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Summary

Despite the numerous studies undertaken to investigate the underlying struc-
tures beneath the Tibetan Plateau, fundamental questions about the mechanism
of lithospheric convergence between India and Asia (establishing if convergence is
from: underthrusting, north/south subduction, lithospheric thickening, or convec-
tive removal), and, the internal lithospheric dynamics within Tibet (rigid block or
continuous deformation), persist until now. This study aims to determine which of
the different mechanisms are at work beneath Tibet, keeping in mind that clements
of different mechanisms may be present beneath different parts of the plateau.

The data set is broad-band Rayleigh- and Love-wave phase-velocities measured
from pairs of station across the plateau. A series of rigorous analyses is performed
on the data: (1) direct comparison of inter-station dispersion, (2) inversion for 1-D
radially anisotropic S-velocity models, (3) inversion for 1-D azimuthally anisotropic
S-velocity models (4) modelling of regional averages, and (5) tomographic models.
All of these techniques yielded consistent results regarding shear-velocity structure
and anisotropic properties of the crust and upper mantle beneath Tibet.

The Tibetan crust has expected low shear velocities, however, with strong
north-south variations across the plateau. Mid-crustal LVZ (and inferences of melt
and low viscosity) and high conductivity are found across large areas of northern
Tibet. The consistent lateral distribution of the data and the coherent pattern of
anisotropy within the northern regions, strongly suggest that crust is homogeneous
and that deformation is diffused across large areas. Strong radial anisotropy is ob-
served beneath western Tibet and Yunnan, both regions experiencing extension
(flattening), whereas north-eastern Tibet has very weak radial anisotropy, strike-
slip fault mechanisms, and no extension. The ongoing crustal thinning in the west
probably causes the anisotropic mica crystals to become near-horizontally oriented
(Shapiro et al., 2004), whereas in the east, horizontal pervasive flow may align
micas in the vertical plane, resulting in weak or absent radial anisotropy. The flow
direction, derived from crustal azimuthal anisotropy, show W-E and NW-SE fast
directions in central and eastern Tibet, respectively. Special focus is given to north-

eastern Tibet, where the inferred fast directions are aligned southeast rather than



northeast, as would be expected from an elevation-gradient induced flow ( Clark and
Royden, 2000). The fast azimuths are parallel to the extensional component of the
current strain rate across Tibet, strongly suggesting similar deformation through
the entire crust. Despite the mid-crust’s greater susceptibility to deformation and
flow, the correlation of azimuthal anisotropy with surface strain indicates that the
mid-crust still holds some degree of coupling with the adjacent layers. The close
agreement of anisotropy and extension component of strain with the traces of su-
tures implies that the dominant deformation mechanism within the plateau has
not changed since initiation of continental collision and is still governed by the
northward push of India.

The upper 75 km of the mantle beneath Tibet is made up of an Indian litho-
sphere in the west and southwest and a Tibetan lithosphere and asthenosphere
elsewhere. Strong, cold, cratonic Indian lithosphere underthrusts southwestern Ti-
bet (up to the BNS at 85°E), and warm Tibetan lithosphere and asthenosphere lay
further north, up to the Kunlun Fault. The Tibetan lithosphere and asthenosphere
have low-average S-velocities, indicative of warmer temperatures. Although the
finer structure of the Tibetan lithospheric mantle remains hard to resolve using
surface waves alone, a thick layer of low-average V5 in the uppermost mantle is
difficult to explain from high temperatures generated by crustal radioactivity and
reconcile with the presence or formation of a thick cratonic lithosphere at depths
down to 200 km (McKenzie and Priestley, 2008). Surface-wave data can fit a se-
ries of other seismic observations such as S,,, P,, and a shallow LAB discontinuity,
which together add support for a thin Tibetan lithosphere underlain by an astheno-
sphere. The dynamics of the asthenosphere is revealed by azimuthal anisotropy
beneath central Tibet, characterised by fast SSW-NNE direction. The amplitude
of the anisotropy increases from south to north and is parallel to the direction of
India’s plate motion. suggesting that asthenospheric flow is pushed outward by
India’s northward subduction.

Cold Indian lithosphere subducts beneath the Tibetan asthenosphere under
the central and eastern plateau. The lithospheric convergence mechanisms varies
from west to east; steep-angle subduction of India beneath west-central Tibet and
shallow-angle subduction of India in eastern Tibet, with the subducting Indian

lithosphere reaching as far north as northern Qiangtang-Songpan-Ganzi Terrane.
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Introduction

Tibet, the largest and highest plateau on Earth (Fielding et al., 1994), is sand-
wiched between the northward moving India (Wang et al., 2001) and relatively
stable Eurasia. This spectacular structure (Figure 1.1) was formed by successive
collisions of different micro-continents with the southern margin of Eurasia and
subduction of oceans between them since the early Paleozoic (e.g., Allégre et al.,
1984; Searle et al., 1987; Dewey et al., 1988; Murphy et al., 1997; Yin and Harrison,
2000; Zhang et al., 2007). The last in the series of accretion events is the collision
of the India continent with Eurasia that started at ~55-34 million years ago (e.g.,
Besse et al., 1984; Patriat and Achache, 1984; Searle et al., 1987; Garzanti and
Van Haver, 1988; Rowley, 1996, 1998; Aitchison et al., 2007; Green et al., 2008, or
perhaps even more recently at 25-20 My ago, van Hinsbergen et al. (2012)). India’s
convergence rate with Asia has decreased as it underthrusted southern Tibet (e.g.,
Powell and Conaghan, 1973; Molnar and Tapponnier, 1975; Armijo et al., 1986;
Ni and Barazangi, 1984). It is estimated that India and Asia converged by up
to 3,600 km since 52 My (van Hinsbergen et al., 2011), with at least 1,400 km of



2 Introduction

north-south shortening absorbed by the Tibetan orogen ( Yin and Harrison, 2000;
Guillot et al., 2003).

The relatively smooth topography of the plateau blankets complex underlying
structure. Over the last century, various models of the Tibetan continental collision
mechanism have been proposed, which invoke one or more of the following basic
modes: (1) underthrusting of India beneath entire Tibet (e.g., Argand, 1924), or
(2) beneath southern Tibet only (e.g., Ni and Barazangi, 1984; Owens and Zandt,
1997; Nabelek et al., 2009), (3) variants of lithospheric subduction, such as steep-
angle northward Indian subduction (e.g., Tilmann et al., 2003; Li et al., 2008),
shallow-angle northward subduction (e.g., Friederich, 2003; Priestley et al., 2000;
Zhou and Murphy, 2005), or southward subduction of Asia’s lithosphere (e.g.,
Willett and Beaumont, 1994; Tapponnier et al., 2001; Kumar et al., 2006; Zhao
et al., 2010), (4) viscous thickening of the lithosphere (McKenzie and Priestley,
2008), and (5) convective removal of a thickened lithosphere (e.g., Houseman et al.,
1981; Molnar et al., 1993; Hatzfeld and Molnar, 2010).

Strong debate also revolves around the internal deformation within the Tibetan
Plateau. Two main end-member models include: “rigid blocks”, where discrete tec-
tonic blocks slide past each other with relatively little internal deformation (e.g.,
Tapponnier et al., 1982; Avouac and Tapponnier, 1993), or “continuous defor-
mation”, where the deformation is diffuse and distributed broadly (e.g., Dewey
and Burke, 1973; England and Houseman, 1986; England and Molnar, 1997a).
Processes within the deep crust and upper mantle play a key role in the plateau
dynamics. These processes can now be revealed in increasing detail by seismic ob-
servations, thanks to the recent deployments of numerous seismic stations across
the plateau (e.g., Yang et al., 2010, 2012).

This study aims to determine which of the aforementioned mechanisms are
at work beneath Tibet, keeping in mind that elements of each mechanism may
be present beneath different parts of the plateau. The main data set is formed by
inter-station Rayleigh and Love surface-wave dispersion measurements, determined
from a selection of stations across Tibet and then inverted for one-dimensional
(1-D) shear-velocity profiles. Shear velocities are sensitive to temperature and
composition and can offer important information on the state of the rocks at depth.

The fundamental advantage of inter-station measurements compared to the source-



station measurements, normally used in large-scale tomography, is that they can be
performed in broader frequency bands. Furthermore, the use of local measurements
brings the advantage of their simple, clear relationship to the local Earth structure.
The inferred 1-D profiles are free from lateral smoothing that characterises 3-D
models, and hence are used to resolve trade-offs between model parameters in the
crust and in the upper mantle and to determine seismic structure within both with
higher accuracy.

In this thesis, Chapter 2 provides general background on surface-wave analysis.
Chapters 3, 4 and 5 that follow are manuscripts prepared for submission in peer-
reviewed journals, with each manuscript targeting one aspect of the problem. In
Chapter 3 the Tibetan upper mantle structure is under focus; broad-band data
is used to constrain the 1-D models from the Moho down to 300 km depth. A
series of rigorous tests are designed to establish the velocity ranges of low and
high-velocity anomalies, detected on top of each other, and to establish estimates
of uppermost mantle radial anisotropy. The configuration of the anomalies and
estimates of temperatures within them lead us to conclusions on the origin of the
anomalies and on the complex morphology of the subducted Indian lithosphere in
the upper mantle beneath Tibet.

In Chapter 4, phase-velocity data and 1-D shear-velocity profiles are used to
constrain the structure of the Tibetan crust. Robust ranges of shear velocity and
radial anisotropy are determined using the short-period band of the data. Melt
fraction estimates based on the mid-crustal shear-velocities indicate regions with
low viscosity that are prone to flow. The internal deformation is analysed from the
comparison of fault systems and earthquake focal mechanisms, characterising sur-
face deformation, with the lateral distribution of radial anisotropy, characterising
the deformation in deep crust.

Finally, in Chapter 5, a thorough investigation is carried out on the patterns of
azimuthal anisotropy, inferred from analysis of various seismic data types: shear-
wave birefringence, receiver functions, and surface waves. The lack of agreement
between published models prompted a detailed study on the azimuthal dependence
of the dispersion curves. Various methodologies are adopted to establish the ampli-
tude and fast-propagation direction at different periods, such as two-dimensional

tomography, regional averages, direct comparison of azimuth-dependent curves,
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and inversion for azimuthally anisotropic shear-velocity models — all of which
show consistent patterns. Multi-layered azimuthal anisotropy is established in

central and northeastern Tibet, indicative of distinctly different patterns of flow in

the lithosphere and asthenosphere.

Figure 1.1: Map of Eurasia showing relative elevation variations. Topographic map
highlighting the dramatic elevation changes; Green shade indicates low lying regions;
Grey shade indicates very high elevation. Black lines are coastlines of oceans, lakes,
and rivers. Dark red lines are sutures and major faults across Tibet and surrounding
regions: YZS (Yarlung-Zangbo Suture), BNS (Bangong-Nujiang Suture), JRS (Jinsha
River Suture), KF (Kunlun Fault) and ATF (Altyn Tagh Fault), which divide Tibet in
major terranes. Inset shows location on a regional map of Asia.



Seismic surface-wave analysis

2.1 Seismic surface waves

When an earthquake occurs, seismic waves radiate away from the hypocentre in
all directions. There are two main types of waves: body and surface waves. Whilst
body-waves travel deep inside the Earth, surface waves are confined to outer layers.
Body waves consist of compressional waves, popularly known as primary (P) waves,
and shear waves, also known as secondary (S) waves. The two types of surface-
waves are Love wave, with particle motion perpendicular to the great-circle plane,
and Rayleigh wave, with particle motion within the great circle plane. Love waves
depend on the horizontally polarised shear waves propagation, whereas Rayleigh
waves depend on the vertical polarised shear waves and P waves propagation. The
different nature of propagation and speed of these waves result in distinct seismic
phases arriving at different times at a seismic station; the P body wave is recorded
first followed by S, Love, and Rayleigh surface waves (Figure 2.1).

Surface-wave propagation is dispersive; the waves travel at different velocities

(@)
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Figure 2.1: Seismogram of a teleseimic earthquake and illustration of surface-wave
propagation. Left: A seismogram showing the recorded oscillations of a teleseimsic
earthquake in three components (two horizontals: east-west and north-south, and verti-
cal: up-down). The seismogram shows two types of waves: body (P and ) and surface
wave (Love and Rayleigh). Image adapted from http://web.ics.purdue.edu/~braile/ ac-
cessed on the 22nd October 2012. Right: Illustration of surface-wave propagation. Love-
waves oscillate in the horizontal domain; Rayleigh-waves oscillate in the vertical domain.
Image adapted from Introduction to Seismology (figure 8.4). by Peter M. Shearer, 1999.

for different frequencies. This frequency-depth dependence of the waves makes it
possible to infer the shear velocity as a function of depth, and hence the structure
below. In this study, the seismograms of teleseismic earthquakes are used to deter-
mine surface-wave dispersion across Tibet. Efforts are made to acquire accurate
broad-band data in order to have the ability to determine shear-velocity structures
across a broad depth range, from the shallow crust down through to the base of

the upper mantle.

2.2 Data retrieval

In the last two decades there has been a rapid increase in the deployment of
temporary and permanent seismic stations across the Tibetan Plateau and the
surrounding regions. The data from most of these instruments is in the public
domain and available from the Incorporated Research Institutions for Seismology

(IRIS) Data Management Center (DMC) (http://www.iris.edu/dms/dmc/). For
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Figure 2.2: All the seismic stations used for the inter-station measurements. Differ-
ent symbols correspond to different seismic networks operated at different times. Red
path: Paired stations AMDO (A) and USHU (U). Black lines: Sutures and faults: YZS
(Yarlung-Zangbo Suture), BNS (Bangong-Nujiang Suture), JRS (Jinsha River Suture),
KF (Kunlun Fault) and ATF (Altyn Tagh Fault). Grey shade highlights the elevation.
Bottom left map: The location of the map region in Asia.

a requested region and time window, the DMC provides a list of networks, sta-
tion names, station coordinates, dates of operation, sampling streams (channels),
channel components, location code, station description, and the data availability
(public or restricted).

Pairs of stations with paths crossing the same tectonic blocks or similar terranes,
and with both stations having a suitable number of same earthquake recordings
that occurred along the pair’s great circle path were selected. In total 56 sta-
tions, which coincidentally make up 56 station pairs, were used. The stations are
broadband instruments belonging to various temporary networks deployed over
the years: PASSCAL 1991-1992 (Owens et al., 1993), INDEPTH II 1994 (Nelson
et al., 1996), INDEPTH III 1997-1999 (Huang et al., 2000), HI-CLIMB 2004-2005
(Ndbeélek et al., 2005), PASSCAL (Lehigh) 20032004 (Sol et al., 2007), PASSCAL
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(MIT) 2003-2004 (Lev et al., 2006), and from the permanent China Digital Seis-
mic Network (Figure 2.2). A total of 959 global earthquakes that occurred between
1991-2005 were used. These have magnitudes between 5 and 9, and epicentral dis-

tances to the stations between 4.6° and 150°.

2.3 Data processing

Seismograms at 1 sample per second are sufficient to make the required mea-
surements; the north, east, and vertical components of stream L were the first
preference for the data retrieval. When this stream was unavailable higher sample
rates such as 20 or 100 (channels B and H) were selected and down sampled to 1
sample per second.

Several automated quality checks and pre-processing steps are performed on
the data. Seismograms are first checked for their integrity such as incomplete or
erroneous data, data gaps, incorrect timing, and clipping. The waveforms are then
corrected for instrument response to produce displacement seismograms. Finally,

the horizontals are rotated to represent the radial and transverse components.

2.4 Measurement of surface-wave phase velocity

Rayleigh- and Love-wave fundamental-mode dispersion are measured using the well
established two-station method (Sato, 1955; Knopoff, 1972; Meier et al., 2004; En-
drun et al., 2008; Deschamps et al., 2008; Yao et al., 2006, 2010; Yang et al., 2010).
In this study, broad-period phase velocities between two stations are obtained us-
ing two independent approaches: cross correlation of two seisomgrams (station-
station) and derived inter-station phase velocities from source-station waveform
fitting. In order to reduce effects from unmodelled surface-wave diffraction, the se-
lected earthquakes have epicenters closely aligned to the great-circle path between
the two stations, less than 10° difference to the back azimuth (azimuth towards

the earthquake epicentre).
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2.4.1 Cross correlation of seismograms

Inter-station phase velocities are determined by analysing the phase difference of
teleseismic surface waves. Assuming a Jeffreys-Wentzel-Kramers-Brillouin (JWKB)
approximation for a spherically symmetric isotropic Earth model, the phase veloc-
ity ¢(w) is obtained from the phase of the cross-correlation function ®(w) of the
vertical component recordings of the same earthquake at two stations with the

same back azimuth (Meier et al., 2004):

w(A; — Ay)
arctan{3[®(w)]/R[®(w)]} + 2n7

c(w) =

where A, and A, are the epicentral distances to the two stations.

Figure 2.3 is an example of an inter-station phase-velocity measurement using
cross-correlation between the stations AMDO and USHU (their location is indi-
cated in Figure 2.2). The vertical component waveform for each is shown along
with their corresponding spectrum showing amplitudes as a function of frequency
and time obtained from multiple Gaussian filters. Assuming that the fundamen-
tal mode has the largest amplitude on the seismogram, the group travel time of
the Rayleigh-wave fundamental mode for the different frequencies is identified by
the highest amplitudes in the spectrum (solid white lines). The cross-correlation
function is also plotted with its corresponding amplitudes as a function of fre-
quency and time. Strong, high-frequency scattering and noise are easily noticed
as correlated patches at different times in the cross-correlation spectrum. Effects
of noise and interference are reduced by filtering the cross-correlation function
with a frequency-dependent Gaussian bandpass filter. The signal-to-noise ratio
is enhanced by applying frequency-dependent time windows to the filtered cross-
correlation function, consequently decreasing the effects of side lobes likely to be
caused by correlation of the fundamental mode with higher modes or other scat-
tered waves. The cross-correlation function is then transferred into the frequency
domain and the phase velocity is computed from the phase of the cross correlation
d(w).

The array of phase-velocity curves from the 2nm, (n € N), is shown in Figure
2.3 (top right, blue curves). The synthetic Rayleigh-wave fundamental-mode dis-

persion curve of a global model is plotted as a visual reference (thin dashed grey
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Figure 2.3: Phase-velocity measurements from the two-station cross-correlation
method of paired stations AMDO and USHU (Figure 2.2). Detailed description in Meier
et al. (2004). Top left: Vertical seismograms of an earthquake recorded at both sta-
tions (black waveforms) and the corresponding amplitudes as a function of time and
frequency calculated using multiple filters. Solid white lines in the time-frequency frame
is the automatically determined group travel times of the Rayleigh-wave fundamental
mode. Bottom left: The cross-correlation function of the two waveforms with applied
frequency-dependent filters and time windows. Top right: Solid blue lines: The series of
phase-velocity curves calculated from the phase of the cross-correlation function. Thin
dashed grey curve: The synthetic fundamental-mode Rayleigh-wave dispersion computed
from a global model, plotted to act as a guide in the manual selection of the accepted
phase velocities. Thick dashed grey curve: The normalized amplitude spectrum of the
cross correlation function. In an interactive process the user selects the phase-velocity
curve within a frequency range. Lower right frames: Selected dispersion curves (black)
sorted according to the wave propagation direction. Red curve: the current selected

phase-velocity.
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curve) to aid in the manual selection of the accepted phase velocity. Due to the
very thick crust and different temperature and composition beneath Tibet, phase-
velocities sampling through the plateau are expected to be low. This is evident
from the curve that has the velocities close to the reference for the broadest period
range (bold blue curve). Only smooth portions of the curve are selected (frame
below, red curve) as these are the least likely to be contaminated with diffraction or
with interference of different modes that usually result in narrow-band roughness.
In order to make the selection of the curve less subjective, the user is assisted with
the plot of the normalized amplitude spectrum of the cross-correlation function
(thick dashed grey curve) indicating the frequency range that is most constrained
by the data. Measurements made from earthquakes occurring on opposite sides
of the inter-station paths have similar dispersion (shown separately in Figure 2.3
bottom right frames).

The advantage of this technique is that measurements are successful even when
waveforms appear complex. On the other hand, long-period surface waves can
interfere with body waves and distort the measurements made from the cross-
correlation function. The dispersion of such waves are better measured using full
waveform fitting. Love-wave dispersion is determined using an analogous proce-

dure, however with the transverse components.

2.4.2 Automated multimode waveform inversion

The Automated Multimode Inversion (AMI) by Lebedev et al. (2005) is a waveform
fitting technique utilizing synthetic seismograms to simultaneously constrain Earth
structure from information contained in S, multiple S, and surface waves. In order
to account for the Earth’s heterogeneity along the source-station propagation path,
AMI utilises a 3-D reference model, the construction of a series of complex time-
frequency windows, and a strict misfit criteria to generate accurate waveform fits.

Adopting the JWKB approximation, the synthetic seismogram is computed as:

s(w) =) An(w) expliwA / (CS, (w) + (5C,,,(w))]

m

where the sum is over modes m, and A is the epicentral distance. A,,(w) is the

frequency-dependent, complex amplitude of the modes which depends on the source
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mechanism, radiation pattern, and assumed Earth model. Reference phase veloc-

ities C? (w) and their Fréchet derivatives 0C? (w)/63(r) within an approximate
sensitivity area are extracted from the 3-D reference model, and averaged together
to represent the structure along the source-station path. Figures 3.6, 4.4 and 5.4
show examples of Fréchet derivatives for surface-wave phase velocity, with respect
to shear speed and depth. The perturbations needed for the synthetic waveforms
to fit the data are controlled through the relationship of the Fréchet derivatives

with the perturbation in S velocity, d3(r):

50
30w = /” M 03(r) dr
o 0fB(r)

where a is the radius of the Earth. AMI undergoes a rigorous, automated procedure

for each seismogram, with a case-by-case selection of weighted time-frequency win-

dows using different Gaussian filters. The final waveform fit is generated through

simultaneous non-linear inversion of all time-frequency windows, while enforcing a
strict misfit criteria of 5% in each.

An example of a waveform fit is shown in Figure 2.4 for an earthquake recorded

at station AMDO. The vertical seismogram shown at the bottom of the waveform

columns (the same for the initial and final fit) is filtered using eight Gaussian band-

pass filters, with peaks between 5.3 to 32.5 mHz (shown in the top frame). The

Figure 2.4 (facing page): An example of automated multimode waveform inver-
sion for an earthquake recorded at station AMDO. Detailed description in Lebedev et al.
(2005). Top right: Event and station location on a map and their corresponding great-
circle path. Top left: Eight Gaussian filters used to filter the seismogram. Left waveform
column: Initial fit of filtered waveforms (solid lines) with synthetics (dashed lines) com-
puted from a 1-D background model. The time-frequency windows are indicated by
half-brackets and by shading of the signal envelope. Fundamental-mode wave packets
are identified by a white vertical line at the maxima of the envelope. At the bottom
are the band-pass filtered (using those frequencies successfully fit) seismograms. Right
waveform column: Same as left but for the final fit. minimized through path-averaged
perturbations in 63(r). The values of the misfit are given next to each window: initial
and final global misfits are given above the waveform columns. Right graph: Phase
velocities for the fundamental and higher modes extracted from the solution of the final

waveform fit.
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initial misfit of the synthetic waveform to the data is clearly seen as the discrepancy
between the dashed and solid waveforms, at the bottom band-pass filtered seismo-
grams, or at each filter frequency. In this example, the seismogram was fit using 5
band pass filters (5.3-18.0 mHz) and 4 modes. After waveform fitting is complete,
AMI measures the phase velocities of those modes which contribute significantly.
An example of these are shown at the right. Only the fundamental-mode phase-
velocity curve is used in this dissertation. In this example, the dispersion has a
period range between 40 to 280 seconds. From the successful fit of the same event
recorded at another station along the source-station great circle path (for example
station USHU), the corresponding inter-station Rayleigh-wave fundamental-mode
dispersion is computed. The same method is applied to the transverse components

in order to determine the Love-wave phase velocities.

2.4.3 Combined measurements

The measurements from both methods complement each other and are combined
together; the cross-correlation produces most of the short-period measurements and
AMI contributes to the long-period measurements. In an interactive procedure,
portions of each curve are reselected; curves outlying from the average, kinks, or
rough portions (not smooth) parts of the curves likely to be frequency-dependent
noise are rejected. This rigorous process is important in order to obtain the most
accurate dispersion curves that enable us to observe patterns and differences of a
very small percentage (<1%). Measurements made from earthquakes occurring on
opposite sides of the inter-station paths have similar dispersion. This is important
to identify timing errors and biases arising from lateral heterogeneity between the
source and the stations of one direction. The very similar dispersion curves from
the compilation of all the different earthquakes of different distances, magnitudes
and directions, and from the two different methods, confirms that the JWKB
assumption holds. The average of all the measurements produce smooth, robust,
accurate phase velocities across broad period ranges.

Figure 2.5 shows an example of combined, superimposed inter-station mea-
surements from AMI and cross correlation. Each individual dispersion curve for
Love and Rayleigh waves is colour coded to represent the technique and the source

direction. Most of the earthquakes are from western Pacific. The short period mea-
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Figure 2.5: Combined inter-station pair
phase-velocity measurements. Top map (a)
shows the location of the station pairs (red
triangles), and the corresponding inter-
station paths (black path). The global map
(b) shows earthquakes (dark blue dots)
and their corresponding great circle paths
aligned along the station paths which pro-
duced the Love- (brown) and Rayleigh-
wave (cyan) measurements. Love- and
Rayleigh-wave dispersion curves are shown
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measurement belongs to. AMI: Measure-
ments from the Automated Multimode In-
version technique (Lebedev et al., 2005). x-
corr: Measurements from cross-correlation
(Meier et al., 2004). Dashed grey curves
show the phase-velocities computed for the
AK135 global reference model (Kennett
et al., 1995). Count graph (e) shows the
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velocities selected for further processing are
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surements (<50 s) are mostly produced by cross correlation, whereas the longer
periods are from AMI. In general, Rayleigh-wave measurements outnumber Love-
wave measurements as can be seen in the count panel. In some cases, measure-
ments exceed well over 200 seconds (Figures 2.5, 3.4, and 4.2). The average and
the standard deviation of all the measurements at each period are calculated (bot-
tom frame). Only the smooth portions of the average Love and Rayleigh-wave
dispersion curves are selected for further processing (pink curve, bottom frame).
Note the very smooth, broad-band (10-200 s) phase-velocity curves.

The dispersion curves are much slower than the synthetic dispersion curves
computed for the AK135 global-average reference model (Kennett et al., 1995).
This is typical for Tibet where short-period phase velocities (<70 s) are low due,
primarily, to a thicker crust. At longer periods, though the variation in the disper-
sion curves is less dramatic, small differences away from the reference are indicative

of deep structural anomalies.

2.4.4 Phase-velocity distribution

The phase-velocity measurements at different periods and along different paths
reveal first-order indications of anomalies across the Tibetan Plateau. Figure
2.6 shows phase-velocity variations at 20 s period for Rayleigh and Love waves.
Rayleigh-wave phase velocities of paths within the plateau have relatively low ve-
locities compared to paths sampling across lower elevation regions, such as Yunnan,
Sichuan Basin and Qinling-Qilian. Minor differences between paths within the high
plateau could either be due to shallow crustal heterogeneity or anisotropic prop-
erties. For example, there seems to be a systematic pattern of west-east aligned
paths that tend to be faster than north-south aligned paths. Love-wave phase
velocities at the same period have more variation, and the relationship of the
velocities with structure, particularly within the high plateau, is less clear. Inter-
estingly, the Love-wave phase velocities across Songpan-Ganzi, Qinglin-Qilian, and
Sichuan Basin have relative anomalies similar to the Rayleigh-wave dispersion, but,
in western and southern Tibet (including Yunnan), Love-wave phase velocities are
relatively faster to those of Rayleigh wave.

The phase velocities at different period ranges will be investigated in the fol-

lowing chapters. In order to determine the crustal and mantle structure beneath
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Figure 2.6: Rayleigh- and Love-wave fundamental-mode phase-velocity variations
across the Tibetan Plateau. Coloured lines show the measured paths between stations
(black triangles). Different colours correspond to the phase-velocity difference from the
reference velocity within the scale limits at 20 seconds period.

the paths, an inversion of phase velocity for shear velocity with depth is needed.
Radial and azimuthal anisotropy are taken into account, as these are important to

deduce constraints on the dynamics of the plateau.
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Tibetan and Indian lithospheres

in the upper mantle beneath
Tibet

3.1 Introduction

The uplift and evolution of the Tibetan Plateau (Figure 3.1) has long been recog-
nised to be a result of India’s collision with Asia (Argand, 1924; Molnar and Tap-
ponnier, 1975). The plateau has been assembled of a number of tectonic blocks,
now separated by narrow sutures (Allegre et al., 1984). Deformation of these

blocks associated with India-Asia convergence started already during the Creta-

This chapter will be submitted to Geochemistry, Geophysics, Geosystems as:
Agius, M. R. and S. Lebedev, Tibetan and Indian lithospheres in the upper mantle beneath Tibet.
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Figure 3.1: Map of Tibet and surrounding regions. Different symbols identify stations
of various networks used in this study. Black lines indicate sutures and faults: YZS
(Yarlung-Zangbo Suture), BNS (Bangong-Nujiang Suture), JRS (Jinsha River Suture),
KF (Kunlun Fault) and ATF (Altyn Tagh Fault), which divide Tibet into major terranes.
Inset shows the location of the map region in Asia.

ceous northward subduction of the Indo-Australian oceanic lithosphere beneath
them (England and Searle, 1986). Following the closure of the Tethys ocean, the
thrusting of Indian continental lithosphere beneath the Himalayas and the Lhasa
Terrane is thought to have been taking place for the last ~50 My (determined using
radiometric dating of minerals e.g., Allégre et al., 1984; Yin and Harrison, 2000),
although it has also been proposed that the collision of thick, contiguous Indian
continental lithosphere with Asia occurred only around 34 Ma (Aitchison et al.,
2007, determined from faunal assemblages) or even 25-20 Ma (van Hinsbergen
et al., 2012, with added constrain from climate change).

The oceanic Tethyan slabs have now sunken into the deep mantle (Replumaz
et al., 2004, 2010a; Van der Voo et al., 1999). It is estimated that India and Asia
converged by up to 3,600 km since 52 My (van Hinsbergen et al., 2011), with at
least 1400 km of north-south shortening absorbed by the Tibetan orogen ( Yin and
Harrison, 2000; Guillot et al., 2003). Different mechanisms for the convergence

have been proposed. The three main end-member models include underthrusting,
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subduction and viscous thickening of the lithosphere. We now discuss six different
scenarios which fall under one of the three types of models (Figure 3.2), while
keeping in mind that elements of all three end-member models may be present
beneath different parts of the plateau.

Underthrusting of India far north beneath the Tibetan Plateau has been pro-
posed by Argand (1924). In this paper we define underthrusting as the scenario in
which the Indian lithosphere slides directly beneath the Tibetan lithosphere, with
no asthenospheric window between them (e.g., Ni and Barazangi, 1984; OQwens and
Zandt, 1997). The underthrusting of India beneath the entire length of the Hi-
malayas, for example, is beyond doubt (e.g., Ni and Barazangi, 1984; Nabelek et al.,
2009). Further north, it may occur only in certain parts of the plateau. Beneath
western Tibet, high seismic velocities have been detected in the shallow mantle
using both body waves (Barazangi and Ni, 1982; McNamara et al., 1997; Huang
and Zhao, 2006; Li et al., 2008) and surface waves (Shapiro and Ritzwoller, 2002;
Friederich, 2003; Priestley et al., 2006; Lebedev and van der Hilst, 2008; Kustowsk:
et al., 2008), suggesting underthrusting of the Indian lithosphere beneath western
Tibet as far northward as the Tarim Basin (Barazangi and Ni, 1982; Li et al.,
2008). Consistent with this scenario, “flat-lying” S-to- P phase conversions from S
receiver functions in western Tibet have been interpreted as the Indian and Asian
lithosphere-asthenosphere-boundaries (LAB), meeting near the northern boundary
of the plateau (Zhao et al., 2010; Kind and Yuan, 2010).

The second end-member model is lithospheric subduction, which we define as
the lithosphere sliding into the asthenosphere (the Tibetan lithosphere above and
the Indian lithosphere below are separated by a layer of asthenosphere). The pos-
sible modes of subduction beneath Tibet include shallow-angle, steep-angle, north-
ward and southward subduction (Figure 3.2). Steep-angle, northward subduction
of India has been reported in parts of southern Tibet based on P-wave, travel-time
tomography (Tilmann et al., 2003; Huang and Zhao, 2006; Li et al., 2008). The
tomographic models showed high-velocity anomalies extending from north-Indian
uppermost mantle down to 300 km depth beneath southern Tibet, north of the
Yarlung-Zangbo Suture (YZS), although only in one particular segment within
Tibet (87°E to 90°E). In northern Tibet, north of the Bangong-Nujiang Suture

(BNS), these models show low wave speeds in the entire upper mantle.
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Possible mechanisms of the lithospheric convergence
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Figure 3.2: Conceptual models (not to scale) for the India-Asia lithospheric con-
vergence. The three end-member models include underthrusting of India’s lithosphere
beneath Tibet, viscous thickening of the lithosphere, and subduction.

Southward subduction beneath north-eastern Tibet has been proposed based
on evidence from P receiver functions (Kosarev et al., 1999; Kind et al., 2002).
Subduction reaching as far south as southern Qiangtang Terrane has recently been
inferred from S receiver functions as well (Kumar et al., 2006; Zhao et al., 2010,
2011).

Surface-wave tomographic models, both global (Shapiro and Ritzwoller, 2002;
Lebedev and van der Hilst, 2008, Figure 3.3) and regional (Debayle et al., 2001;
Friederich, 2003; Priestley et al., 2006; Kustowski et al., 2008; Panning et al., 2012),
show low shear speeds in the uppermost mantle beneath northern and eastern
Tibet, underlain by high S velocities (V5) at ~200 km depth. While the high-
velocity mantle lithosphere beneath the Himalayas and southernmost Tibet is likely
to be Indian (Friederich, 2003; Priestley et al., 2006), the lithospheric configuration
beneath the central, northern and eastern Tibet is debated.

The third end-member model of lithospheric convergence beneath Tibet is vis-
cous lithospheric thickening. In one of the proposed scenarios, the mantle litho-
sphere thickens and remains intact, while in another scenario the thickened litho-
sphere becomes destabilised, with large parts of it removed convectively and sink-

ing into deep mantle (Figure 3.2). McKenzie and Priestley (2008) compared the
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Figure 3.3: Surface-wave to-
mography across Tibet and sur-
roundings from the global model
of Lebedev and van der Hilst
(2008). The three depth slices
show fast and slow shear-speed
anomalies beneath Tibet (blue
and red, respectively). SB:
Sichuan Basin.
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lithospheric structure of Tibet to that of cratons and suggested that a craton was
forming beneath Tibet today. They proposed that shortening of the lithsopheric
mantle would thicken the lithosphere and transport depleted material downwards,
to form a cratonic root. They argued, further, that the crust was insulated from
the convecting mantle and that crustal radioactive heating was responsible for
the lower Vg in the uppermost mantle, just beneath the Mohorovici¢ discontinuity
(Moho). The alternative scenario (e.g., Houseman et al., 1981; Molnar et al., 1993;
Hatzfeld and Molnar, 2010) invokes convective removal of Tibet’s thickened mantle
lithosphere, with the cold lower lithosphere dripping into sinking plumes and the
warm asthenosphere flowing in to replace it.

In spite of decades of intensive study, there is surprisingly little agreement, as
of today, regarding even the most basic features of the lithospheric configuration
beneath Tibet. What is the fate of the Indian lithosphere after it descends beneath
the Himalayas? Is it still within the upper mantle beneath Tibet, and how does
it influence the dynamics of the plateau? What is the thermal structure and
thickness of the lithosphere of Tibet itself? What are the basic mechanisms of
the lithospheric convergence? Surface-wave tomographic models show, in mutual
agreement with each other, high-velocity anomalies in the upper mantle beneath
much of Tibet. Most of the recent body-wave models, in contrast, do not display
such anomalies (e.g., Li et al., 2008).

In this study we aim to resolve the controversy by measuring accurate surface-
wave phase velocities using stations within and around Tibet and deriving robust
shear-velocity profiles for different parts of the plateau. The one-dimensional,
radially anisotropic (1-D) V5 models are obtained in small, simple inverse problems,
with features of the models showing clear relationships to anomalies in the data.
The data require substantial high-velocity anomalies in the upper mantle beneath
much of the plateau. Using petro-physical models, we then estimate the large
temperature anomalies necessary to account for the observations and show that
they are consistent with the presence of subducted Indian lithosphere in the upper
mantle beneath most of the plateau. The character of subduction, however, shows

significant changes across Tibet.
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3.2 Data and methods

The fundamental advantage of inter-station measurements of surface-wave phase
velocities, compared to the source-station measurements normally used in large-
scale tomography, is that they can be performed in broader frequency bands ( Mezer
et al., 2004; Lebedev et al., 2006). This allows us to resolve trade-offs between model
parameters in the crust and in the upper mantle and to determine seismic structure
within both with higher accuracy. Here we aimed to obtain tight constraints on Vg
profiles beneath a selection of locations across Tibet, in order to derive inferences
on the structure and dynamics of the upper mantle beneath it.

We chose 29 pairs of broadband seismic stations, including both permanent
stations and the stations from recently deployed temporary networks (PASSCAL
(91/92) (Owens et al., 1993), INDEPTH II and III (Nelson et al., 1996; Huang
et al., 2000), HI-CLIMB (Ndbélek et al., 2005), PASSCAL (Lehigh) (Sol et al.,
2007), Figure 3.1). Each pair was such that numerous suitable earthquake record-
ings were available for the measurements of inter-station surface-wave disper-
sion, resulting in robust average phase-velocity curves. The thousands of three-
component seismograms used in the analysis were retrieved from the Incorporated

Research Institutions for Seismology (IRIS) database.

3.2.1 Phase-velocity measurements

Robust inter-station phase-velocity measurements were performed in broad period
ranges using a combination (Lebedev et al., 2006) of cross-correlation (Meier et al.,
2004) and the Automated-Multimode-Inversion (AMI) of surface and S waveforms
(Lebedev et al., 2005). The cross correlation of the vertical components from two
stations aligned along the same great circle path with an earthquake measures
the phase delay of Rayleigh waves. The Rayleigh-wave fundamental-mode inter-
station phase velocity is then calculated using the difference of the distances from
the source to the two stations. Similarly, Love-wave phase velocity is measured
using the transverse components. The main advantage of the cross-correlation
technique is that it can measure accurate phase velocities for broad period ranges
(5-300 s), even at short periods where seismograms are often complex due to the

diffraction of the surface-wave fundamental mode.
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Phase velocities can be difficult to extract using cross correlation at long peri-
ods, at which surface waves often interfere with energetic S and multiple S waves,
especially for Love waves. These are better calculated using source-station phase-
velocity measurements derived from full waveform fits computed by AMI. S, mul-
tiple S, and surface waves are simultaneously fit within a set of time-frequency
windows, using synthetic seismograms generated through normal-mode summa-
tion. The fundamental-mode station-station dispersion curve can therefore be de-
termined from pairs of the source-station measurements (same event, two station
on the same great-circle path).

Only events with the difference between the back azimuths and station-station
azimuths of less than 10” were included. This great circle path condition is used
not because we assume that the surface waves propagate exactly along the station-
station azimuth but because errors due to unmodeled surface-wave diffraction in-
crease with an increasing difference between the event-station and station-station
azimuths.

The earthquakes contributing to our measurements are from both directions
along the inter-station paths, although predominantly from the east (from western

Pacific and southeast Asia, Figure 3.4, e-h). The similarity of phase-velocity mea-

Figure 3.4 (facing page): Phase-velocity measurements for inter-station pairs and
grouped regional averages. Top (a-d): the location of the stations (red triangles), and
inter-station paths (black lines). The global maps (e-h) show earthquakes (blue dots)
and earthquake-station great circle paths (black lines). Love- and Rayleigh-wave disper-
sion curves are displayed in separate plots (i-l, m-p), each showing superimposed one-
event measurements from different methods: cross-correlation (x-corr) and Automated-
Multimode-Inversion (AMI). Different colours indicate the measurement method and
wave-propagation direction. Grey curves show the dispersion curves computed for the
AK135 reference model (Kennett et al., 1995). The total number of measurements at
each period for Love and Rayleigh waves are shown in red and blue, respectively, in
the count graph (q-t). Different colours show the measurement count from different
methods. The bottom frame shows the resulting average dispersion curves for Love and
Rayleigh waves and their standard deviations (black curves) (u-x); pink curves show the
most robust measurements selected to be used for the inversions. The two columns in the
middle illustrate inter-station measurements for individual station pairs. The columns on
the left and on the right show examples of region-average phase-velocity measurements,
using all the data from all inter-station pairs within the regions.
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surements calculated from earthquakes located on opposite sides of the inter-station
paths is important, as systematic differences indicate timing errors or measurement
biases arising from lateral heterogeneity between the source and the stations. For
all the station pairs in our dataset, the measurements from the opposite directions
are in mutual agreement (Figure 3.4, i-p).

The fundamental-mode dispersion curves measured by cross-correlation and
AMI were combined together. The measurements from both methods are consis-
tent and complement each other — cross-correlation measurements contribute to
the short periods and AMI measurements provide more longer-period dispersion
curves. Only smooth portions of each of the one-event curves were selected. Rough
(not smooth) curves, rough portions of curves, and obvious outliers (measurements
away from the general trend) were excluded. The selection of smooth curves is
important because errors due to diffraction of the fundamental mode (Pedersen,
2006) and errors due to interference with higher modes are frequency-dependent
and often result in roughness of measured dispersion curves.

The selection of smooth curves and the averaging over hundreds of measure-
ments from earthquakes from different directions and distances enhance the ac-
curacy of the phase-velocity measurements. The average phase velocity and the
standard deviation are computed for each period. In the final selection step, only
the smoothest parts of the average dispersion curves, with smallest standard devi-

ations, were selected for further processing (Figure 3.4, u-x).

3.2.2 Phase-velocity curves

The shape of the dispersion curves reflects the distribution of elastic parameters
within the Earth. Short-period waves travel closer to the surface, whereas long-
period waves travel at greater depths and sample broader depth ranges. In the
7-50 second period range, both our Love- and Rayleigh-wave phase-velocity curves
are well below the curves computed for global-average AK135 reference model
(Kennett et al., 1995), due to the very thick crust beneath Tibet (Romanowicz,
1982). Our focus here is on longer-period surface waves, more sensitive to the
deeper, mantle structure. We observe systematic differences between dispersion
curves from different parts of Tibet at periods longer than 40 seconds, at which

Rayleigh waves sample the upper mantle.
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Comparing our measurements, we find that neighbouring station pairs show
similar inter-station dispersion curves. Station pairs H1400-H1590 and H1380-
H1630 (Figure 3.4, b and ¢), for example, are close to each other within western
Qiangtang Terrane; as expected, they have very similar dispersion curves (Figure
3.4, j-k and no). In addition to these two pairs, 6 other station pairs along
the northern HI-CLIMB network also show very similar dispersion curves. These
measurements can thus be grouped together, to characterise the structure of this
region within Tibet, West Qiangtang (Figure 3.4d). With hundreds of “one-event”
Love- and Rayleigh-wave dispersion curves measured within this region (Figure 3.4,
I, p and t). the average phase-velocity curves for it are robust in a broad period
range, for both Rayleigh and Love waves (Figure 3.4x). Similarly, three inter-
station pairs across South-east Qiangtang are also grouped together (Figure 3.4a).
Although the stations are relatively far apart, they yield very similar Rayleigh-
and Love-wave dispersion curves (Figure 3.4, i and m). Unlike in West Qiangtang,
the inter-station paths in South-east Qiangtang have different azimuths, so that
the earthquakes contributing signal for the measurements are distributed in more

diverse source regions around the globe (Figure 3.4e).

3.2.3 Regions within Tibet

Guided by the degree of similarity of phase-velocity curves, we identify seven dis-
tinct regions within Tibet that our measurements sample: West Lhasa, Central
Lhasa, West Qiangtang, South-east Qiangtang, East-central Qiangtang, Songpan-
Ganzi and Qinling-Qilian. Figure 3.5a shows the grouped inter-station pairs, in-
dicating the location of each region. The dispersion curves from West Lhasa and
Qinling-Qilian have the most distinctive curves when compared to the other regions
across Tibet (Figure 3.5b). Between 10 and 50 seconds, phase velocities from the
two paths sampling Qinling-Qilian orogen (region 7) are higher than from other
paths (Figure 3.5, b and h); this is due to the thinner crust in Qinling-Qilian, just
outside of the high plateau. Within the high plateau (regions 1-6), Rayleigh and
Love waves have very similar phase velocities in all regions between 10 and 40 s,
with variations of less than 0.2 kms™' (Figure 3.5b). Beyond 40 s, pronounced
contrasts in the rates of phase-velocity increases with period in different regions

indicate strong heterogeneity in the upper mantle.
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Within each region, phase-velocity differences between individual inter-station
pairs are mostly at short periods. The thin, pale-coloured curves in Figure 3.5,
¢-h, show the within-region velocity variations, most visible at 7-25 seconds. At
very short periods these variations may be an effect of sediments; at intermediate
periods (10-25 seconds) the anomalies are likely due to deeper crustal heterogene-
ity. Beyond 30 seconds, individual Rayleigh-wave measurements are remarkably
consistent with each other within each region. Individual Love-wave inter-station
dispersion measurements tend to be noisier and plot within somewhat broader
bands. Bold, dark coloured phase-velocity curves in Figure 3.5 are the averages
over all the station pairs within a region. These averages yield robust phase-
velocity curves in period ranges broader than those of the curves for individual
inter-station pairs (pale curves). This is because the region averages are computed
from the larger number of all the “one-event” measurements from the region.

For the purposes of this study, we focus primarily on measurements at periods
longer than 40 s. Depth sensitivity kernels (Fréchet derivatives of surface-wave
phase velocity with respect to the shear speed at different depths, Figure 3.6) show
how surface waves at longer periods are sensitive to greater depths and broader
depth ranges. At 50 s, Rayleigh-wave phase velocity has a peak sensitivity at
65 km depth, just above the Moho, and at 130 s the maximum sensitivity is at
about 190 km. Love-wave peak sensitivity is shallower than the sensitivity of
Rayleigh waves for the same periods.

A comparison of region-average curves at intermediate and long periods indi-
cates strong lateral heterogeneity in the upper mantle beneath Tibet. The neigh-
bouring West Lhasa and West Qiangtang regions show the largest contrast in the
Rayleigh-wave dispersion curves, with a sharp phase-velocity increase at periods
above 30 s in West Lhasa indicating uppermost-mantle seismic velocities in this
region that are much higher than those beneath West Qiangtang (Figure 3.5¢).
Between 40 and 100 seconds, Rayleigh-wave phase velocities in Central Lhasa are
lower than in West Lhasa (Figure 3.5d) but still slightly faster than in South-
east Qiangtang (Figure 3.5¢). The Rayleigh-wave phase velocities in East-central
Qiangtang are slightly higher than in South-east Qiangtang between 50 and 110
seconds, but both exceed the global reference values between 110 and 180 s. The

measurements for the Songpan-Ganzi region show that beyond 70 seconds the



3.2. Data and methods 3il

Rayleigh-wave phase-velocities are lower than in the neighbouring eastern Qiang-
tang (Figure 3.5, b and g). At 40-60 s, Rayleigh-wave phase velocities in West
Qiangtang are lower than in eastern Qiangtang and the dispersion curve then keeps
to the global reference for periods beyond 100 seconds (Figure 3.5b). Dispersion
measurements from paths sampling the Qinling-Qilian region, north of the Kunlun
Fault and with a crust thinner than beneath the other regions, show substantially
higher phase velocities of both Love and Rayleigh waves, at periods up to 100 s
(Figure 3.5h).
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3.2.4 Inversion of phase-velocity curves for shear-velocity

profiles

We invert Rayleigh- and Love-wave dispersion curves simultaneously for a 1-D
profile of the isotropic average shear speed Vg = Vg(avg) = (Vsv+Vsn)/2 and radial
anisotropy (Vsv—Vsn)/2, where Vgy and Vsy are the vertically and horizontally
polarised shear speeds, respectively. The inversion is performed using a fully non-
linear, Levenberg-Marquardt gradient search. The search direction is computed
at each iteration with the synthetic phase velocities computed directly from the
Vsn and Vsy models, using a suitably fast version of the MINEOS modes code
(Masters, http://geodynamics.org/cig/software/mineos). Compressional velocity
Vp has a small but non-negligible influence on the Rayleigh-wave phase velocity.
Vp is assumed isotropic and the ratio between the isotropic-average shear speed
Vs(iso) and Vp is kept fixed during the inversion. In Figures 3.7, 3.8, and 3.9 we
plot the Voigt isotropic average Vs(so) = (2Vev+Vsn)/3 instead of the arithmetic
average Vg(avg)-

Perturbations in the model are controlled by basis functions, boxcar-shaped
in the crust and triangular in the mantle (Bartzsch et al., 2011). These define
the sensitivity depth range of two independent inversion parameters: one for the
isotropic average Vs and one for the amount of radial anisotropy. The depth of the
Moho and three intra-crustal discontinuities are additional inversion parameters.
Slight norm damping is applied in order to avoid physically unreasonable models.

The inversions are fundamentally non-unique. Rather than selecting one pre-
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ferred model, we obtain a suite of models that fit the data. The bundles of Vg
profiles are generated in grid searches, complemented by targeted test inversions
designed to answer specific questions, as described below.

Although our primary aim is to investigate the structures of the upper mantle,
the influence of the crust is significant and is taken into account. All the Vg profiles
start from the surface, at 0 km depth. Topography is taken into account. The
parameterisation for the crustal layers allows for radial anisotropy and isotropic-
average shear-speed perturbations. The synthetic dispersion curves from all the
S-velocity models fit the data within the standard deviation at all periods. A
detailed investigation of the crust is beyond the scope of this study and will be
presented in a separate study (Chapter 4).

We plot the models for each region colour-coded according to the data-synthetic
fit they provide. In Figure 3.7, both the non-uniqueness of the models and their
robust features are readily apparent. The colour of each profile and synthetic
dispersion curve is determined from the phase-velocity, data-synthetic misfit com-
puted over the frequency band most sensitive to the upper mantle (T>40 s). The
coloured depth ranges of the Vg profiles indicate the depth sensitivity of the data.
The data-synthetic misfits for the Love and Rayleigh waves are shown in Figure
3.7c¢ and d, respectively. The remaining misfits for the best fitting models (darkest
lines) are due to noise in the data (given the broad depth ranges of phase-velocity
sensitivity (Figure 3.6), sharp kinks in phase velocity curves cannot be explained
by any realistic structure). Note that for most of the better-fitting models, the
misfits are within the range of only +0.5%.

Overviewing the models, we note that the profiles for West Lhasa show mantle
lithosphere that is 100 km thick and characterised by very high shear speeds,
down to 175 km depth (Figure 3.7, region 1). In West Qiangtang (region 2), in
contrast, the uppermost mantle layer (from the Moho down to 100-125 km depth)
shows low average V5. This layer, however, is underlain by a ~100 km thick, high
velocity anomaly with Vg exceeding 4.7 kms™'. A similar high-velocity anomaly
is present beneath central and southeastern Qiangtang (regions 4 and 5), where
it is deeper and broader (150-300 km depth). Although less prominent, the high-
velocity anomaly is also observed beneath Songpan-Ganzi (region 6), below 150 km

depth, but not beneath Qinling-Qilian (region 7).
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Uppermost-mantle S velocities in central and northeastern Tibet are relatively
low, but not as low as those in West Qiangtang. In contrast to West Lhasa,
Central Lhasa displays no craton-like, high V5 in the uppermost mantle, with the

best fitting profiles there close to the global average values.

3.2.5 Targeted test inversions and parameter-range

estimation

Shear-velocity models yielded by inversions of phase-velocity curves are non-unique.
For example, the LAB is not always well defined by the Vg models as the data can
be fit equally well with or without a sharp discontinuity (e.g., Bartzsch et al., 2011).
Similarly, a deeper Moho trades-off with faster lower crust and upper mantle, and
vice versa for a shallower Moho.

In order to determine if a specific lithospheric configurations fits the surface-
wave data, information on the Moho depth and S, velocity were included in the
background model and were not allowed to change during the inversion (e.g., Figure
3.9). These joint inversions are important to find a holistic solution to the different
data sets and lead to a better constraint on the surface-wave data.

In another approach, a series of targeted test inversions to delimit ranges of
shear speed and radial anisotropy were made by strong damping of the V5 or
anisotropic parameters within a tested depth range. Thus, the inversion is encour-
aged to make use of the other less damped parameters to find a model that fits the
data in the set conditions. These test inversions are performed in a systematic way,
analogous to a “grid search” approach, with the test parameter set at a new step
for the next inversion. Tests for Vg ranges were performed in steps of 0.025 kms ™.
The better or worse fit from each test is visible in the data-synthetic misfit as the
affected periods reflect the depth range sensitivity (e.g., Figures 3.7 and 3.8).

For each inverted model we calculate the data-synthetic root mean square
(RMS) of the combined Love and Rayleigh waves for periods longer than 40 s.
The advantage of using RMS is that it accumulates misfit over a number of sam-
ples rather than being biased by one noisy sample. As a criteria to discriminate
1

between acceptable and rejected models we allow for RMS values of up to 3.5 ms™

above the best fitting regional model.
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