attenuation coefficients for the entire period range.
This is consistent with its relatively high group/phase velocity com-
pared to groups 8 and 9. Group 8 has high attenuation coefficient
values for periods less than 40 sec and group 9 has high attenuation
coefficient values for periods greater than 35 sec. These values are con-

sistent with the low group/phase velocities for those groups.



4. Models of shear-wave velocity and
shear-wave Q structures in southeastern
Asia from interstation measurements of
phase velocity and attenuation

In this chapter I present shear-wave velocity and (), structures of
southeastern Asia obtained from the inversion of average interstation
phase velocities and attenuation coefficients, respectively, using the
two-station method. Also, I discuss the results in relation to the tec-

tonics of the region and results of previous studies there.
4.1 Shear velocity structure: Results and discussion

Group- and phase-velocity dispersion curves contribute generally
the same information about a structural model (e.g., Bloch et al., 1969;
Wiggins 1972, Yu and Mitchell, 1979). However, there exists an addi-
tional degree of non-uniqueness in the inversion of group-velocity data
compared with the inversion of phase-velocity data, independent of the
other points of non-uniqueness that apply uniformly to the inversion
of dispersion data of both types. If the group velocities for two regions
are the same, it does not follow that the two structures are the same
(Pilant and Knopoff, 1970). For this reason, I use phase velocities for
the inversion of shear wave velocity structure in southeastern Asia.

Figures 4.1, 4.2 and 4.3 show average interstation phase velocities
as a function of period for each of the nine groups in the study area. The
areas corresponding to these groups were described in Chapter 3. The

vertical bars are standard deviations calculated at each period. Tables

80
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Period (sec) | C(km/s) | STDEV (km/s)
10 3.21742 | 0.

12 3.21665 | 2.63610E-02
14 3.26066 | 2.74660E-02
16 3.30699 | 2.85840E-02
18 3.35956 | 3.22830E-02
20 3.42243 | 3.75610E-02
22 3.49101 | 3.87560E-02
24 3.56077 | 4.02560E-02
26 3.62961 | 4.62380E-02
28 3.69747 | 5.76990E-02
30 3.74051 | 6.01370E-02
32 3.79720 | 7.05130E-02
34 3.84475 | 8.10160E-02
36 3.88416 | 8.97950E-02
38 3.91683 | 9.66270E-02
40 3.94394 | 1.01851E-01
42 3.96663 | 0.105570

44 3.98569 | 0.108078

46 4.00194 | 0.109714

48 4.01595 | 0.110577

50 4.02833 | 0.110859

52 4.03924 | 0.110543

54 4.04916 | 0.109842

56 4.05826 | 0.108705

58 4.06683 | 0.107336

60 4.07496 | 0.105773

Table 4.1: Average interstation phase velocities used in the inversion
for shear-wave velocity structure for group 1.

of average interstation phase velocities of each group, with standard
deviations, used for the inversion of the shear-wave velocity structure,
are provided. I have presented grid plots of the inversion results for
clarity of discussion (Figures 4.4, 4.5 and 4.6). The starting model used

has a uniform shear velocity value 4 km/sec throughout all depths.
4.1.1 Group1

Phase velocities (Table 4.1, and Figure 4.1) for group 1 were used to
obtain models of shear-wave structure at depths between 0 and 200 km.
This region covers the transition between the Tibetan plateau and the
South China Block. The shear-velocity structure of group 1 (Figures
4.7 and 4.4 and Table 4.2) starts at about 3.16 km/sec for the top
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Figure 4.2: Average interstation phase velocities for groups 5-8 used
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Figure 4.7: Shear-wave velocity structure for group 1. The dashed
line at 4 km/s is a uniform starting shear-wave velocity model.

H(tkm) | a(km/s) | B(km/s) | p(gm/cc) Q;l Poisson Ratio | Error 3(km/s)
2.00000 5.47300 3.15980 2.59460 0. 0.250000 0.347000
2.00000 5.50060 3.17580 2.60010 0. 0.250000 0.346000
3.00000 5.60150 3.23400 2.62030 0. 0.250000 0.323000
3.00000 5.85640 3.38120 2.67130 0. 0.250000 0.205000
5.00000 6.14830 3.54970 2.74450 0. 0.250000 0.081600
5.00000 6.23640 3.60060 2.77090 0. 0.250000 0.187000
5.00000 6.15890 3.55590 2.74770 0. 0.250000 0.190000
5.00000 6.17490 3.56510 2.75250 0. 0.250000 0.124000
5.00000 6.43500 3.71530 2.83050 0. 0.250000 0.149000
5.00000 6.88670 3.97610 2.95060 0. 0.250000 0.189000
6.00000 7.37980 4.26070 3.10150 0. 0.250000 0.195000
6.00000 7.76180 4.48130 3.22900 0. 0.250000 0.188000
10.0000 7.97000 4.60150 3.29980 0. 0.250000 0.210000
10.0000 7.97380 4.60370 3.30110 0. 0.250000 0.216000
15.0000 7.94500 4.58710 3.29130 0. 0.250000 0.232000
15.0000 7.99090 4.61360 3.30690 0. 0.250000 0.224000
20.0000 8.06070 4.65390 3.33190 0. 0.250000 0.197000
20.0000 8.07300 4.66100 3.33630 0. 0.250000 0.193000
20.0000 8.02080 4.63080 3.31750 0. 0.250000 0.284000
40.0000 7.92600 4.57610 3.28480 0. 0.250000 0.387000
50.0000 7.99370 4.48700 3.30790 0. 0.270000 0.390000
70.0000 7.76190 4.35680 3.22900 0. 0.270000 0.300000

0. 7.83670 4.18890 3.25450 0. 0.300000 0.158000

Table 4.2: Inversion results from phase velocities of group 1, where H
is layer thickness, « is p-wave velocity, g is shear-wave velocity, and
p is density.
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5 km. Between 5 km and 10km it reaches 3.55 km/sec. There is a 5-km
thick high-velocity layer (3.6 km/s) between depths of 15 and 20 km.
If real, this high-velocity layer could correspond to the “high-velocity
tooth” of amphibolites inferred by Mueller (1977) in his generalized
petrological model and a P-wave velocity-depth profile for continental
crust. Resolution kernels for this depth (Figure 4.7), however, indicate
that this feature cannot really be resolved. The layer between 20 km
and 30 km has a constant shear-wave velocity about 3.56 km/s.

At depths greater than 30 km the shear-wave velocity increases to
4.6 km/s at a depth of about 52 km/s. The velocity (4.6 km/s) below
the sharp discontinuity at 52 km depth is the same as that in the up-
per mantle shear-wave velocity model of Muller (1977). The broad zone
of positive velocity gradient between 30 km and 52 km could be real
and may consist of part of the lower crust and a broad transition from
the base of the lower crust to the upper mantle (the Moho) (Prodehl,
1977). The width of the resolving kernel at 43 km (Figure 4.7) how-
ever, indicates that we really cannot resolve this feature and it could
be much thinner. The region crossed by paths of group 1 show a Moho
depth ranging from 48 km to 50 km in agreement with the map of Ma
et al. (1987) in Figure 3.2. This comparison suggests that the sharp
discontinuity at about 52 km in Figure 4.7 can be the Moho. The al-
most constant shear velocity (between 4.6 km/sec and 4.7 km/sec) for
the depth range between 52 km and about 160 km may represent the
lid in the upper mantle. Because the resolution kernels are very broad
for depths below about 50 km, it is hard to talk about the deeper struc-

ture with confidence. These results, however, suggest that the region
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Period (sec) | C(km/s) | STDEV (km/s)
11 3.34197 | 0.138968

16 3.45122 | 1.01732E-01
21 3.62040 | 2.39520E-02
26 3.76799 | 4.53500E-03
31 3.87332 | 6.32000E-03
36 3.94353 | 1.13170E-02
41 3.99006 | 1.77770E-02
46 4.02174 | 2.45700E-02
51 4.04487 | 3.08710E-02
56 4.06301 | 3.63730E-02
61 4.07862 | 4.07640E-02
66 4.09305 | 4.37530E-02
71 4.10735 | 4.53230E-02
76 4.12204 | 4.54320E-02
81 4.13739 | 4.41110E-02
86 4.15369 | 4.13070E-02
91 4.17090 | 3.71450E-02
96 4.17293 | 1.99830E-02

Table 4.3: Average interstation phase velocity used in the inversion
of shear-wave velocity structure for group 2.

at the transition between the Tibetan plateau and southeastern China
may have a 52 km thick crust and 160 km lithosphere.

The normalized resolution kernels (Figure 4.7) show that, in gen-
eral, the upper 30 km of the crust is well resolved. The resolution be-
comes poorer as the depth increases. Below about 50 km the resolution
kernels are broad, implying those layers below 50 km are very poorly
resolved and hence the shear velocity values for these layers are not re-
liable. The upper 10 to 20 km is well resolved, but poorly constrained,

as indicated by the large standard deviation.
4.1.2 Group 2

Phase velocities (Figure 4.1 and Table 4.3) of group 2 cover the
South China Block. The shear-velocity structure for the region (Figures
4.8 and 4.4 and Table 4.4) varies smoothly with depth. The shear-wave
velocity for the upper 10 km is about 3.6 km/sec. It decreases slightly to
3.54 km/s for the depth range 10 to 20 km. This low-velocity layer with
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Figure 4.8: Shear-wave velocity structure for group 2. The dashed
line at 4 km/s is a uniform starting shear-wave velocity model.

H(km) | a(km/s) | B(km/s) | p(gm/cc) Poisson Ratio | Error B(km/s)

2.00000 6.20190 3.58070 2.76060 0.250000 0.222000
2.00000 6.21450 3.58790 2.76430 0.250000 0.219000
3.00000 6.21690 3.58930 2.76510 0.250000 0.210000
3.00000 6.17730 3.56650 2.75320 0.250000 0.180000
5.00000 6.11950 3.53310 2.73580 0.250000 0.128000

5.00000 6.14540 3.54810 2.74360
5.00000 6.32600 3.65230 2.79780
5.00000 6.62140 3.82290 2.88160
5.00000 6.95080 4.01310 2.96720
5.00000 7.25110 4.18640 3.06030
6.00000 7.49320 4.32620 3.13780
6.00000 7.66620 4.42610 3.19650
10.0000 7.79200 4.49870 3.23930
10.0000 7.88600 4.55300 3.27120
15.0000 7.95920 4.59520 3.29610
15.0000 7.95450 4.59250 3.29450
20.0000 7.85830 4.53700 3.26180
20.0000 7.74570 4.47200 3.22350
20.0000 7.74860 4.47370 3.22450
40.0000 7.89670 4.55910 3.27490
50.0000 8.36950 4.69790 3.44300
70.0000 8.37230 4.69940 3.44400

0. 8.33910 4.45740 3.43210

0.250000 7.76000E-02
0.250000 7.71000E-02
0.250000 8.77000E-02
0.250000 8.71000E-02
0.250000 8.13000E-02
0.250000 7.55000E-02
0.250000 6.72000E-02
0.250000 6.29000E-02
0.250000 5.97000E-02
0.250000 6.63000E-02
0.250000 7.10000E-02
0.250000 8.37000E-02
0.250000 8.74000E-02
0.250000 7.48000E-02
0.250000 6.21000E-02
0.270000 7.94000E-02
0.270000 0.109000
0.300000 9.10000E-02
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Table 4.4: Inversion results from phase velocities of group 2, where H
is layer thickness, a is p-wave velocity, g is shear-wave velocity, and
p is density.
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a thickness of 10 km appears to correspond to the sialic low-velocity
zone (a laccolithic zone of granitic intrusions) of Mueller (1977) in his
generalized petrological model and P-wave velocity-depth profile of the
continental crust. The width of the resolving kernels and standard de-
viations at that depth, however, preclude any definite statement about
the feature from this study. The depth range between 20 km and 40 km
is marked by a positive velocity gradient, changing from 3.5 km/sec to
about 4.3 km/sec. Below 40 km depth, the velocity increases from 4.3
km/sec to 4.6 km/sec with a steep gradient. The Moho is not clearly
identifiable from Figure 4.8. However, the steep velocity transition
from about 4.3 km/sec to 4.6 km/sec between the depths 40 km and
about 70 km may indicate that the Moho, with large uncertainty, is at
about 40 km depth.

This depth is a little greater than the Moho depth, 36 km, shown in
Figure 3.2, but is in a very good agreement with the ZH-1 model of Wier
(1982) (Figure 4.10). The layer between 40 km and about 100 km has
a positive velocity increase from about 4.3 km/sec to about 4.6 km/sec.
However, the study of Weir (1982) (model ZH-1) limits the shear veloc-
ity of the ‘lid’ part of the upper mantle to a lower value of 4.45 km/sec
except for a 5-km thick portion of the ‘lid’ with a velocity of 4.65 km/sec.
He explained that, the ‘unusually’ low ‘lid’ velocity is due to astheno-
sphere extending to the base of the crust, and that the mantle litho-
sphere is weak or missing. The shear velocity model obtained in this
study (Figure 4.8) lacks the resolution to reach this conclusion.

Although the resolution is poor, as indicated by wide resolution ker-

nels, for deeper layers, a low-velocity mantle layer seems to exist be-
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Period (sec) | C(km/s) | STDEV (km/s)
13 3.39608 | 0.173284

18 3.61223 | 0.130876

23 3.76151 | 0.108625

28 3.83153 | 9.16780E-02
33 3.86669 | 1.03062E-01
38 3.88498 | 0.127149

43 3.89788 | 0.150273

48 3.90626 | 0.191032

54 3.93089 | 0.220792

63 3.93503 | 0.287032

68 3.97456 | 0.331659

73 4.02390 | 0.386690

78 4.07610 | 0.553119

Table 4.5: Average interstation Phase velocity used in the inversion
of shear-wave velocity structure for Group3.

tween about 100 km and 165 km depth. The normalized resolving
kernels show that there is good resolution for layers above about 20
km. Layers between 20 km and about 50 km are well resolved. Layers

below 50 km are however, poorly resolved.
4.1.3 Group 3

The phase velocities (Figure 4.1 and Table 4.5) for this region cover
the path between Taiwan and Shanghai. The upper 10 km of the struc-
ture for this region (Figures 4.9 and 4.4 and Table 4.6) shows shear-
velocity values from 3.4 km/sec to 3.45 km/sec. The shear velocity in-
creases to about 4.41 km/sec at a depth of 35 km. At a depth of 40
km the velocity reaches about 4.54 km/sec which is the upper mantle
shear-wave velocity. This indicates that the Moho is situated about 35
km below the surface. This result agrees well with that of Figure 3.2
and with the study of Pines et al. (1980) (Figure 4.11). The structure
indicates that the lid portion of the upper mantle is very thin, about
20 km, between depths 40 km and 60km. At depths of about 62 km

there is a thick low-velocity layer (as low as 4.2 km/sec) which extends
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Figure 4.9: Shear-wave velocity structure for group 3. The dashed
line at 4 km/s is a uniform starting shear-wave velocity model.

H(km) | a(km/s) | B(km/s) | p(gm/cc) . | Poisson Ratio | Error 8(km/s)
2.00000 5.89820 3.40540 2.67960 0. 0.250000 0.291000
2.00000 5.90940 3.41180 2.68190 0. 0.250000 0.289000
3.00000 5.92240 3.41930 2.68450 0. 0.250000 0.285000
3.00000 5.95590 3.43860 2.69120 0. 0.250000 0.264000
5.00000 6.04100 3.48780 2.71230 0. 0.250000 0.219000
5.00000 6.25340 3.61040 2.77600 0. 0.250000 0.157000
5.00000 6.58340 3.80090 2.87170 0. 0.250000 0.143000
5.00000 6.97150 4.02500 2.97260 0. 0.250000 0.171000
5.00000 7.34640 4.24140 3.09080 0. 0.250000 0.192000
5.00000 7.65050 4.41700 3.19120 0. 0.250000 0.194000
6.00000 7.84920 4.53170 3.25870 0. 0.250000 0.186000
6.00000 7.90700 4.56510 3.27840 0. 0.250000 0.173000
10.0000 7.83590 4.52410 3.25420 0. 0.250000 0.163000
10.0000 7.62440 4.40200 3.18230 0. 0.250000 0.151000
15.0000 7.38380 4.26300 3.10280 0. 0.250000 0.149000
15.0000 7.25490 4.18860 3.06160 0. 0.250000 0.166000
20.0000 7.30600 4.21810 3.07790 0. 0.250000 0.206000
20.0000 7.54310 4.35500 3.15470 0. 0.250000 0.245000
20.0000 7.84200 4.52760 3.25630 0. 0.250000 0.267000
40.0000 8.09960 4.67630 3.34590 0. 0.250000 0.268000
50.0000 8.36840 4.69730 3.44260 0. 0.270000 0.230000
70.0000 8.12750 4.56200 3.35590 0. 0.270000 0.165000

0. 8.06200 4.30930 3.33230 0. 0.300000 0.084800

Table 4.6: Inversion results from phase velocities of group 3, where H
is layer thickness, a is p-wave velocity, g is shear-wave velocity, and
p is density.
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Figure 4.10: Shear-wave velocity structure comparisons for model
ZH1 (Wier, 1982) with groups 2 and 3.
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Figure 4.11: Shear-wave velocity structure comparisons for model TTI
(Pines et al., 1981) with groups 2 and 3.
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Period (sec) | C(km/s) | STDEV (km/s)
9 3.06926 | 4.04520E-02
14 3.27006 | 4.91660E-02
19 3.48458 | 5.14480E-02
24 3.66828 | 6.01730E-02
29 3.78922 | 6.63030E-02
34 3.86285 | 6.96170E-02
39 3.90108 | 8.10100E-02
44 3.93760 | 9.30920E-02
49 3.96981 | 0.106754

54 3.99759 | 0.116485

64 4.04300 | 0.118726

69 4.06389 | 0.118726

74 4.08315 | 0.118726

79 4.10128 | 0.118726

84 4.11857 | 0.118726

89 4.13515 | 0.118726

94 4.15122 | 0.118726

Table 4.7: Average interstation phase velocity used in the inversion
of shear-wave velocity structure for group 4.
to depths between about 125 and 160 km. These may imply a shallow
low-velocity asthinosphere beneath the eastern cost of China at a shal-
low depth about 62 km. A similar conclusion is given by Weir (1982)
based on his ZH-1 model (Figure 4.10). This low-velocity layer is also
seen in Pines et al. (1980) model TTI between depths of 40 km and 105
km.

The resolution kernels are wider as we go deeper than about 20 km.

For depths below about 60 km the resolution is poor.
4.1.4 Group 4

Phase velocities (Figure 4.1 and Table 4.7) of group 4 cover east-
ern and northern China. The paths of this group cross different to-
pographic and tectonic regions in this region. Thus the crustal shear-
velocity structure (Figures 4.12 and 4.4 and Table 4.8) is an average
of the varying structure along the various paths. The shear velocity

is about 3.1 km/sec at the surface and increases to 4.41 km/sec at 40
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Figure 4.12: Shear-wave velocity structure for group 4. The dashed
line at 4 km/s is a uniform starting shear-wave velocity model.

H(km) | a(km/s) | B(km/s) | p(gm/cc) . | Poisson Ratio | Error 8(km/s)
2.00000 5.33710 3.08140 2.56740 0. 0.250000 0.208000
2.00000 5.35790 3.09340 2.57160 0. 0.250000 0.204000
3.00000 5.42570 3.13260 2.58510 0. 0.250000 0.174000
3.00000 5.61650 3.24270 2.62330 0. 0.250000 0.084000
5.00000 5.88950 3.40030 2.67790 0. 0.250000 0.099500
5.00000 6.15640 3.55440 2.74690 0. 0.250000 0.151000
5.00000 6.39140 3.69010 2.81740 0. 0.250000 0.125000
5.00000 6.66150 3.84600 2.89200 0. 0.250000 0.118000
5.00000 6.98930 4.03530 2.97720 0. 0.250000 0.146000
5.00000 7.33710 4.23600 3.08790 0. 0.250000 0.158000
6.00000 7.64840 4.41580 3.19040 0. 0.250000 0.156000
6.00000 7.86190 4.53900 3.26300 0. 0.250000 0.152000
10.0000 7.95580 4.59330 3.29500 0. 0.250000 0.160000
10.0000 7.88330 4.55140 3.27030 0. 0.250000 0.154000
15.0000 7.73660 4.46670 3.22040 0. 0.250000 0.154000
15.0000 7.63250 4.40660 3.18500 0. 0.250000 0.160000
20.0000 7.65070 4.41710 3.19120 0. 0.250000 0.168000
20.0000 7.80430 4.50580 3.24340 0. 0.250000 0.150000
20.0000 8.00340 4.62070 3.31120 0. 0.250000 0.135000
40.0000 8.17270 4.71850 3.37220 0. 0.250000 0.169000
50.0000 8.41160 4.72150 3.45820 0. 0.270000 0.215000
70.0000 8.18840 4.59620 3.37780 0. 0.270000 0.219000

0. 8.13510 4.34840 3.35860 0. 0.300000 0.148000

Table 4.8: Inversion results from phase velocities of group 4, where H
is layer thickness, a is p-wave velocity, g is shear-wave velocity, and
p is density.
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km depth. The shear-velocity discontinuity at about 40 km may be
the Moho. But this depth is a little higher than that shown in Fig-
ure 3.2. Between 45 km and 72 km the shear velocities increase to
about 4.6 km/sec. Below about 72 km depth, the shear velocity de-
creases to about 4.4 km/sec until it reaches a depth of 120 km. This
low-velocity zone continues to a depth of about 160 km. Although the
resolution is poor, this low-velocity zone may represent a shallow asthi-
nosphere. The North China Basin, crossed by group 4 is an extensional
zone (Nabélek et al., 1987). This path also crosses the northeastern
China fold systems where Cenozoic basalts are found (Menzies and Xu,
1998).

Using mantle xenoliths and volcanic rocks in eastern China, Men-
zies and Xu (1998) developed models for the temporal evolution of the
North China Craton (the Sino-Korean Craton). Their models show that
the Phanerozoic lithosphere is thick (about 200 km), cold, refractory
and stable in contrast to Cenozoic lithosphere which is thin (about 75
km), hot, less refractory and unstable. Possible thickening of the litho-
sphere since the Mesozoic is suggested, but a thickness of less than 80
km as is confirmed by recent geophysical studies.

Seismic tomography in China (Liu, 1992) indicates that, in the east-
ern part of the North China Craton, the thickness of the lithosphere is
less than 80 km. This tomographic map shows that the thin lithosphere
is associated with a shallow low-velocity structure between 80 and 180
km. Heat flow studies in eastern China (Teng et al., 1983) reveal a
region of very high heat flow (greater than 100m¥W/m?) in the North
China Craton in the vicinity of the Bo Sea and Beijing. The thin litho-
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Period (sec) | C(km/s) | STDEV (km/s)
10 3.16226 | 0.115338

16 3.45863 | 3.01000E-02
22 3.68233 | 1.98990E-02
28 3.82811 | 1.08530E-02
34 3.92232 | 1.22440E-02
40 3.98816 | 1.13140E-02
46 4.03938 | 1.36690E-02
52 4.08360 | 1.99170E-02
58 4.12444 | 2.84640E-02
64 4.16402 | 3.90990E-02
70 4.21295 | 4.60500E-02
76 4.25889 | 5.42400E-02
82 4.30057 | 6.38990E-02
88 4.34947 | 8.00930E-02
93 4.39164 | 1.04594E-01

Table 4.9: Average interstation phase velocity used in the inversion
of shear-wave velocity structure for group 5.

sphere (about 72 km) and the low-velocity zone between depths 72 km
and about 160 km found in this study, are therefore consistent with the

geophysical observations mentioned above, as well as with the models

of Menzies and Xu (1998).
4.1.5 Group 5

Phase velocities for group 5 (Figure 4.2 and Table 4.9) cover the
region in northeastern China. The shear-velocity structure for this re-
gion (Figures 4.13 and 4.5 and Table 4.10) is about 3.12 km/sec at the
surface and increases rapidly to about 4.3 km/sec at 35 km depth. The
velocity increases more slowly to about 4.7 km/sec at a depth of 95 km.
A low-velocity layer is indicated between 120 km and about 160 km
where the shear velocities reach values as low as 4.5 km/sec. This layer
could be a shallow asthenosphere starting at a depth of about 95 km.
The base of the shear-velocity gradient at about 35 km may correspond
to the Moho, about the same Moho depth is also shown in Figure 3.2.

The lithospheric thickness (about 120 km) and the crustal thickness
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Figure 4.13: Shear-wave velocity structure for group 5. The dashed
line at 4 km/s is a uniform starting shear-wave velocity model.

H(km) | a(km/s) | B(km/s) | p(gm/cc) . | Poisson Ratio | Error 8(km/s)
2.00000 5.42120 3.12990 2.58420 0. 0.250000 0.336000
2.00000 5.45830 3.15130 2.59170 0. 0.250000 0.332000
3.00000 5.51700 3.18530 2.60340 0. 0.250000 0.307000
3.00000 5.65050 3.26230 2.63010 0. 0.250000 0.213000
5.00000 5.89190 3.40170 2.67840 0. 0.250000 0.109000
5.00000 6.27810 3.62470 2.78340 0. 0.250000 0.142000
5.00000 6.69670 3.86640 2.90110 0. 0.250000 0.151000
5.00000 7.05770 4.07480 2.99850 0. 0.250000 0.128000
5.00000 7.31670 4.22430 3.08140 0. 0.250000 0.126000
5.00000 7.47200 4.31400 3.13100 0. 0.250000 0.122000
6.00000 7.55430 4.36150 3.15840 0. 0.250000 0.104000
6.00000 7.61150 4.39450 3.17790 0. 0.250000 0.095700
10.0000 7.70160 4.44650 3.20860 0. 0.250000 0.124000
10.0000 7.88110 4.55020 3.26960 0. 0.250000 0.130000
15.0000 8.07590 4.66260 3.33730 0. 0.250000 0.126000
15.0000 8.11610 4.68590 3.35180 0. 0.250000 0.112000
20.0000 7.97030 4.60170 3.29990 0. 0.250000 0.123000
20.0000 7.81540 4.51220 3.24720 0. 0.250000 0.133000
20.0000 7.92960 4.57810 3.28610 0. 0.250000 0.122000
40.0000 8.36990 4.83230 3.44320 0. 0.250000 0.137000
50.0000 9.30300 5.22180 3.78120 0. 0.270000 0.200000
70.0000 9.51770 5.34240 3.86670 0. 0.270000 0.238000

0. 9.24050 4.93920 3.75620 0. 0.300000 0.175000

Table 4.10: Inversion results from phase velocities of group 5, where
H is layer thickness, a is p-wave velocity, g is shear-wave velocity, and
p is density.
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Period (sec) | C(km/s) | STDEV (km/s)
10 3.28135 | 9.00330E-02
15 3.42174 | 5.33210E-02
20 3.58031 | 1.18850E-02
25 3.72759 | 1.35540E-02
30 3.84446 | 1.13380E-02
35 3.93152 | 7.17400E-03
40 3.99639 | 4.81400E-03
45 4.04727 | 6.32800E-03
50 4.08987 | 8.24200E-03
55 4.12807 | 9.07600E-03
60 4.16433 | 9.90200E-03
65 4.20019 | 1.28700E-02
70 4.23659 | 1.93950E-02
75 4.27422 | 2.93080E-02
80 4.31349 | 4.20880E-02
85 4.34236 | 5.20150E-02
90 4.38253 | 6.96200E-02
95 4.42466 | 8.97930E-02

Table 4.11: Average interstation phase velocity used in the inversion
of shear-wave velocity structure for group 6.

(about 35 km) in this study are consistent with other geophysical stud-
ies in northeastern China around the Great Xing’an Mountains (Zhang
et al., 1998; Ma, 1987). The top 40 -50 km of this region is well resolved
as compared to the deeper layers. The resolution kernels are relatively

narrow for the upper 20 km.
4.1.6 Group 6

Phase velocities for group 6 (Figure 4.2 and Table 4.11) cover the
region in southeastern Siberia. The shear-velocity for this region (Fig-
ures 4.14 and 4.5 and Table 4.12) is about 3.38 km/sec at the surface
and increases to about 4.5 km/sec at a depth of about 53 km. Below
53 km, the shear velocity increases to 4.7 km/sec until 120 km but de-
creases below this depth to 4.6 km/sec until about 160 km. The shear
velocity discontinuity at a depth of 53 km suggests a Moho at that
depth. This may be true because group 6 paths cross the Stanovoy
Range in southeastern Siberia (Wei and Seno, 1998).
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Figure 4.14: Shear-wave velocity structure for group 6. The dashed
line at 4 km/s is a uniform starting shear-wave velocity model.

H(km) | a(km/s) | B(km/s) | p(gm/cc) . | Poisson Ratio | Error 8(km/s)
2.00000 5.83170 3.36690 2.66630 0. 0.250000 0.422000
2.00000 5.85290 3.37920 2.67060 0. 0.250000 0.417000
3.00000 5.89930 3.40600 2.67990 0. 0.250000 0.378000
3.00000 6.00540 3.46720 2.70160 0. 0.250000 0.238000
5.00000 6.15080 3.55120 2.74520 0. 0.250000 0.138000
5.00000 6.29780 3.63610 2.78930 0. 0.250000 0.213000
5.00000 6.44470 3.72080 2.83340 0. 0.250000 0.185000
5.00000 6.63990 3.83360 2.88640 0. 0.250000 0.135000
5.00000 6.90340 3.98570 2.95490 0. 0.250000 0.166000
5.00000 7.20170 4.15790 3.04450 0. 0.250000 0.179000
6.00000 7.47840 4.31760 3.13310 0. 0.250000 0.158000
6.00000 7.67650 4.43200 3.20000 0. 0.250000 0.149000
10.0000 7.78680 4.49570 3.23750 0. 0.250000 0.186000
10.0000 7.83410 4.52300 3.25360 0. 0.250000 0.180000
15.0000 7.93050 4.57870 3.28640 0. 0.250000 0.156000
15.0000 8.09440 4.67330 3.34400 0. 0.250000 0.147000
20.0000 8.15810 4.71010 3.36690 0. 0.250000 0.163000
20.0000 8.03330 4.63800 3.32200 0. 0.250000 0.149000
20.0000 7.98260 4.60880 3.30410 0. 0.250000 0.164000
40.0000 8.23280 4.75320 3.39380 0. 0.250000 0.184000
50.0000 9.19850 5.16320 3.73940 0. 0.270000 0.188000
70.0000 9.61100 5.39480 3.90220 0. 0.270000 0.316000

0. 9.44860 5.05050 3.83940 0. 0.300000 0.301000

Table 4.12: Inversion results from phase velocities of group 6, where
H is layer thickness, a is p-wave velocity, g is shear-wave velocity, and
p is density.
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Period (sec) | C(km/s) | STDEV (km/s)
16 3.37583 | 6.15000E-04
20 3.51828 | 1.20490E-02
24 3.64806 | 1.10660E-02
28 3.76093 | 1.45000E-03
32 3.85491 | 5.25400E-03
36 3.92931 | 5.72800E-03
40 3.98769 | 1.37900E-03
44 4.03472 | 4.61000E-03
48 4.07385 | 1.01470E-02
52 4.10831 1.38450E-02
56 4.14000 | 1.47710E-02

Table 4.13: Average interstation phase velocity used in the inversion
of shear-wave velocity structure for group 7.

Although the resolution is poor as we go deeper, my model indi-
cates that the lithosphere is about 120 km thick and the low-velocity

asthenosphere begins at that depth.
4.1.7 Group 7

Phase velocities (Figure 4.2 and Table 4.13) for group 7 cover the
Mongolian Plateau along a path in which the lithosphere varies in
thickness between 50 and 150 km (Zorin et al. 1990) and heat flow
varies between 60 and 120 mW/m? (Khutorskoy and Yarmoluk, 1989).
The shear velocity (Figures 4.15 and 4.5 and Table 4.14) is about 3.3
km/sec in the upper 5-10 km of the model. It increases to 4.4 km/sec at
about 52 km where the Moho may be located. This Moho depth is much
higher than that inferred (about 30 km) from the similarities in phase
velocities of western Mongolia and the Basin and Range Province of
the United States (Windley and Allen, 1993). Below 52 km the velocity
increases to 4.8 km/sec at 70 km and continues at about that value to
a depth of 100 km. Between 100 km and 160 km the shear velocity

decreases to 3.54 km/sec.
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group?
(Fine layers starting model, Phase velocity 16s to 56 s)
(Note: Low velocity at 10 km depth occurs if phase velocity
begins before 16 s)
(Theta = 0.000001, Variance based on observed errors)
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Figure 4.15: Shear-wave velocity structure for group 7. The dashed

line at 4 km/s is a uniform starting shear-wave velocity model.

H(km) | a(km/s) | B(km/s) | p(gm/cc) . | Poisson Ratio | Error 8(km/s)
2.00000 5.70040 3.29110 2.64010 0. 0.250000 0.433000
2.00000 5.69470 3.28780 2.63890 0. 0.250000 0.429000
3.00000 5.68490 3.28220 2.63700 0. 0.250000 0.410000
3.00000 5.71890 3.30180 2.64380 0. 0.250000 0.306000
5.00000 5.83630 3.36960 2.66730 0. 0.250000 0.108000
5.00000 6.11070 3.52800 2.73320 0. 0.250000 0.160000
5.00000 6.44570 3.72140 2.83370 0. 0.250000 0.256000
5.00000 6.74520 3.89430 2.91370 0. 0.250000 0.189000
5.00000 6.98060 4.03020 2.97490 0. 0.250000 0.107000
5.00000 7.14770 4.12670 3.02730 0. 0.250000 0.177000
6.00000 7.26450 4.19420 3.06460 0. 0.250000 0.203000
6.00000 7.39750 4.27090 3.10720 0. 0.250000 0.133000
10.0000 7.62290 4.40110 3.18180 0. 0.250000 0.173000
10.0000 7.99120 4.61370 3.30700 0. 0.250000 0.256000
15.0000 8.30490 4.79480 3.41980 0. 0.250000 0.231000
15.0000 8.27060 4.77500 3.40740 0. 0.250000 0.145000
20.0000 7.98430 4.60970 3.30470 0. 0.250000 0.233000
20.0000 7.86030 4.53810 3.26250 0. 0.250000 0.221000
20.0000 8.14540 4.70270 3.36230 0. 0.250000 0.176000
40.0000 8.64570 4.99160 3.53950 0. 0.250000 0.372000
50.0000 9.14370 5.13250 3.71750 0. 0.270000 0.506000
70.0000 8.78770 4.93260 3.58780 0. 0.270000 0.441000

0. 8.41800 4.49960 3.46050 0. 0.300000 0.238000

Table 4.14: Inversion results from phase velocities of group 7, where
H is layer thickness, a is p-wave velocity, g is shear-wave velocity, and
p is density.
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Period (sec) | C(km/s) | STDEV (km/s)
16 3.26532 | 5.87400E-03
20 3.33616 | 1.82870E-02
24 3.42494 | 1.97950E-02
28 3.51026 | 1.10680E-02
32 3.58529 | 9.33800E-03
36 3.64755 | 2.31470E-02
40 3.69736 | 3.72260E-02
44 3.76325 | 2.53430E-02
48 3.80016 | 2.06480E-02
52 3.82894 | 1.39160E-02
56 3.85141 | 6.27900E-03
60 3.86854 | 1.95900E-03
64 3.88229 | 9.80800E-03
68 3.89324 | 1.75150E-02
72 3.90204 | 2.47350E-02
76 3.90932 | 3.11760E-02
80 3.91560 | 3.71020E-02

Table 4.15: Average interstation phase velocity used in the inversion
of shear-wave velocity structure for group 8.

This indicates that the lithosphere is about 100 km thick, which is
in a good agreement with the results of Zorin et al. (1990). The low-
velocity asthenospheric layer in this region is about 60 km thick. The
resolution is good for the upper 40 km of the crust, but becomes poor

as the depth increases.
4.1.8 Group 8

Phase velocities (Figure 4.2 and Table 4.15) of group 8 cover the
western part of the Mongolian plateau, the Altai Range and also the
Junngar block. The shear velocity (Figures 4.16 and 4.5 and Table
4.16) for the upper 5-10 km in this region is 3.51 km/sec. Velocities
decrease to about 3.4 km/sec between 10 km and 25 km depth. This
well-developed low-velocity layer may correspond to the sialic thin low
velocity zone of Mueller (1977). There is no clear shear-velocity discon-
tinuity that shows the location of the Moho. The Moho map in Figure
(3.2) shows that the crust is between 42 km and 50 km thick for the
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group8 REDO
(Fine layers starting model, Phase velocity 16s to 80 s)
(Theta = 0.001, Variance based on observed errors)
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Figure 4.16: Shear-wave velocity structure for group 8. The dashed
line at 4 km/s is a uniform starting shear-wave velocity model.

H(km) | a(km/s) | B(km/s) | p(gm/cc)
2.00000 6.09660 3.51990 2.72900
2.00000 6.10150 3.52270 2.73040
3.00000 6.09890 3.52120 2.72970
3.00000 6.05240 3.49430 2.71570
5.00000 5.96240 3.44240 2.69250
5.00000 5.89060 3.40090 2.67810
5.00000 5.94250 3.43090 2.68850
5.00000 6.12820 3.53810 2.73850
5.00000 6.38500 3.68640 2.81550
5.00000 6.64000 3.83360 2.88640
6.00000 6.84900 3.95430 2.94070
6.00000 6.99300 4.03740 2.97820
10.0000 7.09880 4.09850 3.01160
10.0000 7.22490 4.17130 3.05200
15.0000 7.42050 4.28420 3.11460
15.0000 7.65180 4.41770 3.19160
20.0000 7.78900 4.49700 3.23820
20.0000 7.73870 4.46790 3.22120
20.0000 7.57790 4.37510 3.16650
40.0000 7.40660 4.27620 3.11010
50.0000 7.53210 4.22780 3.15090
70.0000 7.47880 4.19790 3.13320

0. 7.71970 4.12640 3.21470

Poisson Ratio | Error B(km/s)
0.250000 8.80000E-02
0.250000 8.65000E-02
0.250000 8.31000E-02
0.250000 6.93000E-02
0.250000 4.14000E-02
0.250000 1.61000E-02
0.250000 4.68000E-02
0.250000 6.25000E-02
0.250000 5.69000E-02
0.250000 4.06000E-02
0.250000 3.32000E-02
0.250000 4.29000E-02
0.250000 5.28000E-02
0.250000 4.68000E-02
0.250000 4.18000E-02
0.250000 4.82000E-02
0.250000 5.53000E-02
0.250000 4.74000E-02
0.250000 4.17000E-02
0.250000 6.20000E-02
0.270000 8.13000E-02
0.270000 7.69000E-02
0.300000 4.63000E-02

ololo|o| o ool o| o] o] o| o o o| o| o| o o] 2| 2| o| =| = |

Table 4.16: Inversion results from phase velocities of group 8, where
H is layer thickness, a is p-wave velocity, g is shear-wave velocity, and
p is density.
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Period (sec) | C(km/s) | STDEV (km/s)
10 2.96566 | 0.

12 3.02290 | 1.29190E-02
14 3.11246 | 9.43300E-03
16 3.18443 | 1.77700E-02
18 3.23827 | 3.21310E-02
20 3.28332 | 4.52550E-02
22 3.32708 | 5.17810E-02
24 3.37258 | 5.01900E-02
26 3.41998 | 4.20090E-02
28 3.46846 | 2.92880E-02
30 3.51722 | 1.42270E-02
32 3.56514 | 1.22300E-03
34 3.61137 | 1.56340E-02
36 3.65500 | 2.74360E-02
38 3.69556 | 3.55530E-02

Table 4.17: Average interstation phase velocity used in the inversion
of shear-wave velocity structure for group 9.

Junggar block and the border region. Shear velocities increase to 4.5
km/sec until about 120 km. Again resolution is poor at greater depths.
The shear velocity begins to decrease below about 120 km.

4.1.9 Group 9

Phase velocities (Figure 4.3 and Tabel 4.17) for group 9 cover west-
ern China. The shear-wave velocity model for this region (Figures 4.17
and 4.6 and Table 4.18) has values near 2.9 km/sec for the upper 5-7
km. Velocities increase to about 3.55 km/sec at 15 km. The model in-
cludes a high-velocity (about 3.85 km/sec) layer at depths between 20
and 30 km. This layer may correspond to the amphibolite layer (high-
velocity tooth) of Mueller’s (1977) model of the continental crust. The
Moho is probably associated with the velocity gradient between 50 and
60 km, which is in good agreement with Figure 3.2. Shear velocities
increase to about 4.7 km/sec to a depth of about 100 km, where veloci-
ties decrease with increasing depth. The resolution for deeper layers is

also very poor here.
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group9 REDO
(Fine layers starting model, Phase velocity 10s to 38 s)
(Theta = 0.0001, Variance based on observed errors)
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Figure 4.17. Shear-wave velocity structure for group 9. The dashed
line at 4 km/s is a uniform starting shear-wave velocity model.

H(km) | a(km/s) | B(km/s) | p(gm/cc) Poisson Ratio | Error B(km/s)

2.00000 5.00100 2.88730 2.50020 0.250000 0.154000
2.00000 5.01680 2.89650 2.50340 0.250000 0.152000
3.00000 5.02670 2.90220 2.50530 0.250000 0.134000

0.250000 7.04000E-02
0.250000 4.79000E-02
0.250000 8.55000E-02
0.250000 7.36000E-02
0.250000 6.84000E-02
0.250000 7.91000E-02
0.250000 7.10000E-02
0.250000 6.14000E-02
0.250000 7.82000E-02
0.250000 1.00000E-01
0.250000 9.52000E-02

3.00000 5.13040 2.96200 2.52610
5.00000 5.47970 3.16370 2.59590
5.00000 6.15300 3.55240 2.74590
5.00000 6.65420 3.84180 2.89010
5.00000 6.72310 3.88160 2.90800
5.00000 6.49610 3.75050 2.84880
5.00000 6.29080 3.63200 2.78720
6.00000 6.34540 3.66350 2.80360
6.00000 6.75360 3.89920 2.91590
10.0000 7.35120 4.24420 3.09240
10.0000 7.87170 4.54470 3.26640

15.0000 8.11050 4.68260 3.34980 0.250000 0.107000
15.0000 8.01800 4.62920 3.31650 0.250000 0.150000
20.0000 7.82020 4.51500 3.24890 0.250000 0.190000
20.0000 7.64860 4.41590 3.19050 0.250000 0.199000
20.0000 7.51930 4.34130 3.14660 0.250000 0.184000
40.0000 7.40680 4.27630 3.11020 0.250000 0.156000
50.0000 7.50050 4.21010 3.14020 0.270000 0.118000

0.270000 7.87000E-02
0.300000 3.94000E-02

70.0000 7.37670 4.14060 3.10050
0. 7.61490 4.07030 3.17910
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Table 4.18: Inversion results from phase velocities of group 9, where
H is layer thickness, a is p-wave velocity, g is shear-wave velocity, and
p is density.
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4.1.10 Comparisons among different Groups

The location of the Moho, in most cases is not difficult to identify
except for group 8 where there is no clear shear-velocity discontinuity.
Most of the Moho depths identified in this study are in good agreement
with that of Ma et al. (1987). In southeastern China, along the eastern
coast of China, northeastern China and the Mongolian Plateau (groups
2, 3, 5 and 7) the lithospheric thickness estimated in this study are
consistent with those of other studies in those areas.

A comparison of shear velocity between group 1 and group 2 (Fig-
ure 4.4) shows that models for the latter group have higher values for
the upper 45 km and the models for group 1 have higher velocities at
greater depths. This implies that the high topographic and tectonically
active region crossed by Group 1 is underlain by low crustal velocities.
Southeastern China, crossed by group 2, is relatively stable and has
higher crustal velocities. The lower shear velocities below 45 km in
southeastern China may be due to a hot asthenospheric mantle that
begins at the base of the crust.

A comparison of shear-velocity models for group 2 and group 3 (Fig-
ure 4.4) shows that the latter has higher shear velocities for the depth
range 15-60 km. The upper 15 km of the crust along the eastern coast
of China (group 3) has lower shear velocities than group 2, which may
be due to the sediments present along the coast.

Group 4 has slightly higher shear velocities than group 2 for the
depth range between 15 km and 70 km. Group 4 has lower shear ve-
locities than group 2 for the top 15 km, which may be due to the pres-



110

ence of Mesozoic sediments in the North China Plain (Menzies and Xu,
1998) and Yellow Sea crossed by group 4 paths. Between 40 km and 70
km Group 2 has higher shear velocities than group 4, but between 70
km and 130 km the relation is reversed.

Group 2 has higher shear velocities for the top 15 km than group
5. This may due to the presence of sediments in the Songliao Basin in
northeastern China which is crossed by path of group 5. But below 15
km Group 2 shows lower shear velocity values than Group 5 at almost
all depths.

Comparisons of group 2 with groups 4 and 5 (Figure 4.4 and 4.5)
show that the South China Block (crossed by group 2) has a relatively
higher shear velocity for the top 15 km than groups 4 and 5 but a re-
versed relation below 15 km. If this is a real feature, then the more
tectonically active regions in north and northeastern China (crossed by
groups 4 and 5) have lower shear-velocity values than the less tectoni-
cally active South China Block (crossed by group 2) for the top 15 km.
Below 15 km, the South China Block shows lower shear velocities than
does northern and northeastern China, which may be due to a thinner
lithosphere in the south than the north.

For the depth range between 20 km and 70-90 km the shear veloci-
ties in northern and northeastern China (groups 4 and 5) have higher
values than does group 6 which crosses the Stanovoy Range in south-
eastern Siberia. For the top 20 km, group 6 has higher shear-velocity
values than groups 4 and 5. The differences in the top 20 km may
be explained by the presence of sediments in the basins of north and

northeastern China.
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A comparison of the South China Block (group 2) with the Mongo-
lian Plateau (group 7) shows that the South China Block has higher
shear velocities for the upper 60 km, but the Mongolian Plateau is
faster at greater depths. Exactly the same relation is observed between
group 3 and group 7.

The Mongolian Plateau (crossed by group 7) has lower shear veloci-
ties for the upper 60 km when compared with groups 2, 3, and 6, but is
faster at depths greater than 60 km. Between 10 km and 60 km group
7 has lower shear velocities than do groups 4 and 5 (Figures 4.4 and
4.5), but for the upper 10 km and for depths greater than 60 km group
7 has higher shear velocities.

Group 8, which crosses western Mongolia Plateau, the Altai range,
and the Junngar Block, has lower shear velocities for layers depths
greater than 15 km than do groups 1, 4, 5, 6 and 7 (Figures 4.4 and
4.5), but the latter groups are faster for the upper 15 km. The eastern
coast of China (group 3) has higher shear velocities between 15 km
and 70 km when compared with group 8, but the model for group 8
is faster for the upper 15 km and at depths greater than 70 km. The
South China Block (group 2) has higher shear velocities at all depths
compared with group 8.

The model for group 9, which crosses the Tianshan fold system, the
Tarim Basin, and the Western Kunlun fold system, has lower shear
velocities for the top 70 km, except between 20 and 35 km, when com-
pared with groups 1, 2, 3, 4, 6, and 7, but group 9 is faster at depths
between 70 and 100-140 km (Figures 4.4, 4.5 and 4.6). Group 5 has

higher shear velocities at all depths compared with the model for group
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The model for group 8 has lower shear velocities between 20 and 35
km and at depths greater than 50 km than does the model for group
9. For the upper 20 km and between 35 and 50 km group 8 has higher

shear velocities than the model for group 9.

4.2 Shear-Wave Q (Q,) structure results and discus-
sion

The average interstation attenuation coefficients for each group used
for inversion of Q;l are shown in Figures 4.18, 4.19, and 4.20. The ver-
tical bars are the standard deviations calculated at each period.

Although, the average interstation attenuation coefficients are in-
verted for Q;l, I have used the ), plots (Figures 4.21, 4.22 and 4.23) to

explain the variation of the quality factor as a function of depth.
4.2.1 Group1

The attenuation coefficient data of group 1 (Figure 4.18 and Table
4.19) were inverted to obtain the values of ), shown in Table 4.20 and
Figure 4.24. (), values are about 215-220 for the upper 5-12 km of the
crust and increase to about 550 at a depth of about 40 km. (), decreases
from about 220 at 70 km depth to about 150 at 100 km depth and about
100 at 150 km depth. Although, the resolution becomes poorer as the
depth increases, there is a well-developed zone of low (), beginning at
70 km. The high @, layer between 20 km and about 50 km is much
thicker than the corresponding high-velocity tooth in the shear-wave

velocity structure for this group.
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Figure 4.21: Shear-wave Q (Q,) structures for groups 1, 2, 3, and 4,
displayed for comparison and convenience of discussion.
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Figure 4.22: Shear-wave Q (Q,) structures for groups 5, 6, 7, and 8,
displayed for comparison and convenience of discussion.
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T(sec) v(1/km) | STDEV (1/km)
12 3.23000E-04 | 1.54000E-04
14 2.38000E-04 | 1.69000E-04
16 1.98000E-04 | 1.17000E-04
18 1.90000E-04 | 7.12000E-05
20 1.71000E-04 | 4.33000E-05
22 1.22000E-04 | 7.05000E-05
24 1.10000E-04 | 5.81000E-05
26 9.87000E-05 | 5.65000E-05
28 8.76000E-05 | 6.05000E-05
30 1.08000E-04 | 5.03000E-05
32 1.02000E-04 | 4.80000E-05
34 9.59000E-05 | 4.70000E-05
36 9.01000E-05 | 4.77000E-05
38 8.47000E-05 | 4.87000E-05
40 7.92000E-05 | 4.92000E-05
42 7.48000E-05 | 5.08000E-05
44 7.02000E-05 | 5.15000E-05
46 6.60000E-05 | 5.19000E-05
48 6.23000E-05 | 5.27000E-05
50 5.88000E-05 | 5.31000E-05
52 5.59000E-05 | 5.38000E-05
54 8.04000E-05 | 3.48000E-05
56 7.82000E-05 | 3.36000E-05
58 7.58000E-05 | 3.21000E-05
60 7.36000E-05 | 3.10000E-05

Table 4.19: Average interstation attenuation coefficients used for the
inversion of shear-wave Q,, structure of group 1. T is period, v is at-
tenuation coefficient, and STDEV is standard deviation.

H(km) Qo | Qs
2 | 484.288 | 215.239
3 | 486.171 | 216.076
3 | 489.343 | 217.486
5 | 496.470 | 220.653
5 | 522.648 | 232.288
5 | 588235 | 261.438
5 | 715.194 | 317.864
5 | 914.262 | 406.339
5 | 1135.22 | 504.541
6 | 1232.20 | 547.645
6 | 1082.25 | 481.000

10 | 845547 | 375.799
10 | 638.660 | 283.849
15 | 504597 | 224.266
15 | 408.126 | 181.389
20 | 330.639 | 146.951
20 | 273.324 | 121.477
20 | 241.390 | 107.285
40 | 231.720 | 102.9866
50 | 263.435 | 117.082
70 | 365.438 | 162.417
0 | 710.003 | 315557

Table 4.20: Q sfructure inverted from interstation attenuation coef-
ficients of group 1. H is layer thickness, @, is P-wave quality factor,
and @, is S-wave quality factor.
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Figure 4.24: Q" structure for group 1.

T(sec) Y(1/km) | STDEV (1/km)
11 5.09000E-04 | 3.21000E-04
18 4.25000E-04 | 2.56000E-04
28 3.01000E-04 | 3.06000E-04
33 2.51000E-04 | 2.73000E-04
38 2.13000E-04 | 2.43000E-04
43 1.84000E-04 | 2.19000E-04
48 1.62000E-04 | 1.98000E-04
53 1.44000E-04 | 1.81000E-04
58 1.29000E-04 | 1.66000E-04
63 1.17000E-04 | 1.54000E-04
68 1.07000E-04 | 1.43000E-04
73 9.88000E-05 | 1.33000E-04
78 9.16000E-05 | 1.25000E-04
83 8.50000E-05 | 1.17000E-04
88 7.95000E-05 | 1.11000E-04

200

Table 4.21: Average interstation attenuation coefficients used for the
inversion of shear-wave Q,, structure of group 2. T is period, v is at-

tenuation coefficient, and STDEV is standard deviation.
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H(km) Qo | Qu
2 | 592.105 | 263.158
3 | 573.687 | 254.972
3 | 537.891 | 239.063
5 | 466.902 | 207.512
5 | 362.669 | 161.186
5 | 282.948 | 125.755
5 | 234.277 | 104.1233
5 | 206.422 | 91.7431
5 | 190.840 | 84.8176
6 | 182.927 | 81.3008

6 | 180.288 | 80.1282
10 | 180.868 | 80.3859
10 | 183.673 | 81.6327
15 | 186.722 | 82.9875
15 | 189.076 | 84.0336
20 | 191.002 | 84.8896
20 | 195.143 | 86.7303
20 | 204.732 | 90.9918
40 | 223.214 | 99.2063
50 | 268.017 | 119.119
70 | 373.568 | 166.030

0 | 714513 | 317.561

Table 4.22: Q structure inverted from interstation attenuation coef-
ficients of group 2. H is layer thickness, @, is P-wave quality factor,
and @, is S-wave quality factor.
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Figure 4.25: Q' structure for group 2.
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4.2.2 Group 2

The attenuation coefficient data of group 2 (Figure 4.18 and Table
4.21) were inverted to obtain the values of ), shown in Table 4.22 and
Figure 4.25.

(), is about 260 near the surface and decreases to about 80 at 35
km. @, has almost constant values (80-100) for layers deeper than 35
km. Comparing the shear-velocity structure with the ), structure of
this group, we can see that, except for the low velocity layer between
10 and 20 km, the two models are inversely related. That is, as the
shear velocity increases to higher values below 20 km, the @, value de-
creases to 80 for depths below about 35 km. The negative correlation
between the shear velocity and @), cannot be explained by multipathing
effects on spectral amplitudes since that region is relatively uniform.
There are lots of high temperature ( > 80°C) thermal springs in south-
east China (Dingheng et al., 1996). The high temperature springs, and
weak or absent upper mantle lithosphere (Weir, 1982), may explain the

low @, values below 35 km.
4.2.3 Group 3

The attenuation coefficient data of group 3 (Figure 4.18 and Table
4.23) were inverted to obtain the values of ), shown in Table 4.24 and
Figure 4.26. @, for this group is about 100 and remains between 90
and 100 for the upper 15-17 km of the crust. Below about 17 km, @,
decreases to about 30 at about 50-60 km, and for depths below 60 km

(), remains constant at about 30.
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T(sec) v(1/km) | STDEV (1/km)
13 8.74000E-04 | 1.03000E-04
18 7.51000E-04 | 3.08000E-04
23 6.84000E-04 | 2.13000E-04
28 6.26000E-04 | 1.90000E-04
33 5.68000E-04 | 1.85000E-04
38 5.16000E-04 | 1.84000E-04
43 4.71000E-04 | 1.82000E-04
48 4.32000E-04 | 2.00000E-04
53 4.02000E-04 | 1.96000E-04
58 3.82000E-04 | 2.19000E-04
63 3.59000E-04 | 2.12000E-04
68 3.38000E-04 | 2.05000E-04
73 3.19000E-04 | 1.98000E-04

Table 4.23: Average interstation attenuation coefficients used in the
inversion for shear-wave @, structure of group 3. T is period, v is at-
tenuation coefficient, and STDEV is standard deviation.

H(km) Qo | Qn
2 [ 218.872 | 97.2763
3 | 215.724 | 95.8773
3 [ 213.270 | 94.7867
5 | 213.270 | 94.7867
5 | 211.665 | 94.0734
5 [ 197.368 | 87.7193
5 [ 170.197 | 75.6430
5 | 140.449 | 62.4220
5 [ 115.503 | 51.3347
6 [ 97.0246 | 43.1220
6 | 84.0493 | 37.3552
10 | 75.1252 | 33.3890
10 | 69.5948 | 30.9310
15 | 65.9051 | 29.2912
15 | 63.2556 | 28.1136
20 | 61.3915 | 27.2851
20 | 61.1413 | 27.1739
20 | 63.4160 | 28.1849
40 | 69.2095 | 30.7598
50 | 84.4595 | 37.5375
70 | 120.903 | 53.7346

0 [ 237.417 | 105519

Table 4.24: Q structure inverted from interstation attenuation coef-
ficients of group 3. H is layer thickness, @, is P-wave quality factor,
and @, is S-wave quality factor.
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Figure 4.26: Q' structure for group 3.

The path that forms this group runs parallel to the coast of south-
east China from Taiwan to Shanghai. The model for shear-velocity
structure indicates a very thin lithosphere (about 62 km thick) and a
shallow asthenosphere beneath it. High-temperature (> 80°C) ther-
mal springs occur in Taiwan and middle to lower-temperature thermal
springs occur near Shanghai (Dingheng et al., 1996). The low @, val-
ues for layers below about 17 km may be explained by the thinness of

the lithosphere and by a shallow high-temperature asthenosphere.
4.2.4 Group 4

The attenuation coefficient data of group 4 (Figure 4.18 and Table
4.25) were inverted to obtain the values of (), shown in Table 4.26 and

Figure 4.27. @, for this group is 130 is the upper 5-7 km of the crust
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T(sec) Y(1/km) | STDEV (1/km)
9 7.55000E-04 | 1.67000E-04
12 4.98000E-04 | 8.88000E-05
15 3.39000E-04 | 1.12000E-04
18 2.81000E-04 | 1.28000E-04
21 2.41000E-04 | 1.31000E-04
24 2.11000E-04 | 1.28000E-04
28 1.82000E-04 | 1.21000E-04
32 1.60000E-04 | 1.12000E-04
36 1.70000E-04 | 9.06000E-05
40 1.53000E-04 | 8.56000E-05
i1 1.40000E-04 | 8.06000E-05
48 1.29000E-04 | 7.60000E-05
52 8.60000E-05 | 6.58000E-05
56 7.97000E-05 | 6.26000E-05
60 4.72000E-05 | 5.24000E-05
64 8.00000E-06 | 1.67000E-04
68 6.30000E-06 | 1.67000E-04
72 4.90000E-06 | 1.67000E-04
76 3.80000E-06 | 1.67000E-04
80 2.90000E-06 | 1.67000E-04
85 1.90000E-06 | 1.67000E-04
90 1.10000E-06 | 1.67000E-04
94 6.00000E-07 | 1.67000E-04

Table 4.25: Average interstation attenuation coefficients used in the
inversion for shear-wave @, of group 4. T is period, v is aftenuation

coefficient, and STDEV is standard deviation.

H(km) Qo | Qn
2 [ 287.540 | 127.796
3 [ 288.721 | 128.320
3 [ 294.618 | 130.941
5 | 314.553 | 139.801
5 | 368.068 | 163.586
5 | 462.773 | 205.677
5 | 611.746 | 271.887
5 | 810.227 | 360.101
5 | 916.124 | 407.166
6 | 737.947 | 327.976
6 | 447.138 | 198.728
10 | 269.914 | 119.962
10 | 178.713 | 79.4281
15 | 144.046 | 64.0205
15 | 158.339 | 70.3730
20 | 268.049 | 119.133
20 | 13066.2 | 5807.20
20 | 278.224 | 123.655
40 | 165.320 | 73.4754
50 | 162.104 | 72.0461
70 | 217.181 | 96.5251

0 | 427.026 | 189.789

Table 4.26: Q structure inverted from interstation afttenuation coef-
ficients of group 4. H is layer thickness, @, is P-wave quality factor,
and @, is S-wave quality factor.
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Figure 4.27: Q;l structure for group 4.
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and increases to about 420 at about 35 km depth. The high @, value

persists until about 50 km. Below 50 km there is about 70-km thick

(from 50-120 km) low @, layer, which roughly coincides with the low

shear-velocity layer of this group. The extremely high @, value be-

tween 120 km and 140 km may be due to numerical errors that make

the solution of the inverse problem diverge.

The extensional tectonics (Nabelek et al., 1987), high heat flow (Teng

et al., 1983), and the thin lithosphere (Menzies and Xu, 1998) in the

North China Craton may be responsible for the low @, values for depths

below about 50 km.
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T(sec) v(1/km) | STDEV (1/km)
10 5.83000E-04 | 1.71000E-04
13 4.54000E-04 | 1.51000E-04
16 3.76000E-04 | 1.17000E-04
19 3.13000E-04 | 1.24000E-04
22 2.74000E-04 | 1.28000E-04
25 2.47000E-04 | 1.26000E-04
28 2.26000E-04 | 1.21000E-04
32 2.05000E-04 | 1.13000E-04
36 1.87000E-04 | 1.06000E-04
40 1.73000E-04 | 9.96000E-05
44 1.60000E-04 | 9.93000E-05
48 1.49000E-04 | 9.44000E-05
52 1.40000E-04 | 8.98000E-05
57 1.30000E-04 | 8.50000E-05
61 1.23000E-04 | 8.12000E-05
65 1.17000E-04 | 7.82000E-05
70 1.08000E-04 | 7.87000E-05
75 1.02000E-04 | 7.51000E-05
80 9.71000E-05 | 7.20000E-05
85 9.84000E-05 | 7.10000E-05
90 9.31000E-05 | 7.37000E-05
95 9.34000E-05 | 6.16000E-05

Table 4.27: Average interstation attenuation coefficients used in the
inversion for shearwave @, structure for group 5. T is period, v is
afttenuation coefficient, and STDEV is standard deviation.

H(km) Qa | Qs
2 | 444.050 | 197.355
3 | 437.999 | 194.666
3 | 422535 | 187.793
5 | 393563 | 174.917
5 | 859.425 | 159.744
5 | 340599 | 151.378
5 | 334.871 | 148.832
5 | 829.960 | 146.649
5 | 815.170 | 140.076
6 | 289.240 | 128.551
6 | 257.850 | 114.600

10 | 230.438 | 102.4170
10 | 214.286 | 95.2381
15 | 210.084 | 93.3707
15 | 214.900 | 955110
20 | 215517 | 95.7854
20 | 199.468 | 88.6525
20 | 174.961 | 77.7605
40 | 154.110 | 68.4931
50 | 149.402 | 66.4011
70 | 174.284 | 77.4593
0 | 291.526 | 129.567

Table 4.28: Q structure inverted from interstation attenuation coef-
ficients of group 5. H is layer thickness, @, is P-wave quality factor,
and @, is S-wave quality factor.



DEPTH (KM)

128

group5
(Thin velocity layers in -- ascvel)
(Theta = 0.1)
Q BETA INV RESOLVING KERNELS

0.000  0.005 0.010 0.015 0.020 0.025 NORMALIZED
o X ) ) ) 6.5 10.5 15.5 20.5 30.5 41.0 55.0 77.5

I
e
|
|

20 |

—_——— —

60 - |

80 A |

S

[N
o
o

[
N
o

1 1 )

[
N
o

[
(=2}
o

[y
@
o

N
o
o

Figure 4.28: Q' structure for group 5.

4.2.5 Group 5

The attenuation coefficient data of group 5 (Figure 4.19 and Table
4.27) were inverted to obtain the values of (), shown in Table 4.28 and
Figure 4.28. @, for group 5 in northeastern China is about 200 at the
surface and decreases linearly to about 100 at about 50 km. Below 50
km, @), decreases to low values between 60 and 100.

These paths cross the Cenozoic basalts of northeastern China, fold
systems, and the northern end of the Songliao basin, where high heat
flow is recorded. Barry and Kent (1998) suggested that a hot astheno-
sphere (temperature > 1400°C’) underlies this region and Mongolia at
depths just below 100 km in order to account for the quantity and com-

position of Cenozoic basalt found in these two regions. The high ther-

DEPTH (KM)



129

T(sec) ~v(1/km) | STDEV (1/km)
13 6.69000E-04 | 3.88000E-04
16 4.05000E-04 | 1.25000E-04
19 3.02000E-04 | 1.25000E-04
22 2.50000E-04 | 1.19000E-04
25 2.20000E-04 | 1.06000E-04
28 2.00000E-04 | 9.41000E-05
31 1.85000E-04 | 8.60000E-05
34 1.74000E-04 | 8.11000E-05
38 1.62000E-04 | 7.84000E-05
42 1.51000E-04 | 7.75000E-05
46 1.43000E-04 | 7.78000E-05
50 1.35000E-04 | 7.79000E-05
55 1.27000E-04 | 7.77000E-05
60 1.19000E-04 | 7.74000E-05
64 1.14000E-04 | 7.66000E-05
70 1.07000E-04 | 7.54000E-05
75 1.02000E-04 | 7.42000E-05
80 9.69000E-05 | 7.27000E-05
85 1.01000E-04 | 7.43000E-05
90 9.63000E-05 | 7.27000E-05
95 9.23000E-05 | 7.12000E-05

Table 4.29: Average interstation attenuation coefficients used in the
inversion for shear-wave @, structure of group 6. T is period, v is at-
tenuation coefficient, and STDEV is standard deviation.

mal activity at depth may be responsible for the low @, values below

about 50 km in northeastern China.
4.2.6 Group 6

The attenuation coefficient data of group 6 (Figure 4.19 and Table
4.29) were inverted to obtain the values of ), shown in Table 4.30 and
Figure 4.29. The paths of this group cross the Stanovoy Range in south-
eastern Siberia. ), for the upper crust (upper 10 -15 km) is between
40 and 60. A very high @, layer (about 20 km thick) exists between
depths of about 20 km and 40 km. The rapid increase in @), values at
mid-crustal depths is consistent with what is observed in Central and
Western United States (Mitchell, 1995). The relatively low @, values
in the upper crustal layers can be explained by the possible presence of

fluid-filled fractures (Mitchell, 1995).
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H(km) Qo | Qu
2 | 119.936 | 53.3049
3 | 121.951 | 54.2005
3 | 128.059 | 56.9152
5 | 150.301 | 66.8003
5 | 240.951 | 107.089
5 | 674.258 | 299.670
5 | 5795.98 | 2575.99
5 | 2294.51 | 1019.78
5 | 2480.71 | 1102.54
6 | 555.281 | 246.792
6 | 309.576 | 137.589
10 | 234.399 | 104.1775
10 | 226.655 | 100.7354
15 | 252.724 | 112.322
15 | 293.160 | 130.293
20 | 297.304 | 132.135
20 | 239.336 | 106.372
20 | 179.140 | 79.6178
40 | 140.977 | 62.6566
50 | 129.014 | 57.3394
70 | 147.251 | 65.4450
0 | 244.991 | 108.885

Table 4.30: Q sfructure inverted from interstation attenuation coef-
ficients of group 6. H is layer thickness, @, is P-wave quality factor,

and @, is S-wave quality factor.
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Figure 4.29: Q' structure for group 6.
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T(sec) ~v(1/km) | STDEV (1/km)
12 3.20000E-04 | 4.06000E-05
15 2.64000E-04 | 3.42000E-05
18 2.15000E-04 | 3.93000E-05
21 1.82000E-04 | 2.96000E-05
24 1.59000E-04 | 1.89000E-05
27 1.41000E-04 | 9.20000E-06
30 1.26000E-04 | 1.20000E-06
33 1.15000E-04 | 5.00000E-06
36 1.05000E-04 | 1.00000E-05
40 9.44000E-05 | 1.47000E-05
45 8.39000E-05 | 1.86000E-05
50 7.56000E-05 | 2.11000E-05
55 6.88000E-05 | 2.26000E-05
60 6.31000E-05 | 2.33000E-05

Table 4.31: Average interstation attenuation coefficients used in the
inversion for shear-wave @, structure of group 7. T is period, v is at-
tenuation coefficient, and STDEV is standard deviation.

Between 50 km and 90 km the @), value is about 100; below 90 km,
it increases slightly to about 130. However the resolution kernels are

very wide for depths deeper than about 20 km. Any narrow features at

deeper depths may therefore not be realistic.
4.2.7 Group 7

The attenuation coefficient data of group 7 (Figure 4.19 and Table
4.31) were inverted to obtain the values of (), shown in Table 4.32 and
Figure 4.30. The Mongolian Plateau, crossed by the group 7 path, is
affected by a combined collision-mantle uplift tectonics. The late Ceno-
zoic uplift of the entire Mongolian Plateau and associated rifting, mag-
matism, high heat flow (up to 120mW/m?2), and lithospheric thinning
(as thin as about 50 km) are due to the interaction of a mantle plume
with overlying lithosphere (Windley and Allen, 1993). Major strike-slip
faults may be expressions of the collision between India and Asia in the
south (Windley and Allen, 1993).

The @, structure of this path has very high values (up to 560) for the
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H(km) Qo | @
2 | 1263.34 | 561.482
3 | 1192.37 | 529.942
3 | 937.110 | 416.493
5 | 625.000 | 277.778
5 | 452.625 | 201.167
5 | 422.615 | 187.829
5 | 468.945 | 208.420
5 | 542.169 | 240.964
5 | 577.367 | 256.608
6 | 548.513 | 243.784
6 | 488.812 | 217.250
10 | 438.853 | 195.046
10 | 406.872 | 180.832
15 | 380.325 | 169.033
15 | 361.969 | 160.875
20 | 362.728 | 161.212
20 | 381.809 | 169.693
20 | 401.929 | 178.635
40 | 421.427 | 187.301
50 | 477.707 | 212.314
70 | 654.070 | 290.698
0 | 1271.19 | 564.972

Table 4.32: Q structure inverted from interstation attenuation coef-
ficients of group 7. H is layer thickness, @, is P-wave quality factor,

and @, is S-wave quality factor.
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Figure 4.30: Q' structure for group 7.
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top 10 km of the crust. However, this high value of (), is very unlikely
for such a tectonically active region. Therefore, this may be due to
numerical errors that let the solution of the inverse problem diverge
to higher values. The other possibility is that, since in the two-station
method the earthquakes recorded by stations HIA and TLY are coming
from the Kuril Trench in the Pacific Ocean, they may be focused as they
cross the continent-oceanic margin. Focusing of the seismic waves at
the more distant station will amplify their amplitudes and hence giving
rise to higher @, values.

Between about 15 km and 25 km there @), has relatively low values
(about 190), but it increases to about 250 at a depth of about 35 km.
Below 45 km it decreases to lower values (about 160) at a depth of
about 120 km. The resolution kernels are narrow for the upper 20
km of the crust but become wider as depth increases. The standard

deviations are large at almost all depths.
4.2.8 Group 8

The attenuation coefficient data of group 8 (Figure 4.19 and Table
4.33) were inverted to obtain the values of ), shown in Table 4.34 and
Figure 4.31. Most part of this path is within the western part of the
Mongolian Plateau and the Altai Range. Outside the border of Mongo-
lia it is within the Junggar basin and fold system.

@, is about 170 in the upper 5-7 km of the crust. A low @, value
(as low as 130) exists between about 10 km and 35 km. The shape and
depth range of this low-@), layer is almost identical to that of the low

shear-velocity layer for this group. The low ), and shear-velocity val-
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T(sec) Y(1/km) | STDEV (1/km)
14 4.65000E-04 | 1.97600E-04
16 3.81000E-04 | 1.72200E-04
20 2.89000E-04 | 1.18400E-04
24 2.39000E-04 | 7.43000E-05
28 2.07000E-04 | 4.28000E-05
32 1.84000E-04 | 2.06000E-05
36 1.66000E-04 | 6.10000E-06
40 1.52000E-04 | 7.30000E-06
i1 1.48000E-04 | 4.10000E-06
48 1.41000E-04 | 3.20000E-06
52 1.35000E-04 | 2.60000E-06
56 1.29000E-04 | 1.70000E-06
60 1.24000E-04 | 1.20000E-06
64 1.19000E-04 | 1.00000E-06
68 1.14000E-04 | 1.00000E-06
72 1.09000E-04 | 6.00000E-07
76 1.05000E-04 | 4.00000E-07
80 1.02000E-04 | 3.00000E-07
84 9.85000E-05 | 7.00000E-05

Table 4.33: Average interstation attenuation coefficients used in the
inversion for shear-wave @, structure of group 8. T is period, v is at-
tenuation coefficient, and STDEV is standard deviation.

H(km) Qa | Qs
2 | 377580 | 167.813
3 | 373.630 | 166.058
3 | 364.668 | 162.075
5 | 345569 | 153586
5 | 314.817 | 139.919
5 | 293.312 | 130.361
5 | 293.695 | 130.531
5 | 322.951 | 143534
5 | 391.372 | 173.943
6 | 513.699 | 228311
6 | 6565.977 | 291545
10 | 650.853 | 289.268
10 | 401.070 | 178.253
15 | 241.106 | 107.158
15 | 173.210 | 76.9823
20 | 156.033 | 69.3481
20 | 175.644 | 78.0640
20 | 210.477 | 935454
40 | 213.270 | 94.7867
50 | 146.389 | 65.0618
70 | 113.579 | 50.4796

0 | 140.100 | 62.2665

Table 4.34: Q structure inverted from interstation attenuation coef-
ficients of group 8. H is layer thickness, @, is P-wave quality factor,
and @, is S-wave quality factor.
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Figure 4.31: Q' structure for group 8.

ues in the depth range 10-35 km can be caused by fluid-filled fractures
and thicker crust there. The existence of fluid-filled fractures make
Q. low, as seismic energy goes into moving fluids in the interconnected
fractures (Mitchell, 1995).

The @, value increases to 290 for the depth range between 40 km
and 70 km, but this thin relatively high @), layer is not really resolvable
as indicated by the broad resolution kernels at depths below about 15
km. Below 70 km the @), value decreases to about 70 to a depth of 140
km.

4.2.9 Group9

The attenuation coefficient data of group 9 (Figure 4.20 and Table

4.35) were inverted to obtain the values of (), shown in Table 4.36 and

DEPTH (KM)
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T(sec) Y(1/km) | STDEV (1/km)
11 5.29000E-04 | 1.04500E-04
12 4.05000E-04 | 6.06000E-05
13 3.31000E-04 | 1.96000E-05
14 2.87000E-04 | 1.80000E-05
15 2.61000E-04 | 4.97000E-05
16 2.45000E-04 | 7.71000E-05
7 2.37000E-04 | 1.00500E-04
18 2.32000E-04 | 1.19800E-04
19 2.30000E-04 | 1.35800E-04
20 2.29000E-04 | 1.49500E-04
21 2.29000E-04 | 1.60100E-04
22 2.29000E-04 | 1.69400E-04
23 2.30000E-04 | 1.77100E-04
24 2.30000E-04 | 1.82700E-04
25 2.30000E-04 | 1.87700E-04
26 2.30000E-04 | 1.91700E-04
27 2.30000E-04 | 1.94700E-04
28 2.30000E-04 | 1.96700E-04
29 2.30000E-04 | 1.98600E-04
30 2.29000E-04 | 1.99600E-04
31 2.28000E-04 | 1.99800E-04
32 2.27000E-04 | 2.00700E-04
33 2.26000E-04 | 2.00000E-04
34 2.25000E-04 | 2.00100E-04
35 2.23000E-04 | 1.99300E-04
36 2.22000E-04 | 1.98600E-04
37 2.20000E-04 | 1.97800E-04
38 2.19000E-04 | 1.97000E-04

Table 4.35: Average interstation attenuation coefficients used in the
inversion for shear-wave @, structure of group 9. T is period, v is at-
tenuation coefficient, and STDEV is standard deviation.
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H(km) Qo | @
2 | 131.195 | 58.3090
3 | 135.135 | 60.0601
3 | 168.413 | 74.8503
5 | 396.895 | 176.398
5 | 1076.55 | 478.469
5 | 706.880 | 314.169
5 | 3659.13 | 1626.28
5 | 453.081 | 201.369
5 | 304.424 | 135.300
6 | 283.804 | 126.135

6 | 289.650 | 128.733
10 | 272.364 | 121.051
10 | 215.931 | 95.9693
15 | 169.300 | 75.2445
15 | 145.820 | 64.8088
20 | 140.449 | 62.4220
20 | 150.502 | 66.8896
20 | 173.344 | 77.0416
40 | 212.264 | 94.3396
50 | 281.778 | 125.235
70 | 422.456 | 187.758

0 | 844912 | 375.516

Table 4.36: Q structure inverted from interstation attenuation coef-
ficients of group 9. H is layer thickness, @, is P-wave quality factor,
and @, is S-wave quality factor.
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Figure 4.32: Q' structure for group 9.
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Figure 4.32. This path crosses the Tianshan fold system, the Tarim
basin and the Western Kunlun fold system.

@, is about 60-70 for the upper 5-7 km of the crust and increases to
about 480 or larger at about 20 km. The low @, values for the upper
5-7 km may be related to fluid-filled fractures that may exist in the
Tianshan and Western Kunlun fold systems. The effect of the thick
sediments in the Tarim Basin are seen in the shear-velocity structure,
and it may also reduce Q.

The high-Q, layer in the mid-crust between about 15 km and 30
km is consistent with what is observed in the United States for that
depth range (Mitchell, 1995). A high shear velocity is also seen at these
depths for this group. Between 30 and 60 km @), is almost constant
(between 120 and 110) but becomes as low as 60, below 60 km.

4.2.10 Comparisons in ), among different groups

The shape of the (), variation with depth in groups 2, 3, and 5 is
identical. Group 2 has higher @, values at all depths when compared
with group 3. Group 2 has higher @), for depths above 15 km when
compared with group 5, but a reversed relation below 15 km.

Groups 1, 4, and 6 all have a high @), layer at mid to lower-crustal
depths (between 15 km and about 60 km), and the shape of (), variation
is identical for these groups. Group 1 has the highest @, values at all
depths when compared with groups 2, 3, 4, 5, 6, 8, and 9. Group 7 has
higher @, values above 15 km and below 100 km when compared with
group 1.

Group 4 has higher ), values above 15 km when compared with
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group 6, but about the same value between 15 km and 60 km. Below
60 km, group 6 has higher @, value when compared with group 4.

Groups 2 and 5 have higher ), values above 15 km and between
60 km and 100 km when compared with group 4. But between 15 km
and 60 km, group 4 has higher ), values than groups 2 and 5. Group
5 has higher ), values above 15 km when compared with group 6, but
a reversed relation below 15 km.

Let us assume that seismic waves that form group 4 are amplified
by focusing as they travel different tectonic units of East China. There-
fore if we ignore group 4, then there is a systematic decrease in @, val-
ues for the upper 15 km from South China Block in the south to Siberia
in the north. But there is a systematic increase in (), values below 15
km from south to north.

Group 8 has higher (), values when compared with group 9 for the
uppermost 7 km of the crust and below 35 km. Between 7 km and 35
km, group 9 has very high (), values. This implies there is a systematic
increase in (), values above 7 km and below 35 km from south to north
in the western half of the study area.

The South China Block in the east (group 2) has higher (), values
above 15 km and below 70 km when compared with western China
(group 9). Let us assume that the very high @, value in group 9 be-
tween 15 km and 70 km is due to focussing of those waves at periods
corresponding to the depth range 15 km - 70 km. Therefore, there is a

systematic decrease in (), values from east to west in China.
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4.3 Summary of the results from the two-station stud-
ies
The text below gives a summary of the results from the two-station
determinations of velocity and (), structure, neglecting possible ef-

fects of focusing/defocusing that might be produced by laterally com-

plex elastic structure.

1. There is a systematic increase in shear velocity from the South
China Block to North and NE China for the top 15 km but a re-

versed relation below this depth.

2. A major change in shear-velocity structure occurs between Ti-
bet (group 1) and the South China Block. Relatively low shear-
velocity values characterize the uppermost 45 km of Tibet and
relatively high velocities occur in that depth range for the South
China Block (group 2).

3. Between 15 km and 60 km, the eastern coast of China from Tai-
wan to Shanghai (group 3) shows higher shear velocities than
does the South China Block (group 2), but the relation is reversed
for the uppermost 15 km and for depths greater than 60 km.

4. The Mongolian Plateau (crossed by group 7) shows lower shear
velocities between 10 km and 60 km than do north and northeast-
ern China (groups 4 and 5) but the relation is reversed for the

uppermost 10 km and for depths greater than 60 km.

5. Western Mongolia and the Junggar Block (group 8) have lower
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shear velocities below 15 km when compared with the groups in

eastern China and southeastern Siberia.

6. Western China (group 9) has lower shear velocities for the upper-
most 70 km, except between 20 km and 35 km, when compared

with the groups in eastern China and southeastern Siberia.

7. The tectonically active region of western China and the western
part of the Mongolia plateau have lower shear velocities at least
for the depth ranges between 15 km and 70km, when compared
with eastern China and southeastern Siberia. However there is
an exceptional high-velocity tooth present in western China be-

tween 20 km and 35 km.

8. @, increases systematically above 7 km and below 35 km from

south to north in the western half of the study area.

9. For both shear velocity and @), structure, the resolution kernels
become broader as the depth increases because the long wave-
lengths which penetrate to those depths sample large depth in-
tervals. As a result, it is more difficult to resolve features of the

models at greater depths than at shallower depths.

4.4 Comparison of the shear-wave velocity structures
of southeastern Asia with those of the Canadian
Shield and the Middle East

The shear-velocity structure of the Canadian shield (Brune and Dor-

man, 1963) shows higher values at all depths when compared with
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Figure 4.33: Comparisons of the shear-wave velocity structures of
the Candian Shield and groups 1, 2, 3, and 4 in southeastern Asia.
those of groups 1, 3, 4, 5, 6, 7, 8, and 9 (Figures 4.33, 4.34, and 4.35)
in this study. Group 2 also shows lower values at all depths, except for
the upper 5 km, which may be due to absence of phase velocity data for
group 2 for periods less than 10 sec. The Rayleigh wave phase veloc-
ity data used to invert for the Canadian shield shear-velocity structure
starts from 3.5 sec period.

Groups 1, 2, 3, 4, 5, 6, and 7 have higher shear velocities for the
upper 80-100 km layers when compared with those of the Turkish and
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Figure 4.36: Comparisons of the shear-wave velocity structures of the
Turkish and Iranian Plateaus and groups 1, 2, 3, and 4 in southeastern
Asia.

Iranian Plateaus (Cong, 1997) (Figures 4.36 and 4.37). Group 8 has
lower shear velocities than do the Turkish and Iranian Plateaus for
depths greater than 10 km. Group 9 (Figure 4.38) shows lower shear
velocities than the Turkish and Iranian Plateaus for all depths except
for a layer between depths 20 and 35 km and a layer between 60 and
90 km.
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5. Shear-wave Q structure of southeastern
Asia using the single-station method

5.1 DATA

A single-station method (described in Chapter 2) was used to ob-
tain shear-wave Q structure (@),) of southeastern Asia over a region
that includes China, Mongolia, Siberia, Kazakhstan, Afghanistan and
a small portion of Pakistan (Figure 5.1). Some of these regions were
not covered using the two-station method.

A large number of earthquakes from the NOAA PDE catalogue was
searched using a program that searches for specified magnitude and
depth ranges, and event station distances. These earthquakes occurred
between the years 1990 and 1999 within and around southeastern Asia.
They were recorded by all of the digital stations in China and surround-
ing regions.

When performing the search I required that the earthquakes meet

the following criteria:
1. The m, magnitude must be between 4.8 and 6.5,
2. The source depth must be less than or equal to 50 km depth,
3. The event-station distance must be between 300 km and 3000 km,

These criteria were used for the same reasons discussed in the descrip-
tion of the two-station method.
Broadband vertical-component (BHZ) seismograms were requested

from the IRIS DMC for events meeting the above criteria and which

148
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Event

Code | Origin date | Origin Time [ d(km) [ m | Mo | o] 6] A | EVLA | EVLO
117/90 04/27/90 05:29:28.3 33 | 5.2 22700 | 358 | 57 8 28.66 66.27
316/90 11/12/90 12:28:49.0 05 | 5.9 | 329000 | 211 | 65 23 42.94 78.08
108/93 04/18/93 04:55:40.0 23 | 5.1 6920 | 194 | 48 | -143 11.96 94.97
198/93 07/17/93 09:46:34.3 27 | 54 13600 | 140 | 33 -55 28.00 99.64
275/93 10/02/93 08:42:32.8 16 | 6.2 | 164000 | 326 | 42 146 38.14 88.64
096/94 04/06/94 07:03:27.7 33 | 5.6 71500 96 | 57 26 26.19 96.84
250/94 09/07/94 13:56:25.1 33 | 5.1 7720 | 238 | 58 -6 38.42 90.19
258/94 09/15/94 07:07:08.6 53 | 5.0 7380 | 142 | 26 45 23.64 | 121.75
283/94 10/10/94 14:07:57.1 33 | 5.0 4920 | 327 | 45 109 36.04 | 100.15
347/94 12/13/94 00:50:52.4 33 | 5.0 10280 | 240 | 07 113 24.05 | 122.61
151/95 05/31/95 13:51:20.5 33 | 5.3 25300 74 | 05 -85 30.20 67.93
173/95 06/22/95 01:01:21.7 33 | 5.5 16700 97 | 34 97 50.33 89.92
180/95 06/29/95 23:02:31.2 33 | 5.6 52000 63 | 39 -44 51.92 | 103.07
305/95 11/01/95 12:29:28.7 33 | 5.5 8690 | 270 | 13 100 42.99 80.31
317/95 11/13/95 08:43:14.7 24 | 59 55000 56 | 43 -59 56.07 | 114.48
009/96 01/09/96 06:27:54.4 33 | 5.2 13500 | 108 | 23 118 43.70 85.65
005/97 01/05/97 08:47:25.4 33 | 5.6 24500 | 279 | 19 68 29.84 80.53
080/97 03/21/97 21:04:48.6 33 | 49 11810 35 | 26 -43 32.93 84.61
096/97 04/06/97 04:36:35.2 33 | 5.6 | 105100 | 253 | 43 -36 39.54 77.00
101/97 04/11/97 05:34:42.7 15 | 5.8 | 206000 | 240 | 37 -45 39.53 76.94
102/97 04/12/97 21:09:08.9 20 | 5.2 10620 | 243 | 48 -65 39.47 76.90
105/97 04/15/97 18:19:10.1 23 | 54 65600 | 170 | 66 | -162 39.63 76.99
212/97 07/31/97 15:59:37.0 33 | 5.5 9060 | 330 | 16 40 23.89 93.16
221/97 08/09/97 04:48:00.7 33 | 5.2 7780 73 | 27 -90 30.29 96.98
236/97 08/24/97 13:15:21.9 33 | 5.3 33200 | 258 | 28 74 30.08 68.00
129/98 05/09/98 02:16:14.4 33 | 5.0 5990 | 160 | 32 63 20.09 | 121.00
149/98 05/29/98 22:49:34.1 19 | 5.6 10020 | 238 | 42 62 41.17 75.65
176/98 06/25/98 06:39:20.3 33 | 5.2 5500 | 262 | 27 129 41.55 80.14
267/98 09/24/98 18:53:40.2 33 | 5.5 24300 91 | 67 08 46.31 | 106.29
325/98 11/21/98 16:59:48.0 10 | 5.2 7410 | 136 | 18 80 49.23 89.19
070/99 03/11/99 13:18:09.3 33 | 5.1 5900 | 295 | 65 -9 41.13 | 114.66
147/99 05/27/99 16:01:22.9 10 | 4.9 5150 | 269 | 78 -7 55.81 | 110.04
251/99 09/08/99 02:38:48.5 10 | 4.9 5190 | 240 | 54 | -162 57.43 | 120.16
266/99 09/23/99 12:44:34.7 33 | 5.3 8830 | 350 | 13 83 23.81 | 121.26

Table 5.1: Events used in the single-station method with hypocentral
information. dis depth, M, is seismic moment in units of 102° dyn-cm,
¢ is strike, § is dip and X is rake of the fault plane. EVLA and EVLO are
event latitude and longitude, respectively.

were also reported in the Harvard CMT (Centroid moment catalogue).

The source information provided with the Harvard CMT solutions are

focal depth, fault strike, rake, dip and seismic moment.
5.2 Methodology

As explained in Chapter 2, the single-station method tries to match

theoretical fundamental-mode and higher-mode spectra with that of
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observed spectra. Theoretical fundamental-mode amplitudes and a su-
perposition of 40 higher modes were computed from the knowledge of
the earthquake source parameters, shear-velocity structure of the re-
gion, and an assumed @, structure. The programs used in the compu-
tation of the theoretical spectral amplitudes are discussed in Chapter
2.

The source depth is mostly used from the USGS PDE catalogue un-
less it is reported as 33 km (computed using the Jeffreys - Bullen travel
time curves). Whenever the reported depth from the USGS PDE cata-
logue is 33 km, I used the depth reported by HARVARD CMT catalogue
or other agencies such as ISCCD, NOAA PDE and MHDF. The reason I
use mostly from USGS PDE is that they have better hypocenter depth
determination than others. HARVARD gives the depth of the Centroid.

The observed spectrum of the Rayleigh-wave fundamental mode
and the superposition of higher modes are obtained by applying the
multiple filter analysis (Herrmann, 1987, Vol II) to the observed vertical-
component seismogram (Figures 2.1 and 2.2). A large number of events
that occurred between the years 1990 and 1999 were processed to ob-
tain very smooth spectral amplitudes, i.e., those not much affected
by lateral variations of earth structure. It is, however, often diffi-
cult to obtain many smooth observed spectral amplitudes. Even if I
found smooth amplitude spectra, some of them are either much lower
or higher than the theoretical spectral amplitudes.

The theoretical spectral shapes of surface wave amplitudes, for the
period range 10 to 50 seconds, are more sensitive to the focal depth

than to the other temporal and spatial source parameters and crustal
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structure (Tsai and Aki, 1970). For some events, whatever the pub-
lished depth is used, it is not possible to match the theoretical spectral
amplitudes to those observed. This might be due to an incorrect seis-
mic moment reported by the Harvard CMT online catalogue or because
the reported source depth is incorrect.

In some cases, to get a better fit between the observed and theo-
retical fundamental mode spectra, I changed the value of the seismic
moment by a factor of about 2.50 (Table 5.2). I have observed that a
change in the seismic moment by a factor of about 2.50 does not greatly
change the value of the theoretical superposition of higher-mode spec-
tra.

Of the many earthquakes processed, only 34 of them were used
to obtain the observed fundamental- and higher-mode spectral ampli-
tudes. Information for each event used is shown in Tables 5.1 and
5.2. The depths reported by the USGS and HARVARD, the seismic
moments reported by the HARVARD CMT, and those used in the com-
putation of theoretical spectral amplitudes for each event are shown in
Table 5.2.

In the following sections, the (), structure of each sub-region of
southeastern Asia will be discussed. I tried to obtain as many sets of
useable earthquake data as possible that cross the same geological and
topographic regions. Because of the scarcity of usable data and a prob-
lem (which I do not understand) with station BJT, the north-central
part of China and much of Mongolia lacks path coverage. The eastern
part of China and the Tarim basin also lack good coverage. Another fac-

tor contributing to this problem might be the geological complexity of
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Depth(km) Mo

Event Code | USGS | HRV | Thisstudy || HRV | This study
117/90 33 15 15 22700 same
316/90 05 15 19 329000 same
108/93 23 17 23 6920 same
198/93 27 15 15 13600 same
275/93 16 15 16 164000 364000
096/94 33 15 15 71500 same
250/94 33 33 33 7720 same
258/94 53 37 37 7380 10380
283/94 33 33 06 4920 6900
347/94 33 25 36 10280 same
151/95 33 15 24 x 25300 same
173/95 33 15 15 16700 same
180/95 33 15 19 52000 89000
305/95 33 15 201 8690 4000
317/95 24 21 24 55000 same
009/96 33 33 33 13500 same
005/97 33 15 15 24500 same
080/97 33 15 15 11810 same
096/97 33 15 15 105100 same
101/97 15 15 15 206000 same
102/97 20 16 20 10620 same
105/97 23 23 23 65600 same
212/97 33 42 08 9060 same
221/97 33 33 17 7780 13670
236/97 33 23 23 33200 83200
129/98 33 15 33 5990 same
149/98 19 32 19 10020 same
176/98 33 15 15 5500 8500
267/98 33 33 33 24300 same
325/98 10 15 10 7410 4410
070/99 33 15 23 5900 same
147/99 10 15 33 5150 same
251/99 10 20 10 5190 same
266/99 33 33 27 8830 same
Table 5.2: Depth and seismic moments in units of 10%°

dyn-cm re-

ported by USGS and HARVARD and those used in this study. Symbols
x and 1 mean that depths are taken from ISCCD and NOAA PDE
catalogues, respectively.



154

southeastern Asia, which makes it difficult to find seismic recordings
that are free from scattering and multi-pathing that adversely affect
spectral amplitudes.

I decided upon a @, Earth structure consisting of four layers for
which to compute theoretical spectra. The model consists of layer 1
which is 10 km thick, layer 2 which is 20 km thick and layer 3 which is
30 km thick, overlying a uniform half space. The total thickness of 60
km for the three layers extends nearly to the largest crustal thickness
in southeastern Asia. The layering is based on the fact that the thick-
ness of surface sediments and the upper crust is not more than 10 km
and the middle crust and the lower crust might be as thick as 20 km
and 30km, respectively. Wherever the crust is thin as in southeastern
China, where it is as small as 30 km along the coast, layer 3 should be
within the upper mantle.

The shear-wave velocity models from Chapter 4 (Tables: 4.2, 4.4,
4.6, 4.8, 4.10, 4.12, 4.14, 4.16, and 4.18) were used to compute theo-
retical amplitude spectra. For each single station-event path in a re-
gion, the corresponding shear-wave velocity model from the two-station
method, for that region, is used. For Tibet I used crustal structure
model "TP-4” of Chun et al. (1977). In the following paragraphs I used a
consistent code to identify each event. For example, LSA005/97 means

an event recorded by station LSA on day 5 of the year 1997.



155

5.3 Tibet

Although, there is only one permanent station (LSA) in Tibet, it
has better path coverage than most of the rest of southeastern Asia
(Figure 5.1). Most of the events recorded by this station do not show
higher-mode dispersion on the group velocity versus period plot (Figure
2.1). Station LZH, which is near the northeastern margin of Tibet, also
shows little indication of higher-mode spectra.

The best way to get fits between observed and theoretical spectral
amplitudes is to systematically vary the (), values of each layer. I
started with a reasonable guess of the ), values for the three layers
and the half space and computed synthetic spectral amplitudes for that
guessed model. Then, I decreased or increased the @), value of layer 1,
depending on whether the fundamental-mode theoretical spectral am-
plitude is higher or lower, respectively, than the observed. Once I get
a fit between the fundamental-mode theoretical and observed spectral
amplitudes at short periods, I vary the value of @), for layer 2 until I
get the best fit between the theoretical and observed spectral ampli-
tudes, for both the fundamental and higher modes. The same process
is repeated for layer 3 and the half space (Figures 5.2 to 5.5).

Useful events recorded by station LSA give good azimuthal coverage
for Tibet. Layer 1 in southwestern Tibet has a @), value of 35 which is
the lowest value in the plateau. This can be seen for the path from
event LSA005/97 to station LSA (Figure 5.4). The highest @), value for
Layer 1 in the plateau is about 100 which occurs for the paths between

events 221/97, and 198/93 and station LZH. As can be seen from Table
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5.2, the seismic moments used for events 221/97 and 275/93 are greater,
by factors of 1.76 and 2.22, respectively, than the ones reported by the
HARVARD CMT catalogue.

The @, values obtained for layer 1 for paths between events 080/97,
275/93, 250/94, and 283/94 and station LSA are 40, 50, 50 and 60, re-
spectively. The paths between events 221/97 and 198/93 and station
LZH all have the same @), value of about 100 for layer 1.

The seismic moment used for event 283/94 is greater, by a factor of
1.41, than that reported by the HARVARD CMT catalogue. The ob-
served fundamental-mode spectral amplitude shape of the signal
recorded by station LSA shows that there is a hole at about 12 seconds
(Figure 5.5). None of the reported depths produce a theoretical spec-
tral amplitude that matches the observed spectra. I changed the depth
several times until I obtained a theoretical spectral amplitude with a
hole that matches the observed spectral amplitude. The depth for this
event is found to be 6 km, a shallow event, which is much smaller than
the values reported by the USGS and HARVARD (Table 5.2).

As we can see from the ), values for all paths on the Tibetan plateau
(Figures 5.4 and 5.5), there is a systematic increase in (), for Layer 1
from the southwestern part of the plateau, where it reaches 35, to the
eastern part of the plateau , where it reaches 100.

The @, values of layer 2 between events 005/97, 080/97, 275/93,
250/94, and 283/94 and station LSA are 130, 40, 60, 100, and 150, re-
spectively (Figure 5.4 and 5.5). With the exception of event 005/95, all
of these show a systematic increase in (), value from west to east across

the Tibetan plateau. The paths between events 221/97, and 198/93 and
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station LZH have the same @, value of 120 (Figure 5.5) for layer 2.

The theoretical fundamental-mode spectral amplitudes, for the pe-
riod range used, are much less sensitive to the values of @), in layer
3 than to the values in layers 1 and 2. The higher-mode spectral am-
plitudes sense the (), values of layer 3, but not as much as they sense
layers 1 and 2. Because higher-modes sample deeper than the funda-
mental mode, the former is more sensitive to @), values for layers 3.

The @, values for layer 3 between events 005/97, 080/97, 275/93,
250/94, and 283/94 and station LSA are 100, 80, 100, 100, and 150,
respectively. The paths between events 221/97 and 198/93 and station
LZH all have the same (), value of 100 for layer 3. These values suggest
either that there is an almost constant @), value for layer 3 all over the
plateau or that the spectra have little sensitivity to layer 3.

Both the theoretical fundamental-mode spectra and the spectrum
for higher modes are, in almost all cases, not sensitive to small varia-
tions of the @), value of the half space. Because of this lack of sensi-
tivity, a change in @), values in the order of a 1000 may result in only
a slight change in the spectral amplitudes of the superposition of the
higher modes. For this reason the (), values obtained for layer 4 will
not be reported in this study. The @, values of the half space for each
path are shown in each panel (Figures 5.2 to 5.5).

5.4 Southeastern China

The event-station paths in this region cross part of the tectonically

stable, Yangtze platform, the south China fold system, and part of east-
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ern Tibet (Figures 5.1 and 1.1).

The paths between events 221/97 and 198/93 and station ENH have
the same @), values for all layers. @), in layer 1 is 150, in layer 2 is 100,
and in layer 3 is 100. These two paths cross the Yangtze platform and
part of the southeastern portion of Tibet.

Paths between event 283/94 and stations ENH and XAN are within
the South China Block and a small portion of the Tibetan Plateau.
These paths do not sample a geologically uniform region as seen from
Figures 5.1 and 1.1. The @, values for these paths are different since
they may pertain to geologic regions. For the path between event 283/94
and station ENH the @), values for layers 1, 2 , and 3 are 70, 70, and
200, respectively (Figure 5.5). For the path between event 283/94 and
station XAN, layers 1, 2, and 3, have @), values of 38, 150, and 100,
respectively (Figure 5.4).

The Yangtze platform and the south China fold system are crossed
by paths between events 347/94, 258/94, and 129/98 and station XAN.
All of these paths have the same @), structure with values 260, 130 and
80, for layers 1, 2 and 3, respectively. These paths show the highest @),

value for layer 1 for the region of study.
5.5 Southern China and the Burma-Thailand region

The path between events 096/94, 212/97, and 108/93 and station
KMI cross the southern portion of China, Thailand and Burma (Figure
5.1). The Q, values for paths 096/94-KMI, 212/97-KMI, and 108/93-
KMI in layer 1 are 50, 55 and 125, respectively, in Layer 2 are 60, 40
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and 150, respectively, and in layer 3 are 150, 50, and 40, respectively
(Figures 5.4 and 5.5).

Path 096/94-KMI is almost entirely within a region of high topogra-
phy while more than half of the path 212/97-KMI crosses the lowland
area (Figure 5.1). The southern section of path 108/93-KMI may lie
within an oceanic crust. The high @), value along the path 212/97-KMI

for layers 1 and 2 may be due to thin crust along most parts of the path.
5.6 Northeastern China and southeastern Siberia

The only station that records usable events in this region is MDdJ.
The path between event 070/99 and this station (Figure 1.1), crosses
most of the northeastern China fold systems where there are Ceno-
zoic basalts (Figure 3.21). This path (070-MDJ) has @, values of 70,
120,and 120 for layers 1, 2, and 3, respectively (Figure 5.2).

The @, value for Layer 1 in this region is lower than that of south-
eastern China. This may be due to the presence of high thermal activity
where temperatures reach as high as 90mWW/m? in northeastern China
(Zhang et al., 1998).

Paths between events 147/99 and 251/99 and station MDJ cross
more than one tectonic region (Figures 5.1 and 3.21) . Because I could
not find event-station pure paths that can sample a single geologic re-
gion, I processed these data so that they may give us average @, val-
ues. Layer 1 has @), values of 70 and 55, layer 2 has values of 80 and
110, and layer 3 has values of 100 and 100 for paths 147/99-MDdJ and
251/99-MDJ, respectively (Figure 5.2).
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5.7 The Baikal region and northern Mongolia

This region is crossed by paths between events 317/95 and 267/98
and station TLY, between event 180/95 and station ULN, and between
event 180/95 and station HIA (Figure 5.1).

The path between event 317/95 and station TLY crosses the Baikal
rift where heat flow is high (Khutorskoy and Yarmoluk, 1989). I had
difficulty in fitting the theoretical and observed spectral amplitudes of
the superposition of higher modes for this path. The layers’ thicknesses
must be different from the usual values in order to fit the fundamental
mode spectral amplitudes. Layers 1, 2, and 3 needed to be 25 km,
45 km, and 50 km thick, respectively. The corresponding @, values
are respectively 45, 20, and 200 (Figure 5.4). The lower @, values for
layers 1 and 2 correlate with the high heat flow in the Baikal rift.

The path between event 180/95 and station HIA shows a @), value
of 28 for layer 1. The low value is consistent with the high heat flow in
that region. Layers 2 and 3 have @, values of 120 and 150, respectively
(Figure 5.2).

The Path between event 180/95 and station ULN also exhibits a @),
value of 28 for layer 1. This path also crosses the high heat flow region
of Baikal. Layers 2 and 3 for this path have @, values of 70 and 60,
respectively (Figure 5.2).

I had expected similar (), values for the path between event 267/98
and station TLY and for the path between event 180/95 and station
ULN. The @, values for path 267/98-TLY are, however, 40, 90, and 250

for layers 1, 2, and 3, respectively. These values differ slightly from
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those for the path 180/95-ULN for layers 1 and 2.
5.8 Northwestern Mongolia and southern Siberia

In this region there are only two paths between events 173/95 and
325/98 and station TLY (Figure 5.1). The largest portion of this path
crosses the coldest part of the region (Khutorskoy and Yarmoluk, 1989).
The @, values here are consistently relatively higher than those in the
Baikal region. The (), values for layers 1, 2 and 3 are 170, 117, and
150, respectively, for both paths (Figure 5.2).

5.9 Western China

Event 325/98 is also recorded by station WMQ in northwestern China.
The path between the event and station is entirely in the Junggar block
(Figures 5.1 and 1.1). The @, values for layers 1, 2, and 3 are 50, 100,
and 100 respectively (Figure 5.2). The fit of the higher-mode spectral
amplitudes for this path is not satisfactory. If I would increase the @,
values of layers 2 and 3, then the theoretical fundamental mode would
be higher than the observed.

Paths between events 176/98 and 096/97 and station WMQ have
similar @), values for all of the layers except layer 1. Path 176/98-
WMQ has @, values 20, 100, and 200 for layers 1, 2 and 3, respectively.
The value in layer 1 is the lowest @), value in all of southeastern Asia.
Path 096/97-WMQ has @, values 40, 100, and 200 for layers 1, 2, and
3, respectively (Figure 5.2).

The eastern part of the Tarim basin and part of the eastern Kunulun
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fold system are crossed by the path between event 275/93 and station
WMQ (Figures 1.1 and 5.1). The @, values for layers 1, 2 and 3 for this
path are 45, 50, and 100, respectively (Figure 5.2). The low @, values
for layers 1 and 2 may be due to the presence of thick sediments in
the Tarim basin and fluid-filled cracks in the fold systems. The seismic
moment used for this event is greater than the reported value by a

factor of 2.22 (Table 5.2).

5.10 Western Kazakhstan

Most events recorded by station BRVK in Kazakhstan have very
smooth spectral amplitudes. Paths between events 325/98, 009/96, and
266/99 and this station all have the same @, values 80, 85, and 140, for
layers 1, 2, and 3, respectively (Figure 5.3). The seismic moment used
for event 325/98 is lower than that reported by HARVARD by a factor
of 1.68 (Table 5.2).

The @, values for layers 1, 2, and 3 are 60, 120, and 140, respec-
tively, for paths between events 305/95 and 176/98 and station BRVK
(Figure 5.3). The seismic moments used for events 305/95 and 176/98
are lower than those reported by HARVARD by factors of 2.17 and 1.57,
respectively (Table 5.2).

I would expect to have the same @, values for paths between events
096/97, 102/97, 105/97, and 149/98 and station BRVK that are all very
similar since there is little difference in the trend of paths. The @,
values for layers 1 and 2, however, differ slightly. The @, values for
path 096/97-BRVK are 60, 85, and 140; for the path 102/97-BRVK,
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the values are 70, 80, and 140, for layers 1, 2, and 3, respectively. Path
105/97-BRVK has @), values 70, 140, and 140, while path 149/98-BRVK

has 80, 85, and 140, for layers 1, 2, and 3, respectively (Figure 5.3).
5.11 Afghanistan

I tried hard to find as many paths as possible that cross both Pak-
istan and Afghanistan. Unfortunately there are very few usable data
that cross only Afghanistan from stations ABKT and GAR (Figure 5.1).

One event, 316/90 recorded by GAR crosses the Pamir thrust region.
The @, values for this path are 55, 40, and 80 for layers 1, 2, and 3,
respectively (Figure 5.3).

Most of the path between event 117/90 and station GAR lies in
Afghanistan where topography varies, and a very short part of this
path is in Pakistan. The @), values of this path are 70, 80 and 70, for
layers 1, 2, and 3 respectively (Figure 5.3).

Events 151/95 and 236/97 recorded by station ABKT cross the south-
ern central part of Afghanistan in a southeasterly direction (Figure
5.1). Both of these paths show the same @, values 70, 60, and 140 for
layers 1, 2, and 3, respectively (Figure 5.3). The seismic moment used
for event 236/97 is higher than that reported by HARVARD by a factor
of 2.51 (Table 5.2).



6. (), maps

The previous chapter describes how (), values for the three crustal
layers were determined for each path in southeastern Asia. In order
to have a clear picture of the lateral variations of the (), values, I con-
structed a contour map of ), throughout the region of study.

Although this study provides the densest coverage of fundamental-
mode surface-wave attenuation that, to my knowledge, is currently
available, there are still some gaps in path coverage. I looked at two
ways to present the maps of (), variations. The program “surface” of
the GMT package (Wessel and Smith, 2001) gives very smooth con-
tour maps, but a disadvantage of this program is that it extrapolates
to regions where there are no data. The other program “triangulate”
contours only the region where there is data, but the curves are very
sharp at turning points, causing the contour maps to appear unreal-
istic. Therefore, I used “surface” and removed those portions of the
contours that lay outside the study area.

The station-event map was divided into a grid of 1° x 1° cells so
that point coordinates could be picked for each path. Corresponding @,
values were assigned to points and contours were drawn by “surface”
connecting equal values of (),. Figures 6.1, 6.2, and 6.3 show the @,
contour maps for layers 1, 2, and 3, respectively.

The path coverage in much of southeastern China, north-central
China, parts of Mongolia, and the Tarim basin is poor (Figure 5.1).
However, the (), contours are interpolated to cover those parts of south-

eastern Asia. In the following sections, I will describe the lateral vari-
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ations of (), for each layer.
6.1 Layer1

Figure 6.1 indicates that @, for layer 1 is lowest across the Tibetan
plateau, the Baikal rift region and in the Sino-Korean platform (Figure
1.1). It is as small as 30 in the southern portion of the Baikal rift and
40 in southern Tibet and in the Sino-Korean platform. The low values
in Tibet extend as far north as the Tarim Basin.

The South China Block shows the highest (), values, about 260 near
Taiwan. Western Mongolia has a relatively high @, value of about 170.

There is a steep positive gradient of (), as we go from the eastern
part of the Tibetan plateau to the South China Block. This may cor-
respond to a sharp decrease in crustal thickness as we go from the
plateau to the lowland area in southeastern China where the crust is
thinner. The @, value over Burma is about 60.

The uppermost crust of northeastern China, where there are Ceno-
zoic basalts (Figure 3.21), is defined by low (about 50) to intermedi-
ate (about 100) @, values. The Jungar Basin and the Tianshan fold
system, are marked by low @, values in the range 60 to 90. Eastern
Kazakhstan is also marked by low @, values between 70 and 90.

The contour line crossing the Pamir thrust belt and Pakistan has a

@, value about 60. Afghanistan is marked by @, values of about 70.
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6.2 Layer 2

Figure 6.2 indicates the lowest @), values (about 50) for layer 2 lie
beneath the Tibetan Plateau, in and around the Baikal Rift, in Burma,
and in the Pamir thrust belt. The highest @, value, about 140, shifts
from southeastern China to Central China, at or near the northeastern
tip of Tibet and the Sino-Korean Platform. The ), values in south-
eastern China (100-130) are lower than those in layer 1 (200-250). The
decrease in the @), values as we go deeper may be related to a shallow
asthenosphere which may extend to the base of the crust due to the ab-
sence or weak presence of the lithospheric mantle (Wier, 1982). The Q,
values in northeastern China range between 80 and 120. The low @,
point in this region coincides with the region of Cenozoic basalts that
occur there (Figure 3.21).

The Baikal Rift region still shows low @), values; however as we go
to southern Mongolia, the value increases to about 120. Western Mon-
golia is also marked by high @, values, between 100 and 120. There is a
good correlation between the low heat flow in this region and values of
high @,. The low @, values in and around the Baikal Rift coincide with
the region of high heat flow while the higher ), values in southern and
western Mongolia coincide with the low heat flow (Figure 6.4).

The @), values in eastern Kazakhstan are generally low, ranging be-
tween 70 and 90. The Tarim basin has intermediate (), values between
about 90 and 100. One of the lowest (), points in this layer (about 50) is
in the Pamir thrust belt. Those low (), values extend into Afghanistan

and Pakistan. In Afghanistan the values range between about 60 and
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Figure 6.4: Heat Flow map of Mongolia (Khutorskoy and Yarmoluk,
1989).

80, while in Pakistan they are between about 80 and 90.
6.3 Layer 3

Figure 6.3 presents the (), variations found for layer 3. Although
the spectral amplitudes in that layer are less sensitive to (), variations
than they are for layers 1 and 2, there are some major lateral changes
that appear to be related to the properties and/or processes occurring
in the lower crust and uppermost mantle.

(), values in southern Mongolia are as high as 180 (Figure 6.3).
The next highest value (160) occurs in the Tarim basin. (), values in
the transition from Tibet to southern China change from about 100 to

about 160 over a distance of about 1000 km. @), values in southernmost
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China lie between about 50 and 100, values which are lower than those
in layer 2. @, in northeastern China is relatively low, ranging from
about 90 to 120. The low values here correlate with surface exposure
of Cenozoic basalts.

The region around the southern tip of the Baikal Rift shows a low
@, value of about 100. This is consistent with the high heat flow values
reported there. However (), increases to 200 as we go northward. The
@, values in western Mongolia, the Jungar basin, and the Tianshan
fold system range between about 100 and 140. Eastern Kazakistan
shows high (), values between 140 and 150. @, values are lowest in
the Pamir thrust region where they reach about 80. These low values

extend into to northern Afghanistan and Pakistan.
6.4 Effect of attenuation on amplitudes

Knowledge of Q! is of practical importance for nuclear test moni-
toring for at least three reasons. First, values of Q~! have a significant
effect on magnitude and yield determinations of earthquakes and nu-
clear events. Second, in regions of high Q! (low Q); detection of small
events may be difficult unless event-station distances are small. Third,
different depth distributions of Q! can affect amplitude ratios of re-
gional phases, such as P,/L,, in different ways, preventing them from
being transportable from region to region unless they can be corrected
for the effect of the variability. For these reasons, the effect of attenua-
tion on amplitudes must be known.

I used the ), models from the results of the single-station method to
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predict (compute) the attenuation coefficient (v) as a function of period
for two paths between event 347/94 and station XAN (Figure 6.5), and
between event 005/97 and station LSA (Figure 6.6). The amplitude
decay as a function of distance is computed for periods at 10, 20, 30, and
50 sec using the function e 7**, where v is the attenuation coefficient
in km~! units and z is the distance in km.

Figures 6.5 and 6.6 present the attenuation function (e~7**) as a
function of distance and period for the ), models determined using
paths 347/94-XAN and 005/97-LSA. The purpose is to indicate the pe-
riod and distance ranges over which there would be significant differ-
ences in observed amplitudes. If one considers paths with distances
less than 2000 km, then spectral amplitudes with periods less than 20
sec would be significantly different. This is important to keep in mind
since the inversion of small magnitude seismic events will require the

use of these shorter periods.
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Figure 6.5: Amplitude decay for the path between event 347/94
and station XAN. The panels displayed are for periods at 10, 20, 30
A0 and 50 sec.
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and station LSA. The panels displayed are for periods at 10, 20, 30
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7. Discussion and conclusions

In this chapter I will summarize the results obtained in the two-
station and single-station methods and discuss them in relation with
the tectonics of southeastern Asia. I will also compare the results of the
two methods and discuss the similarities between some of the results
obtained using the two methods for the same geological region. The
possible causes of differences between the results obtained for the same

geologic region using the two methods are also discussed.
7.1 Discussion on the results of the two-station method

Toksoz and Anderson (1966) noted that shield areas have relatively
high average group velocities, whereas active tectonic regions have rel-
atively low group velocities. As a result, surface wave paths crossing
different tectonic regions should show different trends in their average
group velocity dispersion curves. Based on this fact, I divided south-
eastern Asia into different tectonic regions (groups) in the two-station
method. The average interstation group velocities for the nine groups
so formed were discussed in Chapter 3.

Lower than average group velocities may be due to relatively low
shear velocities in the crust and/or thicker than average crust. Rayleigh
waves that are trapped in the crust will have lower group velocities
than those that penetrate into the mantle (Wu and Levshin, 1994).
Thick sediments have also the effect of lowering group and phase ve-
locities (Levshin and Ritzwoller, 1995).

Southeastern Asia is diverse in its geological and tectonic struc-
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tures. Surface relief is as great as 6 km in some places. Sedimentary
thicknesses range from about zero near the Baikal Rift (near station
TLY) to more than 15 km in the eastern part of the Tarim Basin (Lev-
shin and Ritzwoller, 1995). Crustal thickness ranges form about 36 km
in southeastern China to 70 km in Tibet. Seismicity is more intense
in the western portion of the study area than in the east. Active fold
belts are more common in the west than the east. Heat flow varies
from place to place but shows no systematic east-west or north-south
pattern. These differences in geology and tectonics give rise to differ-
ences in group and phase velocities between the different groups in
southeastern Asia.

Western China is more tectonically active than eastern China as
indicated by seismicity and the presence of active folds. This difference
is also shown in the group velocities, that is, western China has lower
group velocities than eastern China.

Comparisons between average group velocities of group 2 (South
China Block) and Wier’s (1982) “6-ANP” group velocities for southeast-
ern China shows that the two agree very well at periods where both
results are available. For periods between 15 and 35 sec group veloci-
ties of group 2 agree well with those of Pines (1980) for the path from
Tangshan to Taipei.

For periods shorter than 50 sec, all phase velocities determined for
southeastern Asia are lower than those of the Canadian Shield. Those
low phase velocities may be related to the higher tectonic activity there
as indicated by the presence of active folds, seismicity, and volcanics,

present in southeastern Asia than the Canadian Shield.
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There is not much difference between the attenuation coefficients of
all groups, except group 3, at all periods. The attenuation coefficients
of some groups are not consistent with the expected relationship with
the group or phase velocities. This inconsistency may be due to effects
of lateral heterogeneity which focus or defocus seismic waves.

To invert the interstation attenuation data for @), structure, we
need to know the shear-velocity structure of the region that we deal
with. Shear-velocity structures are obtained by inverting the intersta-
tion phase velocities of each group. Interstation group velocities are
not used to invert for shear-velocity structure because of much greater
scatter in my group velocity determinations than in my phase velocity
determinations and because of the additional non-uniqueness of the
solutions discussed in Pilant and Knopoff (1970).

The location of the Moho, in most cases, is not difficult to identify.
Most of the Moho depths identified in this study are in good agreement
with those of Ren et al. (1987). To identify some features present in the
shear-velocity structures and to give them geological interpretation, I
compare each shear-velocity structure with the generalized petreolog-
ical model and P-wave velocity-depth profile for continental crust of
Mueller (1977).

There are differences in shear-velocity structures between the dif-
ferent groups, especially between groups for western and eastern China.
The tectonically active region of western China and the western part of
the Mongolia plateau have lower shear velocities at least for the depth
ranges between 15 km and 70km, when compared with eastern China

and southeastern Siberia. However there is a depth range in group
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9 between 20 km and 35 km where velocities are exceptionally high.
My results give no indication of a systematic variation (increase or de-
crease) in shear-velocity structure in south-north direction in either
eastern or western China.

The shear-velocity structure of group 2 agree with model ZH1 of
Wier (1982) (the shear-velocity structure of Southeastern China) for
depths greater than 10 km but differs from that model for greater
depths. There is a good agreement between model ZH1 and group 3
for depths between 5 and 70 km.

The tectonically stable Candian shield shows higher shear veloci-
ties at almost all depths than those obtained for any of the groups in
southeastern Asia. The shear velocities for models obtained for eastern
China (groups 1-6) and southern Siberia (group 7), however are higher
than those found in the Turkish and Iranian Plateaus (Cong, 1997) for
the upper 80-100 km. Shear velocities for the models for western Mon-
golia and western China (groups 8 and 9) are lower than those for the
Turkish and Iranian Plateaus at most depths.

The Q;l structures for groups 2 and 3 in southeastern China cor-
relate positively with the shear-wave velocity structures for depths
greater than about 35 km. That is, as shear velocity increases for
depths greater than 35 km and Q;l also increase. This correlation is
probably not due to multipathing effects on spectral amplitudes since
that region is relatively uniform. The weak or absent upper mantle
lithosphere in that region may explain the high @, (or low Q) values
below 35 km and is consistent with high temperature spring that occur

in that region.
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Low @, (high Q;l) values at greater depths (greater than 50 km)
exist in the North China craton (group 4) and in northeastern China
(groups 5). The low @, values for depths greater than 50 km may be
associated with extensional tectonics, high heat flow, and thin litho-
sphere found in that region. High thermal activity at depth may be
responsible for the low @), values for depths greater than 50 km in
northeastern China.

Low @, in the upper crustal layers (as in group 9) may be explained
by the possible presence of fluid-filled fractures. The existence of fluid-
filled fractures make ), low, as seismic energy goes into moving fluids
through interconnected fractures (Mitchell, 1995). A rapid increase in
@, values observed at mid-crustal depths for this region is similar to
what is observed in the central and western United states (Mitchell,
1995).

Seismic waves can be focused as they cross continent-oceanic mar-
gin. This may be the reason for the very high @, values for the upper
10 km of group 7. The @, values of that group for the upper 10 km is
not likely to be as high as that shown in the @, structure of group 7,
because that region is characterized by very high heat flow and active
tectonics. The low @, values in western China (group 9) at shallower
depths is consistent with the active tectonics in western China and
presence of sediments in the Tarim basin.

For both shear velocity and @, structure, the resolution kernels
become broader as the depth increases because the long wavelengths
which penetrate to those depths sample large depth intervals. As a

result, it is more difficult to resolve features of the models at greater
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depths than at shallower depths.

Using the two-station method, it is very hard to avoid effects of lat-
eral heterogeneities on spectral amplitudes for a geologically complex
region like southeastern Asia. This problem gives rise to some unre-
alistic results, for example, group 1 has higher ), values at all depths
than those found for all other groups, except group 7. This is not likely
to be correct since the region crossed by group 1 is tectonically more
active than many of the other regions. The seimic waves recorded by
stations used in group 1 are probably focused as they travel through
different geological structures to the second recording station. For shal-
low depths western China has lower ), values compared to eastern
China. It is difficult to see north-south systematic variations in @,

values which may be masked by multipathing effects on seismic waves.

7.2 Discussion on the results of the single-station
method

I have used a single-station method to determine the variation of (),
in the crust throughout much of southern Asia. Because of restricted
path coverage, it is difficult to obtain detailed sampling for some re-
gions, such as the Sino-Korean platform or the Qilian fold system in
western China. This single-station method was developed earlier and
used for limited studies in the United States (Cheng and Mitchell,
1981) and the Middle East (Cong and Mitchell, 1998).

The fit of the spectra, in most cases, is good between about 5 and 50
seconds for the fundamental mode and between about 3 and 8 seconds

for the higher modes. There are some cases, however, when higher-



185

mode energy is not well recorded. In some cases this is probably be-
cause paths include a short oceanic segment of oceanic crust (where
higher modes do propagate well at short periods). In others, it may be
because severe lateral changes crustal structure disrupt the propaga-
tion of higher modes. In those cases, I use only the fundamental mode
in our inversion process.

The map of (), variation in layer 1 shows that southeastern China
has the highest Q value (about 250). Southeastern China is tectoni-
cally stable as indicated by the small number of earthquakes that occur
there.

Northeastern Mongolia and the tectonically stable Siberian craton
are also characterized by relatively high Q values (about 160). The
Baikal Rift and surrounding regions have the lowest Q values (about
40). This region also is marked by high heat flow.

Low Q values also characterize the Tibetan Plateau, the north-central
China fold systems, and the Tarim Basin. The first two of these are tec-
tonically active regions where Q may be influenced by interstitial fluids
that occur in faults, and fractures and permeable deformed rock. The
Tarim Basin includes a thick accumulation of sediments that may be
responsible for the low Q values there. Layer 1, beneath Kazakhstan,
Afghanistan and Pakistan is everywhere marked by moderately low @,
values (about 70).

The @, map for layer 2 indicates that the highest Q values (about
150) lie in the central part of the China, in the Sino-Korean platform
and in the Baikal Rift region. The lowest Q values (about 50) occur in

Tibet and the Pamir fold belt. The map shows an overall increase in @,
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going from south to north.

The resolution achieveable for layer 3 is poorer than for either layer
1 or layer 2. My results, however, show that Q is highest (about 180) be-
neath the Tarim Basin and in south-central Mongolia and lowest (about

80) in the Pamir fold belt.
7.2.1 Effect of Shear-velocity model on (), model

Two very different shear-velocity models (Figure 7.1) from two dif-
ferent tectonic regions are used to compute a ), model for one of the
regions using the single-stations method.

I use the shear-velocity structure of group 8, which crosses western
Mongolia and the Jungar block, to obtain a (), model for southeast-
ern China (Figure 7.2). Comparison of the (), models for southeastern
China obtained using shear-velocity models of groups 2 and 8 shows

very little dependence of (), on shear-velocity structure.
7.2.2 Effect of depth on (), model

Figure 7.3 is used to demonstrate the effect of earthquake source
depth on spectral amplitude and hence on (), determinations. The the-
oretical spectral amplitudes for the five panels shown are computed
using the same (), values for all layers but different source depths: 10
km, 15 km, 20km, 21km, 25km, and 30km for panels 1, 2, 3, 4, 5, and
6, respectively.

The source depth reported by NOAA PDE is 20km (panel 3), a de-
parture from this value by 1km does not affect the shape of the the-

oretical spectral amplitudes, as shown in panel 4. But a deviation of
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Figure 7.1: Shear-wave velocity structures for groups 2 and 8.
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+5km slightly affects the shape of the theoretical spectral amplitudes
as shown in panels 2 and 5. A change in depth of +10km (panels 1 and
6) significantly affects the shape of the theoretical amplitude spectra.

7.2.3 How wellis (), at depths greater than 20 km determined?

To see how sensitive are the theoretical amplitude spectra to @,

values of the three layers, I varied the (), values in steps of 10%.
Layer 1

For layer 1 (Figure 7.4), an increase or decrease in (), value by
10% changes shape of the fundamental-mode amplitude spectra only
slightly when @, is about 60. Increasing ), value by more than 10%
slightly raises up the fundamental-mode amplitude spectra at short pe-
riods. But increasing (), by more than 40% does not raise the fundamental-
mode spectral amplitude more unless I increase it to larger values
(panel 6). The superposition of higher-modes spectral amplitude is sen-
sitive to only very large increases in (), value (panal 6).

Decrease in ), affects both the fundamental- and higher-mode spec-
tral amplitudes much more than increase in (), values. As can be seen
from figure 7.5, a decrease in @), by 30-40 % lowers both the short pe-
riod fundamental-mode and higher-mode spectral amplitudes. A de-
crease in @), from 60 to 10 lowers very much both the fundamental-

and higher-mode spectral amplitudes.
Layer 2

An increase in @), values for layer 2 (Figure 7.6) by 10-30 % does

not raise much both the fundamental- and higher-more spectral ampli-
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tudes. The higher-mode spectral amplitude becomes more sensitive to
increase in (), values by more than 30 %. An increase in @, value form
120 to 400 (about 300 %) raises very high both the fundamental- and
higher-mode spectral amplitudes, especially the later.

A decrease in @), values (Figure 7.7) affects the higher-mode spec-
tral amplitudes more than an increase in (), values. A decrease in @,
value by 20 % and more lowers the higher-mode spectral amplitude
very much. The fundamental-mode spectral amplitude becomes lower
when @), decreases by 40% and more. When (), decreases from 120 to
10, both the fundamental- mode and the higher-mode spectral ampli-

tudes become extremely low.
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Layer 3

Neither the fundamental- nor higher-mode spectral amplitudes seem
are very sensitive to increases in ), values for layer 3 (Figure 7.8). I
increased @, from 140 to 8000, but we cannot see significant changes
in either the fundamental- nor higher-mode spectral amplitudes.

I do not see any significant effect on either the fundamental- nor
higher-mode spectral amplitudes when the ), values is decreased by a
factor of 10-40 %. However, decreasing (), from 140 to 10 significantly
lowers the long period fundamental-mode and the higher-mode spectral

amplitudes (Figure 7.9).
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7.2.4 Comparison of (), structures obtained from the two-station
and the single-station method where both models are avail-
able

I make comparisons between (, models obtained from the two-
station and single-station method where both models are available.

The single-station models are coded with station name followed by day

and year of occurrence of the event, for example, ENH198/93. The two-

station models are coded with their group name, for example, group

1.

Comparison between ENH198/93 (), model from single-station
method) and group 1 (@, model from two-station method) shows that
the two models are quit different at all depths (Figure 7.10). This differ-
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Figure 7.11: Comparison of the @, models obtfained from the two-
station (group 2) and single-station (XAN347/94) methods.

ence may be attributed to focusing of seismic waves in the two station
method which gives rise to higher @, values.

The (), models between XAN347/94 and group 2 agree very well at
all depths (Figure 7.11). This agreement may be explained by absences
of multipathing effects on the seismic waves used for the two-station
method.

Comparison between ), models of group 4 and MDJ070/99 show
differences at shallow depths (Figure 7.12). Group 5 and MDJ147/99
are very different at all depths, except below 50 km (Figure 7.13). The
similarity at greater depths may be simply due to the poor resolution

at large depths.
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the two-
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Comparison between group 6 and MDJ251/99 @), models agree very
well for upper about 20 km and below 50 km (Figure 7.14). There is
a high @), value layer between about 20 and 50 km in the two-station
result (group 6). This very high @), layer is probably not realistic, being
due to effects of focusing at the more distant station at intermediate
periods.

There is a large difference between the ), models of HIA180/95 and
group 7 for all depths (Figure 7.15). I attribute these differences again
to focusing at the distant station in the two-station method.

A comparison of the ), model of group 8 and that of TLY173/95

shows that the two agree well for the upper 30 km (Figure 7.16). The
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Figure 7.16: Comparison of the @, models obtained from the two-
station (group 8) and single-station (TLY173/95 and TLY325/98) meth-
ods.
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Figure 7.17: Comparison of the @, models obtained from the two-
station (group 9) and single-station (WMQ275/93 and WMQQ096/97)
methods.
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same agreement is shown between TLY325/98 and group 8. This prob-
ably occurs because shorter periods in the two-station method are not
greatly affected by focusing/defocusing while longer periods are.

The @, model of group 9 agrees well with those of WMQ275/93,
WMQ096/97, and WMQ176/98 (Figures 7.17 and 7.18), only at very
shallow depths. The large differences at greater depths can, again, be

attributed to focusing of larger-period waves.

7.2.5 Comparison of the ), models of southeastern Asia with
those of eastern North America and the Middle East

The continental crust of eastern North America (ENA) has much
higher (), values when compared with those @, values from single-
station results for most of southeastern Asia. The upper 10 km of ENA
has @), values ranging form 200 to about 450 (Mitchell, 1980) while
southeastern Asia has a maximum of about 250 for the stable South
China Block, and about 160 for western Mongolia for the upper 10 km.

The depth range between 10 and 30 km has @, values between
about 300 and 1000 for ENA. The (), values in southeastern Asia for
that depth range (Layer 2) is between about 50 and 150.

For the upper 10 km, comparisons between (), values from the single-
station method of southeastern Asia and the Turkish and Iranian Plateaus
(Cong, 1997) show that the Tibetan plateau and the Lake Baikal re-
gion have lower ), values than those of the Turkish and the Iranian
Plateaus. The South China Block and western Mongolia have higher
@, values than does the Turkish and Iranian Plateaus.

For Layer 2 (in southeastern Asia), the (), values for the Turkish
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and Iranian Plateaus are lower than most parts of southeastern Asia
except for the Tibetan plateau, the Pamir thrust belt and the Burma-
Thailand regions. The latter regions have @), values that are similar to

those of the Turkish and Iranian Plateaus.
7.3 Conclusions from two-station results

Differences in phase/group velocities between different regions in
southeastern Asia reflect differences in tectonic activity, crustal thick-
ness, and presence of thick sediments. Western China has lower phase
or group velocities compared to those of eastern China.

Group velocity comparisons between this study and other studies
in southeastern Asia show very good agreement at periods where both
data sets are available. Southeastern Asia which is tectonically active,
shows lower phase velocities than does the tectonically stable Cana-
dian Shield.

The average interstation attenuation coefficients of some groups
are inconsistent with the expected relationship with the correspond-
ing group/phase velocities. This inconsistency may be due to effects of
lateral heterogeneity which focus or defocus the seismic rays.

The tectonically active regions of western China and the western
Mongolia have lower shear velocities at least for depth ranges between
15 km and 70 km than do the more stable regions of eastern China and
southeastern Siberia. There is a systematic decrease in @, values for
shallow depths from eastern China to western China. Q;l structure

correlates positively with the shear-wave velocity structure in south-
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eastern China; this may be attributed to the weak or absent upper
mantle lithosphere.

There is a good agreement between the shear-wave velocity struc-
tures obtained in this study with models obtained form earlier studies
in Southeastern Asia. Southeastern Asia shows lower shear-wave ve-
locities at almost all depths when compared with that of the Canadian
Shield. The Turkish and Iranian Plateau in the Middle East has lower
shear-wave velocities for the upper 80-100 km than does eastern China.
Western China and western Mongolia have lower shear-wave velocities

than the Turkish and Iranian Plateaus.
7.4 Conclusions from single-station results

My results from the single-station method, show that there are large
lateral variations in ), throughout the crust of southern Asia. These
differences can easily affect regional determinations of magnitude if
they are not taken into account.

In addition, the distributions of ), with depth is also laterally vari-
able. For instance, Q decreases with depth in the first 30 km of the
crust in southeastern China but increases with depth through that
depth range in southwestern China. These differences may cause dif-
ficulties in discriminating between earthquakes and explosions. Dis-
criminants based on ratios of regional phases that travel through dif-
ferent depth ranges in the crust may not be applicable everywhere un-
less corrections can be made for the differing attenuation along the

paths of those phases.
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My results show that tectonically active regions in southeastern
Asia, as indicated by higher seismicity and active folds, have low Q
values while stable regions have relatively high Q values. This is con-
sistent with Q determinations in other stable and tectonically active
regions (e.g. Mitchell, 1995; Cong and Mitchell, 1998).

The low Q values in tectonically active regions may be due to fluid-
filled fractures or permeable materials in the crust, for example in Ti-
bet and the active fold systems, or the presence of high heat flow as in
the Baikal region.

Comparison of (), models from the two-station and single-station
methods, wherever both models are available, show that the two re-
sults agree only for groups 2, 6, 8, and 9. ), models for other groups,
obtained by the two-station method are higher than those from the
single-station models at all depths. The high @, values in most of the
groups in the two-station method may be due to focusing of seismic
waves as they traverse different geological structures as they travel a
long distance.

The @, values for southeastern Asia are affected by lateral complex-
ities along surface-wave paths, in most cases. This degrades the resolu-
tion for (), models that are obtained for this region. Nevertheless, my
results show that ), values for this region are among the lowest in the
world. They are comparable to those found earlier for the Middle East
and lower than those found in most stable regions such as the United

States.
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