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Abstract. We automatically analyzed 32,000 fundamental mode Love and Rayleigh
wave signals with earthquake—station paths traversing Eurasia and Indonesia and
obtained robust average phase velocity measurements between 20 s and 170 s
periods along 4389 Love and 4020 Rayleigh paths. These were inverted to give
phase velocity maps at 14 fixed periods. Resolution tests suggest that features with
diameter >750 km and >500 km are resolved over most of Eurasia and central/SE
Asia respectively. Low-period Love waves image areas with thick sedimentary
cover as low-velocity zones, and almost all periods image mountainous regions since
these have thick crust and hence low average lithospheric shear velocity. At long
periods, both Love and Rayleigh waves define high phase velocity zones across shield
and cratonic areas reflecting their deep lithospheric roots. We observe significant
along-strike heterogeneity in the Zagros fold belt and Tien Shan—Altai system.
Taking sections across Eurasian phase velocity space allows us to make approximate
interpretations in terms of shear velocity structure directly. For example, the Red
River and East Vietnam Boundary faults are traced on their eastern side by low
velocities which extend at depth into Indonesia. We relate this to mantle upwelling
associated with early Eocene rotation of Indochina and reversal of the sense of
shear across the Red River fault post-20 Ma. We observe dipping subduction of
the Mediterranean beneath the Aegean, of the Philippine Sea beneath Indonesia,
and of the Indian shield beneath Tibet. We also image a fossil subducted plate
beneath NE Borneo which we associate with subduction of the proto-South China

Sea between 50 Ma and 15 Ma.

1. Introduction

For more than 10 years, normal mode and surface
wave seismologists have used automated data process-
ing techniques to construct global velocity models from
huge volumes of digital data accumulated across the
Global Digital Seismographic Network (GDSN) [e.g.,
Woodhouse and Dziewonski, 1984; Zang and Tanimoto,
1993; Trampert and Woodhouse, 1995, 1996; Ekstrém et
al., 1997]. Global studies suffer, however, from dimin-
ished lateral resolution caused by the unsuitable geome-
try of paths along which reliable surface wave dispersion
measurements can be obtained. This is especially lim-
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iting in the oceans, which generally support relatively
small earthquakes confined to narrow ridges or subduc-
tion zones with very few recording stations; as a con-
sequence, two thirds of the Earth’s surface is traversed
almost exclusively by long event-station paths. When
dispersion data along all paths are inverted into global
models of phase or shear velocity, the reduced resolu-
tion in oceanic areas also effects the continental areas
of global models in two ways: (1) continental struc-
ture may be mapped erroneously into the relatively un-
constrained oceans due to the global least squares pro-
cedure usually employed in the inversion scheme, and
(2) global spherical harmonic basis functions are usu-
ally used to represent the structure, introducing a di-
rect correlation between oceanic and continental struc-
ture which might have a significant effect when the in-
finite set of basis harmonics is truncated [ Trampert and
Snieder, 1996]. Hence it makes sense to conduct similar,
independent studies that focus only on those continen-
tal areas that contain high levels of seismic activity and
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station density. Using regional station arrays in addi-
tion to GDSN data, we thus focus on areas which are
traversed by the highest density of short paths. In such
areas it is possible to increase the resolution beyond
that attainable in current global models.

Many such studies have been persued using local to
regional scale data within or off the coast of Eurasia,
e.g., using body waves, Grand and Helmberger [1985],
Lyon—Caen [1986], Zhao et al. [1991, 1992], Spakman
et al. [1993], van der Hilst et al. [1993], and Roecker
et al. [1993]; using surface waves, Pines et al. [1980],
Romanowicz [1982], Brandon and Romanowicz [1986],
Bourjot and Romanowicz [1992], Curtis and Woodhouse
[1997], and Ritzwoller and Levshin [1998]; and using
waveform inversion, Zielhuis and Nolet [1994], Marquer-
ing and Snieder [1996], and Muyzert and Snieder [1998].

However, body wave studies generally only sample litho-

spheric structure in areas of high seismicity or dense
receiver coverage since most ray paths dip steeply into
the mantle, and most of the surface wave or waveform
inversion studies have been limited in lateral extent and
hence generally do not show how structures in one tec-
tonic region link to those in another. One exception
to this is the study of Ritzwoller and Levshin [1998],
who used manually measured fundamental mode sur-
face wave group velocities for earthquake—station paths
crossing most of Eurasia to construct Eurasian group
velocity maps.

In this study we automatically analyzed over 32,000
vertical and horizontal component surface wave signals
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and obtained reliable event—station fundamental mode
phase velocity measurements from 4020 Rayleigh and
4389 Love waves traversing (assumed) great circle paths
across the Eurasian continent. To do this, we used the
technique of Trampert and Woodhouse [1995], retuned
to increase its effectiveness along shorter paths through
more heterogeneous continental media. Measured phase
velocities were then linearly inverted into phase velocity
perturbations at each point across Eurasia.

This study fills a gap in the knowledge accrued in
the references listed above: the resolution attained here
is higher than that in previous global studies, and we
span most of Eurasia and hence image regions linking
tectonic zones rather than only the seismically active
zones themselves. In addition, the fully automatic pro-
cedures used here allow a single operator to process a
huge quantity of data very efficiently.

We also show that the particular sensitivity of the
fundamental mode Rayleigh waves to shear velocity
structure allows a new type of resolution test to be per-
formed. All of the above studies use fully linearized
tests to quantify resolution. In a similar manner we
perform checkerboard style resolution tests which sug-
gest that velocity anomalies with diameter ~750 km
and greater can be imaged across most of Eurasia, and
contrasts with diameter ~500-600 km can be imaged
across much of central and southeast Asia. However,
these tests do not account for true data noise, errors
in earthquake source parameters or deviations from our
linearizing assumptions (e.g., no off-great circle path
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Figure 1. Geographical names used in the text. Abbreviations used are as follows: TTZ,
Tornquist Teyzaire zone; GPD, German—Polish depression; CA, Carpathian arc; GT, gulf of
Thailand; EVBF, East Vietnam Boundary fault; SS, Sulu Sea; Y, Yinggehai basin (SE of Red

River fault); sh, shield.
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deviation). A different test of resolution which takes ac-
count of all of these effects is the correlation between the
phase velocity maps and known tectonic or topographic
features. For instance, actively deforming structures
such as the Tibetan plateau separated from the Tien
Shan mountains by the Tarim basin, regions of back
arc extension in the Japanese Sea, the Zagros and Cau-
casus mountains, Turkey and the Aegean region are all
areas of anomalous crustal thickness (many geographi-
cal locations mentioned in the text are shown in Figure
1). The Love wave phase velocity around 40 s period
is extremely sensitive to Moho depth, and by assuming
that the average crustal thickness at long wavelengths is
isostatically increased where topography is highest we
assess lateral resolution by comparing Love 40 s phase
velocity with topography. All of the regions listed above
are resolved confirming a significant improvement over
global models.

Finally, again owing to the particular nature of the
Rayleigh fundamental mode sensitivity kernels, we show
that the phase velocities can be interpreted directly in
terms of shear velocity using a phase velocity slicing
technique. This constitutes a new tool for use in phase
velocity studies, and in this case it illuminates dipping
subduction zones and areas of back arc extension as
high- and low-velocity features, respectively, the first
time that dipping slabs have been imaged in large scale
fundamental mode phase velocity studies.

The above results attest to the respectable lateral
resolution of each phase velocity map individually and
visually show the correlation of all periods together in
the case of phase velocity slices. R. Devilee et al. (Using
neural networks to invert surface wave dispersion data
for crustal thickness across Eurasia, submitted to Jour-
nal of Geophysical Research, 1998, hereinafter referred
to as Devilee et al., submitted manuscript) show that
the information contained in the entire data set across
periods 30s-100s is robust by using neural networks to
interrogate these phase velocities for crustal thickness
variations across Eurasia [see also Curtis et al., 1997].
To within the limitations of depth resolution imposed
by using phase velocity data alone, the results agree
with those predicted in the global a priori model of the
lithosphere proposed by Mooney et al. [1998], confirm-
ing that the various phase velocity maps are mutually
consistent.

2. Methodology

Phase velocities in the period range 20-170 s were
extracted from surface wave trains using the automatic
technique developed by Trampert and Woodhouse [1995].
The theory will be summarized here for completeness
and so that we can describe our deviations from the
original algorithm; we refer you to the original paper
for a detailed discussion of the method’s robustness.
The complete methodology from data filtering and se-
lection through to final inversion for local phase velocity
perturbations is summarized in Figure 2.
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Figure 2. Flow chart of the data processing and inver-
sion cycle used in the current work. See section 2 for
details. TVF, time variable filtration; PEMc, continen-
tal preliminary Earth model [Dziewonski et al., 1975).

2.1. Data Selection and Phase Velocity
Measurement

We initially selected waveforms for which the earth-
quake and station lay within longitude range 40°W to
180°E, latitude range 40°S to 90°N, with earthquake
magnitude M,, > 5.2, and epicentral distance in the
range 20°-160° (to avoid near-source effects and inter-
ference with the R2 arrival). The data comprised all
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Plate 1. Love wave 40 s fundamental mode phase velocity models for various values of first
derivative damping parameter h (in equations (13)—(15)).
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available IRIS GDSN (Incorporated Research Institu-
tions for Seismology Global Digital Seismograph Net-
work) and Geoscope data for the period 1979 to 1996,
NARS (Network of Autonomously Recording Seismo-
graphs) data from 1980-1995, plus some regional sta-
tions included in the SPYDER network (see, e.g., Morelli
[1994] for a review). In total, we selected 33,192 vertical
and 32,404 transverse component seismograms which
record Rayleigh and Love surface waves, respectively.

Each recorded seismogram was time variable filtered
around the fundamental mode surface wave group ar-
rival predicted by continental Preliminary Earth Model
PEMc [Dziewonski et al., 1975] using the group velocity
envelopes defined by Cara [1973] to extract the funda-
mental mode portion of the signal [Landisman et al.,
1969]. We may then write the observed seismogram
in terms of an amplitude and phase perturbation to
a synthetic seismogram containing fundamental mode
surface waves propagated through PEMc:

D(w) = A(w) exp[iwA §s(w)]S(w) (1)
Here A is the epicentral distance, A(w) is the ampli-
tude scaling factor, and ds(w) is the phase perturbation
required to make the synthetic signal S(w) match the
filtered data signal D(w), where w is angular frequency.
Equation (1) may be broken into two parts, for ampli-
tude and phase, respectively. For amplitude we obtain

|D] = A |S5] (2)

and for phase we obtain two coupled equations:

D, = A[S; cos(wAds) + S; sin(wAds)] (3)

D, = A[S; cos(wAds) — S, sin(wAds)] 4

where subscripts 7 and 7 stand for real and imaginary
components and where we have dropped the w depen-
dence for notational convenience. We parameterize the
amplitude perturbation A(w) and phase velocity pertur-
bation és(w) in terms of cubic B splines [e.g., Lancaster
and Salkauskas, 1986]. Hence equation (2) poses a lin-
ear inverse problem for spline coefficients of A(w), while
equations (3) and (4) define a nonlinear inverse problem
for the coefficients of ds(w).

The linear inverse problem for amplitude A(w) may
be solved immediately using standard linear least squares
algorithms [Tarantola and Valette, 1982]. The solution
to the nonlinear inverse problem is found by iterated
linearized inversions, and hence is dependent on the
starting model used for the phase slowness perturbation
ds(w). This is constructed as follows: for each seismo-
gram we estimate the fundamental mode group velocity
u(w) by measuring the frequency-dependent maximum
group amplitude of the analytically extended (time vari-
able filtered) seismogram, i.e., with imaginary extension
equal to the Hilbert transform of the real seismogram
[Dziewonski et al., 1969]. By using the analytic rela-
tionship between group and phase velocity c(w),
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we calculate the phase slowness perturbation from PEMc
corresponding to the measured group velocity perturba-
tion du(w):

du(w) = ds(w) + wds' (w). (6)

This constitutes a straightforward linear inverse prob-
lem for spline coeflicients of ds(w) and hence provides
the required initial estimate of phase slowness pertur-
bation. During the subsequent nonlinear inversion of
equations (3) and (4) we again apply the constraint
that the phase velocity must be consistent with the mea-
sured group velocity (through equation (6)) with a rela-
tive weight 10~% compared to the phase data. Thus the
group velocity is used as an additional, weak smoothing
constraint which helps to stabilize the nonlinear inver-
sion. Finally, we shift the whole phase spectrum by a
constant number of cycles to best fit the phase velocity
of PEMc at 150 s.

The inverse problems defined in equations (2) to (4)
are solved by minimizing the cost function

&,(m) = [d - G(m)]"C3'[d - G(m)] + m"C;'m

()
where model vector m represents either A(w) (equation
(2)) or és(w) (equations (3) and (4)), vector d repre-
sents the relevant left-hand side of equations (2) to (4),
Cq and C,, are the expected data and model covari-
ance matrices, and the forward operator G relates the
data d to model m by d = G(m). The solution is given
by single (linear case) or multiple (nonlinear case) iter-
ations of

m;y; =mg+ (GTC3'G + C)™!

xGTC3'{(d - G(m,)) + G(m; —mo)] (8)

Since phase dispersion curves are intrinsically smooth,
we apply second derivative damping in our solution.
This has two positive consequences: first, smoothness
of the resulting slowness perturbations effectively re-
solves 2m ambiguities in phase by smoothly interpolat-
ing between longer periods and shorter periods (this is
identical to what an operator would do when measur-
ing phase manually). Second, by applying the similar
regularization in the amplitude inversion, the retrieved
model for A(w) interpolates smoothly through notches
in the amplitude spectrum. As described below, this
is used to check for amplitude anomalies caused for in-
stance by interfering multipathed arrivals, the receiver
lying along a source nodal plane or indeed due to any
other effect.
The smoothness constraint is applied by setting

C.'=pH (9)
where w2 PB.(w) dB;( )
W 10%
H,',j=/ dw2 d:)z dw (10)
wy
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with B;(w) representing the jth B spline basis function
of model m, and w1, ws] is the angular frequency range
considered. The data covariance matrix Cgq is taken to
be the identity matrix so that parameter p controls the
trade-off between roughness and data fit. In the current
implementations, p = 10~ as used by Trampert and
Woodhouse [1995, 1996], giving priority to data fit.

2.2. Error Detection, Data Rejection,
and Uncertainty Estimates

Since phase velocities are measured automatically
from each seismogram, some of the most important as-
pects of the measurement algorithm are the error de-
tection and data rejection procedures. These are im-
plemented as follows:

1. We define signal to be the fundamental mode sur-
face wave and noise to be any energy arriving before
the fundamental mode (including strong higher modes
that may interfere with the fundamental signal). We
define the respective portions of the signal using group
velocity windows around PEMc, and reject data if the
signal to noise ratio is less than 4. The group windows
used are 5.4, 4.9, and 3.0 km/s for Love and 5.2, 4.4,
and 2.4 km/s for Rayleigh waves, where the first two ve-
locities in each case bound the “noise” and the second
two bound the signal.

2. The retrieved amplitude model is smoothed by
minimizing the roughness H in equation (9). Thus
the fitted amplitude A(w)|S(w)| interpolates through
notches in the signal amplitude spectrum where the
signal phase may become effectively undefined. Hence
notches may be detected by comparing the true ampli-
tude at each frequency with A(w). We reject all signals
for which the amplitude variance reduction is less than
95% and those for which the minimum value of A(w) is
<0.1 for any w in the frequency range measured.

3. Signals for which the measured relative group ve-
locity perturbation du(w)/uf is >15%, where uf is the
group velocity of PEMc, are rejected.

4. To effectively remove problems of cycle skipping
as we trace the signal phase from high periods to low
periods, we reject all signals which have <95% variance
reduction in the nonlinear inversion for dc(w), or which
have a maximum relative phase velocity perturbation
dc(w)/c® greater than 15%, where c® is the phase ve-
locity of PEMc.

The variance reduction threshold in the amplitude
and phase fit was increased from 85% in the study of
Trampert and Woodhouse [1995, 1996] to 95% in this
study. We believe this is necessary to detect the in-
terference of both multipathed arrivals and of higher
modes with the direct fundamental mode signal. These
sources of noise are strongly correlated both temporally
and spatially, and hence the number of “infected” seis-
mograms in our data set must be reduced to a min-
imum. This extremely conservative threshold is used
to collect an initial data set with which we construct a
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4

Love 40s Paths Accepted

Figure 3. Great circle paths along which average phase
velocities were measured at all periods between 26 s
and 150 s period. These were used to construct the
one-dimensional velocity model EurasialD.

one-dimensional model of the phase velocity structure
across Eurasia (see below). The threshold will be re-
laxed slightly in a later stage of processing.

Note that data are rejected if any of the quality con-
trol criteria are contravened at any frequency. Since
multipathed arrivals and associated phase disturbances
are likely to be maximum at low periods, we could have
created different data sets which satisfy all quality con-
trols within certain period ranges (e.g., one data set
which is of good quality in the period range 170-20
s, and a residual data set which is of good quality in
the range 17045 s as done by Ekstrom et al. [1997]),
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or we could accept arbitrary period ranges with robust
measurements for each signal individually as done by
van Heijst and Woodhouse [1998] for phase velocities
and Ritzwoller and Levshin [1998] for group velocities.
However, our aim is to collate a data set with roughly
homogenous information content at all periods. Phase
velocity maps may then be created which are approxi-
mately equally well-resolved at each period and hence
which are as mutually consistent as possible (under our
linearized assumptions). Thus subsequent point-wise
inversions of phase velocity for shear velocity structure
with depth become meaningful. For these reasons we
did not follow either of these options, instead accepting
less abundant data for the sake of consistency.

The initial data set consists of measurements of 2955
Rayleigh and 3627 Love wave dc/c® (omitting the w de-
pendence for convenience), and the corresponding great
circle paths are shown in Figure 3. Most of Eura-
sia is covered, and the data set contains considerable
redundancy since many paths are approximately re-
peated. We use this redundancy to obtain estimates
of data uncertainty by checking measurement repeata-
bility on independent but geographically similar paths
as follows. First, the geographic area is divided into
cells of 2.5° x 2.5°. Paths with robust measurements
are binned into sets which have end points within com-
mon cells. For each bin with eight paths or more, the
frequency-dependent phase velocity variance is calcu-
lated, and these variances are assigned to each phase
velocity measurement within that bin. The global av-
erage frequency-dependent variance over all such bins
is calculated, and this is assigned to all paths which
lie in bins containing less than eight paths. The value

eight was chosen as a safe threshold because for values

of five or less, bins occasionally occurred (by chance)
which had artificially low variances at some frequency
due to the small number of samples used in the esti-
mate. These paths dominate the inversion for phase
velocity maps and appear as streaks in the final plots.
This artifact did not appear for threshold values greater
than five.

We then construct a one-dimensional model of phase
velocity for the area under study by taking the aver-
age of all measured relative phase velocity perturba-
tions dc,/cF, weighted by the inverse of their respective
variances o7 and by the number of paths n; in the bin
to which path 7 belongs:

@ _ Gl wal [ < 7] (11)

LA
1;1 ™

Downweighting by the factor n; makes this procedure
approximately equivalent to using summary rays be-
tween each pair of cells by avoiding extra weight being
given to geographical locations traversed by many al-
most identical paths.
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The resulting phase velocity model is called Eura-
sialD and is shown in Figure 4a. In addition, we con-
verted the phase velocity curves to group velocity us-
ing equation (5) and these are shown in Figure 4b. In
Figures 4a and 4b the corresponding velocities of the
preliminary reference Earth model (PREM) [Dziewon-
ski and Anderson, 1981] are shown for reference and
the phase velocities of PEMc, and average group ve-
locities obtained by Ritzwoller and Levshin [1998] over
a similar geographical area are also shown. EurasialD
phase velocities are lower than the continental reference
model at all periods but converge toward it both at long
(>140 s) and short (<40 s) periods. EurasialD group
velocities match the average group velocities found by
Ritzwoller and Levshin to within 0.1 km/s at all peri-
ods, although EurasialD is consistently slightly slower.
They measured group velocity directly using a man-
ual method, and hence this slight discrepancy between

5000.0
a
45000 [
3
€
2
g
o
> i
4000.0 /
F
/
;
o=t Eurasia1D|
---- PREM
;
;
;
3500.0 A ) R R . A
0.0 25.0 50.0 75.0 100.0 125.0 150.0
Perlod (s)
45C0.0

Velocity (mv/s)

Rayleigh

— RitzLev87
o—= EurasiaiD
---- PREM

100.0 125.0 150.0

Period (s)

500 70
Figure 4. The one-dimensional velocity model Eura-
sialD: (a) phase velocities and (b) group velocities. In
Figure 4a the corresponding phase velocities for refer-
ence Earth model PREM and continental model PEMc
are also shown [Dziewonski et al., 1975; Dziewonski and
Anderson, 1981]; in Figure 4b the group velocities for
PREM and the average model from Ritzwoller and Lev-
shin [1998] are shown.



26,926

the two studies could be imposed by their operators
who manually grade each group velocity measurement
or by our automated data selection procedures. How-
ever, the overall consistency between the two results
makes it highly unlikely that more than 0.1 km/s of
absolute bias exists in either study.

Finally, we construct a new data set, with the same
type of rejection criteria as before, but this time with
the maximum relative group and phase velocity de-
viations dc(w)/c? and du(w)/u® in criteria 3 and 4
above, respectively, redefined to be relative perturba-
tions with respect to EurasialD instead of PEMc. In
addition, since we include data from relatively short
paths which may traverse predominantly oceanic areas
on the Eurasian margins (e.g., the Philippine sea), we
extend the a priori acceptable level of heterogeneity and
accept up to 15% negative deviations, 15% positive de-
viations for periods >70 s, and up to 22% positive de-
viations for periods <70 s in both group and phase ve-
locity. At periods <70 s this criterion allows the large
positive deviations from EurasialD expected from Fig-
ures 4a and 4b (PREM) for mixed oceanic-continent
paths. We also relax the variance reduction threshold
in criteria 2 and 4 to 85%. By reselecting the data in
this way we hope to diminish any biases in our data set
due to our choice of initial reference model PEMc which,
as has just been shown, is slightly too fast for Eurasia
at all periods considered. Using the reselected data, we
also recalculated a one-dimensional average phase ve-
locity model in the same way as above and found that
it was almost identical to EurasialD; hence our initial
estimate of EurasialD was not biased. The final data
set consists of 4020 Rayleigh and 4389 Love wave fun-
damental mode phase velocities along great circle paths
distributed very similarly to those shown in Figure 3.

2.3. Creating Phase Velocity Maps

Relative phase velocities on all paths at periods 26,
30, 35, 40, 45, 50, 60, 70, 80, 90, 100, 115, 130, and 150
s were inverted for phase velocities in each cell of a grid-
ded triangular cell geometry. This process constitutes a
standard linear inverse problem, d = Gm, where now d
is the vector of measured relative phase velocities dc/c®
along each path at a fixed frequency, m is the model
vector of relative phase velocities in each gridded cell,
and G is the matrix of partial derivatives with elements
G,; = éd,/dm; equal to length of path 7 in cell j divided
by total length of path i, where we assume great circle
paths between source and receiver. We find the least
squares solution by minimizing the cost function

®5(m) = [d - G(m)]"C3"[d ~ G(m)] + (Dm)” (Dm)

(12)
using the gradient descent method of Paige and Saun-
ders [1982]. Here D is a first derivative damping matrix
with elements

D.,']' =h (13)

CURTIS ET AL.: EURASIAN SURFACE WAVE TOMOGRAPHY

if cells ¢ and j are neighboring, i > j,

D;j=—h (14)
if cells ¢ and j are neighboring, ¢ < j, and
D;j = 0 otherwise (15)

where neighboring cells are defined to be those which
share a common boundary. By minimizing ®; we at-
tempt to satisfy Dm = 0 with weight A with respect
to the data fit, thereby finding the model with least
cumulative horizontal gradient.

Cgq is the data covariance matrix and is estimated as
follows. First, we rebin the data and calculate variances
in exactly the same way as before. We then multiply
variances by the number of paths in the bin to which
each path belongs (similar to equation (11)). The re-
sulting variances constitute the diagonal elements of Cj,
and we arbitrarily set off-diagonal covariances to zero.

To avoid confusion, from here onward we refer to this
process of creating maps from phase velocities as the
Yinversion” stage. We refer to the non-linear inversion
for event-station average phase velocities from each in-
dividual seismogram described earlier as the phase ve-
locity ” measurement” stage.

3. First Derivative Damping, Data
Weighting, and Resolution

We now explore the effects of varying the first deriva-
tive damping parameter h in equations (13) and (14),
then we describe one final enhancement to our data
weighting scheme, and last we analyze various measures
of resolution in our final maps. Plate 1 shows maps of
our Love wave phase velocity at 40s period for different
values of h. When h = 30, a smoothed representation of
the phase velocity structure is obtained. This map still
represents the major velocity anomalies across Eurasia
(the Tibetan plateau, Hindu Kush, Zagros and Cauca-
sus mountains and the continent-ocean boundary), but
details are lost due to the high degree of smoothing, and
bias is introduced by damping major amplitude pertur-
bations (e.g., the low Tibetan velocities are smeared
across the Tarim basin, a huge Precambrian massif).
At the opposite end of the spectrum, h = 4 gives a
model which is extremely rough. Major features like
the Tibetan plateau and the Zagros mountains have all
but disintegrated. This level of regularization is not
sufficient to prevent noise in the data from being trans-
ferred into the model through the inverse system’s null
space and hence some intermediate value of h is desir-
able. We see from the other plots in Plate 1 that for
values of A between 15 and 10, the pattern of anomalies
becomes stable and only slight changes in amplitude
occur. At h = 8 the first signs of the instability evi-
dent when h = 4 become apparent, and we assume that
this is the point around which a significant portion of
the data noise is mapped into our solution. Hence we
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Plate 2. A comparison between our initial, smooth Love wave 40 s phase velocity model (using
h = 30) and the most recent global phase velocity model of Eksirém et al. [1997]. Also, plate
boundaries and tectonic boundary faults are shown in yellow [Zonenshain and Savostin, 1981;
Jackson and McKenzie, 1984; Zonenshain et al., 1990; Lee and Lawver, 1995).
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Plate 3. A comparison between our detailed Love wave 40 s period phase velocity map (using
h = 12) and topography. If isostasy holds at long wavelengths, then high topography should be
balanced by thick crust, decreasing the average shear velocity in the lithospheric column. Hence
Love 40 s phase velocity should be anticorrelated with topography. Tectonic boundaries shown
are as in Plate 2.
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Plate 4a. Map of Love wave phase velocity at 26 s period with the total thickness of soft and
hard sediments taken from the 5° x 5° global reference lithospheric model of Mooney et al., [1998].
Tectonic boundaries shown are as in Plate 2.

26,929



26,930 CURTIS ET AL.: EURASIAN SURFACE WAVE TOMOGRAPHY

3 7
Oo 6 @ éoo b

0 o "’00
o]
EEET O km/s
3.90 4.40 4.90
Love 80s Phase Velocity
%o 6 8, @0, coé

LN 5
ve Q ﬂoo,

T T T km/s

4.40 4.79 5.20

Love 150s Phase Velocity

Plate db.  Maps of Love wave phase velocities at 80 s and 150 s period. Tectonic boundaries
shown are as in Plate 2.



CURTIS ET AL.: EURASIAN SURFACE WAVE TOMOGRAPHY 26,931
a Peak Diameter 1000km
0.600
sa
-
|
H 0.000
Lo
=
0 Q -0.600
. ) N km/s
km/s Rayleigh 40s
K
0.600 V }n—"‘ ‘: [ 0.600
A, G o % X .
. ;:s “:: ANNee P
B ;
0.000 */‘W&% I TTE 1 \vi::o):-a A 0.000
o-|, A A =i L) SV NEEd S
e '/;Y}Lj‘ﬁ' ‘\f IS
-0.600 £ Aol = ¥ 0‘ -0.600
: km/s
km/s Love 100s

o0 )
Rayleigh 100s

Figure 5. Checkerboard tests of resolution for Love and Rayleigh wave phase velocities for
periods of 40 s and 100 s at peak diameters of (a) 1000 km, (b) 750 km, (d) 600 km and (e) 500
km. (c) For period of 150 s and peak diameters of 1000 and 750 km.

choose h = 12 as representing a safe trade-off between
data fit and model variance.

It is clear that for all values of A, noise in the data
propagates into the phase velocity maps to some ex-
tent. Hence, at this stage it is crucial that all outlying
data are removed (perhaps even at the expense of some
good data), and we perform one further procedure of
noise removal carried out for each period independently:
first we invert for a very smooth map (h = 30). Since
most paths with robust measurements are fairly long,
the data on almost all paths should be better fit by this
smooth model. Hence we downweight by a factor of 2
all data for which the misfit reduction in this smooth
inversion is <20%.

If any paths still contain anomalous data, then the
effect of these will be suppressed by the large amount
of robust data along neighboring paths due to smooth-
ing. However, when we drop the smoothing parame-
ter to allow very rough maps (h = 4), the paths with
anomalous data show up as streaks across the phase ve-
locity maps. In this way we found 10 more Love and
Rayleigh paths with outlying data and removed them
from the database. Thus we produce the final data set
and weighting system used to construct our detailed
maps.

Plate 2 compares the smooth (h = 30), initial phase
velocity map of the 40 s Love wave with that of the most

‘recently published global phase velocity model of Ek-

strom et al. [1997]. Although amplitudes vary between
the models and the limited set of spherical harmonic
basis functions and high degree of smoothing used by
Ekstrém et al. ensure that no small-scale features enter
their model, the pattern of anomalies in the maps are
extremely similar within Eurasia. Hence this final stage
of downweighting anomalous data is roughly equivalent
to specifying that all data should be (at least slightly)
better fit by the global heterogeneous models than by
PEMc.

Figure 5 shows four checkerboard style tests using the
updated weighting system and first derivative damp-
ing parameter (h = 12). Sinusoidal input models with
wavelengths 2000, 1500, 1200, and 1000 km giving peak
diameters of 1000, 750, 600, and 500 km, respectively,
are used to construct noise free synthetic travel times
on all paths, and these were inverted using the true data
weights. Hence, the plots in Figure 5 give an impression
of the resolution limitations imposed by the path geom-
etry in conjunction with the final data weighting system
and level of regularization used. This can be thought of
as the inherent resolution limits fixed by the problem
formulation and level of data noise. The results suggest
that features with diameter of the order of 1000-750 km
should be resolved across much of mainland Eurasia and
Indonesia. There is some smearing within central Rus-
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Figure 6. Love and Rayleigh wave sensitivity with respect to horizontal and vertical shear
velocity variations at depth, for periods of 26, 40, 80, and 150 s.

sia and NE Siberia is not resolved, but on the whole,
the reconstruction is quite respectable. For diameters
of around 600 km the lack of resolution in central Eura-
sia becomes more apparent, and for 500 km it becomes
acute. Hence the reconstruction in western Eurasia ap-
pears to be limited to features of diameter around 750
km and greater apart from SE Europe which may be
somewhat better resolved. However, across. much of
Asia the reconstruction is still very good even at di-
ameters of 500 km, although the amplitude of the input
model is diminished by around 50%. To focus atten-
tion on the areas in which at least 1000 km resolution
is attained, we mask unresolved areas on all subsequent
maps as shown in the final plot of Figure 5a.

Unless realistic data noise is added explicitly, checker-
board tests give only an indication of the resolution
attainable given perfect (but weighted) data and if
the assumptions inherent in the modeled physics hold
true (e.g., great circle paths, double-couple earthquake
sources, spatially varying anisotropy averages to zero
in the isotropic inversion scheme). Another method to
assess the true resolution of the retrieved models would
be to compare them with some other physically measur-
able and completely independent quantity. Love wave
40 s period phase velocities are primarily sensitive to
shear velocity V, in the upper 100 km of the Earth
with peak sensitivity around the Moho. The sensitivity
kernel is positive and decreases to zero with increasing
depth (Figure 6). Hence deviations in this phase ve-
locity are approximately simple, weighted averages of

shear velocity anomalies in this depth range. One of
the most significant contributions to such variations is
due to crustal thickness heterogeneity; a thick crust has
less high-velocity mantle material in the lithospheric
column so that the average shear velocity is reduced.
Hence the 40 s Love wave phase velocity map should be
approximately anticorrelated with crustal thickness. If
we assume that the larger scale features of the crustal
thickness are (isostatically) positively correlated with
increases in topographic height, then we expect a nega-
tive correlation between topography and phase velocity.
This pattern will be perturbed primarily by strong vari-
ations in shear velocity in the upper lithosphere.

Plate 3 shows a comparison of topography and Love
40 s phase velocity. The observed correlation is striking
in that even smaller scale features like the Tarim basin,
Tien Shan, Hindu Kush, and Altai regions are fairly well
correlated. These features can not be mutually distin-
guished on any of the current global phase velocity maps
(e.g., see Plate 2), illustrating the greatly increased res-
olution that the current study offers. There are, how-
ever, areas where the correlation is poor. The most no-
ticeable of these are the mountainous areas of Norway,
the Urals, and the Iberian peninsula. The Urals are a
narrow mountain belt and are certainly sub-resolution
(Figure 5c). Resolution across the Iberian peninsula
is poor due to low path coverage (Figures 3 and 5c).
However, the poor correlation across Norway suggests
either that resolution is poorer in this region than might
be expected from the checkerboard tests or that signif-
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icant positive shear velocity perturbations exist in the
Norwegian lithosphere.

Both the checkerboard and the topography tests of
resolution performed above are approximate. The checker-
board tests do not assess the direct effects of data errors
or of unmodeled physics on resolution. Indeed, these are
not true tests of resolution since no measure of trade-off
between distinct model parameters is made. The corre-
lation of Love wave 40 s phase velocity with topography
takes into account all possible sources of error (includ-
ing true model trade-offs, the effects of off-great circle
path propagation, earthquake source errors, anisotropy,
etc.). However, the true correlation between topogra-
phy and phase velocity through crustal thickness is ap-
proximate due to nonisostatically compensated topog-
raphy and to shear velocity variations. Moreover, the
unmodeled physics will impose different errors on dif-
ferent periods of phase velocity, and there are no in-
dependent “target” data sets with which to correlate
and compare measurements at longer periods or with
Rayleigh waves. Hence, again this test only provides an
impression of the lateral resolution attained.

However, from the tests above we estimate that fea-
tures larger than 750 km in lateral extent should be
resolved across most of Eurasia, apart from NE Siberia.
In addition, across much of central and SE Asia, Indone-
sia and SE Europe, features larger than around 500-600
km may be resolved.

4. Results

Plates 4 and 5 show the results of Love and Rayleigh
wave phase velocity inversions respectively at periods
of 26, 80, and 150 s, plus those for the 40 s Rayleigh
wave (the 40 s Love wave phase velocities are shown in
Plate 3). The inversions were performed on a grid of
triangular cells with vertices 150 km apart, after which
the maps were resampled at 30 km intervals for con-
touring. No subsequent smoothing or filtering has been
performed.

Consider first the Love wave maps. As shown in Fig-
ure 6, Love waves are (primarily) sensitive to horizon-
tal shear velocity variations with decreasing sensitivity
with depth. For periods of 26 s, sensitivity is maximum
between 0 and 50 km and is almost entirely confined to
the upper 100 km of the Earth; as period increases, sen-
sitivity extends to deeper levels until at 150 s period the
phase velocity perturbation is an average of SH velocity
anomalies over the upper ~300-400 km.

The Love 26 s phase velocity map in Plate 4a shows
a first-order difference of around 0.6 km/s between the
slow continents and fast oceans. Superimposed are vari-
ations most noticeably associated with mountain belts:
the Tibetan plateau, Tien Shan, Hindu Kush, Cauca-
sus, and Zagros. This association is at least partly
due to crustal thickness variations as with the 40 s
Love wave above. In addition, the 26 s data have suf-
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ficiently shallow sensitivity that we also detect areas
with thick sedimentary accumulations, especially the
1000 km-wide band of thick (~8 km) sediments that ex-
tend from Obskaja gulf toward lake Baikal and a thinner
band running from just north of Baikal toward the NE,
the Tarim basin (~3 km), northern Japanese Sea (~4
km), southern Caspian Sea (~7 km), southern Black
Sea (~7 km), and the eastern Mediterranean (~5 km),
where all of the sediment depths are the combined thick-
ness of soft and hard sediment in the model of Mooney
et al. [1998] averaged across each region. The main
basins which do not appear as low phase velocities on
the map are the Ganges delta and the pre-Caspian de-
pression just north and NW of the northern Caspian
Sea. We do see low velocities across the sediment cover
on the landward side of the Ganges delta, but the off-
shore area to the SE is oceanic so it is probable that
the high shear velocities of the ocean lithosphere are
swamping the low-velocity signal from the sediments.
This may also be the case in the pre-Caspian depres-
sion which is also underlain by old oceanic lithosphere
| Zonenshain et al., 1990]. The latter basin was imaged
by Ritzwoller and Levshin [1998] as an area of low Love
20 s group velocities, but these have a sensitivity ker-
nel which is even more compressed toward the surface
than the phase velocities used here and hence are less
sensitive to the underlying lithospheric structure.

The correlations with topography and sediment cover
observed in Plate 4a exist despite the fact that ray paths
must deviate significantly from the great circle for this
low period. Such deviations are a serious issue since
they affect both anomaly locations and amplitudes. In-
cluding such effects in the forward modeling procedure
may sharpen the image considerably.

As with the 40 s Love velocity in Plate 3, the 80
s Love velocity shows low-velocity features which are
mainly associated with the mountain belts mentioned
above, although additional low-velocity features exist
in Indonesia, south of Japan, and on the continental
border of the Japanese Sea. Between the 80 and 150
s periods, these low-velocity features become more pro-
nounced, the low velocities across the Caucasus and Za-
gros merge to form a continuous feature which also ex-
tends into the Turkey-Aegean deformation system, and
the low-velocity features in Tibet, Tien Shan, and Al-
tai regions merge and extend to form a semi-continuous
low-velocity zone which spans the whole of the Tibet—
Mongolian mountain system of southeast Asia. Notice
how this latter feature is approximately bounded by
the outermost tectonic deformation boundaries shown
on the map [Zonenshain and Savostin, 1981; Jackson
and McKenzie, 1984; Zonenshain et al., 1990; Lee and
Lawver, 1995] and that at 150 s period the peak low
velocities are not all beneath areas with the highest av-
erage topography. Since the 40 s Love wave did not
exhibit continuity of low velocities across such an ex-
tensive region, this suggests that these features are not



26,936 CURTIS ET AL.: EURASIAN SURFACE WAVE TOMOGRAPHY

3.00 3.59 4.20
Rayleigh 26s Phase Velocity
. s 2 o &

IEIEERC
3.40 3.85 4.30

Rayleigh 40s Phase Velocity

Plate 5a. Maps of Rayleigh wave phase velocity at periods 26 and 40 s. Tectonic boundaries
shown are as in Plate 2.
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Plate 6. Fundamental mode Rayleigh wave phase velocity cross sections through Eurasia. Great
circle paths are shown in the top plot, color coded with each phase velocity section shown below.
In each column, the phase velocity sections contour the complete phase velocity curve between
26 and 150 s period below each point on the corresponding cross section. Since the sensitivity
kernels for increasing periods of Rayleigh waves are dominantly sensitive to increasingly greater
depths (Figure 6), these sections can be interpreted approximately as shear velocity slices with
depth, with period-dependent vertical smoothing. The depth scale must be inferred from the
sensitivity kernels. Tectonic boundaries shown are as in Plate 2. Notice that this interpretation
scheme requires no inversion for shear velocity structure with depth and lies completely in the
data space.
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caused by thickening of the crust alone; instead, rela-
tively low SH velocity mantle material must underlie all
of these regions at least at the horizontal wavelengths
imaged in this study.

As period increases from 80 s, phase velocities across
areas outside of the mountainous regions gradually in-
crease until at 150 s period the Love wave defines the
East European platform and Baltic shield in western
Eurasia and the western Siberian craton in eastern
Eurasia by velocities which are around 10% higher than
PEMc. These features are also seen on global maps of
phase velocity [Trampert and Woodhouse, 1995, 1996;
FEkstrom et al., 1997, but note that the increased reso-
lution in this study shows that the high-velocity mate-
rial of the East European platform extends northward
across the Baltic shield to Finland but does not extend
far into the Baltic Sea or into Norway or Sweden. A
similar pattern can be observed between 80 and 200 km
in the shear velocity models of Marquering and Snieder
[1996] derived using full waveform inversion (although
they map high velocities beneath the southernmost tip
of Sweden). The high velocities observed in this study
might be expected if the older cratonic and shield areas
have cold, fast roots [e.g., Muyzert and Snieder, 1998],
but what might not be expected is that the high veloci-
ties also seem to extend west of the northern Tornquist—
Taisseyre zone, beneath the German—Polish depression
(see also the 150 s Rayleigh wave velocities in Plate
5). Since the crust in this area is not anomalously thin
[Mooney et al., 1998], this implies that relatively high
velocities must exist in the lithosphere.

Turning our attention to the Rayleigh waves, the 26
s period velocities again show a strong correlation with
regions of deformation but do not show the correlation
with thick sedimentary cover which we observed in the
26 s Love map. This is explained by Figure 6, which
shows that although the Rayleigh wave has a very shal-
low peak in its SV velocity sensitivity kernel, the main
sensitivity is at a much deeper level which spans the
lower crust and upper mantle even at the lowest peri-
ods we consider. Hence the low-period Rayleigh waves
are sensitive to crustal thickness and hence indirectly to
topography in the same manner as the 40 s Love wave.
This is confirmed by the strong correlation between the
26 and 40 s Rayleigh wave phase velocities and the areas
of highest topography shown in Plate 3 (upper plot).

This correlation continues through 60 s period, but
by 80 s the Rayleigh wave is mainly sensitive to SV ve-
locity structure around 120 km depth, well below the
Moho transition. Notice that most of the low veloci-
ties beneath Tibet have disappeared at this period but
strong low velocities still exist beneath the Baikal rift
zone, the Caucasus—Aegean area, the western Mediter-
ranean, and the Japanese Sea and within Indonesia, and
these features persist as period increases toward 150 s.
Over the period range 80-150 s, the peak sensilivity
shifts from a depth of ~110 km to ~220 km with a
large decrease in the sharpness of the peak. Hence the
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persistence of these features indicates that either they
are due primarily to the secondary peak sensitivity near
the surface which exists for all periods (unlikely since
the depth range of this peak is small) or the velocity
anomalies are consistent over a large depth range (~80-
250 km).

Whereas we detected low Love 26 and 40 s phase
velocities in the Zagros of southern Iran, with Rayleigh
waves of period >40 s, we detect low velocities along the
northern deformation margins in northern Iran. Also,
whereas we observe two regions of low 26-80 s Love
phase velocity in the NW Zagros/Caucasus and the SE
Zagros, respectively, we detect almost continuous low
26 s Rayleigh wave velocities along the mountain chain.
Hence, in the Zagros it appears that significant along-
strike variations exist either in the SH:SV velocity ratio
or in the depth extent of shear velocity anomalies.

Within the South China Sea, a low-velocity feature
traces out the southeast side of the Red River and East
Vietnam Boundary faults. Its peak is sharply defined
for the 80 s Rayleigh data and becomes more diffuse at
longer periods. This area is almost unsampled in most
body wave studies since it is shallow and has accommo-
dated few local earthquakes, and to our knowledge this
feature has not been defined well enough to correlate
with the faults in any previous studies. For this reason
we analyze the origin of the low velocities in section 5.

Finally, notice the low-velocity anomalies located in
north central Tibet in the 80 s Rayleigh velocity. This
anomaly lies within the Chang Thang region of Tibet,
an area of subrecent basaltic volcanism [Burke et al.,
1974; Kidd, 1975; Pearce and Deng, 1988], poor up-
per mantle shear wave transmission [Barazangi and Ni,
1982; McNamarra et al., 1994, 1997], and a pronounced
upper mantle shear velocity lid structure [Brandon and
Romanowicz, 1986; Curtis and Woodhouse, 1997]. This
has led to the interpretation that the Chang Thang is an
area of upwelling hot asthenospheric material causing
partial melting in the uppermost mantle. The peak sen-
sitivity of the 80 s Rayleigh phase velocity lies at around
110 km, and hence the observed low-velocity anomaly
is consistent with the base of the high-velocity upper
mantle lid having depth <~100 km (see section 5).

5. Discussion

In summary, we have applied fully automated signal
processing techniques from global seismology to more
than 30,000 horizontal and vertical component seismo-
grams from earthquake—station pairs which lie within or
on the plate boundaries enclosing Eurasia. In so doing,
we avoid oceanic regions which are generally traversed
by very long event-station paths and which deplete the
resolution of global models appreciably. This allows
us to attain increased resolution across Eurasia com-
pared to that in global studies (compare Plates 2 and
3). Checkerboard style tests of resolution (Figure 5)
and geographical correlations between our results and
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known topographic features (Plates 1 and 3) suggest
that we have produced phase velocity maps of Love and
Rayleigh waves in the period range 26-100 s which re-
solve features of dimension >600 km except in parts of
central and far northern Eurasia and maps between 115
and 150 s with slightly lower resolution (features of di-
mension >750 km should be resolved in the same areas
as for the low-period maps). Maps of phase velocity are
shown in Plates 3, 4 and 5.

In addition to the phase velocity maps, we produced
a new one-dimensional model for the continent of Eura-
sia up to its surrounding plate boundaries, EurasialD,
shown in Figure 4a. This shows that both Love and
Rayleigh phase velocities at periods 26-150 s are lower
on average across Eurasia than in the continental ref-
erence Earth model PEMc. By converting EurasialD
phase velocities to group velocity we showed that it lies
within 0.1 km/s of the one-dimensional model of aver-
age group velocity across approximately the same area
obtained by Ritzwoller and Levshin [1998] using an en-
tirely different approach, which included manual assess-
ment of each measurement. This consistency suggests
that neither our automated data selection criteria nor
their operators who graded the group velocity measure-
ments impose an absolute bias of more than 0.1 km/s
on either study.

We have made various assumptions in carrying out
this study, and each carries a risk of error, with addi-
tional sources of uncertainty caused by our reliance on
other work and data. Our most limiting assumptions
are as follows: while measuring and inverting phase
velocities, we assume great circle propagation paths;
hence there are no path bending and no simultaneous
multipathed arrivals. Ray bending certainly does oc-
cur given the amplitude of velocity anomalies that we
find and will cause possible mislocation of these anoma-
lies and distort the amplitudes to some extent. Simul-
taneous multipathed arrivals would have an unknown,
amplitude-dependent effect on the recorded phase, and
hence we suspect that these might cause the largest er-
rors in our measurements. Since these errors are likely
to be geographically systematic, they may not average
out when we perform our inversion, and since they are
likely to be most prevelant at low periods, we recom-
mend that the maps of 26 s period phase velocity are
treated with more scepticism than the other maps.

We also assume that anisotropy does not affect the
isotropic component of phase velocity. We have justified
this to some extent by carrying out initial test inver-
sions including azimuthal anisotropy in which we found
that although improved data fit could be achieved by
including anisotropic parameters, very little structural
change occurred in the isotropic component [ Voskamp,
1997]. Finally, we rely on centroid moment tensor
(CMT) earthquake source descriptions and seismogram
data from stations worldwide.

Our data set differs from the phase velocity data used
by Ekstrém et al. [1997] or van Heijst and Woodhouse,
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[1998] and the group velocity data used by Ritzwoller
and Levshin [1998] in that we accept only results from
seismograms which give robust measurements at all pe-
riods between 26 and 150 s. This is by far the most
stringent condition in our data selection: at present,
our database consists of 4020 Rayleigh and 4389 Love
wave phase velocity dispersion curves, but tests show
that if we apply our data selection criterion at each
period independently (so that we accept results from
the each seismogram in any period range in which the
measurements seem robust), then we almost double the
amount of data available for some periods. We prefer
to accept less data for two reasons: First, if a seismo-
gram provides poor estimates of phase velocity in some
period range, this may be because of interfering multi-
pathed arrivals which is a truly period-dependent effect,
or it may be due to a station timing or response func-
tion error, to correlated data noise not detected by our
definition of the signal to noise ratio, or to source mis-
location. Any of the latter four possibilities will usually
effect all periods of the seismogram whereas only a small
period range may be “obviously” in error. Second, by
creating a homogeneous data set across all periods it is
possible for us to create approximately homogeneously
resolved maps of phase velocity at all periods (ignoring,
for the moment non-linear effects on the phase, like mul-
tipathing). In fact, we do not quite achieve this since
we downweight a period-dependent number of outlying
data by a factor of 2 in our final inversions, but we
approximately preserve resolution at least across peri-
ods 26 to 100 s. This makes subsequent inversion of
the set of phase velocity maps for shear velocity struc-
ture beneath each geographic location more meaningful
(Devilee et al., submitted manuscript, 1998).

Mutual consistency between maps of different peri-
ods may also be illustrated by viewing the data set
in a different way. Plates 6-9 each show three cross-
sections through the Eurasian Rayleigh wave phase ve-
locity space. Beneath each cross-section (red, green,
and blue great circles) we plot the phase velocity at all
periods modeled (26-150 s). In Plate 6 we plot abso-
lute velocities whereas for Plates 7-9 we plot deviations
from EurasialD. Thus, in the column beneath each ge-
ographical location, the complete Rayleigh phase veloc-
ity curve is contoured. Each period was inverted from
the phase velocity data completely independently of the
other periods; hence the lateral consistency in each sec-
tion is due to the horizontal smoothing applied in the
inversion (equation (9)), the vertical consistency is due
to (1) the (weak) smoothing applied during the phase
velocity measurement procedure (equations (13)—(15)),
and (2) the fact that the data sets at each period were
approximately consistent allowing us to use equal hori-
zontal smoothing for each period.

Apart from the obvious improvements in ease of visu-
alization, slices through phase velocity space like Plates
6-9 offer a further benefit: the sensitivity kernels in
Figure 6 show that although they have some sensitiv-
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ity to near-surface structure, the Rayleigh phase veloci-
ties are predominantly sensitive to shear velocity within
a deeper, bounded depth range and the depth of the
peak sensitivity increases with period. Hence Rayleigh
phase velocity perturbations at short periods (e.g., 40 s)
are caused mainly by shallow shear velocity heterogene-
ity (15-110 km), whereas those at long periods (150 s)
are caused mainly by deeper structure (100-400 km).
Thus the sections in Plates 6-9 at increasing period
are roughly indicative of shear velocity variations at in-
creasing depth but with period-dependent smoothing.

Many of the features on the sections may now be ex-
plained more easily. Moving from east to west along
the profiles in Plate 6, initially all three sections show
an oceanic signature of high phase velocities at low pe-
riods (compare PREM and PEMc in Figure 4a). Be-
hind the subduction zone beneath Japan, the sections
all show a very low velocity zone extending through all
periods. In addition, this low-velocity zone is asymmet-
ric; the Pacific side of the feature has a shallower dip
than the continental side. This is due to the shallow
(~ 27°) westward dipping subducted oceanic slab be-
neath Japan which van der Hilst et al. [1991] locate at
depths of 250-500 km beneath the Japanese Sea using
P and pP wave travel times.

All three paths pass through tectonic boundaries in
the continental interior. Notice that at each point where
a boundary is crossed on each path, the section shows a
low-velocity feature which extends to long periods. This
is especially true of the localized feature beneath lake
Baikal which presumably is detecting upwelling, hot as-
thenospheric material beneath the continental rift sys-
tem. It is interesting to note, however, that the zone
of most intense upwelling actually lies to the south-
east of lake Baikal itself. Farther south the low ve-
locity zone is wider, reflecting the increased width of
the zone of deformation, with minimum velocities ob-
served beneath the Altai mountains and Dzungaria. As
each section traverses westward out of the zone of active
deformation, the phase velocity structure becomes ex-
tremely stable with only minor fluctuations which might
be attributed to crustal or sedimentary thickness vari-
ations. Such smooth, high-velocity structures might be
expected in the stable continental interior.

As soon as each section crosses into the Carpathian-
Alpine, Black Sea, or Caucasus regions, we again detect
low-velocity features extending to long periods. The
central section detects a localized velocity high beneath
the Black Sea, possibly related to the oceanic nature
of the region. Notice that the southern two sections
traverse the Aegean region dissecting the subducting
Mediterranean oceanic floor. In both cases we see a
clear high velocity slab dipping northeastward beneath
the low velocities at lower periods, in symmetry to the
Japanese subduction zone.

Apart from the Baikal-Mongolian area, some of the
lowest-velocity features lie directly beneath the Sea of
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Japan and the Aegean. Both are areas of back arc ex-
tension. In the case of the Sea of Japan, the velocities
are so low that they obscure the high velocity dipping
slab due to smearing from intermediate to high periods.
Inversions for shear velocity with depth will compensate
for this effect, but for now the asymmetry of the low ve-
locities is our main evidence for the existence of the dip-
ping slab. Many velocity models constructed from body
wave travel time anomalies show high-velocity dipping
slabs beneath subduction zones, but these are always
overlain (and often underlain) by a layer of low veloc-
ities. It is usually not clear whether the low-velocity
layers are compensating for an average background ve-
locity model which is too high (since most rays travel
down slabs and hence travel faster than the average
Earth) or whether they are real features [Spakman et
al., 1993]. In our study these velocities are certainly
real since our background model does not suffer from
the source of bias just mentioned, and in any case Plate
6 shows absolute velocities. Hence this study confirms
the existence of low-velocity back arc areas, although
the raw phase velocity measurements in their current
form give little constraint on its depth extent.

In Plate 7 we show three more cross sections, this time
as phase velocity anomalies to EurasialD, through the
Tibetan plateau and surrounding regions and oriented
due north, approximately the current direction of con-
vergence of India with Eurasia. India subducts north-
ward beneath the southern margin of Tibet and the
Pamir, and Eurasia subducts southward beneath the
northern margin of the Tien Shan. The lateral extent
to which either plate subducts is unknown. Beneath the
Pamir, subduction of both plates is steep and extends
to several hundred kilometers depth as inferred from the
seismicity patterns [Burtman and Molnar, 1993]. How-
ever, both subduction zones lie within a region ~300
km across, and hence we can not resolve the dipping
slabs. Instead, we observe very low velocities at short
periods reflecting the Moho depth of around 70-80 km
[Holt and Wallace, 1990; Burtman and Molnar 1993;
Curtis and Woodhouse 1997]. In the central cross sec-
tion we see that high velocities associated with the In-
dian shield appear to subduct beneath the Karakoram
and Tibet at least up to the Altyn Tagh fault. The
Tarim basin is underlain by high velocities [Curtis and
Woodhouse, 1997] and the Tien Shan is an area of low
velocities which extend further north at depth [see also
Roecker et al., 1993]. In the southern cross section we
see very low phase velocities at low periods beneath the
Tibetan plateau due to the 70-80 km crustal thickness,
and these deepen appreciably beneath the Chang Thang
area of north central Tibet [Romanowicz, 1982; Bran-
don and Romanowicz], 1986; Curtis and Woodhouse,
1997]. Note that although they are interrupted by a
low-velocity feature at around 23°N, the higher veloci-
ties of the Indian shield seem to penetrate beneath the
plateau up to the Chang Thang anomaly. The low-
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velocity anomaly beneath the northern Indian shield in
the lower section may be an artifact caused by our de-
crease in resolution south of the plateau, but it is in
fact consistent with preliminary shear velocity models
from a new global study which shows a decrease in the
long-wavelength shear velocity between 100 and 200 km
beneath this area [H. van Heijst and J. H. Woodhouse,
manuscript in preperation, 1998). Again, high phase ve-
locities are observed beneath the Tarim basin, and low
velocities are observed beneath the eastern Tien Shan.
Note that the extent of subduction which we tentatively
interpret from these sections is greater than that which
may be inferred from the seismicity which only extends
around 250 km north of the Himalayan thrust front.

The correlation of phase velocity anomalies with tec-
tonic boundaries and terrains is investigated further in
the next three sections through China, Indonesia, and
the western Pacific and Philippine Sea (Plate 8). The
top section crosses three major tectonic boundaries. In
the south it crosses the East Vietnam Boundary (EVB)
fault, the seaward extension of the Red River fault, a
(currently) dextral strike-slip fault allowing eastward
extrusion of south China from the India-Eurasia colli-
sion zone at a faster rate than that of Indochina [Peltzer
and Tapponnier, 1988; Lee and Lawver, 1995]. Be-
neath Indochina we observe low, active continental-
style phase velocities which deepen just east of the EVB
fault in a band of low phase velocities at long periods
which follow the northern side of the fault, as observed
in Plate 5b. Through eastern China we see similar
structure to that observed beneath Indochina, with al-
ternating areas of increased and decreased velocity as
we approach and traverse the Yellow Sea. The section
then passes over the second tectonic boundary and into
the zone of intense low back arc velocities observed in
the first cross sections through Japan (Plate 6).

The second section again exhibits the low-velocity
feature east of the EVB fault. To the south the struc-
ture is similar to that beneath Indochina, whereas to
the north, slightly higher velocities are observed be-
neath the South China Sea. Low velocities are observed
beneath the Yellow Sea with a high-velocity boundary
beneath the tectonic fault before we enter the extreme
low velocities of the Sea of Japan back arc region.

The low-velocity feature east of the EVB fault is dif-
ferent from the anomalies associated with many other
boundaries in our models because it does not lie on
the fault but beside it. It is also a relatively narrow
feature which (because of its shape) appears to be as-
sociated with the fault itself (Plate 5b), whereas many
other faults marked on our maps act as high-velocity
boundaries between different low-velocity structures.

These features may be related to the Eocene to present-
day tectonic activity associated with the Red River/EVB
fault system. Between 44 and 20 Ma, collision between
Greater India and Eurasia resulted in southeastward
extrusion of Indochina with respect to the south China
block, causing around 500 km of left-lateral shear across
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the Red River fault [ Tapponier et al., 1990]. Between 30
and 20 Ma, Indochina rotated clockwise by 18°, bend-
ing the EVB fault out of line with the Red River fault
[Lee and Lawver, 1995]. The rotation caused SE In-
dochina to move to the SW with respect to the South
China Sea, creating the SE trending Yingehai exten-
sional basin offshore and along strike of the Red River
fault. The creation of this basin shows that the concur-
rent N-S extension (rotating to NW-SE extension) in
the South China Sea could not accommodate the SW
relative movement of Indochina, so the crust around the
boundary between the two plates extended and thinned.
It is reasonable to conclude that the lithosphere must
also have thinned, allowing hotter aesthenospheric man-
tle material to flow upward providing a source of heat
and probably inducing lithospheric parial melting.

Between 23 and 20 Ma, left-lateral motion ceased on
the Red River fault, and by middle Miocene (15 Ma),
right-lateral motion had begun as the maximum rate of
Tibetan extrusion moved into south China [ Tepponier
et al., 1982; Wu et al., 1989; Wang et al., 1989] (the
latter two are in Chinese and were reported by Lee and
Lawver [1995]). By this time, extension in the South
China sea had ceased. Hence, as Indochina moved NW
with respect to south China, again the lithosphere to
the east of Indochina must have been thinned to fill the
space which would otherwise have been created, allow-
ing further aesthenospheric upwelling and lithospheric
heating.

The low-velocity feature which we observe may be
a consequence of either or both of these phases of up-
welling and possible associated partial melting. This
explanation would account for the fact that the low-
velocity zone is observed mainly to the east and south-
east of Indochina since during both phases the astheno-
spheric material would have filled the space trailing the
block as it moved relative to the South China Sea.

The third section in Plate 8 passes through com-
pletely different types of structures. From the north,
the section passes through the Pacific Ocean with very
high velocities throughout the period range considered.
It passes through the Bonin trench where the oceanic
plate subducts to the southwest beneath the Philippine
Sea; at this point a high-velocity feature is observed
dipping down beneath the Philippine Sea. This feature
is possibly associated with the subducting oceanic slab,
but resolution in the Philippine Sea is poor (Figure 5),
and we can draw no conclusions on this. Just before
halfway across the section the path traverses the Palau-
Kyushu ridge and immediately passes into old and fast
oceanic lithosphere (exactly central on the section). It
then passes through a fossil oceanic spreading center be-
fore traversing the zone of oceanic subduction beneath
Indonesia along the Philippine trench, and again a dip-
ping high-velocity slab is observed, this time beneath
a low-velocity back arc in an area of high resolution
(Figure 5).

Finally, as the section traverses NE Borneo, another
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Plate 7. Similar plots to Plate 6, but Rayleigh wave phase velocity deviations from EurasialD
(Figure 4a) are now shown through Tibet and the surrounding regions. Tectonic boundaries
shown are as in Plate 2.
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very high velocity feature is observed before the low
velocities beneath north Borneo. This feature is sub-
vertical on this section, but Plate 9 shows three N-S
sections through Borneo from which it appears that a
slab has subducted southward beneath NE Borneo at
a very steep angle, which is not visible beneath cen-
tral Borneo. This subduction is not marked on any
active tectonic maps, and there is very little seismicity
beneath NE Borneo so subduction does not appear to
be currently active. However, the existence of a high-
velocity feature at the same location has been verified
in the body wave tomography of H. Bijwaard and W.
Spakman (submitted manuscript, 1998).

A fossil subducted slab in this area is most likely to be
a relic of the early Eocene (50 Ma) to early Miocene (20
Ma) subduction of the proto-South China Sea. In fact,
this subduction may have occurred along the whole of
the north coast of Borneo between 50 and 30 Ma, but
by 20 Ma only a small section of the proto-South China
Sea remained, which was consumed beneath NE Borneo
and the Sulu Sea by 15 Ma [Lee and Lawver, 1995].

As shown in all of the above examples, surface wave
phase velocities can be used to image shallow Earth
structure between zones of seismic activity (predomi-
nantly subduction zones), and in this way we image
the volume which is unsampled in most body wave to-
mography. Hence observing dipping subduction zones
using surface wave data is especially valuable because
it allows the results of both types of study to be related
more easily and included in joint interpretation. To our
knowledge, this is the first time that dipping subduction
zones have been observed in fundamental mode phase
velocity maps. This again demonstrates the increased
resolution available in the current study.

The detailed interpretations presented above are only
possible because of the phase velocity slice visualization
scheme. This in turn only makes sense because of the
period-dependent consistency of our data set and due
to the special nature of the fundamental mode Rayleigh
phase velocity sensitivities. It is not as easy to use
this scheme to interpret Love phase velocities or indeed
group velocity maps since the latter are negatively sen-
sitive to shear velocity in some depth ranges and pos-
itively sensitive in others (although the negative sensi-
tivity may be sufficiently small that it can be ignored).
The method is appealing since we are able to interpret
the phase velocities, rather than some inversion of these
for shear velocity structure with depth; such inversions
always contain considerable nonuniqueness which is dif-
ficult to convey and display in a scientific paper, even in
a linearized, Gaussian manner (see Devilee et al., sub-
mitted manuscript, 1998). However, to obtain quanti-
tative bounds on the depth range of velocity anomalies,
the subsequent inversion for shear velocity is necessary
and will be the subject of a future study.
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