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[11 We present a new three-dimensional S, wave speed and azimuthal anisotropy model
for the upper mantle of eastern Asia constrained by the analysis of more than 17,000
vertical component multimode Rayleigh wave seismograms. This data set allows us to
build an upper mantle model for Asia with a horizontal resolution of a few hundred
kilometers extending to ~400 km depth. At 75—100 km depth, there is approximately
+9% wave speed perturbation from the “smoothed PREM” reference model used in our
analysis, and the pattern of azimuthal anisotropy is complex. Both the amplitude of the
S, wave speed heterogeneity and the complexity and amplitude of the azimuthal
anisotropy decrease with depth. Above ~200 km depth the upper mantle structure of
the model correlates with surface geology and tectonics; below ~200 km depth the
structures primarily reflect the advection of material in the upper mantle. Since shear wave
speed is principally controlled by temperature rather than by composition, Vs(z) can be
used to calculate the temperature T(z), and hence map the lithospheric thickness. We
use the relationship of Priestley and McKenzie to produce a contour map of the
lithospheric thickness of eastern Asia from the surface wave tomography. This shows an
extensive region of thick lithosphere beneath the Siberian Platform and the West Siberian
Basin that extends to the European Platform, forming the stable Eurasian craton or
core. The eastern portion of the Eurasian craton has controlled the geometry of continental
deformation and the distribution of kimberlites in eastern Asia.
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1. Introduction

[2] Asia is a mosaic of ancient continental fragments
separated by mountain ranges, fold belts, deep sedimentary
basins and high plateaus (Figure 1). The region has been
shaped by numerous tectonic events, the most recent being
the Indo-Asian collision which is responsible for the uplift
of the Himalaya Mountains and the Tibetan Plateau, and has
induced widespread strain in SE Asia and possibly as far
north as Mongolia. The events which formed Asia have left
their imprint on the upper mantle structure, and unraveling
the tectonic history and understanding the tectonic processes
involved in building Asia require a better knowledge of
the Asian upper mantle structure. Fundamental mode sur-
face wave studies [e.g., Ekstrom et al., 1997; Curtis et al.,
1998; Ritzwoller and Levshin, 1998; Griot et al., 1998a;
Villaserior et al., 2001; Friederich, 2003] have furnished a
great deal of structural information; however, the inclusion
of higher-mode surface waves greatly improves the resolu-
tion in the upper mantle because of the independent infor-
mation they provide to the fundamental mode at shallower

"Bullard Laboratories, University of Cambridge, Cambridge, UK.
2Ecole et Observatoire des Sciences de la Terre, Université Louis
Pasteur, Strasbourg, France.

Copyright 2006 by the American Geophysical Union.
0148-0227/06/20051B004082$09.00

B10304

depths and because of the improved sampling they provide
over the fundamental mode at deeper depths.

[3] In this paper we focus on the structure of eastern Asia.
We use a large, multimode surface wave data set to
investigate the S, wave speed heterogeneity and azimuthal
anisotropy of the upper mantle beneath this region on a finer
scale than that seen in global tomographic models. We
present a high-resolution, three-dimensional (3-D) tomo-
graphic image of the Asian upper mantle that displays
significant shear velocity features to depths of ~200 km,
much of which correlates with surface tectonics. Below
~200 km depth, the correlation of upper mantle structure
with surface tectonics is greatly reduced and is primarily
restricted to the subduction zones of the western Pacific.

[4] In our preliminary surface wave tomographic study
[Priestley and Debayle, 2003], we compiled a data set of
~13,000 vertical component Rayleigh wave seismograms
from permanent seismographs operating in Eurasia and
North America and use these data to determine a 3-D S,
wave speed model for eastern Asia. The data set analyzed in
the present study is different from that used by Priestley and
Debayle [2003]. The new data set we have compiled
consists of over 17,000 new measurements using seismo-
grams from both permanent and temporary seismographs in
Eurasia, Greenland, and the Canadian Arctic. However, the
most important difference between the two studies is not in
the increased number of paths but in the fact that the

1 of 20



B10304

PRIESTLEY ET AL.: EAST ASIAN UPPER MANTLE STRUCTURE

B10304

TECTONIC PROVINCES OF EASTERN ASIA

Figure 1.

propagation path lengths in the present study are short
compared with those used by Priestley and Debayle
[2003]. This feature is crucial when considering the effect
of off-great circle propagation. Because of the higher path
density, the greater azimuthal cover, the large higher-mode
content, and the short path lengths analyzed, this study
represents a significant advance in understanding the Asian
lithosphere and uppermost mantle.

[5] After summarizing our analysis procedure, we present
our east Asian upper mantle model and an assessment of its
reliability. We then discuss a number of features of the
model in light of the surface geology and tectonics. Finally,
we use the relationship between Vs(z) and T(z) of Priestley
and McKenzie [2006] to derive a model for the thermal
lithosphere of eastern Asia. The thermal lithosphere is the
cold boundary layer near the Earth’s surface in which heat is
transported by conduction in contrast to the asthenosphere,
where heat is transported by convection. The high-velocity
upper mantle lid imaged by seismology is often taken as
equivalent to the thermal lithosphere, and the low-velocity
zone beneath the lid is taken as equivalent to the astheno-

Topographic map of Asia showing the main tectonic features discussed in the text. The
boundaries of the European Platform, Siberian Platform, Tarim Basin, Indian Shield, Sino-Korean
Craton, and Yangtze Craton are from Goodwin [1991].

sphere. However, the mode of heat transport probably has
no effect on the seismic velocity, and therefore there is no
reason that the thermal lithosphere and the high-velocity lid
should be the same.

2. Surface Waveform Fitting and Tomography

[6] We construct the 3-D upper mantle model using the
two-stage procedure previously employed in a number of
regional-scale surface wave tomography studies [Debayle
and Kennett, 2000; Debayle et al., 2001; Priestley and
Debayle, 2003]. In the first stage we use the automated
version [Debayle, 1999] of the Cara and Lévéque [1987]
waveform inversion technique in terms of secondary
observables for modeling each multimode Rayleigh wave-
form to determine the path-average mantle S, wave speed
structure. In the second stage we combine the 1-D velocity
models in a tomographic inversion [Montagner, 1986;
Debayle and Sambridge, 2004] to obtain the 3-D S, wave
speed structure and the azimuthal anisotropy as a function
of depth. This gives a much clearer indication of the
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Figure 2. Comparison of PREM [Dziewonski and
Anderson, 1981] (dashed line) and the “smooth PREM”
(solid line) reference model used in this study.

properties at depth than do group and phase velocity maps
which represent a weighted average of the earth structure
over a frequency-dependent depth interval.

[7] There are two assumptions inherent in our analysis:
that the observed surface waveform can be represented by
multimode surface waves, each mode propagating indepen-
dently, and that they do so along the great circle path. These
assumptions are valid for a smoothly varying medium
without strong lateral velocity gradients [Woodhouse,
1974] and are widely accepted in surface wave tomography.
Kennett [1995] examined the validity of the great circle
approximation for surface wave propagation at regional
continental scale and concluded that the assumption was
valid at longer periods (>50 s) where surface waves cross
major structural boundaries such as the continent-ocean
transition. Ritzwoller et al. [2002] examined the effects of
off-great circle propagation and found that for short path
lengths (~5000 km), the great circle assumption was
adequate but led to increasing bias in the inverted model
as path length increased. Marquering et al. [1996] examined
the effect of mode coupling and found that when the
analysis was restricted to the fundamental mode and
the first few higher modes at relatively low frequencies,
the artifacts resulting from neglecting mode coupling
were negligible. We therefore restrict our analysis to the
fundamental and first four higher Rayleigh mode in the 50—
160 s period band, and restrict our analysis to events with
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relatively short paths compared to those used in global
studies, while maintaining good azimuthal coverage.

[8] Following Kennett [1995], we take a source region
specific velocity structure from the 3-D model 3SMAC
[Nataf and Ricard, 1996] to improve the source excitation
computation and we analyze the seismograms using a
modified (smoothed) version of PREM [Dziewonski and
Anderson, 1981] for the upper mantle velocity structure
(Figure 2) both for the reference model used in extracting
the modal information from the seismogram and for the
starting inversion and a priori velocity models employed in
determining the path-average mantle structure. However,
each path has a path-specific crustal model determined by
averaging the crustal part of 3SMAC along the path. At40 s
period the maximum sensitivity of even the fundamental
mode is located below the crust, so that our data set is
primarily sensitive to upper mantle structure, and therefore
we assume the crustal structure is known and invert for the
upper mantle structure.

3. Data

[9] The distribution of stations and events providing
seismograms for this study (Figure 3a) results in excellent
density and azimuthal distribution of paths. Most of the
earthquakes we study are located on the plate boundaries
surrounding Asia. We selected the events from the Harvard
centroid moment tensor catalog during the period 1977-
2002; however, because of the great expansion of the
Global Digital Seismograph Network in the mid-1990s,
most of the data are from the period since 1994.

[10] Since the waveforms are automatically fit for each
seismogram, the two most important aspects of the analysis
are the noise and error detection and the data rejection
procedures. For these, we follow the automated procedure
described by Debayle [1999], the first step of which is to
evaluate the bandwidth over which the seismogram can be
analyzed. Debayle and Kennett [2003] compare tomographic
results for Australia obtained by inverting the waveforms in
the 40—160 s and 50—160 s period bands and found little
difference in the deeper part of the model (>130 km) for
analysis from either band, but observed that significant
disparities could occur at shallower depths. Some of the
discrepancy could be attributed to the increased resolution
resulting from including the shorter wavelength 40 s period
waveforms, but part of the difference probably results from
effects such as a departure from ray theory or an inaccurate
crustal structure, both of which are more significant at
shorter periods. As the Asia region in our study encom-
passes large variations in crustal thickness, we choose a
more restrictive bandwidth criterion than Debayle [1999]
and evaluate the signal in the 50, 70, 90, 120, and 160 s
period bands.

[11] At each period, the signal-to-noise is deemed ade-
quate if the ratio between the maximum amplitude of the
envelope of the signal over the maximum amplitude of the
envelope of the noise is greater than 3. From the noise
evaluation, the automated waveform inversion chooses the
bandwidth for the waveform analysis according to the
following sequence of priority: (1) 50, 90 and 160 s;
(2) 50, 70 and 120 s; (3) 50 and 90 s; and (4) 50 and 70 s.
Once the bandwidth has been chosen, the automated
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Figure 3. Seismic data and path coverage used in building the east Asia upper mantle model. (a) A total
of 17,258 seismograms from 4332 earthquakes (black circles) recorded at 127 seismographs (red
triangles). (b) Path density of more than 50 paths per 4° x 4° region over most of Asia. (c) Achieved
Voronoi diagram for the data path coverage. For most of Asia, 2° x 2° coverage is achieved. (d) Path
length distribution of the data. The average path length is 4011 km. (¢) Modal and frequency distribution

of the data.

waveform analysis is performed according to the procedure
and criterion described by Debayle [1999]. The inversion is
considered successful if the final model provides a good fit
to both the secondary observables and the observed seismo-
gram and if the inversion has converged toward a unique and
stable velocity model.

[12] This extremely conservative procedure was used to
assemble a data set of 17,258 1-D path average Earth
velocity models from which we construct the 3-D velocity
and azimuthal anisotropy model. Figure 3b shows that a
density of more than 50 paths per 4° by 4° cell is achieved
throughout Asia and more than 300 paths per 4° by 4° cell is
achieved over most of east Asia. In Figure 3c we use a
Voronoi diagram [Debayle and Sambridge, 2004] to de-
scribe the azimuthal distribution of the path coverage. Each
Voronoi cell gives the smallest region with a sufficient
azimuthal distribution of paths to geometrically resolve
the azimuthal anisotropy [Debayle and Sambridge, 2004].
Over most of Asia we achieve a cell size of 2° by 2°

(Figure 3c). Figure 3d shows the path length distribution.
Only a small fraction of our paths exceeds 6000 km and the
average path length is 4011 km. All paths are greater than
1000 km to avoid finite source effects. Figure 3e shows the
frequency and modal composition of the data. While much
of our data set consists of fundamental mode measurements,
there is a significant higher-mode content in the data set.

4. Tomographic Maps

[13] The S, wave speed heterogeneity and azimuthal
anisotropy maps for our eastern Asia model are shown in
Figure 4. The lateral smoothing in the tomographic inver-
sion is controlled using a Gaussian a priori covariance
function defined by a scale length L., and a standard
deviation o. L.y, defines the distance to which adjacent
points of the model are correlated and acts as a spatial filter;
o controls the amplitude of the perturbation in Earth
structure allowed (velocity perturbation, azimuthal anisot-
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