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Oscillation of a mountain root structure due to a Rayleigh wave incidence
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Spectral amplitudes of Rayleigh waves across a mountain root in the continental crust were studied by the use of
the finite difference technique. The crust has a mountain root structure like that of the Tien Shan in China, and a
maximum thickness of about 50 km. The waves are numerically simulated by implementing a plane Rayleigh wave
incidence on the front of the mountain root structure. The spectral amplitudes of the vertical (W) component are
shown to be strongly amplified by the mountain for periods from 20 to 50 s, with a maximum of about 7%, whereas
those of the radial (U) component show a slight increase with an increase in period. For the mountain structure
with small-scale low velocity zones (LVZ) in the bottom of the root and in the upper mantle, amplitudes of the W-
component are enriched at periods slightly longer than those for the structure without the LVZ. For the mountain
structure with a double large-scale LVZ in the lower crust and the upper mantle, amplitudes of the W-component
are extensively amplified over a wide range beyond 50 s. The period range from 20 to 50 s with high amplifications
of the W-component for the mountain root structure with or without the LVZ is consistent with periods, in which
the Rayleigh to Love wave conversion is dominant in observed surface waves across the Tien Shan mountains
(Pedersen et al., 1998).

1. Introduction
Interconversion between Rayleigh waves and Love waves

is likely to occur when surface waves travel over inhomo-
geneous crustal and upper mantle structures that are dented,
inclined, or curved, as seen in large-scale mountain roots
or subduction zones of the oceanic plate. A horizontal in-
homogeneity in media is a plausible factor in the emer-
gence of the surface wave conversion. When anomalous
phases or unusual amplitudes on surface waves are observed
(e.g., Tanimoto, 1990; Levshin et al., 1992; Kobayashi et
al., 1997; Pedersen et al., 1998), they have been inter-
preted by horizontally inhomogeneous structures consisting
of isotropic or anisotropic media along the path, or by tec-
tonic release in the case of nuclear explosions (Press and
Archambeau, 1962; Archambeau and Sammis, 1970; Aki
and Tsai, 1972; Masse, 1981; Harkrider et al., 1994). An-
alytical or numerical studies to determine the substantial
property of interconversion of surface waves have been car-
ried out using several models, such as a graben structure
(Kennett, 1984), an Alpine-like crustal structure (Snieder,
1986), a two-layer, low-velocity plug embedded within a
three-layer, stratified half-space (Bostok, 1991), a cylinder-
like scatterer in the crust (Friedrich et al., 1993), and a cou-
ple of dented crustal structures (Yoshida, 1996). However,
information on spectral amplitudes of surface waves across
a laterally inhomogeneous earth has not yet been sufficiently
obtained.

In order to elucidate the basic properties of Rayleigh
wave propagation over realistic mountain root structures, the
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present paper investigated the characteristics of amplitude
responses of Rayleigh waves that traveled the Tien Shan-
like mountain root structure. The Tien Shan is a candidate
region where the conversion from Rayleigh to Love waves
occurs (Pedersen et al., 1998); the Rayleigh waves are ex-
cited by nuclear explosions at Lop Nor, a Chinese test site.
The present modeling analysis is performed by the use of
the two-dimensional (2-D) finite difference method.

2. Equations of Motion and Numerical Models
The equation for P-SV motion in a medium with Lame’s

parameter λ, rigidity μ, and density ρ, all of which are
functions of functions of both x and z, are:
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where u and w are the displacement components in x and
z directions, respectively. The material properties are dis-
cretized with a uniform spatial increment �h (= �x =
�z = 5 km) in both x and z directions. The boundary con-
ditions of the tangential (

�
xz and

�
zx) and normal (

�
zz) stress-

free state at a surface z = 0 are given in the following for-
mula:
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Fig. 1. Model configuration. Station sites 5 and 15 are indicated on the surface. The width (w1) of a mountain root is assumed to be 250 km, the horizontal
lengths of sloping layer (w3) and bottom (w2) 100 and 50 km, respectively. The depths of upper (L1) and lower (L2) crusts extend to 22.5 (h1) and
37.5 (h2) km, respectively, in the stratified medium. For the crustal model with a low velocity zone (LVZ), the LVZ is located at a depth range from 37.5
(h2) to 52.5 (h3) km at the bottom of the mountain root (w2). Rayleigh waves are incident on the front (site 5) of the mountain and propagate towards
the right. Simulated waves are observed at site 15, which is located at the edge of the mountain root at the wave’s retreat. Symbols L and R are denoted
at the left and right edges of the computational space.

�
xz = �

zx= μ(∂u/∂z + ∂w/∂x) = 0 (3)
�
zz = λ∂u/∂x + (λ + 2μ)∂w/∂z = 0. (4)

The finite difference scheme is applied to the Eqs. (1), (2),
(3), and (4). The time increment �t (= 0.5 s) satisfies the
stability condition (Levander, 1985)

�t < �h/
√

α2 + β2, (5)

where α and β are the maximum compressional and shear
wave velocities:

α =
√

(λ + 2μ)/ρ (6)

and

β =
√

μ/ρ. (7)

The A1 absorption boundary condition (Clayton and
Engquist, 1977), a zero order paraxial approximation for ar-
tificial reflection, was applied at the computational sides and
bottom. The spatial increment above satisfies the condition
to avoid the grid dispersion; the spatial increment must be
less than one-tenth of the wave length (Aki and Richard,
1980). Rayleigh wave propagation is studied as a source-
free problem. Analysis of a problem with a source is in-
appropriate for the present study because the problems per-
tinent to a seperation of incident Rayleigh waves from re-
flected or converted waves and a choice of the time window
for extracting incident Rayleigh wave surely arise. These
problems lower the precision of the computational results,
whereas, a source-free problem can treat the pure incidence
of Rayleigh waves. Thus, we can obtain enough information
on Rayleigh wave propagation over the mountain root with
higher precision.

The mountain root model is shown in Fig. 1. This model
is isotropic and consists of upper and lower crusts overlying
a homogeneous mantle. The maximum depth of the dent is
52.5 km. The elastic parameters of the model are shown
in Table 1. This crustal model is similar to that of the
Tien Shan mountains (Kosarev et al., 1993) located at the

Table 1. Elastic parameters of P (V p) and S (V s) waves and density (ρ)
used in the numerical simulations. Poisson ratio (σ ) is also shown.

V p V s ρ σ

(km/s) (km/s) (Mg/m3)

Upper crust 6.5 3.9 2.60 0.22

Lower crust 7.0 4.0 2.75 0.26

(LVZ) 6.5 3.5 2.60 0.30

Mantle 7.9 4.9 3.35 0.19

northwestern edge of the Tarim Basin. The uniform and
non-uniform wave guides are located in the left and right
sides in the computational space, respectively (Fig. 1). The
computational space has a horizontal length (x-axis) of 1000
km and a vertical length (z-axis) of 600 km. The total
number of grids in the horizontal and vertical directions is
201 and 122, respectively. Site 5 is located at the midpoint
between the left (L) and right (R) edges in the computational
space. A plane Rayleigh wave is incident upon the front of
the mountain root from the left. Initial values are given by

(w)t=0 = h(x, z)

(∂w/∂t)t=0 = i(x, z)
(8)

for the w-component, and

(u)t=0 = j (x, z)

(∂u/∂t)t=0 = k(x, z)
(9)

for the u-component, where h(x, z), i(x, z), j (x, z), and
k(x, z) are determined from normal mode solutions for the
stratified medium shown in Fig. 1 (Yoshida, 1984). The
initial values, determined for spheroidal oscillations (Saito,
1967) assuming a dip slip point source and a step function in
time as a seismic source, were calculated for the space do-
main between the left edge L and site 5 (Fig. 1), correspond-
ing to an epicentral distance of 100 and 600 km, respec-
tively. The seismic moment was assumed to be 1.0 + E26
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Fig. 2. (a) An example of Rayleigh waves of vertical (W) and radial (U) components. The waves at sites 5 and 15 are the signals recorded at the edges
of the root at the wave’s respective approach and retreat. (b) Absolute errors of spectral amplitudes of W- and U-components in terms of percent. The
errors are plotted based on (c). (c) Average transmission factors of amplitudes of W- and U-components obtained using three pairs of seismograms
recorded at sites 5 and 15 and in the vicinity of these sites (dots); a distance (w1) of 250 km is maintained between the two sites. The distance between
each dot is 25 km. The seismograms are calculated for a stratified medium (Model S) with a crustal thickness of h2 = 37.5 km, where the thickness
(h1) of the upper crust is 22.5 km. (d) Absolute errors of phase velocities of Rayleigh waves of W- and U-components. The errors are plotted based
on (e). (e) Average phase velocities of Rayleigh waves of W- and U-components obtained using seismograms given in (c). Phase velocities of W-
and U-components are shown by solid and open circles, respectively. Standard errors are indicated by vertical bars. Phase velocities calculated by the
normal mode theory are indicated by a solid line. (f) Spectral ratios of U/W at sites (5,15) and sites (5’, 15’). The ratios at sites 5 and 15 are obtained
from synthetic seismograms, those at sites 5’ and 15’ from normal mode solutions for spheroidal oscillations. Sites 5’ and 15’ correspond to sites 5 and
15 in the x-z coordinates.



1102 M. YOSHIDA: OSCILLATION OF A MOUNTAIN ROOT STRUCTURE

dyne·cm. The waves correspond to the fundamental mode
Rayleigh waves excited at a point with a focal depth of 10.3
km, at the azimuth of 90 degrees as measured counterclock-
wise from the fault strike, with the shortest epicentral dis-
tance of 100 km (left edge of the computational space), and
with a travel time of 92.21 s (the time t = 0 in Eqs. (8), (9)).
The entire seismogram w or u in the heterogeneous media
consists of two parts, primary waves w0 or u0 and scattered
waves w1 or u1 (Aki and Richard, 1980):

w(t, x, z) = w0(t, x, z) + w1(t, x, z) (10)

u(t, x, z) = u0(t, x, z) + u1(t, x, z). (11)

The primary waves would constitute the whole seismogram
if the heterogeneity were absent. The scattered waves are
generated by the interaction between primary waves and
heterogeneities in the structure. Based on (10) and (11),
the scattered waves w1 or u1 can be computed if the entire
seismograms w or u and the primary waves w0 or u0 are
obtained.

3. Precision of the Numerical Results
In the wave propagation in numerical wave motion fields,

we encounter computation errors depending on the dis-
cretization of the medium and the physical parameters in
the medium. The accuracy of amplitude and phase veloc-
ity dispersion is shown in Fig. 2, along with an example of
incident (site 5) and transmitted (site 15) Rayleigh waves.
Sites 5 and 15 correspond to the edges of the dent at the
wave’s respective approach and retreat. First, the synthetic
seismograms of W- and U-components recorded at sites 5
and 15 were calculated for the stratified medium (Model S)
for wave incidence from the left. The distance (w1 = 250
km) between sites 5 and 15, and the thicknesses of the up-
per (h1 = 22.5 km) and lower (h2 = 37.5 km) crusts are
indicated in the figure (see also Fig. 1). Second, transmis-
sion factors were calculated by moving both station sites 25
km towards the right, and 25 km to the left, respectively;
a distance of 250 km is maintained between the two sites.
The transmission factor is defined as the amplitude spec-
trum at a station near site 15 normalized by the spectrum at
a station near site 5. Theoretically, the transmission factor
should be unity, because a 2-D wave field is under consider-
ation. Average transmission factors and standard errors are
shown in the figure, indicating that standard errors of the
U-component are less than 3% for periods of 15–65 s. The
standard errors for the W-component are also less than 3%
for periods less than 50 s, though they become a little larger
for periods longer than 50 s. The absolute errors, estimated
from the difference between transmission factors and unity,
for both W- and U-components are less than 3% for periods
of 15–65 s. On the whole, the accuracy of the amplitudes at
long periods appears to be higher for the U-component than
for the W-component. This might be explained by the fact
that the energy of incident waves at long periods decreases
more gently for the U-component than for the W-component
(see Fig. 8(a)).

The accuracy of the phase information is determined by
the phase velocity. The phase velocities were calculated, as
well as performed for the transmission factors, by moving

both stations (sites 5 and 15) 25 km towards the right, and
25 km to the left, respectively, so that a distance of 250 km
is maintained between the two sites. A two-station method
(Sato, 1978, pp. 252), which calculates differences in phase
spectra between two stations, was used for the determination
of average phase velocities between the two sites. Average
phase velocities obtained using three pairs of seismograms
recorded at sites 5 and 15 and in their vicinities are shown
in Fig. 2(e). This figure indicates that the standard errors for
the W-component amount to almost less than 1.2% for pe-
riods of 15–65 s; the absolute errors (Fig. 2(d)), which also
amount to less than 1.5% in the same period range, were es-
timated from the difference of average phase velocities de-
termined above from a normal mode solution. The standard
errors and absolute errors for the U-component, which are
less than 0.5% and 1.0% for periods of 15–65 s, respectively,
are smaller than those for the W-component. These results
show that the accuracy of the phase velocities is higher for
the U-component than for the W-component, as was seen in
the accuracy of amplitudes.

The characteristics of spectral ratios U/W are shown in
Fig. 2(f). The ratios estimated from synthetic seismograms
at sites 5 and 15 increase from 0.55 to 0.90 with an increase
in period from 15 to 70 s, whereas those predicted by normal
mode solutions for spheroidal oscillations at sites 5’ and 15’
increase from 0.65 to 0.90 in the same period range. The
epicentral distances of 600 and 850 km, respectively, at sites
5’ and 15’, measured from the seismic source used for the
calculation of initial values, correspond to those at sites 5
and 15 in the x-z coordinates. On the whole, the ratios U/W
for the simulations have similar characteristics to those for
the normal mode solutions. A little higher ratios for the nor-
mal mode solutions than those for the simulations near 20 s
might be caused by the performance of the simulations using
Cartesian coordinates, whereas the normal mode solutions
are obtained using spherical polar coordinates. The pertur-

Fig. 3. Rayleigh waves of vertical (W) and radial (U) components for
Models S, T, and L at site 5.
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Fig. 4. (a) Computed seismograms of Rayleigh waves of vertical (W) and radial (U) components for various sites along the surface for Models S and
T. The symbols W, M, and L next to the site numbers on the ordinate indicate, respectively, the windward, midpoint, and leeward locations over the
mountain root. (b) Rayleigh waves of W- and U-components for various sites along the surface. The waves for Models S and T are traced by dotted and
solid lines, respectively. The symbols W, M, and L are defined in the caption in (a).
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Fig. 5. Time series of scattered waves Sc (bold lines) and primary waves Pr (dotted lines) of W- and U-components for Model T. For the numerals and
symbols W, M, and L attached to the wave forms, see the caption of Fig. 4.

bation of the ratios at site 15 is caused by the difference in
accuracy between amplitudes of the W- and U-components,
which were analyzed previously.

4. Results and Discussion
Incident Rayleigh waves recorded at site 5 for a stratified

medium (Model S), a mountain root (Model T), and a moun-
tain root with a low velocity zone LVZ (Model L) are shown
in Fig. 3. Strictly speaking, the wave forms for Models T
and L are different from those for Model S because the scat-
tered waves, which were generated inside the mountain root,
are superimposed on the waves for Models T and L.
4.1 Simulated Rayleigh waves

Examples of dispersed wave trains for Models S and T,
recorded at twenty sites, are shown in Fig. 4. Site numbers
are sequentially denoted from left to right along the moun-
tain root. The distance between two sites is fixed to be 25
km. The discrepancy in phase lag between the wave trains
for Models S and T can be observed in the figure. The phase
lag between the two models cannot be clearly observed at
site 5, though it can be seen that the wave trains for Model
T at site 10, a midpoint of the mountain root, are plainly de-
layed relative to those for Model S. The waves of the W-
and U-components for Model T given in Fig. 4, which will
be defined as the entire waves (En) through Eqs. (10) and
(11), consist of the primary (Pr) and scattered (Sc) waves.
The high amplitudes of the scattered waves, shown in Fig. 5,
are due mainly to the time delay between the entire waves

and the primary waves. So the difference between them
is high. To interpret the scattered waves, the delay across
the structure must be taken into account, possibly using a
coupled mode technique (e.g., Maupin and Kennett, 1987),
but this is somewhat beyond the scope of the present pa-
per. The snapshots (Fig. 6) of the entire and scattered waves
of the W- and U-components show that the scattered waves
appear after the passage of site 5 near a time of 100 s for
depths of H = 0 and 55 km and that the wavetrains for
H = 55 km are decreased in short wavelength components,
compared to those for H = 0 km. As far as we see the
scattered waves in Figs. 5 and 6, it seems that converted
waves from fundamental to higher mode Rayleigh waves,
whose velocities are higher than those of the fundamental
mode Rayleigh waves, and reflected waves are not apprecia-
ble. The above circumstance can also be understood from
the snapshots (Fig. 7) of the scattered waves for H = 0
and 55 km. In the region between the left edge L and site
5, wavetrains such as converted or reflected waves are not
detectable. Fundamental to higher mode Rayleigh wave
conversion, reflections of Rayleigh waves, and Rayleigh to
body wave conversion (Momoi, 1987) are likely to occur
at boundaries with strong heterogeneities between uniform
and nonuniform wave guides. In Love wave propagation
(Yoshida, 1996), about 10% of the energy of incident waves
at maximum is estimated to convert to body waves at peri-
ods near 20 or 50 s in the media with a step, in which the
continental crustal thickness varies from 35 to 52.5 km and
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Fig. 6. Snapshots of the entire seismograms En (bold lines) and scattered waves Sc (dotted lines) of W- and U-components for Model T. Snapshots at
depths of H = 0 and 55 km are shown at the top (a, b) and bottom (c, d) in the figure, respectively. The amplitudes of the entire and scattered waves at
H = 55 km are doubled. Symbols L, 5, 15, and R denoted on the abscissa correspond to those given in Fig. 1.

vice versa; if the slope of the crustal layers decreases, the
wave conversion decreases. In Rayleigh wave propagation
(Levander, 1985), the degree of scattering decreases to a half
of that in Love wave propagation. In the present Tien Shan
model the sloping angle of the upper and lower crustal layers
is 8.5 degrees. So, a small quantity of the energy of incident
Rayleigh waves might be consumed for conversion to body
waves although it is not appreciable as seen in the snapshots
shown above.
4.2 Response characteristics

Amplitude spectra of the waves at sites 5 and 15 for Mod-
els S, T, and L are shown in Fig. 8, along with the wave
forms at site 15. The amplitude spectra of incident waves
for Model S at site 5 show that the ratio of U/W (Fig. 8(a))
increases from 0.55 to 1.0 with an increase in period from 15
to 100 s, respectively. The ratios of U/W (Fig. 8(b)) for the
transmitted waves at site 15 (Fig. 8(c)) for the three models
also show similar characteristics to those at site 5. However,
the ratios of U/W for Models T and L are significantly differ-
ent from those for Model S at periods of 25–40 s. Namely,
the former two ratios are lower than the last. This differ-

ence results from a characteristic oscillation of the mountain
root (Fig. 8(d)). The ratio of W/W shows that the moun-
tain root structure preferentially amplifies the waves for pe-
riods of 20–50 s, with a maximum of about 7% near 30 s,
whereas the ratio of U/U shows a monotonous increase in
period, with a maximum of about 4% near 90 s. The ratios
W/W and U/U featured above can be interpreted to be the
response characteristics of the mountain root structure. We
also note differences in the ratios of W/W between Models T
and L; the characteristics of the amplitude spectra of the W-
component for Model L are slightly shifted towards longer
periods, compared to those for Model T, although distinct
differences in the ratios of U/U between the two models are
not observed for the U-component.
4.3 Effects of the LVZ

Spectral characteristics depend on the S-wave velocity,
size, and location of the LVZ. So, several simulations were
performed for crustal and upper mantle models with a LVZ
different from Model L. Cotton and Avouac (1994) pre-
sented a regional model for the eastern Tien Shan from sur-
face wave group velocity data. A pronounced LVZ in the
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Fig. 7. Snapshots of the scattered waves of W- (bold lines) and U- (dotted lines) components at depths of H = 0 and 55 km for Model T. The amplitudes
of the waves at H = 55 km are doubled.

Fig. 8. (a) Amplitude spectra of Rayleigh waves of vertical (W) and radial (U) components and the ratios of U/W at site 5 for Model S. (b) Spectral ratios
of U/W at site 15 for Models S, T, and L. (c) Rayleigh waves of W- and U-components at site 15 for Models S, T, and L. (d) Spectral ratios of W/W and
U/U at site 15 for Model T and Model L to that for Model S.
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lower crust and a second LVZ at depths below 100 km, with
S-wave velocities around 3.3 and 4.3 km/s, respectively, are
involved in their model. In order to verify the effects of the
LVZ on the amplitude spectra of the W- and U-components,
several crustal and upper mantle models based on Model
L were constructed and are shown in Fig. 9. Model LL
has a second local LVZ with a horizontal length of 50 km

Fig. 9. Top: Schematic maps showing crustal and upper mantle structures
involving one or a double low velocity zone (LVZ) beneath the mountain.
Models L and LL have small-scale LVZs with a horizontal length of 50
km. Model L has a LVZ in the lower crust whears Model LL has LVZs
in both the lower crust and the upper mantle. Models LA and LB have a
large-scale LVZ with a horizontal scale of 250 km. Model LA has a LVZ
in the lower crust whereas Model LB has LVZs in both the lower crust
and the upper mantle. The location of the LVZ (dotted area) is indicated
by LVZ1, LVZ2, LVZ3, and LVZ4. LVZ1 and LVZ3 exist at depths of
37.5–52.5 km, LVZ2 and LVZ4 at depths of 112.5–162.5 km. Bottom:
Spectral ratios of vertical (W/W) or horizontal (U/U) components for
Models L, LL, LA, and LB to that for Model S.

in the upper mantle at depths of about 110–160 km. The
LVZ with a horizontal length of 250 km for Models LA and
LB is widely distributed under the mountain. For Model
LA the LVZ exists merely in the lower crust whereas for
Model LB it does in both the lower crust and the upper
mantle. Physical parameters in the LVZ in the upper man-
tle, such as V p = 7.3789 km/s, V s = 4.3433 km/s, and
ρ = 3.1012 Mg/m3 (Cotton and Avouac, 1994), were used.
For S-wave velocity in the lower crust, a V s of 3.5 km/s
(Table 1) was used, which was assumed for Model L and
is slightly higher than that reported by Cotton and Avouac
(1994). Synthetic seismograms were calculated for these
models for a Rayleigh wave incidence from the left, and
the amplitude spectra at site 15 are shown in Fig. 9. We
can clearly see in the figure the spectral shift of the W-
component for Models T and LL, mentioned previously for
Models T and L. This phenomenon suggests that the exis-
tence of the small-scale LVZ beneath the mountain prefer-
rentialy amplifies the waves of the W-component at longer
periods (20–50 s), in comparison with the case without the
LVZ. These characteristics seem to be related to the simula-
tion results of Pedersen et al. (1998, figure 15) who showed
that the amplitude spectra of Love waves, which are con-
verted from Rayleigh waves across the mountain root struc-
ture with the LVZ, are enriched at longer periods compared
to those for the mountain root structure without the LVZ.
When the LVZ is widely distributed beneath the mountain
(Models LA and LB), the amplitudes of the W-component
are extensively amplified for periods of 20–60 s. The ex-
istence of a second LVZ in the upper mantle (Model LB)
strongly amplifies the amplitudes for periods longer than
50 s in comparison with the case which has a LVZ merely
in the lower crust (Model LA). On the contrary, the spectra
of the U-component show a result opposit to those of the W-
component. Namely, the amplitudes decrease in accordance
with the increase of the LVZ. This might be explained by the
property that Rayleigh waves of the W- and U-components
are connected with P- and SV-waves; S-waves are likely to
attenuate when the LVZ is involved in the ray path. The
particle orbits of the U-component are parallel to the hori-
zontally elongated LVZ.
4.4 Rayleigh to Love wave conversion

In order to evaluate the effects of the LVZ on Rayleigh to
Love wave conversion, a numerical experiment regarding an
oblique incidence of Rayleigh waves was implemented. The
simulations were performed for a Rayleigh wave incidence
upon the front (site 5) of the mountain with an azimuthal an-
gle of incidence of 30 degrees, in which the mountain root
structure shown in Fig. 1 was assumed to be extended in the
transverse direction. Initial values similar to those described
previously was used and a time increment of �t = 0.3 s
was assumed. Synthetic seismograms were calculated at the
edge (site 15”) of the mountain at the wave’s retreat, em-
ploying the 3-D finite difference scheme (Mikumo et al.,
1987; Frankel and Vidale, 1992; Yoshida, 1996, 2000). The
distance between sites 5 and 15” has a length of 290 km.
The amplitude spectra of the W-, U-, and V (transverse)-
components at site 15”, calculated for Models T and LB, are
shown in Fig. 10. This figure shows that the amplitudes of
the V-component for Model LB are extensively dominated
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Fig. 10. Amplitude spectra of the waves of W-, U-, and V-components
recorded at the edge of the mountain at the wave’s retreat for an oblique
incidence of Rayleigh waves. The waves are calculated with the az-
imuthal angle of incidence of 30 degrees for Models T and LB. Model
names are denoted in the parentheses. The mountain root structure
shown in Fig. 1 is assumed to be extended in the transverse direction
and the waves are obliquely incident on the front side (site 5) of the
mountain.

for periods of 20–70 s, whereas those for Model T are pre-
dominant for periods of 20–40 s. These results indicate that
the existence of the LVZ in the lower crust and the upper
mantle converts Rayleigh to Love waves stronger than the
case without the LVZ over a wide period, as well as observed
in the spectra of the W-component for Model LB (Fig. 9).

5. Applicability of Mountain Root Models
The Tien Shan mountain is located in northwest of the

Chinese test site at Lop Nor. Surface waves observed at sta-
tions of the OBN (Russia) and the FLN (France) resulting

from nuclear explosions at Lop Nor traverse the Tien Shan
range. By analyzing observed surface waves from Lop Nor,
Pedersen et al. (1998, figure 3) quantified high Love wave
amplitudes in the spectral domain in a frequency interval
between 0.015 and 0.05 Hz. By implementing numerical
simulations of surface waves for a medium locally approxi-
mated by a 2-D structure, they speculated that the observed
Love waves are created by conversion of Rayleigh waves in
the Tien Shan mountain. The simulations were performed
using the indirect boundary element method, and showed
that spectral amplitudes of the transverse (V) component in-
crease with an increase in angle (10–50 deg.) of incidence
of Rayleigh waves for frequencies of 0.02–0.1 Hz.

The mountain root models of Models T and L (Fig. 1) are
simple ones approximating the crustal structures of the Tien
Shan mountain. Elastic parameters (Table 1) for the Tien
Shan were adopted from Pedersen et al. (1998). The crustal
thickness of the mountain root of 52.5 km, assumed in Mod-
els T and L, is close to those of 49 and 55 km used in their
report. The horizontal width (w1 = 250 km) of the moun-
tain root for the above models is slightly narrower than the
significant crustal thickening area of 300 km (Burov et al.,
1990; Cotton and Avouac, 1994). However, the configura-
tions of the Tien Shan mountain in the present models and in
those used by Pedersen et al. (1998) are highly similar. It has
been reported by Cotton and Avouac (1994) from observed
Rayleigh wave dispersions that the regional models for the
central and eastern Tien Shan have pronounced low-velocity
layers in the crust and the upper mantle. The regional crustal
and upper mantle structures were approximated by Models
L, LL, LA, and LB. Thus, the spectral results obtained in
the present work can be effectively compared with the re-
sults of their observations and simulations. We note that the
frequency range of 0.02–0.05 Hz, in which Rayleigh waves
of the W-component are greatly amplified at a maximum
of 7% for Models T and L, agrees with that of 0.015–0.05
Hz, in which the observed Love waves have predominant
spectral amplitudes (Perdersen et al., 1998, figure 3b,c and
figure 4(OBN,FLN)). Taking into consideration the above
observational results that the spectra of Love waves are pre-
dominant over a wide range beyond 50 s, the LVZ seems
to be widely distributed beneath the Tien Shan range in the
lower crust and the upper mantle, as shown in the spectra of
the V-component for Model LB (Figs. 9 and 10).

6. Conclusion
The spectra of Rayleigh waves across the mountain root,

which approximates the Tien Shan mountain located in the
northwest region of the Tarim basin in China, have been in-
vestigated using 2-D modeling analyses. The mountain root
has a maximum crustal thickness of about 50 km. Spectral
amplitudes of W- and U-components show the following im-
portant characteristics: 1) Amplitudes of the W-component
are strongly amplified for periods from 20 to 50 s, with a
maximum of about 7% near 35 s. 2) Amplitudes of the U-
component show a slight increase with an increase in period.
3) For the mountain root structure with a double small-scale
LVZ in the root and the upper mantle, amplitudes of the W-
component are enriched at slightly longer periods (20–50 s)
relative to those for the mountain root structure without the
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LVZ. 4) For the mountain root structure with a double large-
scale LVZ in the lower crust and the upper mantle, at depths
of 17.5–52.5 km and 112.5–162.5 km, respectively, ampli-
tudes of the W-component are extensively amplified over a
wide range beyond 50 s; those of the U-component tend to
decrease in the same period range. In a comparison with
previously observed data (Pedersen et al., 1998), the fol-
lowing properties are notable: 5) The frequency range of
0.02–0.05 Hz, featured in 1), is consistent with the range of
0.015–0.05 Hz, in which the Rayleigh to Love wave conver-
sion is dominant in observed surface waves across the Tien
Shan mountains; 6) The spectra of observed Love waves,
which are predominant over a wide range beyond 50 s, can
be more adequately explained by a mountain model involv-
ing the double large-scale LVZ beneath the mountain, with
the horizontal scale of the LVZ comparable to that of the
mountain root structure, rather than by a model without the
LVZ.
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