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CHAPTER 1 INTRODUCTION

1.1 Overview

Geologic complexity in central Asia is the direct result of the collision of India with Asia 

began in the Eocene (~50 Ma) and continues today. The collision has created some of th

pronounced topography in the world. The Tibetan Plateau has a mean elevation of 5000 m

the largest plateau in the world. The Tien Shan Mountains rise to a maximum height of 7

and are one of the furthest mountain ranges from an active convergent plate boundary. Am

elevated regions are several large basins including the Tarim and Junggar (Figure 1.1.1) th

with thousands of meters of sediments eroded from elevated terrain. As expected, this a

deforming region has many earthquakes but are mostly confined to the Tien Shan Mountain

sporadic activity occurs in the basins. 

This region of young, rugged geology is not without political interest. Lop Nor, the Chi

nuclear test site, is located (Figure 1.1.2) just north of the Tarim basin and is the site of num

underground nuclear explosions (the last known in 1996). One specific goal of this study is 

the seismic velocity variations along known source-receiver paths that will improve our abi

investigate small nuclear explosions in the Lop Nor region. 

To study velocity variations, Rayleigh and Love waves were analyzed to estimate surface

group and phase velocity dispersion for known propagation paths. Group velocities wer

mated using a multiple-filter method and isolating the surface-wave for phase velocity estim

The group velocity estimates agree with previous surface-wave studies of central Asia.

velocity estimates were calculated for the 26 events using the single-station method and as

source phase corrections from available moment-tensor and depth estimates. To reduce 

the earthquakes are grouped into three clusters and the phase velocities of each cluster 

aged. Finally, the average phase and group velocity dispersion along each path were used

mate a depth dependent shear wave velocity structure. The results are consistent with p

work.
1
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Figure 1.1.1. Regional map of central Asia showing geologic features, the earthquakes (purple 
circle) and stations (yellow triangles). The bold star indicates Lop Nor, the Chinese nuclear test 
site. The rectangle identifies the study area, plotted in Figure 1.1.2.
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CHAPTER 2 THE GEOLOGY OF CENTRAL ASIA

2.1 Regional Tectonics

Central Asia is the culmination of several tectonic episodes involving collisions of num

small crustal blocks since the Precambrian. These blocks include the Tien Shan, Tibet, the

Basin, and the Junggar basin. Each of the blocks was accreted by the end of the Paleozo

tectonic events further changed the geologic and kinematic characteristics of central Asia.

Central Asia is seismically active including several events with MS > 8.0 since the beginn

this century (Nelson et al., 1987). Tapponnier and Molnar (1979) and Ni (1978) used LAND

imagery and earthquake fault plane solutions to interpret active tectonics in central Asia. F

tion of the Tien Shan Mountains began in the late Paleozoic but the area was reduced to

vated plain until the Eocene when deformation was reactivated as a result of the India-E

collision 1500 km to the south (Zonenshain et al., 1990; see arrow on Figure 1.1.1). Nort

convergence of India into Eurasia thickened the crust by thrusting and folding of the Tien

(Tapponnier and Molnar, 1979; Avouac et al., 1993). Fault plane solutions are consistent w

predicted convergence of India into Eurasia with crustal shortening estimated at ~200 ± 

since the initial collision (Avouac et al., 1993). Molnar and Deng (1984) summed se

moments from four earthquakes (M> 7.5) and estimated a rate of shortening across the Tie

of 13±7 mm/yr. Avouac et al., (1993) showed crustal shortening produces a clockwise ro

(7±2.5°) of the Tarim Basin relative to Kazakh Platform and Junggar Basin since the Cenoz

Nelson et al. (1987) used P and SH waveforms from 11 Tien Shan earthquakes to const

earthquake fault plane solutions and depths for thrust faulting events with depths from 10

km and body wave magnitudes from 5.5 to 6.2. Relocated earthquakes and focal mechanis

indicate north-northwest to north-northeast shortening. The earthquakes appear to ruptur

range-bounding faults that dip 33-35° beneath the mountains (Nelson et al., 1987). Range-

ing faults account for the uplifted basement blocks with thrust faults on the north and south 

the range giving the Tien Shan Mountains its height. 

Although thrust faulting is prevalent in central Asia, there are large-scale right lateral strik

faults that strike perpendicular to the Tien Shan and appear to die out within the Kazakh an
4
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rian platforms (Tapponnier and Molnar, 1979; Figure 2.1.1). The Talasso-Fergana fault has

250 km of right-lateral offset since the late Paleozoic and serves as a thermal and seismic

ary between the two blocks of the Tien Shan (Ni, 1978; Vinnik and Saipbektova, 1984; Kosa

al., 1993, Roecker et al., 1993; Figure 2.1.1). A gradual change from thrust faulting at hig

tudes of the Tien Shan to strike-slip faulting toward the Junggar Basin reflects the change i

conditions that are present in this region. Near the Junggar Basin, left-lateral strike-slip fa

accommodates deformation caused by the impinging Indian continent (Tapponnier and M

1979). The combination of thrust faults and right and left-lateral strike-slip faults is respon

for the pattern of basins surrounded by high mountain ranges (Tapponnier and Molnar, 197

East-west extension along normal faults dominates the tectonics of Tibet, despite deforma

the rest of Asia being dominated by north-south compression (Tapponnier and Molnar, 

Molnar and Tapponnier, 1978). Normal faulting is limited to areas with the highest mean ele

and form grabens that fill with sediments. Along the northern edge of the Tibetan Platea

Altyn Tagh left-lateral fault accommodates stress from the India-Eurasia collision allowing 

to slip to the northeast.

Molnar and Tapponnier (1978) proposed a model of India moving north into the Siberian 

deforming the region between them (Figure 2.1.2). In the model, Siberia, Tarim and India a

rigid block and Tibet as a contained fluid. Tibet is underlain by weak material and the collis

India maintains the high elevations of Tibet. Thus Tibet is a pressure gauge of Asia and tra

the collision stresses to regions to the north and east (Molnar and Tapponnier, 1978). Tibe

mits stresses to the Tarim Basin, which acts as a rigid block thus causing crustal thickening

Tien Shan along range-bounding faults. Thrust faulting is not currently contracting Tibet;

west strike-slip faulting and north-south normal faulting absorb the collision stresses all

Tibet to “slide” to the east (Molnar and Tapponnier, 1978). 

2.2 Geology of the Tien Shan

The Tien Shan is composed of E-W trending mountain ranges cored by Precambrian to ear

ozoic crystalline basement rock separated by basins filled with Cenozoic synorogenic sed

(Figure 2.1.1). The mountains stretch from east to west for more than 2000 km, and reach
5
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tions of over 7000 m separated by basins with elevations of 2000-3000 m. A Precambrian

sion between an ancient fragment and the Siberian Platform produced a fold belt (Zone

1990). Precambrian foldbelt rocks of the Tien Shan consist of gniesses and greenstone b

range in age from 1800 Ma to 1900 Ma and sandstones that transformed into quartzites th

in age from 1100 Ma to 900 Ma (Zonenshain, 1990). Early Paleozoic ophiolite sutures se

the small Precambrian blocks and consist of ultramafic rocks, gabbros, and pillow lavas wi

tope ages that range from 1270 Ma to 680 Ma (Zonenshain, 1990). An ancient sea once 

central Asia which deposited Ordovician platform sediments that lie unconformably over Pr

zoic basement rock followed by deep marine shale sediments (Coleman, 1989). Through

rest of the Paleozoic, volcanoclastics, and deep marine shales were deposited and subs

compressed by the collision of India with Eurasia, thickening the crust (Molnar and Tappo

1975; Coleman, 1989). 

2.3 Geology of the Tibetan Plateau

The Tibetan plateau is a large (1000 km x 1700 km) roughly triangular block with a mean 

tion of 5000 m (Figure 1.1.1). Tibet formed by the accretion of continental and/or island arc

ments between the late Paleozoic and middle Cretaceous (Molnar and Tapponnier, 1978

Cretaceous shallow marine sediments were deposited prior to the collision of India with

when the Tibetan plateau was probably at lower elevations seen. These same sediments

constraint on timing of the India-Eurasia collision. The late Cretaceous sediments form the

the uplifted Tibetan block; therefore the initial collision must have occurred in the Cenozoic 

nar and Tapponnier, 1978). 

Cenozoic volcanism is prevalent in Tibet and consists of calk-alkaline rocks such as and

dacites, and latites (Molnar and Tapponnier, 1978). Widespread volcanism, low seismic vel

and high attenuation provide evidence from a 'hot' mantle beneath Tibet (Molnar and Tapp

1978; Chen and Molnar, 1978). Cenozoic sediments fill the numerous grabens formed by 

faulting.

2.4 Geology of the Tarim Basin

The Tarim Basin is an elliptical-shaped block located between the Tien Shan to the north a

Tibetan block to the south (Figure 2.1.1). Precambrian basement rocks are only located
8
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periphery of the basin and consist of schist, fossil-bearing marble and quartzite. Tightly 

and metamorphosed rocks consolidated in the Late Proterozoic to form the nucleus of the

Basin (Zhang et al., 1984; Coleman, 1989). Early Paleozoic clastics, tillites, and volcan

unconformably over the basement rocks followed by Late Paleozoic marine clastics and c

ates (Zhang et al., 1984). Apparent polar wander paths show the Tarim block collided w

already consolidated Eurasian blocks by the end of the Permian (Li, 1990). Finally, Mes

Cenozoic rocks of gypsum-bearing red beds cover the top of the Tarim Basin (Zhang et al.,

A transgressive sedimentary sequence along the western part of the Tarim Basin produce

oil-bearing rocks. Compression from the India-Eurasia collision caused uplift and subside

fault blocks and forced older strata over Tertiary deposits forming overturned folds in the 

Basin (Huang et al., 1987). The Tarim Basin is nearly devoid of any seismic activity. 

2.5 Geology of the Junggar Basin

The Junggar Basin is located south of the Altay Mountains and north of the Tien Shan Mou

and was accreted to the Kazakhstan Block in the early to middle Paleozoic (Li, 1984; 

2.1.1). Basement rocks underneath the Junggar Basin do not outcrop, but may be a mafi

ment remnant of a trapped ocean basin from the Paleozoic that show strong magnetic an

(Coleman, 1989; Carroll et al., 1990). The oldest exposed rocks in the Junggar Basin dat

Middle Ordovician and consist of limestone, calcareous sandstone, tuff, andesite, and ree

stone with a total thickness of 3-4 km (Huang et al., 1987; Carroll et al., 1990). Lead isotope

on Middle Carboniferous granites (321.4±6.7 Ma) suggest they derived from partial melti

oceanic material (Coleman, 1989; Carroll et al., 1990). Lower Carboniferous strata in

unconformities as a result of several tectonic movements during this time. Tectonic move

formed narrow zones of alternating sediments with volcanic material and sediments with 

and limestone materials (Huang et al., 1987). Deposits covering the Junggar Basin consis

restrial clastic rocks derived from the Tien Shan and Altay Mountains.
9
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CHAPTER 3 GEOPHYSICAL INVESTIGATIONS OF CENTRAL ASIA

Since the 1950’s, central Asia has been the focus of many geophysical investigations. S

investigations provide information about the variations in seismic velocities to determine a

able crustal structure model and help explain the dynamic processes taking place in centr

Gravity studies show the distribution of density contrasts and show if the region is in iso

equilibrium. I review studies that are pertinent to enhancing the overall picture of how su

wave energy propagates beneath central Asia with particular emphasis on those investi

which provide models of seismic velocity variations with depth in central Asia.

3.1 Gravity Variations in Central Asia

Active convergence in an intercontinental mountain belt manifests itself geologically by c

thickening over a wide zone of thrust faults (Burov et al., 1989). Thickening of the upper

beneath the belt should form a lithospheric root beneath the mountain chain and is expla

an Airy isostatic model. High elevations (thick crust) stay in equilibrium by “sitting” lower in

higher density mantle material thus creating a lithospheric root to the mountain chain. Buro

(1989) examined central Asia Bouguer gravity anomalies and how the deep structure bene

Tien Shan differs from the surrounding region. Figure 3.1.1 show the location of three of the

ity profiles. Western Tien Shan Bouguer gravity anomalies measure within 10 mgal of value

essary for Airy isostatic equilibrium (Burov et al., 1989), but eastern Tien Shan gravity anom

are negative and almost 50 mgal too small. The small differences in the western Tien Sha

cate much of the lithosphere here is in isostatic equilibrium. However, large deviations fro

local isostatic equilibrium (~50 mgal) implies the dynamic processes taking place in the

Shan Mountains varies along the chain.

Burov et al., (1989) proposed two hypotheses to explain the large negative values. First,

mass of thickened crust may underlie the eastern part of the range and second, normal 

resulting from the flow in the asthenosphere, may pull the Tien Shan down. The actual ma

combination of the two hypotheses, allowing sinking of the thickened lithospheric root from

in the asthenosphere, causing deepening of the Moho and creating negative gravity anoma
10
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Figure 3.1.1. Region map showing locations of previous studies od central Asia. MP1 = Mahdi 
and Pavlis (1998) eastern Tien Shan path; MP2 = Mahdi and Pavlis Tarim-Tien Shan path; MP3 = 
Mahdi and Pavlis Turan Tien Shan path; CA1 = Cotton and Avouac (1994) eastern Tien Shan 
path; CA2 = Cotton and Avouac central Tien Shan path; R = Romanowicz (1982) Tibet path; RS = 
Roecker et al. (1993) central Tien Shan; BEL = Beloussov et al. (1980) refraction/reflection sur-
vey line; BUR = Burov et al., (1990) gravity profiles. Rectangle shows approximate location of 
Vinnik and Saipbektova (1984) 2-D and Ghose et al. (1998) 3-D tomographic investigations of 
central Asia.
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An elastic plate over an inviscid fluid and loaded by the weight of the overlying topography

explains the 10-20 mgal Bouguer gravity anomalies (Burov et al., 1989). Typical densities f

model include 3300 km/m3 for the mantle and 2670 kg/m3 for crustal rocks and unconsol

sediments. To create the large negative anomaly beneath the Tien Shan, the best model y

flexural rigidity value for the theoretical plate of 1023 Nm and a thickness of 25 km (Burov 

1989). Beneath the Tarim Basin, theoretical plate rigidity of 1024 Nm with a thickness of 5

km recreated the observed Bouguer anomalies.

3.2 Seismic Refraction/Reflection in Central Asia

As part of the International Geodynamic Project, Beloussov et al., (1980), performed a

refraction/reflection survey across the Tien Shan-Pamirs-Karakorum-Himalaya region. Refr

and reflection profiles using large borehole explosions provided a good picture of the re

geologic structure. Figure 3.1.1 shows the location of the refraction/reflection profile. Time

sus-distance curves at distances of 100-120 and over 250 km were made from refracted

and Pn first arrivals, respectively. At these distances, velocities correspond to upper conso

crustal rocks. At distances between 120 and 250 km, the P-wave is reflected off the Moho. 

from Beloussov et al., (1980) show a 9-10 layer of sedimentary cover. Crustal rocks are 35

thick beneath the Tien Shan with compressional velocities that range from 6.0 to 6.7 km/s

top of the Moho at 55 km. In addition they found that the depth to the top of the asthenosp

typically 120 km beneath the Tien Shan that thickness decreases to the north and south. 
12
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CHAPTER 4 ESTIMATES OF VELOCITY STRUCTURE OF CENTRAL 

ASIA FROM SURFACE AND BODY WAVES

4.1 Surface-Wave and Body-Wave Investigations of Central Asia

Cotton and Avouac (1994) used surface-wave dispersion to examine the crustal and upper

structure under the Tien Shan. Figure 3.1.1 gives the location of the paths used in their in

(marked CA1 and CA2). Earthquakes and nuclear explosions in central Asia recorded at th

tions in France are examined to estimate the group velocity dispersion for each path. Th

lyzed 18 fundamental mode Rayleigh waves obtained from vertical component records wit

ods ranging from 15 to 70 seconds. Mean group velocities for each path have estimated err

than 0.03 m/sec. 

A one-dimensional inversion performed with the observed group velocities shows a crust a

imately 50-55 km thick. Although periods below 15 seconds are observed, those below 2

onds are not reliable; therefore resolution in the upper crust is nominal at best. Their bes

model for the central Tien Shan includes a 50 km crust with a shear-wave velocity of abo

km/sec, a mantle velocity of about 4.5 km/sec, and a low-velocity zone between 85 and 1

with a shear-wave velocity around 4.0 km/sec. Eastern Tien Shan has a best-fitting mod

includes a 55 km crust with a shear velocity of about 3.2 km/sec, a mantle velocity of abo

km/sec, and a pronounced low-velocity zone between 110 and 155km with a velocity of 

4.4km/sec. Cotton and Avouac (1994) interpret the models and find no significant differen

the geodynamical processes taking place beneath the central and eastern Tien Shan. T

clude that north-south crustal shortening in the Cenozoic is responsible for the high topo

(thick crust) in the Tien Shan. 

Mahdi and Pavlis (1998) presented a regional surface wave study that incorporated earth

and explosions recorded by a local broadband seismic network to investigate the shea

velocity structure of central Asia. They analyzed Rayleigh waves with periods from 3 to 50

onds, generated by nine shallow earthquakes and four nuclear explosions. Grouping the

quakes into three separate paths, Mahdi and Pavlis use average group-velocity dispersi

each path to estimate the one-dimensional shear velocity structure in the crust and upper
13
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for each of the three paths. The locations of the propagation paths used in the inversion are

ure 3.1.1. The first path is from the west and south across the western Tarim Basin, next is 

across the eastern Tarim Basin, and finally the path from explosions at the Lop Nor test site

A 4.0 km half-space with a fixed Poisson's ratio at 0.25 for the crust and 0.27 for the ma

used as the initial model in the inversion. Upper mantle velocities along the Tien Shan pat

well resolved because of the inclusion of higher mode data in the inversion. Models for the

paths consist of mainly four layers of increasing shear velocities with depth. The layers con

a low-velocity near-surface layer (~2.7 km/sec); an upper crust layer with a velocity of 3.

sec; a lower crustal layer with velocities around 3.8 km/sec; and an upper mantle layer 

velocity around 4.5 km/sec (Mahdi and Pavlis, 1998). Results from this study revealed c

thickness varying from 50 to 60 km, consistent with previous studies (Roecker et al., 1993, 

and Avouac, 1994).

Romanowicz (1982) examined the pure path phase velocities of Love and Rayleigh 

between 30 and 90 seconds across the Tibetan Plateau (Figure 3.1.1). Rayleigh wave pha

ity estimates ranged from 3.2 to 4.0 km/sec. A two-station method was performed where t

tions lie on the same great circle path of the teleseismic event and align to within one degr

best fitting model for the Tibetan paths had a 65 km thick crust, with an average shear-velo

4.65 km/sec. A low velocity zone was found between 100 and 150 km with phase velo

around 4.4 km/sec. Figure 4.1.1 compares the previous studies mentioned to illustrate th

tion in crustal thickness in central Asia. 

Vinnik and Saipbetkova (1984) used P-wave travel time residuals from distant earthquakes

wave arrival times from local industrial explosions to image the two-dimensional velocity s

ture of the upper mantle beneath the Tien Shan (Figure 3.1.1). Results show two distinct pr

in the Tien Shan. Positive travel-time residuals and lower velocities in the eastern Tien Shan

lates with high elevations. Here, the residuals may be related to the thermal processes takin

in the upper mantle. The western Tien Shan travel-time residuals are negative and the ve

are higher, typical for stable platforms with a cold mantle. Mantle processes cannot expla

negative travel-time residuals. 
14
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Figure 4.1.1. Models from previous studies: MP1 = Mahdi and Pavlis (1998) eastern Tien Shan 
path; MP2 = Mahdi and Pavlis Tarim-Tien Shan path; MP3 = Mahdi and Pavlis Turan Tien Shan 
path; CA1 = Cotton and Avouac (1994) central Tien Shan path; CA2 = Cotton and Avouac eastern 
Tien Shan path; R = Romanowicz (1982) Tibet path (from phase velocities); RS = Roecker et al. 
(1993) central Tien Shan; ASIA = Kosarov et al. (1993) and Patton (1998); M = Moho depth.
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If travel time residuals are correlated with the age of the latest episode of thermal upheava

upper mantle then the eastern Tien Shan should be a region with a “hot” upper mantle a

western Tien Shan should be a region with a “cold” upper mantle (Vinnik and Saipbetkova, 

Vinnik and Saipbetkova (1984) concluded that the differences in the travel-time residual

hence mantle thermal properties) are best described by using the combined effects of diff

in crustal thickness and the lateral movement of crustal rocks by the Tallaso-Fergana (

2.2.2) fault as a thermal boundary.

Three-dimensional (3-D) studies of central Asia also examined velocity variations in the cru

upper mantle. Using arrival times of P and S waves from regional and teleseismic earthqua

explosions recorded over 30 years, Roecker et al. (1993) mapped seismic velocity var

beneath the Tien Shan. The results indicate that the seismic velocities increase monotonica

depth. The fit to the observations in the model increased by at least 30%. The one-dime

models are then used as an initial model for the tomographic investigation. Resolution wa

quate into the deepest layers (300-400 km). Results show velocities at midcrustal depths a

6.4 km/sec and upper mantle velocities at 8.0 km/sec (Roecker et al., 1993). Velocities 

region imply the existence of a positive buoyancy force that may be uplifting the moun

because no evidence for a lithospheric root is found (Roecker et al., 1993).

Ghose et al. (1998) also examined P and S wave velocity variations beneath the Tien Sha

arrival times from earthquakes and quarry blasts (Figure 3.1.1). Models obtained by shootin

from the sources to the receivers. Spike and checkerboard synthetic tests show the reso

their three-dimensional model can fully recover an anomaly to a depth of 27 km for P 

waves.

The P and S models show increased heterogeneity at shallow depths (< 7 km). A strong mid

low velocity zone was imaged beneath the western Tien Shan which correlates with high-c

tivity zones of fluid migration along active faults and may imply a crustal decoupling zone 

brittle-ductile transition (Ghose et al., 1998). Along the mountain front, crustal shorteni

shown by relatively steep south-dipping reverse faults that mark the boundary betwe

Kazakh Platform and the Tien Shan. This is consistent with the seismicity, seismic velocity 

ents, and earthquake source mechanisms. 
16



   

tions.

e inter-

 bound-

 (1998)

 30° and

tios. A

nd the

ts show

60 km

 simple

1990;

ructure

is hot.

 km/

hs. A hot

tion of

yancy

tening

cesses

r than

al Asia

 crust

mantle

 to the

owever,
4.2 Receiver Function Analysis of Central Asia

Another technique to determine variations in crustal thickness is by using receiver func

Receiver functions are a time series calculated from teleseismic P wavetrains that can b

preted in terms of the reflections and transmissions of mode-converted waves at discrete

aries beneath the recording station (Bump and Sheehan, 1998). Bump and Sheehan

examined 42 teleseismic P waveforms from the Tien Shan recorded at distances between

90° with body wave magnitudes greater than 6.0 and recorded with good signal-to-noise ra

single layer approximation with a P-to-S conversion at the base of the crust was used to fi

gross crustal variations across the Tien Shan (Bump and Sheehan, 1998). Their resul

crustal thickness that average 42 km beneath the Kazakh Shield increasing to about 

beneath the Tien Shan. Their model is in good agreement with gravity measurements and a

model of crustal shortening that can be explained by an Airy lithospheric root (Burov et al., 

Bump and Sheehan, 1998). 

Kosarov et al. (1993) also used teleseismic receiver functions to estimate the crustal st

beneath the Tien Shan. They inferred that the upper mantle beneath the Tien Shan 

Upwelling of hot mantle material could account for the lower than normal velocities (3.0-3.4

sec) between 20 and 40 km as opposed to 3.5-4.0 km/sec which is expected at these dept

mantle model can explain low velocities observed in the upper mantle and high attenua

high frequency teleseismic waves. A low-density, hot mantle suggests that positive buo

forces contribute to the mountain building process, in addition to the horizontal crustal shor

caused by the collision of India into Eurasia.

The numerous crustal studies of central Asia provide a better picture of the dynamic pro

taking place in central Asia. It is accepted that central Asia is a region with a crust thicke

global averages. In Figure 4.1.1, I compare previous models of crustal structure in centr

(the location of studies in Figure 3.1.1). There are still questions on how this thickened

maintains its isostatic equilibrium. Previous studies suggest that there is probably a hot 

that plays a significant role in central Asia deformation. In general, the crust thickens north

Tien Shan and south to the Tibetan Plateau. Shear-wave velocities increase with depth; h
17



  

 How-
Ghose et al. (1998) found a low-velocity zone in the crust that may be related to upwelling.

ever, more work is needed to fully explain the processes taking place in central Asia.
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CHAPTER 5 SURFACE-WAVE DISPERSION ANALYSIS

5.1 Earthquakes and Stations

Data are collected for this study from 14 broadband seismometers located throughout Asi

ure 1.1.1; Table 1). Twenty-six regional earthquakes recorded from 1987-1996 with surface

magnitudes from 4.8 to 6.2 and are chosen based on the availability of moment tensor so

and reliable depth estimates from previous studies, relative location to the Lop Nor nucle

site, and adequate signal-to-noise ratios (Table 2). Station locations are shown in Figure

and 1.1.2. Earthquakes are concentrated in the western portion of the study area roughly

to the Tien Shan Mountains. The remaining events are located north of the Junggar Basin

the south near Lop Nor nuclear test site (Figures 1.1.1 and 1.1.2).

5.2 Surface Waves

Large earthquakes excite surface waves that appear as the highest amplitude waves on 

band seismogram recorded more than a few 100 km from the source. Surface waves res

different body-wave phases interacting at the free surface. Incident P and SV waves interac

free surface causing interference and creating a wave that travels along the surface as a R

wave. Rayleigh particle motion for the is retrograde elliptical in the direction of propagation

depth L/5 (L is the wavelength of the Rayleigh wave) where it goes to zero. Below this d

elliptical particle motion becomes prograde. A Rayleigh wave is found in the vertical plane

no tangential motion. Love waves are the second type of surface wave and result from SH

trapped near the surface when the velocity structure turns the energy toward the surface. 

component of the S wave has displacements parallel to the surface and can only have tota

tions from the free surface (e.g. Lay and Wallace, 1995). A waveguide is produced when

strikes a reflecting horizon at post critical angles, then all the energy is trapped with

waveguide (e.g. Lay and Wallace, 1995). Love waves travel faster than Rayleigh and app

the transverse component of the seismogram. For a review of theoretical background of 

waves see Aki and Richards (1980) and Lay and Wallace (1995). Dispersion is the appare

face-wave velocity that depends on the period and reflects the velocity variation with depth

persion appears on a seismogram as different periods arriving at different times. In genera
19



 

Table 1 List of Stations Used in the Study

Latitude
(°N)

Longitude
(°E)

Elevation
(meters)

Station ID

42.64  74.49 1645 AAK
40.02 116.17  137 BJI
53.06  70.28  330 BRV
18.79  98.98  316 CHTO
49.27 119.74  595 HIA
25.12 102.74 1945 KMI
50.71  78.62  184 KUR
29.70  91.15 3774 LSA
36.08 103.84 1560 LZH
46.81  81.98  600 MAK
33.65  73.25  629 NIL
43.23  77.22 1120 TLG
51.68 103.64  579 TLY
43.82  87.69  903 WMQ
20
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period surface waves, which sample rocks closer to the surface, travel slower than long

waves. Long period waves are sensitive to faster velocities found deeper in the Earth. Bot

leigh and Love waves exhibit dispersion and are used to estimate shear-velocity variations

crust and upper mantle.

Seismic sources usually excite a continuous spectrum of surface-wave periods. Each ha

component has a velocity, , called a phase velocity where  (radian frequency

depends on the medium parameters (layer thickness, P and/or S velocities, etc.). Wave

bances with a wide spectrum of periods interfere with each other producing constructiv

destructive patterns. Constructive patterns travel along the surface as wave packets wit

defined group velocities, , that depend on the medium parameters and the variation in

velocity with frequency. Group velocity curves often have a local minimum at 20 and 200 se

Table 2 List of Events Used in the Study

No. Date
Origin Time

UT
Latitude

(°N)
Longitude

(°E)
Depth

km
Magnitude

MS

1 Jan. 5, 1987 22:52 42.00 81.32 20.0 5.9
2 Jan. 24 1987 08:09 41.52 79.29  5.0 6.0
3 Feb. 25, 1987 19:56 38.03 91.14 25.0 5.7
4 March 3, 1987 09:41 41.36 79.28 40.0 5.1
5 Sep. 18, 1987 21:58 47.28 89.67 30.0 5.3
6 Dec. 22, 1987 00:16 41.36 89.66 20.0 5.9
7 June 17, 1988 13:30 42.94 77.50 30.0 5.3
8 July 23, 1988 07:38 48.72 90.51 20.0 5.5
9 Dec. 15, 1988 06:40 46.55 95.49 20.0 5.3
10 June 14, 1990 12:47 47.89 85.12 25.0 6.2
11 Aug. 3, 1990 09:15 47.95 84.96 35.0 6.1
12 Oct. 24, 1990 23:38 44.10 83.88 35.0 5.4
13 Nov. 12, 1990 12:28 42.94 78.08  5.0 5.9
14 Dec 1, 1990 18:09 40.80 73.62 20.0 5.0
15 Feb. 25, 1991 14:30 40.33 78.95  5.0 5.5
16 Aug 19, 1991 06:05 46.95 85.33 35.0 5.7
17 Dec. 24, 1992 05:09 42.18 72.20  1.0 5.2
18 Oct. 2, 1993 08:42 38.14 88.64 15.0 6.2
19 Dec. 30, 1993 14:24 44.72 78.79 25.0 5.8
20 May 5, 1994 09:14 40.28 78.87 35.0 4.8
21 Aug. 8, 1994 14:18 40.23 78.68 25.0 4.8
22 Sep. 9, 1995 04:39 41.81 81.59 10.0 5.3
23 Nov. 1, 1995 12:29 42.99 80.31 15.0 5.5
24 Jan 18, 1996 09:33 41.83 77.48 25.0 5.2
25 March 12, 1996 18:43 48.44 88.14 15.0 5.6
26 March 19, 1996 15:00 39.99 76.70 10.0 5.7

c ω( ) ω 2πf=

U ω( )
21



  

 same

  

tained

reason-

. body

 must be

cosine

plified

mann,

vents.

ogram

gnal is

adratic

ce, the

 center

taneous

 is esti-

he pro-

7) can

-gener-

es and

 Figure

eismo-

ties. Fig-
period known as an Airy phase and results from a large amount of energy arriving at the

time. 

5.3 Group Velocity Measurement

Measuring group and phase velocities involves several steps that require information ob

from seismograms. First, the quality of the earthquake data must be checked to insure a 

able signal-to-noise ratio of the seismogram. Background “noise” may be other energy (e.g

waves) that arrives at the same time as the surface wave. Next, the instrument response

removed from the seismogram by deconvolution. In SAC, four frequency values define a 

window applied to the instrument deconvolution to reduce long and short-period noise am

by spectral division (Tapley and Tull, 1992).

Once displacements are computed a multiple-filter analysis (Dziewonski et al., 1969; Herr

1973; implemented by Ammon, 1998) is performed to estimate group velocities for the 26 e

A Gaussian filter with peak amplitude centered at the desired period is applied to the seism

in the frequency domain. The peak of the envelope of the corresponding time domain si

used to estimate the group travel time. The time of the peak is estimated by fitting a qu

curve to the largest three values (allowing interpolation between time samples). In practi

true period represented in the filtered signal may not correspond to the Gaussian filter's

period. To account for possible bias produced by changing spectral amplitudes, an instan

period is measured at the time of the envelope peak. The group velocity for a given period

mated by dividing the distance between the station and source by the group arrival time. T

cess is repeated for each period in a specific range and is plotted verses group velocity. 

Once group velocities have been estimated, a mode isolation filter (Herrin and Goforth, 197

be constructed and applied to the signal to isolate the fundamental mode from the signal

ated and ambient Earth noise. Mode-isolation provides smooth, stable spectral amplitud

eases estimation of signal phase. This procedure is illustrated in Figure 5.3.1and 5.3.2.

5.3.1 is a plot of an observed vertical component seismogram, its corresponding rotated s

gram, and the mode-isolated surface-wave seismogram used to calculate the phase veloci
22
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ure 5.3.2 is the output of the program Surface Wave Multiple Filter Analysis (SWMFA), sho

the estimated group velocity, group velocity as a function of period, and the spectral amplit

Dispersion data from this study included only the vertical (Rayleigh) and transverse (Love)

ponent seismograms. Criteria for periods selected for the group velocity dispersion 

include: keeping as many periods as possible, but only those with adequate signal stren

selecting periods that lie along the smoothest part of the spectral amplitude curve. The ave

all the Love-wave data is shown in Figure 5.3.3 and the Rayleigh in Figure 5.3.4.

For analysis, group velocity observations from the 26 events were averaged for three pat

cussed in section 5.5) and include periods from 8 to 100 seconds. Observed group velocitie

from 2.8 to 3.5 km/sec and show a pronounced Airy phase that arrives with about 20 s

period. Observations show Tarim and Junggar Basin paths ~0.6 km/sec slower than paths 

the Tien Shan. Implications of path dependence are discussed in chapter 6.

5.4 Phase-Velocity Measurement

Phase velocities for the 26 events in this study are estimated using the single-station meth

assuming source phase corrections from available moment-tensor and depth estimat

observed phase of a seismic surface wave can be expressed as an initial phase from th

acted upon by a set of linear filters. Source phase, , and observed phase, , are

by

(5.4.1)

where  (radian frequency),  is the instrument phase, and  is the pro

tion phase. To estimate the phase velocity, the initial phase at the source, the origin time, 

distance traveled must all be known. To calculate the initial phase, the faulting mechanis

source depth must be known. The instrument response is known and already removed w

seismogram is deconvolved to recover ground displacement. Constrained moment-tenso

tions provide good source correction estimates and were computed from moment tensors o

φs ω( ) φ0 ω( )

φ0 ω( ) φs ω( ) φp ω( ) φi ω( )+ +=

ω 2πf= φi ω( ) φp ω( )
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events using the method of Patton (1982). The propagation phase term depends on th

velocity of the structure. The expression for the source and instrument corrected phase ter

                          (5.4.2)

where  (radian frequency, r = source-receiver distance, and  = phase ve

Solving for the phase velocity, , introduces a 2πN uncertainty without changing the

observed waveform The 2πN term (N is an integer) represents the periodicity of the harmo

term in the phase velocities and is estimated using long-period observations, which shou

verge to globally averaged values at long-periods (i.e. estimated phase velocities are comp

reference velocities to determine the correct branch of the dispersion curve) as shown in

5.4.1. The average phase velocities for all the Love-wave dispersion estimates are shown in

5.4.2 and Rayleigh-wave estimates in Figure 5.4.3.

Observed phase velocities range between 2.8 and 4.0 km/sec and like the group velocitie

velocities show considerable path dependence. In general, paths crossing the Tarim and 

Basins are ~0.5 km/sec slower than those paths crossing the Tien Shan. These observa

consistent with previous studies and expected geologic path dependence (Patton,

Romanowicz, 1982; Pavlis and Mahdi, 1996; Mahdi and Pavlis, 1998). 

5.5 Path Averaging 

Phase velocity dispersion curves obtained were averaged to minimize the errors due t

found in any particular path. Events recorded at Urumqi (WMQ) were divided into three clu

and averaged along three paths. (Figure 5.5.1). The first cluster includes eight events 

mostly in the Tien Shan with a few located along the edge of the Tarim Basin. Collectivel

observed dispersion velocities for these events comprise data for the "Tarim-Tien Shan" pa

cluster to the north of WMQ in the Junggar Basin and Altay Mountains includes three even

is referred to as the Junggar path. The final three events are located to the south of WMQ

referred to as the Tibet-Tarim path. 

φp ω( ) ωr
c ω( )
------------=

ω 2πf= c ω( )

c ω( )
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Figure 5.5.1. Region map showing locations of average phase velocity paths 
used in the inversions. See figure 1.1.1 for explanation of map symbols.
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For the phase and group velocity dispersion observations, the mean, median and standar

tion at each period were calculated for each path. Figures 5.5.2-5.5.5 show the average gr

phase velocity dispersion curves for the Junggar Basin path. The Love-wave group vel

show large standard deviations at the short periods and reflect noise in the data and possi

tering of the waves. The group velocity curve shows the characteristic Airy phase arriv

around 20 seconds period. The average path represents energy traveling through the 

Basin and is about 0.5 km/sec slower than a path crossing mountains.

Average group and phase velocity dispersion curves for the Tibet-Tarim Path are shown in

5.5.9. Rayleigh group velocities show large standard deviation at the long periods and r

scatter of the data. There are only three events for this path and there is significant scatterin

long periods. An Airy phase is not pronounced in the group velocities. Lack of data for the

makes results for this path very suspect. A large amount of structural heterogeneity is repr

by this path.

Dispersion curve average results for the Tarim-Tien Shan path are shown in figures 5.5.1

Only the Rayleigh-wave group velocity shows a slight Airy phase around 20 seconds p

Errors in the Rayleigh-wave phase velocities result from noise in the data and possible ray 

ing because of paths crossing the Tarim Basin and Tien Shan. Discontinuities in the gro

phase velocity curves result from scattering in the data. The lack of standard deviation bar

long-periods results from only one seismic record being evaluated.

5.6 Sources of Uncertainty

Since estimating surface wave dispersion requires some important assumptions, potential 

of uncertainty must be evaluated to insure meaningful results during the shear velocity inv

process. Noise, scattering, and errors in earthquake origin times can decrease the accura

shear velocity and depth found during an inversion (Der et al., 1970). 

Tests were performed to show how changing the epicenter of an earthquake can affect th

velocity. The term for the corrected phase velocity in equation (3.4.2) is dependent on r. 
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this I assume an initial path length and phase velocity. Then the path length is changed by 

to examine the deviation from the assumed phase velocity. The results are shown in Table 

As expected, longer source-receiver paths are less sensitive to epicenter location errors, 

short paths are affected by small changes in epicenter location. This test shows good sour

tions are crucial for accurate estimates of phase velocities at short distances.

Another test was performed to understand how sensitive phase velocity is to changes in th

dip and rake of the source mechanism. The February 25, 1987 event recorded at WMQ 

source mechanism systematically changed by ±10 for the strike, dip and rake. This event is

the Tibet-Tarim Path located about 500 km from WMQ. Results show that at the long perio

50 seconds) there is a ±0.1 km/sec change in the phase velocity with a corresponding ch

strike. There is less of change in the phase velocity with the dip and almost no change

change in rake. This may be an unusual path with little sensitivity, more work is needed 

generalizing the results.

5.7  Estimating Earth Structure using Surface Wave Dispersion

Using all the estimated group and phase velocities from WMQ, a depth dependent shea

velocity structure is estimated with an inversion program called SURF (Herrmann, 1987, R

1987). A stochastic damped least squares inversion was performed that minimizes the L2 n

the misfit to the observations. The program evaluates the partial derivatives of the phase ve

Table 3  Change in epicenter location and its affect on phase velocity.

Path Length
Observed Phase

(seconds)
Phase Velocity

(km/sec)
Error in Location

(km)
Uncertainty

(km/sec)

100.0 2.5 +10- 10 0.40.6
250 km 83.3 3.0 +10- 10 0.120.12

71.4 3.5 +10- 10 0.140.14
66.7 3.75 +10- 10 0.150.09
400.0 2.5 +10- 10 0.250.25

1000 km 333.3 3.0 +10- 10 0.030.03
285.7 3.5 +10- 10 0.0350.035
266.7 3.75 +10- 10 0.040.04
1200.0 2.5 +10- 10 0.0080.008

3000 km 1000.0 3.0 +10- 10 0.010.01
857.1 3.5 +10- 10 0.0120.011
800.0 3.75 +10- 10 0.0130.013
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with respect to the layer shear velocity, compressional velocity, and group velocity. The inv

can be expressed as

(5.7.1)

where G is a matrix containing partial derivatives, d is a vector containing the observation

dispersion estimates), and dm is the correction vector of model parameters (i.e. shear-v

model). Model parameters are perturbed from the initial guess of the model and fit to the ob

values. If the size of the perturbations is kept small (by use of a damping factor) then the r

between the observable and parameter perturbation is linear (Aki and Richards, 1980). 

Since the inversion suffers from non uniqueness, a priori knowledge of the region is nee

obtain a reasonable model. An existing shear-velocity model serves as a starting point in th

sions. There is no weighting of any particular layers in the inversion to allow the gross struc

become apparent. Iterations are monitored to minimize extraneous artifacts in the model (e

velocity zones). To obtain the best possible fit, the layer thicknesses are manipulated and 

inversion is performed. In each initial model, thin 2.0 km layers are added to gain better res

in the upper crust. The final model is chosen on how well it fits the observations and if the 

is consistent with regional geology.

5.8 Damping Parameters for Shear-Velocity Inversion

A stochastic damped least squares inversion includes a damping factor that limits the am

model variation between each iteration. During each iteration, the standard deviation betw

observed and predicted models should reach a point where the change in the model is ne

(i.e. the model converges). The amount of damping affects how fast the model converges 

reduction in the standard deviation between the observed and predicted values. I tested d

damping factors on the Mahdi and Pavlis initial model for the Tarim-Tien Shan path to se

damping affects the final model. High damping factors (e.g. >10.0) change the model slow

takes more iterations to converge (e.g. 5) but produced a simpler, smoother model that 

observed data. A damping factor of 5.0 converges faster (3 iterations), but introduced unne

complexity (i.e. small low-velocity zone) in the upper 5 km that does not fit geologic mode

central Asia. Finally, a damping factor of 1.0 converges in the least amount of iterations (

d Gδm=
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ically

damp-

0 and

t intro-
introduces a large low-velocity zone in the upper 5 km in the final model that is not geolog

reasonable. Values below 1.0 converge within two iterations with similar results to using a 

ing factor of 1.0. For the inversions in this study, I use a conservative damping factor of 1

monitor the iterations to insure that unnecessary artifacts (e.g. low-velocity zones) are no

duced into the final model.
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CHAPTER 6 SEISMIC SHEAR-VELOCITY VARIATIONS

OF CENTRAL ASIA

6.1 Shear Velocity for the Junggar Basin Path

Three models from previous studies were used as initial models in the inversion. The m

include: The M1 model of Roecker et al. (1993), Mahdi and Pavlis (1998), and the Asia 

model taken from Patton (1998). Each of these models incorporates a priori information s

regional geology and earthquake sources to help define layer thickness with depth. This in

tion also provides constraints on where large increases in shear-velocities are likely to o

depth. All of the model parameterizations were modified in the upper 15 km to try and im

flexibility in the upper crust by using thin 2.0 km thick layers. These small alterations d

affect the overall initial model, they allow more flexibility in the upper crust during the invers

During the inversion there several tools available to insure a good fit between the observ

predicted dispersion and shear-velocity models that aid in deciding when to stop iteratin

velocity dispersion mean error (V.D.M. in the tables) is the calculated by 

(6.1.1)

where obs is the observed group or phase velocity at each period, predicted is predicted group or

phase velocity of current model, residual is assumed error for each group or phase velocity (he

assume an error of 0.1 km/sec for each value chosen empirically from the epicenter relo

test) and N = the number of observations at each period. This calculation gives the over

between the observed and predicted dispersion velocities. The smaller this number, the be

observed velocities fit the predicted values. The standard deviation of the misfit is compute

(6.1.2)

where obs is the observed group or phase velocity at each period, mean is the mean of the

observed velocities. The standard deviation shows the amount of scatter in the dispersion c

1
N
---- obs predicted–( )

residual
----------------------------------------------∑

obs mean–( )2∑
N 1–

-------------------------------------------
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each period for the current model. If there is no standard deviation, then only one sample

period exists. Weighted RMS is the root mean square between the observed and predicte

or phase velocities and is calculated by 

(6.1.3)

where obs is the observed (initial) dispersion velocity, predicted is predicted dispersion valu

the current model, mean is the mean calculated above, and N is the number of observations

Model length (model RMS) is the fit between the initial and final model values found in the 

manner as the weighted RMS with the obs is the observed model shear velocities (from

model) and predicted is perturbed model shear velocities for the current model.

As stated earlier, the inversion for the Junggar path includes three events with 47 observ

Results for the inversions are listed in Table 4. Final inversion models for the Junggar pa

shown in Figures 6.1.1-6.1.3. Of the three initial models, the M1 initial model of Roecker 

(1993) fits the observation the best. The standard deviation was reduced by 63% through 

tions. A low-velocity zone was introduced between 10 and 15 km and is probably an artif

under-damping. At upper mantle depths, all of the final models are slower than the initial m

Table 4 Parameters for Junggar Path Inversions

Model Name Parameters Initial Values 
(km/sec)

Final Val-
ues (km/sec)

No. Itera-
tions

V.D.M.      -0.665 0.108
Central ASIA Std. Err 2.23 0.888 6
(Patton, 1998) Weighted RMS 1.65 0.661

Model Length 2.23 0.888
V.D.M. 1.18    9.43e-2

Mahdi and Std. Err 1.33 0.957 6
Pavlis (1998 Weight RMS       0.970 0.699

Model Length 1.33 0.957
V.D.M. -1.20 1.01e-1

M1 Roecker Std. Err 2.17 0.812 7
(1993) Weight RMS 1.84 0.691

Model Length 2.17 0.812

obs predicted–( )2

mean
------------------------------------------------∑

N n 1)–( )
-------------------------------------------------------
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Figure 6.1.1. Inversion results for the Asia model of Patton (1998) for the Junggar Basin path. 
The top panel shows the final model and resolution kernels. The bottom diagrams show the fit 
of the observations to the predicted model. The top curve in each bottom diagram is the phase 
velocity fit to the model and the bottom is the group velocity fit (Rayleigh and Love).
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Figure 6.1.2. Inversion results for the Mahdi and Pavlis (1998) model for the Junggar path. 
See Figure 6.1.1 for explanation.
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Figure 6.1.3. Inversion results for the Roecker et al. (1993) M1 model for the Junggar path. 
See Figure 6.1.1 for explanation.
53



n path.

to the

ented

 initial

s are

 was

ers are

ures

s. The

els are

y zone

round
6.2 Shear Velocity for the Tibet Plateau-Tarim Basin Path

As mentioned earlier, three events and 64 observations comprise the Tibet-Tarim Basi

Parameters for the inversions are illustrated in Table 5.

After the inversions were performed, it was found that the best fit model corresponded 

Mahdi and Pavlis (1998) Tarim-Tien Shan initial model. All of the inversion results are pres

in Figures 6.2.1-6.2.3. The upper 10 km of the final model is ~0.3 km/sec faster than the

model. The mid-crustal depths (20-50 km) fit very well and the upper mantle velocitie

slightly slower than the initial model. The standard deviation for the Tibet-Tarim Basin path

reduced by 59% through six iterations. 

6.3 Shear Velocity for the Tarim-Tien Shan Path

The Tarim-Tien Shan path consisted of 8 events with 77 observations. Inversion paramet

shown in Table 6 for all three initial models. All of the inversion results are provided in Fig

6.3.1-6.3.3 and show that the Mahdi and Pavlis (1998) initial model best fits the observation

standard deviation was reduced by 75% through five iterations. However, the other two mod

not unreasonable except possibly at the upper crustal depths (< 10 km). A small low-velocit

was introduced into the Mahdi and Pavlis model around 10 km depth and the M1 model a

15-20 km.   This is maybe an artifact of overdamping and not a true geologic feat

Table 5 Parameters for Tibet-Tarim Path Inversions

Model Name Parameters Initial Values
(km/sec)

Final Val-
ues (km/sec)

No. Itera-
tions

V.D.M. 1.08  5.80e-2
ASIA Std. Err          0.963 0.842 5

(Patton, 1998) Weighted RMS          0.789 0.691
Model Length          0.963 0.842

V.D.M. 2.55  4.94e-2
Mahdi and Std. Err 2.00 0.914 6

Pavlis (1998) Weighted RMS 1.62 0.659
Model Length 2.00 0.814

V.D.M. 0.381  4.09e-2
M1 Roecker Std. Err 0.891 0.855 5

(1993) Weighted RMS 0.795 0.763
Model Length 0.891 0.855
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Figure 6.2.1. Inversion results for the Asia model of Patton (1998) for the Tibet-Tarim Basin 
path. See Figure 6.1.1 for explanation.
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Figure 6.2.2. Inversion results for the Mahdi and Pavlis (1998) model for the Tibet-Tarim 
Basin path. See Figure 6.1.1 for explanation.
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Figure 6.2.3. Inversion results for the Roecker et al. (1993) M1 model for the Tibet-Tarim 
Basin path. See Figure 6.1.1 for explanation.
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Figure 6.3.1. Inversion results for the Asia model of Patton (1998) for the Tarim-Tien Shan 
path. See Figure 6.1.1 for explanation.
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Figure 6.3.2. Inversion results for the Mahdi and Pavlis (1998) model for the Tarim-Tien Shan 
path. See Figure 6.1.1 for explanation.
59



8 . 0 0 2 8 . 6 7

PERIOD
4 9 . 3 3 7 0 . 0 0

2
.5

0
3

.1
7

V
E

L
O

C
IT

Y 3
.8

3
4

.5
0

RAYLEIGH

8 . 0 0 2 7 . 0 0

PERIOD
4 6 . 0 0 6 5 . 0 0

2
.5

0
3

.1
7

V
E

L
O

C
IT

Y 3
.8

3
4

.5
0

LOVE

2 . 0 0 2 . 5 0 3 . 0 0 3 . 5 0 4 . 0 0 4 . 5 0 5 . 0 0
SHEAR VELOCITY (KM/SEC)

0

1 0

2 0

3 0

4 0

5 0

6 0

7 0

D
E

P
T

H
 (

K
M

)

RESOLVING KERNELS
NORMALIZED

0

1 0

2 0

3 0

4 0

5 0

6 0

7 0

D
E

P
T

H
 (

K
M

)

1 . 2
0 . 2 6

3 . 7
0 . 2 1

6 . 3

0 . 1 4

8 . 8

0 . 1 2

1 2 . 5

0 . 2 5

1 7 . 5

0 . 2 3

4 7 . 5

0 . 1 1

5 7 . 5

0 . 0 6

M1_TARIM_MODEL
ROECKER_M1_Mod

SHEAR VELOCITY MODEL AND RESOLUTION KERNELS

Figure 6.3.3. Inversion results for the Roecker et al. (1993) M1 model for the Tarim-Tien Shan 
path. See Figure 6.1.1 for explanation.
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Table 6 Parameters for Tarim-Tien Shan Path Inversions

Model Name Parameters Initial Values
(km/sec)

Final Val-
ues (km/sec)

No. Itera-
tions

V.D.M.  0.500     4.30e-2
ASIA Std. Err 1.26 0.745 6

(Patton, 1998) Weighted RMS 1.08 0.636
Model Length 1.26 0.745

V.D.M. 2.09    5.96e-1
Mahdi and Std. Err 2.60 0.668 5

Pavlis (1998) Weighted RMS 2.19 0.565
Model Length 2.60 0.668

V.D.M. -0.308    2.39e-2
M1 Roecker Std. Err 1.46 0.777 4

(1993) Weighted RMS 1.30 0.691
Model Length 1.46 0.777
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CHAPTER 7 CONCLUSIONS

This is the only regional study of central Asia that incorporates both group and phase (Lo

Rayleigh) simultaneously into a shear-wave velocity inversion. Previous studies have used

group or phase to invert for shear-velocity structures. The events used in this study were 

because of their well constrained sources. Although there is no conclusive model that is g

be fully representing the shear-velocity structure of central Asia from these observations, th

important implications that come from this study. 

In Figure 7.1.1 I show the upper 20 km of the crust of the best fitting models for each path

the Tarim-Tien Shan and Tibet-Tarim Basin models fit best with the Mahdi and Pavlis (1

Tarim-Tien Shan initial model. Both the Tarim-Tien Shan and the Tibet-Tarim Basin paths

upper crust velocities significantly higher than the initial model. This discrepancy is proba

result of poor data at short periods. The Junggar Basin final model fits best using he M1 m

Roecker et al. (1993). There is a low-velocity zone between 10 and 15 km that is probabl

geologic feature but an artifact of the inversion process.

By using both group and phase estimate in the inversion, one can get a sense of how no

the modeling process is and that surface-wave dispersion alone is not sufficient to fully de

the geologic structure at depth. In addition, the observations from this study fit all the initial

els with some degree of reasonability, which illustrates how all of the models may be viab

central Asia. The final models for each path show the observations are consistent with a 50

thick crust. Crust and upper mantle shear-velocities are geologically reasonable and agr

both seismic and geophysical findings. The observations help constrain of the kind of mod

can represent central Asia. Had the inversion initial models accounted for the variation in 

thickness (i.e. 60 km beneath the Tien Shan; 50 km beneath the Tarim Basin; and 60 km 

Tibet) the fit to the observations may have improved. The fits for the final models are still w

reasonable geologic limits and again attest for the nonuniqueness of the inversion process

As mentioned earlier, the initial model parameterizations were modified in the upper cr

allow the inversion some freedom. This is important because small nuclear detonations
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Figure 7.0.1. Final shear velocity models using the WMQ observations for the three paths. 
Only the upper 20 km is shown to illustrate resolution in the upper crust. The Tarim-Tien 
Shan and Tibet-Tarim Basin paths fit best with the Mahdi and Pavlis (1998) model; the 
Junggar Basin path fits best with the M1 model of Roecker et al. (1993).
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short-period surface waves that are sensitive to the upper crust. By having thin upper crusta

in the initial model, better resolution can be obtained for and help constrain source parame

unknown seismic events (i.e. nuclear tests).   To better constrain the upper crust, accurate

the short-periods is needed in the inversions. 
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PARAMETERS FOR FINAL SHEAR-VELOCITY MODELS 
Table 7 Final Shear-Velocity Model for the Tarim-Tien Shan Path

Layer Thickness 
(km)

P-wave velocity 
(km/sec)

S-wave Velocity 
(km/sec)

Density 

(g/cm3)
Poisson’s Ratio

2.00 5.09 3.00 2.52 0.23
2.00 5.25 3.00 2.55 0.26
2.00 5.33 3.10 2.57 0.24
2.00 5.37 3.11 2.57 0.25
2.00 5.32 3.06 2.56 0.25
3.00 5.84 3.38 2.66 0.25
3.00 5.75 3.37 2.65 0.24
4.00 5.92 3.39 2.68 0.25
4.00 6.16 3.55 2.74 0.25
4.00 6.27 3.62 2.78 0.25
4.00 6.35 3.67 2.80 0.25
4.00 6.42 3.71 2.83 0.25
4.00 6.51 3.76 2.85 0.25
5.00 6.55 3.78 2.86 0.25
5.00 6.62 3.82 2.88 0.25
7.00 7.22 4.18 3.05 0.25
7.00 7.33 4.23 3.09 0.25
7.00 7.36 4.25 3.10 0.25
7.00 7.41 4.28 3.11 0.25
7.00 7.45 4.31 3.12 0.25
10.0 7.43 4.29 3.12 0.25
0.00 7.92 4.57 3.28 0.25
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Table 8 Final Shear-Velocity Model for the Tibet-Tarim Basin Path

Layer Thickness 
(km)

P-wave velocity 
(km/sec)

S-wave Velocity 
(km/sec)

Density 

(g/cm3)
Poisson’s Ratio

2.00 4.57 2.69 2.40 0.23
2.00 4.90 2.80 2.48 0.26
2.00 5.19 3.02 2.53 0.24
2.00 5.41 3.12 2.58 0.25
2.00 5.42 3.11 2.58 0.25
3.00 6.20 3.59 2.76 0.25
3.00 5.94 3.48 2.69 0.24
4.00 6.06 3.48 2.72 0.25
4.00 6.29 3.63 2.79 0.25
4.00 6.39 3.69 2.82 0.25
4.00 6.49 3.75 2.85 0.25
4.00 6.58 3.80 2.87 0.25
4.00 6.67 3.85 2.89 0.25
5.00 6.74 3.89 2.91 0.25
5.00 6.80 3.92 2.93 0.25
7.00 7.36 4.26 3.09 0.25
7.00 7.47 4.31 3.13 0.25
7.00 7.50 4.33 3.14 0.25
7.00 7.55 4.36 3.16 0.25
7.00 7.59 4.39 3.17 0.25
10.00 7.62 4.40 3.18 0.25
0.00 8.20 4.73 3.38 0.25

Table 9 Final Shear-Velocity Model for the Junggar Basin Path

Layer Thickness 
(km)

P-wave velocity 
(km/sec)

S-wave Velocity 
(km/sec)

Density 

(g/cm3)
Poisson’s Ratio

2.50 3.91 2.26 2.30 0.25
2.50 3.97 2.29 2.31 0.25
2.50 4.95 2.86 2.49 0.25
2.50 5.73 3.31 2.64 0.25
5.00 5.52 3.19 2.60 0.25
5.00 5.80 3.35 2.66 0.25
5.00 6.14 3.55 2.74 0.25
5.00 6.47 3.74 2.84 0.25
5.00 6.71 3.88 2.90 0.25
5.00 6.82 3.94 2.93 0.25
5.00 6.84 3.94 2.93 0.25
5.00 6.77 3.91 2.92 0.25
0.00 7.83 4.52 3.25 0.25
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