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ABSTRACT
One of the most impressive surficial features on Earth is the Himalayan-Tibetan orogen,
comprising the Himalaya Range and the associated Tibetan plateau to its northeast. Diverse
experiments have been conducted in Tibet in attempts to advance our understanding of the state
of anisotropy in the upper mantle beneath the plateau. Results from previous studies of shear
wave splitting on the Tibetan Plateau suggest several models of mantle lithospheric flow, such as
the rotational flow patterns observed around the Eastern Himalaya syntaxis. I use the SplitLab
processing environment to measure the shear wave splitting of teleseismic shear wave SKS and
SKKS phases recorded on 386 broadband seismic stations within nine networks deployed across
the Tibetan Plateau. I observe some strong variations in SKS splitting parameters across major
terrane boundaries but also detect strong lateral variations in the SKS splitting in the west-to-east
direction within both the Lhasa and Qiangtang terranes. In the Lhasa terrane, the apparent
splitting decreases from west to east, in contrast with the Qiangtang terrane, which shows an
eastward increase in SKS splitting. Patterns in much of the Himalaya and in southeastern Tibet
are complex with rapid apparent changes in the overall SKS splitting parameters.
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Chapter 1
Introduction
How many times did the sun shine, how many times did the wind howl over the desolate tundras, over the
bleak immensity of the Siberian taigas, over the brown deserts where the Earth's salt shines, over the high
peaks capped with silver, over the shivering jungles, over the undulating forests of the tropics! Day after
day, through infinite time, the scenery has changed in imperceptible features. Let us smile at the illusion of
eternity that appears in these things, and while so many temporary aspects fade away, let us listen to the
ancient hymn, the spectacular song of the seas, that has saluted so many chains rising to the light.
Émile Argand (1924)

1.1 Introduction
One of the most spectacular surficial features on Earth is the east-west trending
Himalayan-Tibetan orogen, of which the southern part comprises the towering Himalaya Range,
the highest mountain system on Earth, and the immense Tibetan plateau to its northeast. The
east-west limits of the Himalayan Orogen are the Nanga Parbat syntaxis to the west and the
Namche Barwa syntaxis to the east, also called the western and eastern Himalayan syntaxes,
respectively (Yin, 2006). This vast orogenic system is generally accepted to have been formed
from the 70 to 50 Ma Indo-Eurasian collision (Hatzfeld and Molnar, 2010), and is encompassed
in the vast Himalayan-Alpine system that spreads more than 7000 km from the Mediterranean
region to the west to the Indonesian Sumatra arc in the east (Yin and Harrison, 2000).
It is widely believed that the physical features of the Himalayan-Tibetan orogen (extreme
crustal thickness and north-south shortening, for example) are a result of processes associated
with the accretion of Gondwanan terranes onto the southern margin of Laurasia during Tethyn
Ocean subduction and subsequent underthrusting of the Indian subcontinent beneath southern
Eurasia (Dewey et al., 1988; Fielding et al., 1994; Owens and Zandt, 1997; Sinha, 1992;
Tapponnier et al., 2001). Such magnificent landmarks preserve a rich history of orogenic
formation and evolution, and hold abundant opportunities for investigations in orogeny,
geodynamics, and a great many other disciplines.
Geophysical studies in Tibet have only begun rather recently, owing to restrictive access
to western China as a consequence of geopolitical constraints and the imposing landscape itself
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(McNamara et al., 1994). Diverse seismologic studies of the lithosphere and mantle beneath
Tibet over the past several decades have profoundly advanced our knowledge of the architecture
beneath the plateau, most notably some recent seismic tomography results that image the Indian
lithosphere subducting beneath Tibet (He et al., 2010; Hung et al., 2010). Furthermore, a number
of gravity, magnetotelluric, and electromagnetic surveys have added to the ever expanding
geophysical datasets, while surface deformation and plate motions continue to be better
constrained thanks to a growing dataset from GPS campaigns in southern Asia. Despite these
achievements, there remains much to learn about the geodynamics and tectonic evolution of the
Himalayan-Tibetan orogen, and long-standing controversies persist over the inferred styles and
modes of deformation.
Anisotropy and Isotropy
An anisotropic medium has physical properties that depend on direction, in contrast to an
isotropic medium where physical properties have no directional dependence (Băbuska and Cara,
1991). In a seismically anisotropic medium, hence, seismic wave speed varies by direction. In
weakly anisotropic media, seismic waves might propagate much like those passing through
isotropic media. But if the anisotropy is strong enough to be detected, and is manifested on scales
larger than a seismic wavelength, we can make estimates about the orientation and thickness of
the medium itself (Aki and Richards, 2002; Băbuska and Cara, 1991). This holds extremely
important implications for characterizing – and mapping - the structure of Earth’s interior.
Anisotropy can exert stronger influence on wave speed than temperature and composition
(Anderson, 1989). Even so, it is only a recent development that the investigation of anisotropic
effects has become somewhat routine in geophysics, and this thesis will highlight some of the
anisotropy surveys conducted on the Tibetan Plateau and other world plateau systems. ‘Preanisotropic’ seismic Earth models were fundamentally based on seismically isotropic layers.
Seismologists and other scientists were aware of anisotropy much earlier, but were unable to
consider it in modeling until modern computers could handle the extra parameter (Băbuska and
Cara, 1991, in the preface by A. Nicolas quoting Don Anderson at a 1982 conference – one of the
earliest – held on seismic anisotropy). As anisotropy appeared to be more ubiquitous than
previously thought, it became apparent that isotropic inversion was no longer adequate for
seismic Earth models, as shown in Figure 1-1 where isotropic inversion of surface waves and
normal modes reveal quite different results from the Preliminary Reference Earth Model (PREM)
that factors in P-wave anisotropy (Anderson and Dziewonski, 1982). Over the past few decades,
ever expanding seismic data sets and advances in computational power have paved the way for
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subsequent breakthroughs in seismic anisotropy studies, and have allowed scientists to probe the
composition, structure, and evolution of the Earth’s interior with increasing precision.

Figure 1-1. Both vertical and horizontal shear velocities in the mantle, depicted in the Preliminary
Reference Earth Model (PREM), which factors in P-wave anisotropy, compared to isotropic inversion of
surface wave and normal mode data (hatched area). From Anderson and Dziewonski (1982).

In the upper mantle, seismic anisotropy has been observed by azimuthal anisotropy of Pnwaves (Hess, 1964), surface waves (Anderson and Dziewonski, 1982; Forsyth, 1975; Nataf et al.,
1984; Tanimoto and Anderson, 1984) and by polarization anisotropy of S-waves (Crampin et al.,
1984) all providing strong evidence supporting the presence of anisotropic fabrics in the mantle
(Nicolas and Christensen, 1987). Hess (1964) discovered that in oceanic mantle, Pn refraction
velocities varied by azimuth at the Mendocino fracture zone off the coast of California, with low
velocities perpendicular to the shear direction and parallel to the marine magnetic anomalies,
while high velocities are parallel to the shear direction. Backus (1965) also observed from Hess’s
1964 results that a small amount of anisotropy directly affected the azimuthal dependence of Pn
and Sn waves propagating just below the Mohorovicic (Moho) discontinuity. Crampin (1984)
noted the importance of this discovery, because the thin oceanic crust is an excellent place to
observe anisotropy in one plane.
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The sources of anisotropy have been widely investigated in the literature. Silver and
Chan (1991) proposed three hypotheses for the origins of observed anisotropy, which are 1) strain
from absolute plate motion (APM) – widely believed to occur in oceanic mantle where APM
concentrates strain mostly in the asthenosphere and where the anisotropic fabric is oriented
parallel to the direction of APM of the plate; 2) crustal stress, such as orogeny, rifting, ridge-push
processes, and others – assumed to be lithospheric-wide but difficult to assess, especially in areas
of active tectonics (e.g., Tibet) because of ambiguity in the required association of finite strain
and instantaneous stress; and 3) tectonic influences on past (“fossil strain”) and present internal
coherent deformation (ICD) – more or less assumes a deterministic relation between the strain
field observed at Earth’s surface and in the mantle. ICD predicts that anisotropic fabrics in this
third regime are rift-parallel, orthogonal to collisional directions, and parallel to strike-slip faults.
The third hypothesis was suggested to be the most successful predictor of mantle flow patterns
(Silver and Chan, 1991).
Research goals
In this thesis, I explore the state of seismic anisotropy in the upper mantle beneath Tibet,
based upon results from SKS splitting measurements obtained from 386 broadband sensors
contained within eight portable, passive seismic networks, and one permanent, passive seismic
network, deployed across the Tibetan Plateau as listed in Table A-1 in the Appendix, with
locations displayed in Figure 1-2. The shear wave splitting measurements have been analyzed by
earlier researchers, who used a variety of different measurement techniques.
The first goal of this work is to explore the sensitivity of the shear wave splitting results
using a consistent and uniform re-measurement approach. Previous studies span 20 years,
beginning in the early 1990s, and over this timeframe researchers used a variety of algorithms and
computer codes to obtain the two shear wave splitting parameters: fast polarization azimuth and
delay time, (FPA and DT, respectively) required to assess seismic anisotropy. Much progress has
been made in shear wave splitting research over the years, and now there is a standard and wellestablished method, introduced by Silver and Chan (1991), and which I have adopted in this
study. I use the SplitLab processing code for all shear wave splitting measurements (Wüstefeld et
al., 2008). The second goal of this work is to explore the implications of my results in light of
recent models of the lithospheric structure beneath Tibet. There are several interpretations of
Tibetan Plateau evolution, and I offer my own insights based upon my measured results and
comparative studies with past results. The third goal is to examine my shear wave splitting
results from Tibet within a more global context by comparing them with other anisotropy
observations from plateaus around the world.
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1.2 Anisotropy in Earth
Perhaps an appropriate starting point for discussion about anisotropy in Earth is to
consider the conditions and locations in which anisotropy can occur. The answer might be –
anywhere. Anisotropy has been observed from Earth’s inner core to the surface [e.g., Barroul and
Mainprice, 1993; Helmberger et al., 2005; Montagner and Anderson, 1989; Shearer and Toy,
1991 (inner core studies); Silver and Chan; 1991; Vinnik et al., 1989b (D” investigations);
Wookey, 2005] and can be detected from microstructures to vast tectonic boundaries, such as the
focus of this study, the Himalayan-Tibetan orogen.

1.2.1 Anisotropy in Rocks
Laissez au petits géomètres les choses faciles à trouver et laborieuses à démontrer.
Christiaan Huygens

Early research in anisotropy, sometimes referred to as birefringence or double-refraction,
dates back to the late 17th century (Buchwald, 2007). Shapiro (1973) recounts the history of
wave optics during this period, and describes Christiaan Huygens’ (1629-1695) quasi-discovery
of double refraction recorded in his Traité de la Lumière, 1690 (see Bibliography for more
information). In isotropic media, rays are normal to propagating wavefronts, but Huygens
observed that in anisotropic media, as with the crystal Iceland spar, rays are not normal to
wavefronts in certain materials (Shapiro, 1973). His discovery formed the basis of Huygens’
Principle, which regards each point on a wavefront as a source of a new wavefront, hence
accommodating wave propagation in different refraction settings (Sheriff, 2002). This principle
has extremely important implications in seismology because it is an intrinsic feature of seismic
waves propagating through anisotropic Earth media.
Before venturing into large-scale anisotropic structures, as we shall see shortly, it is
important to understand how anisotropy is manifested at the smallest scales. We begin with the
unit cell - or the building block of a crystal - classified by its symmetry type and corresponding
lattice framework, both are key determinants in governing the occurrence of anisotropy (Băbuska
and Cara, 1991). There are seven possible configurations of a unit cell, and each is diagnostic of
a specific mineral (Wenk and Bulakh, 2004). The most symmetric unit cell has cubic symmetry,
possessing sides of equal length at right angles to each other (e.g., the mineral halite, more
commonly known as table salt). In this case, the cell is isotropic, having no noticeable variation
of properties by direction (Crampin, 1984). The other end member in the symmetry spectrum is
triclinic symmetry in which side lengths are unequal and angles between edges are oblique, for
example the orthorhombic symmetry of the mineral olivine (Crampin, 1984). Anisotropy is
intrinsic in triclinic symmetry because seismic wave propagation varies with direction in passage
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through the asymmetrical structure of the crystal lattice – a phenomenon known as latticepreferred orientation (LPO) anisotropy (Stein and Wysession, 2003).
Symmetry systems exert two major effects on seismic body waves, and decouple P and
SV components from the SH component under these circumstances: 1) when propagation
direction is in a vertical symmetry plane; and 2) when propagation direction is in a symmetry
plane, and the polarization of a P-wave and one S component is parallel and the other S
component is orthogonal to the symmetry plane (Crampin, 1984). The LPO information can be
combined with the elastic constants to acquire the seismic velocities for any composition
(Mainprice and Nicolas, 1989). This is an extremely useful concept in seismology and has been
widely exploited in studies of anisotropy.

Figure 1-3. P-wave and S-wave velocities (in km/s) in a single olivine crystal. The a, b, and c axes are
labeled. With kind permission from Springer Science and Business Media, and original data from
Kumazawa and Anderson (1969). AGU copyright © 1969.

Modern laboratory measurements of P- and S-wave velocities derived from elastic
constants in single crystals of olivine were first recorded by R. K. Verma (1960), a student of
Francis Birch (Hess, 1964). Subsequent measurements made by Kumazawa and Anderson (1969)
further refined these values to be 1) for P-waves – maximum of 9.89 km/s, minimum 7.72 km/s,
and mean 8.81 km/s, and 2) for S-waves – maximum of 5.53 km/s, minimum of 4.42 km/s, and
mean 4.98 km/s (see also, Băbuska and Cara, 1991; Christensen, 1966a; Christensen, 1966b;
Christensen and Lundquist, 1982), as shown in Figure 1-3. We calculate the magnitude of
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anisotropy, represented by the coefficient of anisotropy, k, in the olivine crystal using the
following relation (Băbuska and Cara, 1991; Birch, 1961; Stein and Wysession, 2003):

k=

v min " v max
.
v mean

Thus, for olivine crystals the coefficient of anisotropy has 25% and 22% velocity changes by
direction for P-waves and S-waves, respectively. The maximum Vp coincides with the olivine a-
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axis, and the dominant slip plane at high temperatures, and the minimum Vp with the olivine baxis that is orthogonal to the slip plane (Nicolas and Christensen, 1987).
In its purest form, measured at the single crystal level, we can understand the influence of
anisotropy on seismic wave propagation. These velocities are extremely important in Pn and Sn
anisotropy investigations because the symmetry planes mentioned are commonly oriented subhorizontally in the upper mantle (Crampin, 1984; Nicolas and Christensen, 1987). It should be
mentioned that the presence of accessory minerals (e.g., spinel, serpentine, and amphibole) in the
mantle will lower anisotropy values slightly, and furthermore, garnet can dilute anisotropy values
(Christensen and Lundquist, 1982). For most large-scale studies in anisotropy, a dominance of
olivine is inferred for simplification. But it should be mentioned that the lack of consensus
regarding influences of deviatoric stress and plastic strain as contributors to preferred orientations
continues to foster vigorous debate (Nicolas and Christensen, 1987; Rasolofosaon, 1998).
Nevertheless, thanks to the growing body of earthquake data acquired from permanent and
temporary seismic stations, researchers now have the means to constrain the alignment of
minerals or geologic fabrics within regions of Earth’s interior.

1.2.2 Anisotropy in the Upper Mantle
Anisotropy in the upper mantle reveals information about composition and flow fields
because it requires both anisotropic crystals and preferred orientation (Anderson and Dziewonski,
1982; Christensen, 1966b; Nicolas and Christensen, 1987; Zhang and Karato, 1995).
Geophysical, petrological, and geochemical constraints restrict the dominant mineralogical
composition of upper mantle peridotites to be predominantly olivine (65%) and orthopyroxene
(20%), both highly anisotropic for P- and S-wave propagation, and even in aggregate with other
mineral constituents these minerals exhibit anisotropy consistent with their single crystal values
(Anderson, 1989; Anderson and Dziewonski, 1982; Nicolas and Christensen, 1987). Scaling
anisotropy estimates from laboratory mineral specimen to wholesale regions in the mantle has
been attempted in studies of large ultramafic massifs deemed to be good proxies for the mantle
(Nicolas and Christensen, 1987).
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It is well known that olivine in rock is predisposed to a preferred orientation of its
crystallographic axes when undergoing deformation or flow, and this can place constraints on
patterns of mantle flow directions (Hess, 1964; Savage, 1999; Silver, 1988; Tanimoto and
Anderson, 1984) with flow patterns differing by source, age, or geographic occurrence (Turner,
1942). Ribe (1989b), however, observed that LPO is not an adequate predictor of mantle flow
patterns unless governed by progressive simple shear which only occurs is certain settings, such
as just above a subducted slab and applicable to the Indo-Eurasian collision zone. In general, the
seismically fast axes are in the a-axis plane which points in the direction of flow, and the b-axis is
the seismically slow axis (Figure 1-3), orthogonal to the direction of flow (Anderson and
Dziewonski, 1982).
Mantle flow in concert with favorable conditions for dislocation creep at higher
temperatures provides the conditions for preferred orientation of crystals in the mantle (Anderson
and Dziewonski, 1982; Mainprice and Nicolas, 1989; McKenzie, 1979; Ribe, 1989b). Although
this seems straightforward in principle, field investigations must rely on remote sensing methods
– like seismology – to infer behavior of mantle flow. In complex settings such as the HimalayanTibetan orogen, shear wave splitting can assist in resolution of competing tectonic reconstruction
hypotheses.

1.2.3 Seismic Anisotropy and Shear Wave Splitting
A extraordinary manifestation of anisotropy is shear-wave splitting, illustrated in Figure
1-4, in which an incident S-wave entering an anisotropic medium polarizes into two shear waves,
where one shear wave travels parallel to the medium’s ‘fast’ direction and overtakes a second
orthogonally polarized shear wave (Băbuska and Cara, 1991; Savage, 1999; Silver, 1996).

Figure 1-4. Schematic drawing of an incident S-wave traveling from an isotropic medium through an
anisotropic medium. At the anisotropic boundary, the wave splits into two orthogonally-polarized shear
waves with one traveling faster than the other along the fast polarization axis (FPA), ϕ, separated by a
delay time (DT), δt. From Wüstefeld et al., (2008).
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In shear wave splitting analyses, the effects of anisotropy are often characterized in terms
of two splitting parameters: 1) the fast polarization azimuth (FPA), or ϕ, referring to the azimuth,
in degrees, along which the ‘faster’ shear wave travels, and 2) the delay time (DT), or δt, denoting
the separation in time, in seconds, between the fast and slow shear waves. In general, the
splitting parameters are a function of a material’s anisotropic characteristics, the initial
polarization angle of the shear wave, (which depends on the source-to-station geometry) and the
shear-wave radiation properties of the seismic source.

Figure 1-5. Ray diagrams for the a) SKS (left) and b) SKKS (right) seismic shear wave components. The
black star represents the event hypocenter, and the blue and red lines show idealized raypaths for the SKS
and SKKS components. From Ed Garnero - http://garnero.asu.edu/research_images/raypaths/taup_path.

Shear wave phases that transmit P waves into the core that later transmit S waves back
into the mantle (e.g. SKS and SKKS, as shown in Figures 1-5 a. and b.) are particularly well
suited for making observations of shear-wave splitting studies because 1) the anisotropy can be
isolated along the receiver side of the wave propagation path owing to the P to S conversion at the
core-mantle boundary (CMB); 2) the anisotropy is easier to detect because the SKS phase is
radially polarized, which simplifies computations; and 3) the teleseismic distance required to
detect the SKS phase allows for greater azimuthal earthquake coverage (Silver and Chan, 1991).
Analyzing shear waves including an outer core P wave segment allows us to constrain the initial
polarization angle, and more easily isolate the anisotropic characteristics of the mantle and crust
between the outer core and the seismometer.
The splitting parameters provide insight into the extent and strength of anisotropy
beneath a seismic observatory. In regions of tectonic complexity such as Tibet, shear wave
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splitting parameters may provide information about fracture, fabric, and large-scale mineral
orientation beneath the region, which can place important constraints on geologic processes such
as surface geology, lower crust and mantle flow, intraplate deformation, volcanism, and
geodynamics (e.g., Chen et al., 2010; McNamara et al., 1994, and Wang et al., 2008).

1.2.4 Global Observations of Seismic Anisotropy
Much progress has been made in seismic anisotropy studies, especially in the past few
years as data from temporary seismic networks has become available. An important recent
development is the creation of a central database for shear-wave splitting data that is available to
the public.

Figure 1-6. Global observations of shear wave splitting results plotted on a 3° x 3° grid depicting a)
measured results from global observations compiled in the shear wave splitting database, and b) predicted
results using method of Montagner et al. (2000) based on a 1° x 1° anisotropic tomography model from
Debayle et al. (2005) at depths between 50 and 500 km. Boxed areas refer to deeper analyses the reader
can review in the source. From Wüstefeld et al. (2009).

There are two repositories – one created by Evans et al., (2006) via the International
Seismological Centre (http://www.isc.ac.uk/SKS/), and the other by Wüstefeld et al. (2009) at
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Université de Montpellier (http://www.gm.univ-montp2.fr/splitting/DB). Owing to the growing
shear-wave splitting dataset, it is now possible to make compilations of seismic network results to
gain perspective on global patterns of anisotropy. In Wüstefeld et al. (2009), a global comparison
map correlating shear wave splitting parameters to surface wave data displays measured results as
compiled from the database versus predicted (Montagner et al, 2000) values as shown in Figure
1-6, (Wüstefeld et al., 2009). The shear-wave splitting DTs range from 0.4-1.4 s, and are in
general agreement with previous studies (e.g., Silver, 1996). An interesting characteristic of the
globally compiled shear wave splitting values is that FPA observations appear to favor east-west
orientations – this is attributed to ocean-continent shear wave splitting discrepancies and station
distribution characteristics (Wüstefeld et al., 2009), which over time might improve as more data
are collected. The global map shows strong patterns of coherency in FPA in some regions, such
as along rift valleys and orogenic belts, but in other places the FPA values lack coherency or are
too few in number to discern any patterns.
Anisotropy in continents is often observed to be associated with cratons and interpreted
as ‘fossilized’ in frozen fabrics formed during past tectonic events (e.g., Silver and Chan, 1991),
but these are often difficult to constrain owing to tectonic overprinting, and other dissipative
processes (Lavé et al., 1996). In active tectonic areas though, there is great potential for mapping
anisotropic regions where recent deformation is easier to constrain and the correlation between
tectonics and anisotropy might be more straightforward and quantifiable (Lavé et al,, 1996). For
example, surface structure trending approximately E-W in eastern Tibet corresponds to the
anisotropy FPA that might bear evidence for the eastward extrusion or ‘escape tectonics’
hypothesis that has been widely espoused (Huang et al., 2000; Lavé et al., 1996; McNamara et al.,
1994) and recently corroborated by geodetic measurements (Guilbert et al., 1996; Hirn et al.,
1995).
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Chapter 2
Anisotropy Beneath the Tibetan Plateau: A Survey of
Shear Wave Splitting Analyses
The universe flows, carrying with it milky ways and worlds, Gondwanas and Eurasias, inconsistent visions
and clumsy systems. But the good conceptual models, these serena templa of intelligence on which several
masters have worked, never disappear entirely. They are the great legacy of the past. They linger under
more and more harmonious forms and actually never cease to grow. They bring solace by the great art
that is inseparable from them. Their permanence relies on the immortal poetry of truth, of the truth that is
given to us in minute amounts, foretelling an order whose majesty dominates time.
Émile Argand (1924)

2.1 Introduction
The tectonics and geology of the Himalayan-Tibetan Plateau have been subjects of great
interest in the sciences, intensifying after the Swiss geologist, Émile Argand, published his 1924
seminal work on Asian Tectonics (Argand, 1924; Yin and Harrison, 2000). Around this same
period, the German geophysicist, Alfred Wegener, astonished the scientific community with his
espousal of continental drift - Argand was one of his few supporters. In the decades following,
particularly after plate tectonics finally became widely accepted, numerous hypotheses
concerning the evolution of the Himalayan-Tibetan orogen began to emerge (e.g., Dewey and
Burke, 1973; Dewey et al., 1988; Nelson et al., 1996; Owens and Zandt, 1997; see Yin and
Harrison, 2000 for a more complete list).
Today, some of the long standing controversies remain, e. g., whether the upper mantle
beneath Tibet is cold, hot, thickened by shortening, or thinned by convective instability
(Houseman and England, 1986; Tapponier et al., 2001; Royden et al., 2008). Recent advances in
the geologic and geophysical characterization of the plateau gathered from a variety of expanding
datasets are ‘narrowing the field’ study by study.
A particularly contentious topic concerns the state of the upper mantle beneath Tibet, and its
potential role in tectonics and deformation. Mantle fabric beneath the Tibetan Plateau might
provide details of past tectonic events and ongoing deformation, and since the early 1990s,
anisotropy studies of the lithospheric mantle beneath Tibet, using shear wave splitting
measurements, have gained great importance in mapping mantle strain patterns, which together
with the surface geology, can emplace some of the required constraints to allow us to reconstruct
the history of deformation in Tibet (Chen et al., 2010; Wang et al., 2008). A large-scale,
multidisciplinary Earth science study, SinoProbe, is currently taking place in China, and includes
seismic reflection and refraction, passive seismic, magnetotelluric and a host of other studies
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whose goal is to image in 3-D the structure and composition patterns that may resolve some of
these elusive tectonic evolution problems, including characterizing the geometry and architecture
of the lithospheric mantle (Dong et al., 2011). Similar multidisciplinary approaches elsewhere
have been widely supported by the scientific community, and have produced many advances in
understanding the tectonic and geologic evolution of various regions on Earth (e.g., Project
LITHOPROBE and EarthScope).

2.2 Tectonic and Geologic Setting of the Tibetan Plateau
Tibet, officially known as the Xizang Autonomous Region, is located in western China
and neighbors India, Nepal, Bhutan, and Burma (also known as Myanmar) at its southern flank.
Within China, Tibet rests to the south of Xinjiang and Qinghai provinces, and to the west of
Sichuan and Yunnan provinces (Figure 1-2). The plateau is enclosed by some of the world’s
greatest mountain ranges, including the Kunlun Shan to the north, the Pamir Mountains to the
west, the Himalaya and Gangdese to the south, and the assembled ranges, known as the
Hengduan, to the east (Hsieh and Hsieh, 1995). The Tibetan Plateau stands at a mean elevation
of 5000 meters, has a mean crustal thickness of ~65 km (Ozacar and Zandt, 2004) and occupies
an area of roughly 3 x 10 6 km2 (Hatzfeld and Molnar, 2010; Royden et al., 2008).
Tibet is considered to be an amalgamation of microplates, flysch complexes, and island
arcs - some separated by ophiolite belts - accreted to southern Eurasia prior to the Indo-Eurasian
collision (Dewey et al., 1988; Yin and Harrison, 2000). One of the consequences of this
collisional assemblage of microplates is that the evolution of the mantle lithosphere beneath Tibet
is complicated, and its evolution is difficult to reconstruct – the numerous competing models
alone lend testimony to this exceptional challenge. Moreover, the different assemblages of Tibet
have varied composition and structure, were formed at different times, and consequently exhibit
significant lateral variability (O’Reilly, 2001). This setting presents a unique challenge in studies
of anisotropy of the Tibetan upper mantle.
It is essential to present the different regions (Figure 1-2) that make up Tibet before the
anisotropy analysis, for each has its own petrologic and lithologic character and tectonic past that
profoundly exert influence on the rock fabrics we observe today and infer from the past. We
begin with the northern boundary of Tibet and move southward - and later in time - to the IndusYalu suture zone that demarcates the southern boundary of Tibet. For purposes of simplification,
I adopt naming conventions used by Taylor and Yin (2009) as these vary widely in the literature.
The northernmost boundary of Tibet lies south of the left-lateral Altyn-Tagh fault that
separates Tibet from the vast Tarim Basin and desolate Talka Makan desert. On the south side of
the Altyn-Tagh fault is the Pliocene-Quaternary Qaidam Basin, rimmed by the Kunlun Shan
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mountains whose southern boundary is defined by the left-lateral Kunlun fault, which is widely
accepted to be the northern terminus of the Tibetan plateau (Taylor and Yin, 2009). The Kunlun
fault coincides with the Anyimaqen-Kunlun-Muztagh suture zone (AMS).
Songpan-Ganzi Terrane (SGT)
To the south of the AMS rests the northernmost terrane of Tibet, the Oligocene-Miocene,
Songpan-Ganzi terrane (SGT), also known as northern Tibet (Taylor and Yin, 2009). The SGT
terrane is believed to be a flysch complex whose source is suggested to be a large volume of
sediments from the Qinling-Dabie orogenic belt formed during the Triassic collision of North and
South China (Yin and Harrison, 2000; Yin and Nie, 1993). At the southern limit of the SGT is
the east-west trending Jinsha suture (JS) that borders the Qiangtang terrane resting to the south.
The northern limit of a widely observed low velocity zone (LVZ) is in the SGT, and might be
associated with observations of extremely strong shear-wave splitting – one observatory in this
region exhibits one of the largest splitting DT values on Earth, e. g., station BUDO - Table B-2 in
the Appendix, and Figures 2-5, 2-6, and 2-7, (McNamara et al., 1994) also observed by Huang et
al. (2000), and others.
Qiangtang Terrane (QT)
The Qiangtang Terrane (QT), also known as central Tibet, is bounded by the JS to the
north and the Late Jurassic Bangong-Nujiang suture (BNS) to the south (Dewey et al., 1988, Yin
and Harrison, 1988). Qiangtang is dominated by an east-plunging anticlinorium spanning nearly
600 km long and 300 km wide, possessing a core composed of Upper Paleozoic and metamorphic
rocks with Jurassic and Upper Cretaceous strata at its limbs (Kapp et al., 2005; Yin and Harrison,
2000). Kapp et al., (2005) suggest that the Qiangtang anticlinorium may have been formed from
the Lhasa terrane underthrusting at the BNS. Qiangtang may have once comprised a part of
eastern Gondawanaland, and coincides with the southward subduction of the Songpan-Ganzi
flysch complex beneath the QT at the JT zone (Dewey et al., 1988). The bulk of the LVZ spreads
through the QT and appears to end abruptly at the BNS, and shear wave splitting measurements
in this terrane have a distinct character, contrasting greatly from values observed in the
surrounding terranes (explained more thoroughly in the Results section of this thesis).
Lhasa Terrane (LT)
The BNS marks the southern boundary of Qiangtang, south of which lies the Lhasa
terrane. Lhasa is the last of the microplates to accrete at the southern margin of Eurasia before
the Indian block collision (Li et al., 2011). There has been persistent controversy concerning the
origins of the Lhasa terrane, and recent work from Zhu et al. (2011) suggests that not only is
Lhasa exotic to the Tibetan Plateau, but it possibly originated from Australian Gondwana rather
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than Indian Gondwana. The study used U-Pb age and Hf isotope data on detrital zircons from
Paleozoic rocks in the Lhasa Terrane (Zhu et al., 2011), and if correct, the results have important
implications for the tectonic evolution in this region of Tibet. In addition, recent receiver
function investigations underneath LSA indicate possible slab foundering and an imbricated
Moho (Li et al., 2011) - these developments might have some bearing as to why anisotropy
measurements appear to be more complex in Lhasa in contrast to nearby terranes. The BNS
shows evidence of possible Early Cretaceous, northward underthrusting of Lhasa under
Qiangtang as the Bangong Ocean basin closed (Kapp et al., 2005).
In Late Cretaceous-Early Tertiary, the subducting Tethyan oceanic plate appears to have
undergone slab rollback, resulting in the vast Linzizong volcanic flare-up and subsequent
formation of the Gangdese Arc located at the southern perimeter of Lhasa, and forming the
southern active continental margin before the Indo-Eurasian collision (Ding et al., 2003; Kapp et
al., 2007). The Tethyan Indus-Yalu suture (IYS) is the boundary of the Indo-Eurasian collision
following the early Tertiary closing of the Tethyan Ocean (Dewey, 1988; Sandvol et al., 1997;
Yin and Harrison, 2000).

2.3 Previous Studies of Anisotropy Beneath Tibet
In this study, I re-examine shear wave splitting measurements made as part of first-order
field investigations to explore and to map the potential state of anisotropy beneath the Tibetan
Plateau. While instantaneous mantle strain patterns are not observable with shear wave splitting
measurements, we can nonetheless estimate the orientation of finite mantle strain (Huang et al.,
2000). In an area of active tectonics like Tibet, this can pose formidable challenges.
One of the major reasons for reprocessing shear wave splitting measurements from a
group of past experiments is to gain a perspective on anisotropy at larger scales, rather then being
limited to a single network or particular region. In addition, our understanding of shear wave
splitting and the methods used to measure it have improved over the years, and can address
greater complexity than what researchers had at hand in earlier times. As such, a comprehensive
review of shear wave splitting across Tibet may yield more information about some interesting
features that have been observed, such as an interpreted abrupt change from weak anisotropy to
significant anisotropy in central Tibet (Huang et al., 2000). This anomaly might reveal more
details about the mantle fabric, and consequently, deformation history in this area.

16

2.4 Methods
2.4.1 Seismic Networks on the Tibetan Plateau
Figure 1-2 shows the locations of seismic stations from several seismic experiments that
were used to make shear wave splitting measurements, against the backdrop of the Tibetan
geologic provinces and major suture zones. Splitting observations have been made for most of
these stations by other researchers, and are compared with results I obtained using the software
package SplitLab (Wüstefeld et al., 2008). I re-measured the splitting parameters using a uniform
approach and method to explore the spread of the observations across previously conducted
analyses to determine the stability of shear wave splitting measurements obtained from different
algorithms, processing systems, and picking observations, including usage of different filtering
methods and event parameters. Also, I reassessed the possible existence of more complicated
anisotropic geometries than what have been suggested in earlier, first-order analyses.

2.4.2 Shear Wave Splitting Measurements Using SplitLab
SplitLab is based in the MATLAB environment and uses a Graphical User Interface
(GUI) approach to manage a shear-wave-splitting estimation workflow, in which key inputs such
as station parameters and earthquake data are filled in to complete a single station ‘project’
(Wüstefeld et al., 2008). Three-component seismograms with isolated SKS (or other) phases are
the basis for computing the optimal splitting parameters, fast polarization azimuth (FPA), or ϕ, in
degrees, and delay time (DT), or δt, measured in seconds. The program has provisions for
bandpass filtering, usage of different theoretical phase arrivals (IASPEI91 and PREM), viewing
particle motion and spectrogram diagrams, and measurement of the shear wave splitting
parameters using three independent methods. It is possible to model the results using more layers
as well. The results can be sorted and compiled in a database for export into different processing
programs (Microsoft Excel was used in this study).
A unique case exists when the initial polarization of the incident S-wave is known, which
occurs for the SKS and SKKS phases, such that the polarization is assumed to be along the radial
direction (Wüstefeld et al., 2008; Silver and Chan, 1991) and independent of the initial shear
wave radiation patterns from the earthquake (Savage, 1999). Figure 2-1 is an enlarged SKS
raypath diagram, similar to that shown in Figure 1-5. The SKS phase propagates away from an
earthquake as a shear wave (S wave) that may travel along in the shear SH or SV modes. An Swave to P-wave conversion occurs at the interface of the CMB, upon which all energy is
propagated as a P-wave as the wave traverses the liquid outer core. Upon emergence from the
outer core at the CMB another conversion takes place from P-wave to S-wave, but the S wave is
now propagating wholly in the SV mode, in the framework of transverse isotropy with a
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horizontal axis of symmetry, because all of the SH energy was reflected at the initial point of
contact with the CMB (Stein and Wysession, 2003).

Figure 2-1 Ray diagram for the SKS seismic shear wave phase showing particle motion along an idealized
raypath (highlighted in red to show impingement below the sensor). The portion of the raypath extending
downward from the earthquake possesses both SV and SH components of the S wave. At the CMB all SH
energy is reflected away during the S to P conversion (Stein and Wysession, 2003). Through the fluid
inner core the wave propagates as a P-wave and at the CMB it emerges as an S-wave polarized only in the
SV direction and now independent of the initial shear wave radiation patterns from the earthquake (Savage,
1999). The black star represents the event hypocenter, and the blue lines and red line show idealized
raypaths for the SKS phase. Modified from Ed Garnero http://garnero.asu.edu/research_images/raypaths/taup_path/SKS.

This behavior of the SKS phase has considerable utility in teleseismic shear wave
splitting measurements because 1) the anisotropy is confined to the seismometer side of the
raypath (a result of the S to P and P to S conversions at the CMB); 2) for geometric
simplifications owing to the radial polarization of the impinging SV component traversing
through an idealized isotropic, spherically symmetrical Earth, any detectable signal on the
transverse component is diagnostic of anisotropy; 3) the SKS phase is detected beyond 85°, and
hence useful for investigations of continental interiors; and 4) the raypath for the SKS phase
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propagates along an effectively vertical path through the mantle such that the direction is more or
less constant which also simplifies the measurements (Silver and Chan, 1991).
I examined all signals from earthquakes with a station-to-event-event distance in the
range 85°-140°, focal depths ≥ 33 km, and magnitudes in the range of 5.8 – 9.0 Mw. Phase
arrivals were emplaced using the International Association of Seismology and Physics of the
Earth’s Interior (IASPEI – Kennett and Engdhal, 1991) model. To improve the signal quality of
the seismograms, third-order Butterworth filters were applied at waveform-tailored frequency
ranges. Most of my shear wave splitting measurements were made on the SKS phase, and
interpreted using the well-established minimum energy technique (MTE) as presented by Silver
and Chan (1991). This technique employs a grid search to identify the splitting parameters that
best minimize the signal energy on the transverse component (Silver and Chan, 1991; Wüstefeld
et al., 2008).
The minimum energy technique is based upon the following time-domain relations,
considered for a noise-free seismogram, as presented by Silver and Chan (1991):
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where ur (t) and ut (t) are the radial and transverse component displacements, respectively, and
w(t) represents the incident seismic wave pulse, which depends on the character of the seismic

!

source and propagation through the deep mantle and outer core, but is common to both of the split
shear waves.
For SKS and SKKS phases the signal energy measure, Et, given by the relation
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can be minimized on the splitting-corrected transverse component, such that [1] and [2] provide
important diagnostic results for these phases, which are the splitting parameters ϕ and δt (Silver
and Chan, 1991).

!

An essential parameter used in anisotropy studies is δβ, which represents the shear wave
perturbation (ostensibly due to anisotropy) whose maximum derived from laboratory studies of
single-crystal elastic constants of olivine is estimated to be an average of 0.10 (Kumazawa and
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Anderson, 1969; Silver and Chan, 1991; Verma, 1960). Because the mantle is approximately 5070% olivine, δβ values are closer to 0.04, based upon ophiolite (Christensen, 1984) and other
records (Silver and Chan, 1991).

This important parameter allows for computation of the

thickness of the inferred anisotropic layer, L, by taking the ratio of the product of the DT and
isotropic shear velocity, βo (4.6 km/s) to δβ, such that (Silver and Chan, 1991):

L=

δtβ o
ε

[4]

Therefore, a 1s DT results in a layer 115 km thick (Silver and Chan, 1991).
The Null Case

€

Just as important as it is to determine the anisotropy parameters (FPA and DT) at a given
seismic station, null measurements can also provide considerable insight into anisotropy
observations (see Wüstefeld and Bokelmann, 2007). A null shear wave splitting result occurs
when there is no dectectable anisotropy, either due to isotropic fabric, or in cases when the initial
polarization azimuth is parallel to either the fast or slow direction of the anisotropic medium
(Savage, 1999) and hence, no splitting takes place. In general, isotropic media will produce nulls
from all backazimuths (BAZ), whereas strongly anisotropic media will display nulls from four
small ranges of BAZ (Wüstefeld and Bokelmann, 2007). Weakly anisotropic media or
heterogeneous media will produce small DT values that are sometimes mistakenly considered to
be nulls (Saltzer et al., 2000; Wüstefeld and Bokelmann, 2007) and in cases where there are
‘near-nulls’ interpretations become quite ambiguous.
The upcoming sections describing the shear wave splitting results I obtained compared
with previous researchers note some of the perplexing inconsistencies between our results, where
at times I would determine a station to show null results whereas the previous researcher did not,
or vice versa. This is particularly evident in the southern section of the HiCLIMB network that
Chen et al. (2010) show as predominantly null [also verified as such by Fu et al (2008)], yet my
results indicate otherwise. In some cases, including HiCLIMB, there were insufficient
descriptions to indicate whether an original measurement was deemed null or not. In my
experiments, there were some stations that exhibited neither observable anisotropy nor null
measurements – these I have designated to be ‘unconstrained’ measurements. Another
observation to ponder is the occurrence when a null station is in close proximity to a non-null
station – does this mean there is a rapid, lateral change in anisotropy? Or is this attributable to a
change in some other parameter (e.g., noise) or combination of parameters? I investigate this
problem in upcoming sections describing the network results.
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SplitLab and shear wave splitting
Although the minimum-transverse-energy (MTE) technique is used as the principal
method for estimating the shear wave splitting parameters, other methods are valuable for
identifying null observations (Wüstefeld and Bokelmann, 2007). The rotation-correlation (RC)
method (Bowman and Ando, 1987) can be used with the MTE method to construct a consistency
test of a measurement that is effective in identifying null splitting observations (Wüstefeld and
Bokelmann, 2007). Hence, the full procedure adopted in this study employs a combination of
measurements to estimate the splitting parameters and to test for null measurements.

Figure 2-2. The SplitLab diagnostic plot containing results of a good quality shear wave splitting
measurement for INDEPTH-III station, ST32 (Qiangtang terrane). The upper left panel shows the
windowed selection (highlighted in grey) used for the splitting measurement with radial (Q, solid) and
transverse (T, dashed) superimposed and uncorrected for anisotropy. In the top center are the event details
and splitting parameters for the three shear wave splitting methods. The upper right panel shows a
stereoplot of the result, along with the incidence angle of the shear wave. Along the middle panel are the
results for the rotation-correlation method: (a) the fast (solid) and slow (dashed) normalized components
after the delay correction; (b) corrected radial (Q, solid) and transverse (T, dashed) un-normalized
components; (c) particle motion diagram before (dashed) and after (solid) correction; (d) mapped
correlation coefficients, with the shaded area indicating the 95% confidence area. The bottom panel
displays the results for the minimum energy method: (e) the fast (solid) and slow (dashed) normalized
components after the delay correction; (f) corrected radial and transverse un-normalized components; (g)
particle motion diagram before and after the splitting correction; and (h) the minimum energy splitting
parameters for the minimum energy on the transverse component. After Wüstefeld et al. (2008).
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Figure 2-2 is a diagnostic plot for a single measurement produced by SplitLab containing
a good quality (signal-to-noise ratio (SNR) > 10) SKS splitting result for Station ST32 deployed
in the Qiangtang terrane within the INDEPTH-III network. The top panel contains from the left,
(a.) the ‘windowed’ phase selection as made by the user and shown here as a backdrop to the
(splitting) uncorrected radial (dashed line) and transverse (solid line) components. The transverse
component here shows considerable energy, which indicates the presence of anisotropy. The
middle part of the upper panel (b.) gives the station and event parameters as well as the summary
of splitting results. At the far right in the upper panel (c.) is a stereoplot of the splitting
parameters along with the inclination angle. The middle (d.) and bottom (e.) panels show the
measurement steps of the rotation-correlation method (Bowman and Ando, 1987) and the MTE
method (Silver and Chan, 1991), respectively. In the MTE panel from the left the first image
shows the normalized fast (dashed line) and slow (solid line) components after the splitting
correction, with the next image showing the non-normalized radial (dashed line) and transverse
(solid line) components after the splitting correction – note the linearity of the transverse
component after correction. Next, the particle motion diagram shows the typical elliptical motion
indicative of two mutually orthogonal shear waves before the correction (dashed) and the
resulting linear relation (solid) after correction. The last image to the far right is the contour map
of minimum transverse energy with the shaded circle in the cross-hairs as the optimal splitting
pair within the 95% confidence interval. This location corresponds to the FPA and DT (50°, 1.1
s), respectively.
As mentioned previously, I used the MTE method to obtain the splitting parameters but
often invoked the results from the RC method to constrain nulls . In this example, both methods
produce compatible and relatively well-constrained splitting-parameter estimates, and the
resulting particle motion is superbly linear. This high coherence is attributed to the BAZ being
sufficiently far away from the fabric fast and slow directions (Wüstefeld and Bokelmann, 2007).
According to Wüstefeld and Bokelmann (2007) DT is unstable near nulls and will often exhibit
‘scattering’ and maximum (4 s) DTs observable by an elongated confidence area along the DT
axis. Furthermore, Restivo and Helffrich (1998) specify that DT is reliable only when the BAZ is
greater than 15° from a null direction. In effect, high quality splitting measurements are not as
common as one would hope, and in this study poor quality measurements (low SNR) presumed
mostly to result from ambient noise seemed to dominate the group.
Figure 2-3 shows the earthquake distribution information for station ST32. To the right
side of the panel is a stereo projection of events within the selected teleseismic window for this
station, the while the left side of the panel is a rose diagram showing the BAZ distribution of
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events in 15° bins (Wüstefeld et al., 2008). One the limitations of the temporary seismic
experiments in Tibet was the short duration of station deployment resulting in a relatively small
event distribution of BAZ – this compromises anisotropy studies considerably. More on this is
discussed in upcoming sections.

Figure 2-3. Two of the SplitLab statistic plots for earthquake event distribution. To the left is the
stereo-projected map showing the azimuthal distribution of earthquakes within the specified teleseismic
distance from station ST32 (INDEPTH-III) in Qiangtang terrane. Note the high concentration of events
from two distinct areas (Tonga and Aleutian trenches). To the right is a rose plot showing the BAZ
distribution in 15° bins. Modified from SplitLab (Wüstefeld et al., 2008).

2.4.3 Uncertainties
Uncertainties stem from several sources, and much effort was made to reduce these as
much as possible. First, the somewhat ‘fixed’ locations of global earthquake patterns largely
determine the ease of anisotropy investigations (Chen et al., 2010). For Tibet, events mostly were
from the Tonga subduction zone and only by having longer deployments or permanent stations
will we have a chance to test the splitting methodologies against a variety of BAZ. Short duration
of recording time for many of the networks, hence hampered results.
Differences amongst the researchers in selection of processing methods to obtain the
splitting parameters made comparisons difficult; for instance, Herquel et al. (1995) and Guilbert
et al. (1996) used the rotation-correlation method (Bowman and Ando, 1987) to calculate the
splitting parameters, whereas my measurements were consistently based on the standard Silver
and Chan (1991) MTE method. Furthermore, differences were noted in other parameters such as
cutoff values for teleseismic range, event magnitude, and event depth, and could have
considerable influence on the results.
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Measurement error is the final source of uncertainty. Every event measurement most
certainly can add some error associated with choosing an inappropriate time window, and/or
filtering the signals at suboptimal frequencies. Lastly, instrument problems can add ‘hidden’ and
potentially systematic errors for the user not intimately connected with the field experiment –
some of the experiments (XC for example) had informative descriptions of the instruments and
included recording problems and errors that were helpful in interpretations. A few of the stations
exhibited extremely noisy signals where the seismograms were almost unreadable at times.

2.5 Results
Figure 2-4 contains the plotted results from my re-measurements of the shear wave
splitting parameters compared with previous results. The plots contain the results of the ‘good’
and ‘fair’ measurements I made versus the others. Table A-1 in Appendix A contains a complete
list of the seismic networks used in this study, and includes deployment timeframes, quantity of
stations, and region of coverage, along with the referenced publication showing the results.
Tables B-1 through B-10 in Appendix B contain the tabulated shear wave splitting parameters
(FPA and DT) along with comparisons with the splitting parameters from previous researchers.

Figure 2-4. Summary plots for all measured splitting parameters comparing results (‘goods’ and
‘fairs’) of Desser (2011) on the x-axis and the results of the other researchers on the y-axis. . a.) FPA
results on left, and b.) DT results on right. FPA axes are modulo-180, and trendline is set at 45°. The
plots contain only non-null measurements, some station results are not shown.

Figures C-1 through C-20 in Appendix C show correlation plots of FPA and DT
parameters by seismic network comparing my measurements to those of the previous researchers,
which I suggest is a first order way to assess the stability of the shear wave splitting
measurements. A discussion about this is included in each summary. The FPA values show
considerable variability but, nonetheless, appear to cluster around the 75°-90° azimuthal range.
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The DT results show better correspondance and are mostly concentrated in the 0.5-1.5 s range.
Desser (2011) results appear to show a slight preference for higher DT values. More research is
needed to investigate why this is so.
It was often not possible to compare each event or even each station because some of the
previous researchers had nulls or unconstrained measurements where I did not, and vice versa.
Also, some researchers did not include measurements for all stations. When comparing the two
maps showing the plotted results, it should be noted that comparisons can only be made for those
events where we had mutual observations of shear wave splitting, mutual observations of nulls, or
mutual ‘unconstrained’ results within which any result other than null or non-null in included .
Following are brief summaries of the shear wave splitting measurements by seismic
network, including a summary map for each from the previous studies including any notable
patterns or anomalies. It should be stressed again that the methodologies vary among the
measured results and are most likely a considerable part of the uncertainty. A good approach
might be to review the Appendices containing the tabulated splitting parameters and correlation
plots as well as Figures 2-5, 2-6, and 2-7, as one proceeds through the summaries. At the same
time, keeping track of the station distribution across the different terranes within Tibet and other
areas might be useful, especially because often drastic changes are noted across suture zones
between the different terranes. Also, keep an eye on east-west patterns, even within the terranes
themselves, as changes occur along this trend also.
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2.5.1 Summary of Results by Seismic Network and Comparison with Previous
Studies
China Digital Seismograph Network - Station LSA, 1992-2007, IC Network
The Lhasa terrane rests between the Indus-Yalu and Bangong-Nujiang sutures (Dewey et
al., 1988; Yin, 2000). Seismic station LSA (Table A-1 in Appendix A) is located near Lhasa,
Tibet and situated in the southern part of the Lhasa Terrane (Figure 1-2), approximately 50 km
North of the Indus-Yalu [Tsangpo] suture which is believed to separate rocks of Indian and Asian
origin (Gao and Liu, 2009; Yin and Harrison, 2000). The thickest lithosphere on Earth is
believed to be underneath the Lhasa terrane, is roughly 260 km thick, including a crustal
component of about 85 km thickness according to results from receiver function studies of data
from LSA (Gao et al., 2009; Owens and Zandt, 1997), and recent gravity studies (Jiménez-Munt
et al., 2008). Additionally, results from receiver function inversions, Rayleigh-wave phase
velocities and teleseismic P-waveforms suggest there is a partially-molten middle crust at about
10-30 km depth underneath Lhasa (Kind et al., 1996). LSA has been recording seismic activity
since 1991, and was originally deployed within the XC network as the temporary station LHSA.
In 1992, LSA became a permanent station, and later on became a part of the New China Digital
Seismograph Network. It is the longest-running permanent station in Tibet.
Previous studies of shear wave splitting at LSA indicate that the mantle below the station
may exhibit weak or undetectable anisotropy, inferred by the dominance of null measurements
(Gao and Liu, 2009; McNamara et al., 1994; Yin and Harrison, 2000). Iidaka and Niu (2001)
obtained splitting parameters based on eight events at LSA which registered FPA of 70° and DT
of 0.2 s. Gao and Liu (2009), however, present a model for strong azimuthal anisotropy beneath
LSA from their analysis of teleseismic phases PKS, SKS, and SKKS, which resulted in a
maximum DT of 1.5 s - 50% higher than the global continental average as shown in Table B-1 in
Appendix B (Gao and Liu, 2009; Silver, 1996).
With respect to the FPA results as shown spatially in Figures 2-5, 2-6, and 2-7 and
Appendix plots C-1 and C-2 with numerical results listed in Table B-1, Gao and Liu (2009)
suggest a two-layer model with FPA results ranging from -53° to -80° (nearly E-W fast direction)
for the lower layer, which they believe correlates with the strike of the collision front and the
absolute plate motion of Eurasia. The authors suggest FPA results of 40° to 59° (NE-SW fast
direction) for the upper layer, which is consistent with GPS measurements of 45° and velocity of
25 mm/a relative to stable Eurasia (Figure 2-10 - Holt et al., 2000; Zhang, 2004).
Gao and Liu (2009) rule out crustal cracks as a possible source of anisotropy because the
DT values at LSA are too large, and there is no observed surface expression of the FPA. Instead,

29

they discuss the possible influence of aligned amphibole crystals in the lower crust that might
explain the high degree of anisotropy, as this has been observed by others (Gao and Liu, 2009;
Nábělek, 2009). The authors suggest that previous studies of LSA might have appeared to show
null results because of wide variation in the transverse amplitude with backazimuth – a
characteristic of a single layer measurement, which becomes less variant for a double layer (Gao
and Liu, 2009).

Figure 2-8. Comparison of minimum energy contour map for Desser (2011) with splitting parameters (42°,
2.6 s) and Gao and Liu (2009) with splitting parameters (46°, 1.5 s) for station LSA for SKKS phase. Note
the similarities on FPA but DT is much larger for Desser (2011). Grid spacing for the SplitLab-produced
contour plot is 0.05 s based on 40 Hz acquisition whereas Gao and Liu (2009) show 0.1 s contour intervals.
This may explain the difference in DT values between the two studies.

For timing reasons alone, it is understandable that studies after McNamara et al. (1994)
recorded different results for LHSA – while in the XC network the station recorded for less than
one year, and further, notes from the PASSCAL experiment by Owens et al., (1993) indicate that
the station had some problems (too frequent “event triggering” due to blasting activity in the area
which necessitated a sample rate change). The later study by Gao and Liu (2009) had the benefit
of longer recording time (January 1992 – October 2007, more than 15 years) and, hence, greater
azimuthal coverage of earthquake events. Incidentally, LSA is the longest recording broadband
seismic station on the Tibetan Plateau.
My shear wave splitting measurements for LSA were measured with the assumption of a
single layer, using both SKS and SKKS phases, and although the bulk of the measurements were
null, the non-null measurements appeared to be coherent, notwithstanding the additional time I
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used in my analysis (~20 years recording time at LSA). It is important to note that the percentage
of events used versus total events measured is a paltry 7% (Table B-1). Nevertheless, it appears
the results from Gao and Liu (2009) and my own are in fairly good agreement - my average
splitting parameters are (28.4°±7.6°, 1.2±0.5 s), and the results from Gao and Liu (2009) were
(35.3°±10.3°, 1.1±0.2 s). In reviewing the mapped splitting parameters shown in Figures 2-5, 2-6,
and 2-7, it is compelling to see that we have such similar results and taking into account the other
mapped splitting parameters surrounding LSA, they seem reasonable by a first cut spatial
assessment. My results trend more E-W and seem to follow the IYS, just 50 km to the south.
The results for Gao and Liu (2009) show a more NE-SW orientation and fit in very well spatially
with the results from the XC network (discussed next). Our DT values are not very close, mine
are higher (Figure C-2) overall, and I find it interesting that the SKKS DT values are consistently
shorter than those of the SKS phase, but for a single station it is hard to make any solid inferences
about this. Figure 2-8 shows a side-by-side comparison of the minimum transverse energy
contour plots – mine produced in SplitLab. At first glance, the minimums look similar and
indeed, the FPA values are just 6° apart. But the DT values differ substantially – (2.6 s Desser,
2011; 1.5 s Gao and Liu, 2009). The differences may be due to the difference in contour intervals
used – mine is 0.05 s but Gao and Liu (2009) use 0.1. To determine other causes of the
difference in DT more research would be required.
Differences between our analyses may stem from a number of sources such as selection
choices in measurement parameters as mentioned previously, including the choice of different
filter bands and different signal time windows used in the analysis, and the non-equal number of
events resulting from selecting different teleseismic distance windows.
The 1991-1992 Tibetan Plateau Broadband Experiment - XC network
The Tibetan Plateau Broadband Experiment (XC) consisted of 11 broadband stations
(Table B-2) deployed from July 1991 to July 1992 in a linear, 700 km-long array (Figure 1-2)
along the Qinghai-Tibet highway between Golmud and Lhasa (McNamara et al., 1994; Owens et
al., 1993). XC was the first passive-source seismic experiment conducted in Tibet, and
McNamara et al. (1994) conducted shear wave splitting measurements using S and SKS phases
for 186 events, of which 51 were considered to be null measurements.
The splitting results obtained by McNamara et al., (1994), shown in Figures 2-5, 2-6, and
2-7 and listed numerically in Table B-2, display an ordered variation along the length of the array
for seven of the stations, giving potential insight into patterns of mantle flow beneath the array,
interpreted as finite strain in the mantle. Additionally, the observations were noted to correspond
well with the surface geology (Lev et al., 2006), and Figure 1-2 shows the principal suture zones
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and major faults on the Tibetan Plateau that may be used by the reader to assess this
correspondence.
The northern stations recorded very large delay times (BUDO, ERDO, WNDO, and
AMDO). Interestingly, BUDO shows a delay time of 2.4 s – one of the largest observed delay
times on Earth, while Guilbert et al. (1996) measured DT at BUDO of only 1.1 s.
It should be noted that ERDO had some problems with noisy records mostly due to tilting
issues, AMDO station had mechanical problems, and it was discovered that GANZ had a bad
sensor cable at demobilization (Owens et al., 1993). Incidentally, GANZ is located near the
eastern Himalaya syntaxis (EHS), a complicated, hinge-like zone of deformation, ostensibly
associated with the subduction of the Indian slab, which might have some bearing on the splitting
parameters observed there (Huang et al., 2000).

Figure 2-9. Map showing 2-D Pn velocities based on crustal delays measured at the 11 broadband seismic
stations in PASSCAL network XC. Positive delays (DT) indicate slow or thick crust, while negative delays
(DT) indicate fast or thin crust. Shear wave splitting measurements by McNamara et al. (1994) are
depicted by the gray, oriented bars. The yellow stippled line outlines the inferred LVZ (McNamara et al.,
1995) and yellow diamonds mark locations of volcanic studies (not included here). From McNamara et al.,
1997.

The XC stations (except for TUNL and GANZ) are largely within the LVZ (Figure 2-9)
mentioned previously - the large zone in central Tibet that is observed to exhibit weak Sn
propagation (Ni and Barazangi, 1983). McNamara et al. (1994) and Hirn et al., (1995) propose
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the LVZ may be evidence for anomalous heat production and large DT values observed in this
region might be attributed to a hot upper mantle, rather than a thick anisotropic zone.
Furthermore, they suggest that a hotter, weaker, and perhaps partially-melted region may be more
conducive for olivine crystals to align and increase anisotropic conditions. The DT values for the
northernmost and southern stations (TUNL, SANG, GANZ, and XIGA), however, show small
values. Station TUNL is only about 110 km from BUDO, but is off the northern edge of the
Plateau and located in the foothills of the Kunlun mountain range, and near the Kunlun fault
(McNamara et al., 1994; Zhu and Helmberger, 1998) – this suggests that the station is in an
entirely different geologic setting. This observation was made also by Herquel et al. (1995) who
interpret the LVZ as a mantle diapir. From south to north there appears to be rotation in the FPA
from the NE-SW to roughly E-W, also observed by Guilbert et al. (1996). Subsequent studies
using teleseismic P-wave arrival data from TUNL by Zhu and Helmberger (1998) indicate the
possible presence of a 15-20 km Moho offset, laterally accommodated less than 5 km. This could
have important implications for a rapid change in crustal thickness suggesting a weak Tibetan
crust thickened by penetration by India to the south and blocked by the more rigid Qaidam Basin
crust to the north (Zhu and Helmberger, 1998). This is corroborated by the rapid change in
anisotropy observations in central Tibet (Chen and Ozaleybay, 1998; Huang et al., 2000).
McNamara et al. (1994) propose that there may be coherency in mantle and crustal
deformation up to 200 km depth, because the fast polarization directions seem to be parallel to
surface geology, suggesting that the faults extend into the lithospheric mantle, whereas FPA at
stations farther away from major faults, such as SANG, AMDO, WINDO, ERDO, and MAQI
appear to correspond to mantle anisotropy only because they are not aligned with surface features
(Lavé et al., 1996). USHU is nearby the left-lateral, strike-slip Xianshuihe fault (Lavé et al.,
1996) and although McNamara et al. (1994) have the FPA more or less fault-parallel, my results
are close to orthogonal to the fault. Splitting results for station XIGA, the southernmost seismic
station in Tibet (McNamara et al., 1994; Singh et al., 2007) at Xigatse, Tibet trends nearly eastwest and a few kilometers south of the IYS suture, yet re-measured results from Sandvol et al.,
(1997) found scant evidence of splitting, as I did. This seems unlikely though, considering that
FPA for XIGA, as measured by McNamara et al. (1994) shows a high degree of coherency with
splitting results from the MIT stations deployed in the same region, discussed shortly.
I summarize the results of my analysis of the XC network, and compare the averages of
my measurements with those of McNamara et al. (1994) in Table B-2, Figures C-3 and C-4 in
Appendix C. As the figures show, our splitting values are very close. Differences between the
two studies may be attributed to several factors, among which is the inherent subjectivity in
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selecting the appropriate phase time window as discussed earlier. Other factors include the usage
of additional phases by McNamara et al. (1994), which contribute to their computation of station
splitting parameters, whereas I used only SKS phases for my results.
Hirn et al. (1995) measured results from a 60-station temporary intermediate-band,
passive seismic network (including four stations that coincided with the same locations as TUNL,
ERDO, BUDO, and WNDO) that trended NE-SW, and part of which extended across the Lhasa
terrane, nearby to some of the stations in network XC (discussed in the next section). Hirn et al.
(1995) detected weak anisotropy with DT values at 0.5 s or less in southern Lhasa, and only 0.25
s or less south of the IYS and in the Himalaya (Sandvol et al., 1997), and slightly higher DT
values in the northern part of the terrane. These results, however, were later discussed by
Sandvol et al., (1997) to be highly uncertain due to the short duration of the network – a mere
four-month deployment - and the fact that only one event was used (Gao and Liu, 2009).
Observations by Herquel et al. (1995) using the data from Hirn et al. (1995) in addition to
receiver function measurements corroborate the clockwise rotation of the fast polarization axes
observed by Hirn et al. (1995). Later studies from the INDEPTH experiment discussed later,
provide wider coverage, quite different results, and longer time spans for this area (Sandvol et al.,
1998; and the Project INDEPTH).
The general interpretation from the three experiments (XC, and the two Sino-French
experiments) have been interpreted by Lavé et al. (1996) as 1) From the Himalaya to the IYS,
anisotropy appears to be weak; 2) north of the IYS in central Tibet, FPA values trend NE-SW and
DT values are roughly 1 s; and 3) strong anisotropy dominates in north-central Tibet near the leftlateral Kunlun fault with delay times ranging from 1 – 2.5 s. Near this left-lateral, strike-slip fault
the FPA value appears to rotate to E-W, paralleling the Kunlun fault (Lavé et al., 1996).
The INDEPTH (International Deep Profiling of Tibet and the Himalaya) Experiments
The INDEPTH experiment was a large-scale, collaborative venture among researchers
from China, U.S., Germany, and Canada whose aim was to continue geoscientific research started
by the Sino-French, Sino-British, and Sino-American experiments in Tibet during the early 1990s,
including the XC network just discussed (Nelson et al., 1996). A central goal of the INDEPTH
experiment was to advance capabilities to map the architecture of the crust and upper mantle
beneath the Himalayan-Tibetan plateau using data from multichannel seismic reflection and
refraction, broadband passive-source seismic, magnetotelluric, and surface geology along a
transect roughly 400 km long and parallel to the north-south trending, Neogene to Quaternary
Yadong-Gulu rift which spans southern Tibet and the Himalaya (Alsdorf et al., 1998; Sandvol et
al., 1997). The Yadong-Gulu rift is the largest of several rifts trending nearly north-south that are
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believed to be accommodating east-west extension in Tibet (Molnar and Tapponnier, 1978; Yin,
2000; Nelson et al., 1996). The rifts span up to 300 km in length, extending between the southern
flank of the Himalaya and terminating at strike-slip faults in central Tibet (Cogan et al., 1998).
There is still no consensus on the overall influence the rifts have on extension – reported to be
minor by Armijo et al. (1986), but subsequent studies (Kidd, 1995; Harrison et al., 1995; Pan and
Kidd, 1992) suggest the rifts are more significant insofar as their role in extension and associated
shear zones. Given the abundant geologic and geophysical evidence of east-west extension being
the most recent deformation mode in Tibet (Mercier et al., 1987) this might have important
implications for crustal contributions to anisotropy beneath Tibet, especially in light of evidence
that there apparently is lateral flow to accommodate extension (Block and Royden, 1990).
The underthrusting of India beneath southern Tibet has been imaged along a low-angle,
northward-dipping décollement, also known as the Main Himalayan Thrust (MHT) from the
INDEPTH I (Brown et al., 1996; Nelson et al., 1996; Zhao et al., 1993) and INDEPTH II (Yuan
et al., 1997) experiments’ reflection seismic results (Huang et al., 2000). Merging seismic
reflection results from INDEPTH I and II, Brown et al., (1996) presented evidence of the
décollement of the underthrusting Indian lithosphere at a depth of roughly 50 km and extending
approximately 225 km north of the Himalaya.
The Moho depth was observed at approximately 70 to 80 km along the length of the
INDEPTH survey. Anomalous ‘bright spots’ were also observed along the array spanning
roughly 70 – 200 km in length which could signal the top of the LVZ and additionally, may
provide evidence for a flat crust and mantle underneath the array (Nelson et al., 1996). Nábělek
et al. (2009) however, claim that these observed bright spots do not form the top of the inferred
LVZ because they appeared to be only at 15-18 km depth inferred from extremely high
amplitudes and negative polarity values together implying a solid/fluid interface – possibly
ponding magma or hydrothermal fluids (Brown et al., 1996; Makovsky et al., 1996). This
observation has support from the MT component of the INDEPTH survey from which anomalous
electrically conductive crust was detected underneath the northern two-thirds of the INDEPTH
survey at about the same (15-20 km) depth (Chen, 1996). The thickness of the partial melt layer
was unfortunately not constrained by the INDEPTH survey (Nelson et al., 1996). With regard to
this layer and its potential source, Nelson et al. (1996) demonstrate that doubling the crustal
thickness of a granitoid continental crust exhibiting average heat production, overlying mantle
with average heat production will trigger warming in the middle of the thickened crust up to a
temperature sufficient to produce partial melting in the presence of water (600°C) after several
tens of millions of years. If there are higher concentrations of radioactive elements, then
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temperatures can be even higher, and denudation (from erosion or normal faulting) can also
increase temperatures (Nelson et al., 1996). In southern Tibet, thus having undergone
convergence for the past 40 to 50 million years and adding the possibility of the Gangdese arc
being likely molten at the onset of the Indo–Eurasian collision, the existence of a middle crust
partial melting region is plausible, and could be one of the largest influences on the observed
shear wave splitting results.
Following is a summary of two shear wave splitting studies conducted for the two
INDEPTH arrays, INDEPTH-II and INDEPTH-III. Because the INDEPTH experiment produced
results from several types of geophysical surveys, as well as geologic studies, it has offered much
in the way of scientific breadth, more than the earlier experiments. What follows is a summary of
the broadband passive seismic experiments – for more information on these and other INDEPTH
experiments, the reader can visit the experiment homepage on the internet at:
http://www.geo.cornell.edu/geology/indepth/indepth.html.
Note to the reader: The INDEPTH-IV phase includes more active and passive seismic
experiments, but the passive source data are still restricted from public use at this writing
according to the Incorporated Research Institutions in Seismology – Data Management Center
(IRIS-DMC).
The 1994 INDEPTH II Network
The INDEPTH-II experiment was deployed from January 1994 to December 1994 and
obtained shear wave splitting results using ScS, SKS, and SKKS phases recorded from 13 passive
source broadband seismometers located along a 350 km north-south array spanning from the
High Himalaya to the central part of the Lhasa terrane, 150 km north of the IYS, as shown in
Figure 1-2 (Sandvol et al., 1997). Only two of the stations (SP01 and BB05) positioned north of
the IYS, recorded observable shear wave splitting while the rest of the stations to the south of the
IYS either did not record any resolvable signs of anisotropy or had insufficient data to constrain
shear wave splitting altogether (BB34 and SP27).
Gravity and flexure studies by Jin et al., (1996) indicate that the Indian lithosphere
extends continuously to an area close to the northern boundary of the INDEPTH-II array; this ties
in nicely with seismic results that report fast upper mantle velocities which are assumed to be the
slab (McNamara et al., 1997; Sandvol et al., 1997). Further corroboration of this is the observed
high-velocity zone in juxtaposition to a low velocity zone (Figure 2-5) in the middle crust (Kind
et al., 1996). The wide-angle reflection and receiver function measurements during the
INDEPTH-II experiment indicate that the IYS is observed only in the crust (Sandvol et al, 1997).
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With regard to the two stations recording observable anisotropy, SP01 and BB05, the
FPA has a NE-SW direction, as shown in Figures 2-5, 2-6, and 2-7 and listed numerically in
Table B-3 in the Appendix, and being that the closest non-anisotropic station is only 30 km away,
the change in anisotropy appears to be abrupt which could reveal differences in mantle strain
beneath the Lhasa terrane (Sandvol et al., 1997). The FPA values measured by Sandvol et al.
(1997) closely correspond with my results and those compiled by McNamara et al., (1994) and
Hirn et al., (1995). Sandvol et al. (1997) observe that the FPA is approximately parallel with the
Gulu rift which might reveal coherent deformation in the crust and upper mantle. They also
observe that FPA values are predominantly oriented along left-lateral shear planes based on
earthquake and Quaternary fault slip data from Holt and Haines (1993), which lends support to
the eastern extrusion hypothesis (Sandvol et al., 1997). Sandvol et al., (1997) suggest that the
observed paucity of shear wave splitting south of the IYS could stem from incoherent
deformation in the mantle beneath the array or the existence of subvertically oriented mantle flow
produced by the underthrusting Indian plate (later supported by Tilmann et al., 2003).
There is only one station to compare with because of the two stations that Sandvol et al.
(1997) found evidence of splitting, for one of these (SP01) I did not, and instead inferred this
station to show null results. This station is close to the BNS and given the inherent complexity at
suture zones, it is likely that my measurement methods were unable to detect splitting. The linear
trend of nulls nearby and south of the IYS are quite remarkable and as more networks are
assessed, the reader will be able to see in the maps how the results appear spatially.
INDEPTH III Network (1998-1999)
The INDEPTH-III seismic experiment consisted of SKS and SKKS splitting
measurements obtained from a 400 km-long 62 intermediate and broadband station denselyspaced array deployed from July 1998 to June 1999, along a NNW line extending south to north
from central Lhasa to central Qiangtang (Huang et al., 2000). Four of the stations trended along
the east-west Lumpola Valley south of the BNS (Huang et al., 2000). The array was
approximately 300 km to the west of the XC experiment conducted seven years earlier,
constituted the first seismic experiment in the region, and had the principal goal to assess lateral
variation in the crust and upper mantle beneath the array (Huang et al., 2000).
Huang et al. (2000) observed the abrupt transition of stations exhibiting null splitting
results south of 32°N, as did Sandvol et al. (1997) as depicted in Figures 2-5, 2-6, and 2-7, while
stations to the north showed significant splitting results with DT values decreasing generally to
the north and FPA taking an E-W orientation up to station ST23, before rotating to NE-SW
orientation through station ST32 and then rotating back to E-W for the remaining northern

37

stations. This major change at 32°N is interpreted by Huang et al. (2000) and others to be the
northern edge of the underthrusting Indian lithosphere (Brown et al., 1996; Zhao et al., 1993), but
subsequent studies from the HiCLIMB experiment (see Chen et al., 2010) place the Indian mantle
front (IMF in Chen et al., 2010) to be further north of the BNS, around 33°N, which they reason
has good correspondence with recent travel-time tomography results (Hung et al., 2010).
Table B-4 in the Appendix contains a list of splitting parameters from Huang et al. (2000)
and my own results. Figures C-7 and C-8, also in the Appendix show our comparative FPA and
DT values, which appear to correspond quite well. One large difference however, is that south of
32°N I did not obtain null results but I do observe significant decreases in DT values across the
BNS. The HiCLIMB experiment that took place later also had a linear north-south array to the
west of INDEPTH-III and their results also show non-null splitting south of the suture. On one
hand, one could reason that something must be wrong with the assessment give by Huang et al.
(2000) given that two other independent studies correspond well with each other but not with
their results, especially considering that HiCLIMB’s array was very densely spaced and each
station shows strong splitting and by visual inspection, the trend simply cannot be coincidental.
On the other hand though, the INDEPTH experiments trended along active rift systems. With
this being the case, one might guess that mantle rheology is quite different there than outside of
the rift. My best guess is that rifting might be the chief reason that Huang et al. (2000) and the
HiCLIMB and my own results are not in agreement.
The 2001-2003 Himalayan Nepal Tibet Experiment (HiMNT) – YL Network
The September 2001 to April 2003 HiMNT Experiment comprised a 29-station passive
source seismic array, arranged in a grid pattern across Nepal, the Himalaya, and the southern
margin of Tibet (Schulte-Pelkum et al., 2005). Events for most of the 29 HiMNT stations were
mostly recorded in a 100° narrow swath, a result of the short (18 month) deployment (Singh et al.,
2007).
Singh et al.(2007) observed four distinctly different anisotropy patterns from the HiMNT
array: 1) stations SAJA and MAZA close to the southern boundary of the IYS exhibit FPA
values of 140° and 180°, respectively, close to the same FPAs observed by Hirn et al. (1995), but
Singh et al. (2007) had larger DT values, and there appears to be an abrupt rotation to N-S
polarization from E-W observed near the suture; 2) Stations ONRN, LAZE, and DINX did not
produce observable splitting results, despite being in close proximity to SAJA and MAZA. Singh
et al.(2007) interpret this as a complex region, spanning 87° to 89° longitude, that appears to be
isotropic or anisotropically unconstrained; 3) Stations XIXI, MNBU, NAIL, and SSAN to the
west of 87° longitude exhibit significant anisotropy with roughly E-W FPAs and DT values close
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to 1 s (Singh et al., 2007); and 4) in Nepal and the Himalayan foreland basin, some of the stations
show a NE-SW FPA which could coincide with the APM of 41° - based on NNR frame (DeMets
et al., 1994), while other stations, including SIND, THAK, and PHAP have FPAs trending E-W
and parallel to the mountain belt. DTs for this group range from 0.4 to 1.4 s.
My observations for the HiMNT experiment are shown in Figures 2-5 and 2-6, and
summarized in Table B-9 in the Appendix and in Figures C-17 and C-18. One of the first things
that stands out is the poor correspondence with FPA values between the two experiments
although the DTs are fairly close together (but my times are substantially larger, a trend I
observed with other networks; this is discussed more in the section covering uncertainties).
Visual inspection of the plotted parameters for the two experiments shows some coherence –
particularly in the Nepal Himalaya with the NE-SW trending FPAs common among the stations
there. Along the IYS however, I see no clear patterns of suture-parallel anisotropy.
The 2002-2003 Bhutan Experiment – XA Network
The 2002-2003 Bhutan Experiment consisted of five passive source broadband stations
deployed in western Bhutan, with the principal goals of assisting the Bhutanese government with
earthquake hazard monitoring and to develop the foundation for a future permanent seismic
network (Velasco et al., 2007).
As mentioned in the HiMNT summary, earthquake events were restricted to a very
narrow window ~100° because the network was deployed for only two years and further, only
two stations had results: BUMT and CHUK having DT values ~1 s and FPAs mostly subparallel
to the Himalayan strike and interpreted to be associated with ductile flow in the mountain belts
(Singh et al., 2007). Figures 2-5, 2-6, and 2-7 show the plotted parameters for the two stations,
and Table B-8 and Figures C-15 and C-16 show more results. In comparing the two
measurements, Singh et al. (2007) and I are in fairly good agreement for these stations – with the
largest difference being a 33 degree discrepancy at station BUMT. As with some of the other
networks, my DT values appear to be consistently higher than the other results. I believe this has
to do with my splitting method but the actual underlying cause is unknown at this time. Because
of the sparsity of stations in Bhutan, it is difficult to make out any clear patterns of anisotropy, but
Singh et al. (2007) FPA values appear to be roughly orogen-parallel, while my FPA values are
rotated more to the NE-SW – possibly linked to absolute plate motion? Only more data could
reveal if this is the case.
The 2002-2005 Nepal Himalaya Tibet Seismic Transect Experiment (Hi-CLIMB) – XF Network
The 2002-2005 HiCLIMB experiment consisted of an extensive 200+ passive source,
broadband seismometer array extending roughly 800 km from the Ganges Basin in northern India
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to central Tibet (Chen et al., 2010; Nábělek et al., 2009). The sensors along the array were
densely spaced along a N-S transect, and later, another network was set up in a regional array
with an E-W orientation, spanning approximately 500 km (Chen et al., 2010; Fu et al., 2008).
The E-W array comprised 24 broadband sensors, and operated from July 2004 to August
2005, after which anisotropy studies using SKS and SKKS phases were conducted by Fu et al.
(2008). It was determined that 16 of the stations, the bulk of which were located south of the IYS,
showed indeterminate results, but the rest of the stations located about 50 km south of the IYS
recorded N-S FPA and delay times of 0.4 s to 1 s (Fu et al., 2008). The authors attribute this
pattern of weak anisotropy to be a result of ductile shear corresponding to N-S directed
subducting Indian lithosphere; the nulls observed near the IYS were suggested to be a product of
subvertical flow, more specifically the postulated ‘corner flow’ at the bending point of the Indian
lithosphere near the southern boundary of the BNS (Fu et al., 2008).
A receiver function analysis using data from HiCLIMB by Nábělek et al. (2009)
produced images of the crust and upper mantle beneath the array, and rather successfully revealed
the Main Himalayan Thrust (MHT) fault, widely considered to be the décollement of the
subducting Indian lithosphere, extending from Nepal to the middle crust underneath southern
Tibet to about 31°N (Nábělek et al., 2009) [Note: later analysis by Chen et al. (2010),
corroborated by travel-time tomography images from Hung et al. (2010), extend this analysis
even further, as the reader will see shortly]. A perceptive observation from Nábělek et al. (2009)
is that the Indian mantle does not appear to be subducting along a single interface, but rather
subducts (and decouples) in a dispersive manner, establishing subparallel structures along its
wake. If this is the case, we might observe corresponding anisotropy patterns, assuming these
features are within resolution.
Seismic anisotropy studies conducted by Chen et al. (2010) from the HiCLIMB array
revealed two distinct increases in DTs along a northward progression into the Tibetan hinterland.
The first anomaly occurs about 100 km north of the IYS, where DTs change from essentially
nulls to around 0.8 s (Chen et al., 2010). The increase complements previous Bouguer gravity
anomaly studies conducted by Jin et al. (1996), in which the increase in DT corresponds with a
local minimum, and also agrees with isotopic studies by Hoke et al., (2000) where the 3He/4He
significantly changes (Chen et al., 2010). A second delay time increase occurs about 100 km
north of the BNS in the same fashion, but is preceded by an abrupt decrease before another
increase, corroborated by another Bouguer gravity anomaly (Jin et al., 1996) local minimum, and
tomography results (Hung et al., 2010), which appears to reveal the northern terminus of the
Indian lithosphere (Chen et al., 2010).
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Shear wave splitting results from HiCLIMB, in addition to previous results from
INDEPTH III (but not mentioned by Huang et al., 2000 because they seemed to be focused south
of the suture), show a marked increase in delay times at latitude 33°N (Chen et al., 2010). This
places the earlier estimates for the northern terminus by Huang et al. (2000) well to the south of
this new observation (Chen et al., 2010). The null character of mantle fabric noted in Lhasa
terrane by McNamara et al. (2004), Sandvol et al. (1997), and Huang et al. (2000) remains
puzzling, and Chen et al. (2010) extend this ambiguity to observed null regions in the Western
Cordillera of North America (also noted by Savage, 1999). The anomalously warm upper mantle
beyond the IMF, in concert with continued underthrusting of the Indian lithosphere fostering E-W
ductile flow could have influence on the increased delay times (Chen et al., 2010; Owens and
Zandt, 1997).
The mapped results are shown in Figures 2-5, 2-6, and 2-7, with associated information
listed in Table B-5 and Figures C-9 and C-10. At first glance, it appears that our two experiments
are in good agreement, notwithstanding the area south of the IYS, Chen et al. (2010) show this as
a null area, while I show rather coherent splitting along most of the line in this region).
Incidentally, Chen et al. (2010) have a study approach similar to mine on the basis of some of it
being a systematic and uniform re-analysis of the available data from the plateau. Finally, several
stations south of the BNS exhibit increased delay times that Chen et al. (2010) attribute to local
crust sources.
The 2003-2004 Namche Barwa Tibet Experiment – XE Network
The 2003-2004 Namche Barwa Tibet Experiment consisted of 48 passive source
broadband seismometers and 19 short-period stations deployed in southeastern Tibet and
occupied the region north of the IYS and south of the BNS (Sol et al., 2007). As with the 20032004 MIT-China Experiment, the Namche Barwa experiment sought to investigate anisotropy
using SKS/SKKS shear wave splitting near the eastern Himalayan syntaxis in attempts to better
constrain lithospheric deformation in this complex part of Tibet and widen the scope of
anisotropy measurements in the region (Sol et al., 2007). In conjunction with the seismic
experiment, a geodetic survey was conducted in the area which expanded GPS campaign
coverage to a previously unmapped – and crucial - section between central and eastern Tibet (Sol
et al., 2007). The GPS results reveal a clockwise rotation in surface velocity vectors from N-S to
E-W, bearing evidence of an eastward movement of crustal material north of the eastern
Himalayan syntaxis, with respect to the South China Block, and presumably coinciding with the
eastern corner of the indenting Indian lithosphere, before the rotation orients the material flow
westward south of 26°N (Sol et al., 2007; Yao et al., 2010). To the east of 102°E, the GPS
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velocity vectors rotate eastward and exhibit a more diffuse directionality around the Sichuan
Basin (Sol et al., 2007). These results lend much credence to the extrusion hypothesis.
Sol et al. (2007) observed that the shear wave splitting FPAs align very well with surface
geology and surface velocities measured by GPS indicating vertically coherent deformation and
implying crust-mantle coupling in the region of study [also Wang et al. (2008) who put it
eloquently, stating that this coherent deformation and mechanical coupling that we observe
implies that ‘the orogenic mantle survives the mountain-building process!’]. Sol et al. (2007) also
observed there is a prominent rotation of the FPAs to E-W orientation at the southeastern edge of
the Tibetan Plateau that they attribute to far field stresses (distant subduction zone – IndoBurmese arc, and eastward motion of the South China Block). Finally, the authors suggest that to
fully understand the geodynamics in southeastern Tibet, 3D models that account for lateral
heterogeneity are required. Recent surface wave tomography work by Yao et al. (2010) finally
gives a 3D observation. Interestingly, the curved geometry of the splitting plots were observed as
well as profound heterogeneities which are probably directly linked to the observed lack of
coherence.
Figures 2-5, 2-6, and 2-7 show the plotted results, and Table B-10 and Figures C-19 and
C-20 provide additional information. Overall, the FPAs diverge considerably between the two
studies as do the DT results and there is a systematic pattern of my FPA values trending lower in
azimuth then those of Sol et al. (2007), a peculiarity I have not observed before now. A careful
visual inspection of the maps in Figures 2-5 and 2-6 clearly shows my results can be grouped into
two main azimuthal trends: 1) a rotation trending NE-SW in the western part of the array, an EW orientation in the central part of the array, and then a rotation to a NW-SE trend. Overall, the
measurements from the experiment appear to ‘curl’ around the eastern Himalaya syntaxis; 2) a
distinct and strong NE-SW trend with very large DTs that is not nearly as pronounced in the
others’ results. The area I find most perplexing is in the northern Lhasa terrane and just inside the
inferred LVZ where my NE-SW measurements do not correspond at all to those of Sol et al.
(2007), which show smoothly changing transitions around the syntaxis. At present, I attribute
this discrepancy to data quality factors stemming from several factors, such as the arbitrary nature
of quality assignment that I have adopted versus the others (solely based in SNR). Figure 2-6
showing only the ‘good’ results had very little in enhancements for this network. I have doublechecked my results, but more research would be needed to confirm if something peculiar in the
structure causes systematic biases in splitting, depending on the method used..
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The 2003-2004 MIT-China Experiment – YA Network
The MIT-China Experiment was a joint scientific venture between the Massachusetts
Institute of Technology (MIT) and the Changdu Institute of Geology and Mineral Resources
(CIGMR) from September 2003 to October 2004, comprising a network of 25 passive source
broadband seismometers deployed in a grid in the southeastern Tibetan plateau - Sichuan and
Yunnan provinces (Lev et al., 2006). In addition to this array, a single station (KMI) from the
China Digital Seismograph network (CDSN) located in Kunming, Yunnan Province was
incorporated into the Lev et al., (2006) work. This station was not used in my study. A central
focus of the MIT study was to assess the state of anisotropy in the outwardly complex region
resting on the southeastern flanks of the Tibetan plateau using SKS and SKKS shear splitting
measurements. This was a key deployment because subsequent seismic tomography results (Li et
al., 2006) indicate pronounced heterogeneity in the upper mantle in this region (Lev et al., 2006).
As mentioned previously, the competing models for the tectonic evolution of Tibet are essentially
polarized between an ‘eastward extrusion’ hypothesis (e.g., Herquel et al., 1995; Holt and Haines,
1993; Huang et al., 2000; Lavé et al., 1996; McNamara et al., 1994; Sandvol et al., 1997) and a
‘crustal thickening and crustal shortening’ hypothesis (e.g., England and Houseman, 1989; Lev et
al., 2006). Attempts have been made to discriminate between these two paradigms using the state
of observed anisotropy as a key constraint. Previous seismic anisotropy studies by Flesch et al.
(2005) were unable to characterize this zone due to the geometry and distribution of the network
(Lev et al., 2006). With this being the case, the MIT array was deployed in a manner that allowed
the investigation to probe the inferred transition between Tibetan deformation fabric and that of
Yunnan province and southern China.
Lev et al. (2006) used both cross-correlation methods (Fukao, 1984; Levin et al., 1999)
and the multi-channel method (Chevrot, 2000) to obtain the splitting parameters, and the results
show strong anisotropic signatures with a postulated source to be between 60 and 160 km depth
(lower crust and upper mantle in this region) and a distinguishable incoherence from surface
structure, especially so in the Yunnan province. Further, Lev et al. (2006) observed a rotation in
FPA from N-S directions in the north to E-W directions in the south (also confirmed by Wang et
al., 2008). A few stations, MC04, MC05, and MC13 did not seem to fit into these two observed
patterns, and Lev et al. (2006) suggest local structure could be the cause. The boundary between
these two regimes may be a key determinant in resolving the tectonic evolution in this region
(Lev et al., 2006). Lev et al. (2006) further hypothesize that the E-W observed FPA in the
southern part of the array could be a result of E-W extension borne from far field sources (distant
subduction zones) or a manifestation of E-W crustal strain from extrusion flow. Finally Lev et al.
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(2006) place great emphasis on the apparent transition of anisotropy FPAs from north to south,
and conclude that upper mantle processes may be influencing deformation near the surface.
The MIT shear wave splitting results were measured by both Lev et al. (2006) and Sol et
al. (2007). I present both results along with mine with hopes that more information can only
improve the odds in making solid interpretations. Figures 2-5, 2-6, and 2-7 show the mapped
splitting parameters for Lev et al. (2006) along with my results. Tables B-6 and B-7 and Figures
C-11 through C-14 contain additional information about the measurements and networks. A
cursory review of the splitting comparison plots in Figures C-11 and C-13 shows widely varying
FPA results among all three measurements, more so between mine and those of Sol et al. (2007).
A similar trend, as observed in my comparative measurements for the Namche Barwa network,
show my FPA values trend lower than those of Lev et al. (2006). As noted, more studies are
needed to find out why this occurs; I have ruled out carelessness, but some peculiar combination
of structure and measurement approach or the data sets would require a theoretical and multiplemeasurement technique investigation. Another observation is that my DTs are much higher than
the others’, especially those of Lev et al. (2006). Overall, it is difficult to see any clear patterns
from the results, although there is a faint trend that seems to follow the postulated rotation around
the eastern Himalaya syntaxis.

2.6 Interpretation
2.6.1 Proposed Anisotropic Model for Upper Mantle Beneath Tibet
Based on the results and comparisons with results of previous researchers, I believe that
the extrusion model seems to be the most likely source of upper mantle anisotropy. Figure 2-10
shows recent GPS velocities on the Tibetan Plateau which, assuming a coupled crust and mantle,
exhibit what appears to be extruding material ‘escaping’ to the east as India continues its
northward progression into southern Asia. However, I must include some caveats, such as the
fact that I did not perform more rigorous statistical analysis of the finer aspects of shear wave
splitting, or investigate anisotropy sensed by other seismic phases, or have many data suitable for
a thorough analysis of splitting parameters as a function of incident-wave azimuth, and finally I
did not incorporate more complex measurement tools, such as the stacking methods, that other
researchers used to improve SNR. Nevertheless, by visual inspection of the mapped splitting
parameters, it appears that extrusion is a viable model for upper mantle flow beneath the Tibetan
Plateau, again, only if the mantle and crust are predominantly coupled together.
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Figure 2-10. Map from Zhang et al. (2004) showing GPS velocities in the Tibetan Plateau with respect to
stable Eurasia. The blue and yellow polygons reference special profiles not included here (see Zhang et al.,
2004). The yellow numbers denote: 1) Himalaya, 2) Altyn Tagh, 3) Qilian Shan, 4) Qaidam Basin, 5)
Longmen Shan, 5) Tibet, 6) Sichuan, and 7) Yunnan.

2.6.2 Comparison with Results from Other Plateau Systems
The Himalayan-Tibetan orogen has several analogs around the world to which
comparisons can be made. So far, this thesis reviewed anisotropy characteristics and shear wave
splitting results from the Tibetan Plateau, but how is anisotropy manifested in other plateaus
around the world, and what are the key determinants that govern upper mantle fabric in orogenic
systems? Several well known orogenic systems and their associated plateaus appear to exhibit
similar patterns of deformation. The following selections of world plateaus are by no means
exclusive, and perhaps future studies could bear more fruit from additional studies in areas such
as the East African Plateau and the North American Cordillera.
Turkish-Iranian Plateau
Iran shares a similar distinction with Tibet – it is a major active continent-continent
collision zone that amassed a sequence of accreted terranes associated with Tethyan ocean
closure and is being underthrusted by strong and old lithosphere into weaker material (Hatzfeld
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and Molnar, 2010; Şengor and Kidd, 1979). This similarity allows us to engage in vital
comparative studies that eventually may resolve some of the tectonic and orogenic puzzles that
continue to defy researchers. The two orogenic systems have their share of differences, such as
Iran having much more recent collision presumably starting in the Eocene-Miocene (~35-23 Ma),
Tibet having vastly higher elevation (5000 m versus 1000-2000 m in Iran), and both systems
having different rates of convergence (Hatzfeld and Molnar, 2010).
The Turkish-Iranian Plateau is an elevated and seismically active region along the
Zagros-Bitlis suture which marks the collision boundary of Arabia with Eurasia (Maggi and
Priestley, 2005). Recent shear wave splitting results from the first extensive Iranian seismic
experiment expose ‘provincial coherency’ rather than regional patterns such as those observed in
Tibet (Kaviani et al., 2009). In general, Kaviani et al. (2009) observed average delay times to be
about 1.1 seconds with FPAs oriented NW-SE in central Iran and NE-SW in NE Iran, with no
significant splitting or null results detected in the Zagros, Alborz and Kopeh-Dagh mountain
ranges. The main conclusion from Kaviani et al. (2009) is that the anisotropy results do not fit a
simple model of asthenospheric flow but likely point to upper mantle origins. An important
feature was noticed, whereby null measurements may be related to horizontal shortening and
thickening by pure shear, both of which have been observed in Tibet (Wang et al., 2008). Surface
wave tomography studies by Maggi and Priestley (2005) reveal a thin lithosphere and warm
upper mantle corresponding with a low velocity anomaly beneath the plateau, such as that which
has been observed in the central Tibetan Plateau. Recent anisotropy studies by Biryol et al. (2010)
using results from a large network distributed across the Turkish Plateau and traversing the North
Anatolia Fault Zone reveal much more coherent FPAs with NE-SW orientations, and west to east
reduction in delay times, which they interpret as having asthenospheric origins from far field
stresses, mainly from the Aegean trench subduction zone.
Altiplano-Puna Plateau, South America
Patterns emerging from Tibet and the Turkish-Iranian Plateau resemble those observed in
South America, albeit this time along an ocean-continent subduction zone that is widely believed
to have produced the Altiplano-Puno Plateau system and spectacular High Andes. Comparing
continent-continent and ocean-continent orogenic systems could yield important insights into
deformation and strain fabrics due to the variations between the two processes. Anisotropy
studies using SKS, PKS, SKKS, S, and ScS phases were conducted in western South America
along the plate margin consisting mostly of passive source broadband sensors deployed in three
temporary networks (Polet et al., 2000). Shear wave splitting results obtained by Polet et al.
(2000) reveal FPAs trending E-W with delay times ranging from 0.4 s to 1.5 s in the BANJO
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network, and then an observable rotation to about N-S (orogen/trench-parallel) FPA which they
attribute to flat slab subduction and mantle flow and associated much smaller delay times
recorded by the SEDA and PISCO networks. The authors suggest that flow associated with
retrograde motion near the descending Nazca slab in concert with local heterogeneities might
account for the SEDA and PISCO observations, while the E-W FPAs recorded by BANJO might
be more anisotropic Brazilian shield fabric (Beck and Zandt, 2002; Kay and Coira, 2009; Polet et
al., 2000). Surface wave tomography studies imaging the upper mantle beneath South America
by Heintz et al. (2005) reveal anomalous velocity patterns attributed to dip variations of the
Nazca slab, and the possible existence of slab ‘windows’ as it subducts underneath the South
American plate. Plateau uplift in the Altiplano has perplexed researchers for decades, the reader
can review a summary of the end-member competing models in Barnes and Ehler (2009), and as
in Tibet and the other plateau systems under study, more constraints, such as the application of
anisotropy studies will assist in resolving these long-standing scientific problems in orogenic
system evolution.

2.6.3 Implications
A striking feature observed from this analysis are East-West variations in shear wave
splitting results, as previous studies focused mostly on North-South variability (as might be
expected given the tectonic circumstances in Tibet). The Lhasa terrane and Himalayan Front
show this well with an abrupt change from observed strong anisotropy at the west and null
measurements to the east. Figures 2-5, 2-6, and 2-7 provide spatial evidence of this behavior,
albeit in two quite different frames of reference [Figures 2-5 and 2-6 are from Desser (2011) and
Figure 2-7 shows results from previous researchers]. Starting from the west, the southern part of
the HiCLIMB deployment in the Himalayan zone and Lhasa terrane show either strong splitting
(Desser, 2011) or mostly nulls (Chen et al., 2010) but the HiMNT results measured by both
groups show large splitting to the east, and then more nulls (consistently observed by both
groups) to the east again. In Figure 2-6, Desser (2011) replotted just the ‘good’ results in the
three-tiered quality assignment (versus ‘goods and fairs’ together) which presumably improves
the accuracy and this yielded more nulls in the HiMNT network. More indepth analysis is
required to determine the cause of this anomaly, but a rough guess is that the area is complicated
and undergoing active deformation and measurements were consequently more difficult to assess
due to noise and other signal ambiguities. In Lhasa terrane, a similar trend is apparent but in this
region there also appears to be a coherent rotation from NE-SW at the west to an approximate EW trend to the east with more null results. In Qiangtang terrane a west to east increase in splitting
is observed.
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There are important caveats to consider in these assessments. As is well known, working
with short-term deployments presents the challenge of limited observations. This is particularly
acute in the case of the 1991-1992 XC experiment, which was one of the first overseas
PASSCAL deployments. Nevertheless, taken together with other splitting measurements from
the other seismic stations across the Tibetan Plateau, and utilizing what we know about the
tectonics and geologic structures, we can use the measurements to make first-order assumptions
about the underlying anisotropy. The anisotropy measurements in Tibet are severely limited by
the paucity of azimuthal coverage of teleseismic earthquake events, simply by its position relative
to major earthquake regions (Huang et al., 2000). To go further than we have, we will require
more data, from longer observational deployments that will allows us to capture events from less
active regions and more observations of each phase used to measure the anisotropic
characteristics of the subsurface.
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Chapter 3
Conclusions
The volumes, the surfaces, the lines—in one word, the structures that build a tectonic construction—do not
represent the whole picture: there is also the movement that animated and still animates these bodies
because the history continues and we live under no particular privileged conditions at any given time in
this great process.
Émile Argand (1924)

3.1 Conclusions
In this thesis, I presented shear wave splitting measurements for several seismic networks
deployed across the Tibetan Plateau, and compared these with results obtained by other
researchers. I ask the reader to inspect the three maps one more time in Figures 2-5, 2-6, and 2-7.
Overall, my results are in agreement with the other experiments with some notable exceptions
(e.g., my lack of observance of nulls south of the IYS compared to the other studies). The central
goal of this thesis was to test the sensitivity of shear wave measurements by adopting a systematic
and uniform approach and to compare the results to several experiments conducted at different
times by different researchers using a variety of methodologies to obtain the final splitting
parameters (FPA and DT). During my research I observed a very wide range of processing
methods, different noise reduction techniques (e.g., stacking), application of more than a single
layer of anisotropy, and even some attempts to use statistics to improve the precision of the
splitting parameters (e.g., Sandvol et al., 2007, employ a bootstrap method to reduce
uncertainties). My approach was much simpler, and operated at the most basic level of shear
waving splitting (transverse isotropy – see Aki and Richards, 2002). It is surprising to me to
know that my results are so close to previously made measurements, especially when I think back
to the phase when I was making the individual station measurements and not able to see tangible
results that now show bold patterns on a map! Clearly, the geosciences are moving toward more
and more complexity as tools, methods, and computing improves – studies in anisotropy are now
ubiquitous and seem to be an integral part of seismic experiments.

3.2 Future Work
Future analyses can extend this investigation of anisotropy beneath the Tibetan Plateau in
greater depth than what is presented here. Synthetic tests alongside measured results might
enhance confidence in the measured splitting parameters, especially where nulls are concerned.
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Experimenting with other layers and even dipping layers (to model the underthrusting Indian
lithosphere, for instance) might make the results more realistic. Sol et al. (2007) summarize
succinctly a key factor in assessing whether a station shows null anisotropy or if a single layer
model is insufficient, that is if the polarization angle is independent of back azimuth.
I mainly used the SKS phase for the group of stations with the exception of LSA – for
the future, it would be far better to incorporate other phases such as S, ScS, PKS, P, and some of
the crustal phases if one were to compute the crustal anisotropy which might be more significant
in Tibet where the crust is twice the normal thickness than any other place on Earth! Ozacar and
Zandt (2004) use a compelling method to this effect.
Also, the occurrence of volcanism can be incorporated in the analysis as well in terms of
dikes and fluid-filled cracks (Huang et al., 2000) and their potential effects on shear wave
splitting. The bright spots imaged by the Project INDEPTH team indicate there might be partial
melting north of the IYS which has been attributed to crustal thickening (Nelson et al., 1996),
implying a granitic composition versus inferred basaltic intrusions observed in other rift-related
bright spots (Brown et al., 1996; Nelson, 1996). In the same vein, a comprehensive look at the
geothermal gradient around Tibet, especially nearby the shear wave splitting observations might
be useful.
Huang et al., (2000) attempted to better constrain the depth of anisotropy using estimates
of the Fresnel zones (based on Alsina and Snieder, 1995). This might be useful in assessing
where anisotropy might be occurring beneath the Tibetan Plateau.
Another enhancement would be to adopt a more systematic approach in making
measurements – for example, Gao and Liu (2009) had a system of ‘cutoff event magnitudes and
focal depths; and culling of low SNR events’ (some automated, some visual inspection) or
parameter values with errors greater than two standard deviations (Huang et al., 2000). It might
be worthwhile to experiment with stacking algorithms as some of the researchers have used, I did
not simply due to time constraints. More robust error analysis using, for instance, bootstrapping
methods such as those used by Sandvol et al. (1997) might be useful for improving the accuracy
of the data.
This study would greatly benefit from a more indepth background on the physical and
mathematical relationships that govern the geological and geophysical insights given here. Also,
more work can be included in the mineralogical/petrological section – in particular, including
more recent work in these important areas. Mantle xenoliths place important constraints upon
mantle rock types, processes, and heat flow, allowing for geodynamical insight into the evolution
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of mantle lithosphere (O’Reilly et al., 2001; Sleep, 2005). Perhaps future work could attempt to
tie in results from these studies.
One area that I think deserves expansion also is the role of accessory minerals in mantle
anisotropy – we make broad assumptions about composition (e.g., lumping the whole mantle into
the olivine symmetry system) but how does anisotropy vary if these are different? What if we
vary the elastic constants, or consider eclogitization (Nábělek et al, 2009; Hetenyi et al., 2007)
and serpentinization into the study?
From reviewing the work of Lev et al. (2006), it was noted that some sources are at
epicentral distances that are short enough to complicate waveforms relative to the dominant
period (10-15 s) hence resulting in measurement difficulties. This is something I did not consider
but could perhaps be used in future studies.
Of course, adding more seismic stations will improve the general outlook of anisotropy in
the Tibetan Plateau. Although I analyzed the great majority of available data, there are some
seismic shear wave splitting experiments that I did not plot due to time constraints (Fu et al.,
2008; Hirn et al., 1995, Singh et al., 2007) which, if time permitted, could have proved useful.
Recent creation of shear wave splitting depositories such as the database created by Wüstefeld et
al., (2009) will make this process much easier and comparative studies much less time consuming.
A more comprehensive comparative analysis of shear wave splitting observations across
different world orogenic systems would be beneficial. Finally, emplacing more constraints via
other geologic and geophysical datasets can assist in better model resolution and additional
insights into anisotropy. Further refinements in joint inversion techniques can improve our
understanding as well.
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Appendix A
List of Seismic Networks

Table A-1. Tabulated seismic network information used in this analysis, including IRISPASSCAL ID and associated project name, number of stations along with deployment interval,
regional location of network, and references.
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Appendix B
Tabulated Shear Wave Splitting Results and Comparisons
[Note: the plotted observations are only based upon events that Desser (2011) and the previous researcher have in common].

Table B-1. Comparison of shear wave splitting results for Desser (2001) versus Gao and Liu (2009) for station LSA.

.
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Tabulated Shear Wave Splitting Results and Comparisons (continued)

Table B-2. Comparison of shear wave splitting results for Desser (2001) versus McNamara et al. (1994) for the XC Network.
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Tabulated Shear Wave Splitting Results and Comparisons (continued)

Table B-3. Comparison of shear wave splitting results for Desser (2001) versus Sandvol et al. (1997) for the INDEPTH-II Network.
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Tabulated Shear Wave Splitting Results and Comparisons (continued)

Table B-4. Comparison of shear wave splitting results for Desser (2001) versus Huang et al. (2000) for the INDEPTH-III Network.

(continued on next page)
.
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Tabulated Shear Wave Splitting Results and Comparisons (continued)

Table B-4 (cont.) Comparison of shear wave splitting results for Desser (2001) versus Huang et al. (2000) for the INDEPTH-III Network.
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Tabulated Shear Wave Splitting Results and Comparisons (continued)

Table B-5. Comparison of shear wave splitting results for Desser (2001) versus Chen et al. (2010) for the Hi-CLIMB Network.

(continued on next page)

66

Tabulated Shear Wave Splitting Results and Comparisons (continued)

Table B-5 (cont.) Comparison of shear wave splitting results for Desser (2001) versus Chen et al. (2010) for the Hi-CLIMB Network.

(continued on next page)
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Tabulated Shear Wave Splitting Results and Comparisons (continued)

Table B-5 (cont.) Comparison of shear wave splitting results for Desser (2001) versus Chen et al. (2010) for the Hi-CLIMB Network.

(continued on next page)
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Tabulated Shear Wave Splitting Results and Comparisons (continued)

Table B-5 (cont.) Comparison of shear wave splitting results for Desser (2001) versus Chen et al. (2010) for the Hi-CLIMB Network.

(continued on next page)
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Tabulated Shear Wave Splitting Results and Comparisons (continued)

Table B-5 (cont.) Comparison of shear wave splitting results for Desser (2001) versus Chen et al. (2010) for the Hi-CLIMB Network.

(continued on next page)
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Tabulated Shear Wave Splitting Results and Comparisons (continued)

Table B-5 (cont.) Comparison of shear wave splitting results for Desser (2001) versus Chen et al. (2010) for the Hi-CLIMB Network.

(continued on next page)
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Tabulated Shear Wave Splitting Results and Comparisons (continued)

Table B-5 (cont.) Comparison of shear wave splitting results for Desser (2001) versus Chen et al. (2010) for the Hi-CLIMB Network.
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Tabulated Shear Wave Splitting Results and Comparisons (continued)

Table B-6. Comparison of shear wave splitting results for Desser (2001) versus Lev et al. (2006) for the MIT Network.
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Tabulated Shear Wave Splitting Results and Comparisons (continued)

Table B-7. Comparison of shear wave splitting results for Desser (2001) versus Sol et al. (2007) for the MIT Network.
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Tabulated Shear Wave Splitting Results and Comparisons (continued)

Table B-8. Comparison of shear wave splitting results for Desser (2001) versus Singh et al. (2007) for the Bhutan Network.
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Tabulated Shear Wave Splitting Results and Comparisons (continued)

Table B-9. Comparison of shear wave splitting results for Desser (2001) versus Singh et al. (2007) for the HiMNT Network.
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Tabulated Shear Wave Splitting Results and Comparisons (continued)

Table B-10. Comparison of shear wave splitting results for Desser (2001) versus Sol et al. (2007) for the Namche Barwa Network.

(continued on next page)
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Tabulated Shear Wave Splitting Results and Comparisons (continued)

Table B-10 (cont.) Comparison of shear wave splitting results for Desser (2001) versus Sol et al. (2007) for the Namche Barwa Network.
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Appendix C
Shear Wave Splitting Comparison Plots
[Note: the plotted observations are only based upon events that Desser (2011) and the previous researcher have
in common].

Figure C-1. Comparison of FPA between Desser (2011) and Gao and Liu (2009) for station LSA.

Figure C-2. Comparison of DT between Desser (2011) and Gao and Liu (2009) for station LSA.
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Shear Wave Splitting Comparison Plots (continued)

Figure C-3. Comparison of FPA between Desser (2011) and McNamara et al. (1994) for the XC Network.

Figure C-4. Comparison of DT between Desser (2011) and McNamara et al. (1994) for the XC Network.
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Shear Wave Splitting Comparison Plots (continued)

Figure C-5. Comparison of FPA between Desser (2011) and Sandvol et al. (1997) for the INDEPTH-II
Network.

Figure C-6. Comparison of DT between Desser (2011) and Sandvol et al. (1997) for the INDEPTH-II
Network.
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Shear Wave Splitting Comparison Plots (continued)

Figure C-7. Comparison of FPA between Desser (2011) and Huang et al. (2000) for the INDEPTH-III
Network.

Figure C-8. Comparison of DT between Desser (2011) and Huang et al. (2000) for the INDEPTH-III
Network.
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Shear Wave Splitting Comparison Plots (continued)

Figure C-9. Comparison of FPA between Desser (2011) and Chen et al. (2010) for the HiCLIMB Network.

Figure C-10. Comparison of DT between Desser (2011) and Chen et al. (2010) for the HiCLIMB Network.
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Shear Wave Splitting Comparison Plots (continued)

Figure C-11. Comparison of FPA between Desser (2011) and Lev et al. (2006) for the MIT Network.

Figure C-12. Comparison of DT between Desser (2011) and Lev et al. (2006) for the MIT Network.
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Shear Wave Splitting Comparison Plots (continued)

Figure C-13. Comparison of FPA between Desser (2011) and Sol et al. (2007) for the MIT Network.

Figure C-14. Comparison of DT between Desser (2011) and Sol et al. (2007) for the MIT Network.
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Shear Wave Splitting Comparison Plots (continued)

Figure C-15. Comparison of FPA between Desser (2011) and Singh et al. (2007) for the Bhutan Network.

Figure C-16. Comparison of DT between Desser (2011) and Singh et al. (2007) for the Bhutan Network.
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Shear Wave Splitting Comparison Plots (continued)

Figure C-17. Comparison of FPA between Desser (2011) and Singh et al. (2007) for the HiMNT Network.

Figure C-18. Comparison of DT between Desser (2011) and Singh et al. (2007) for the HiMNT Network.
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Shear Wave Splitting Comparison Plots (continued)

Figure C-19. Comparison of FPA between Desser (2011) and Sol et al. (2007) for the Namche Barwa
Network.

Figure C-20. Comparison of DT between Desser (2011) and Sol et al. (2007) for the Namche Barwa
Network.
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