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[1] A model of seismic P and S anomalies in the upper mantle beneath Asia (in limits of
35°E–140°E, 12°N–57°N) was constructed based on the tomographic inversion of
traveltime data from the revised ISC catalog for the years 1964–2004. The inversions
were performed independently in 32 overlapping circular windows that cover the entire
study area. The free inversion parameters in each window were defined individually
depending on the available data based on synthetic modeling. Such adaptive tuning of
parameters enables more optimal usage of the input data in areas with inhomogeneous
ray coverage compared to global inversions. This approach resolves high‐frequency
patterns but is less sensitive to large anomalies with sizes comparable to the window
diameter. Thus, this approach is somewhat similar to high‐frequency filtration of the
velocity distribution. The resolution capacity of the model was tested using checkerboard
tests with various pattern sizes. To assess the role of random noise, independent test
inversions of two data subsets (with odd and even numbers of events) were performed.
Clear reconstructions of known structures, such as subducting plates beneath the Japan and
Ryukyu arcs whose locations and shapes have been constrained by other studies, further
indicate the reliability of the model. The 3‐D models of P and S anomalies presented in
horizontal and vertical sections show complex interactions of the lithospheric segments
beneath the Alpine‐Himalayan orogenic belts. Particular attention is focused on the
collisional areas of Iran, Pamir‐Hindukush, Tien‐Shan, and Burma. The digital version of
the 3‐D P and S models is available at http://www.ivan‐art.com/science/REGIONAL.

Citation: Koulakov, I. (2011), High‐frequency P and S velocity anomalies in the upper mantle beneath Asia from inversion of

worldwide traveltime data, J. Geophys. Res., 116, B04301, doi:10.1029/2010JB007938.

1. Introduction

[2] The tectonics of Asia are extremely complex, with
collisional processes [e.g., Molnar and Tapponnier, 1975]
coexisting with rifting and recent intracontinental volcanic
activity [e.g., Zonenshain and Savostin, 1981]. Many
important questions related to lithospheric interactions in
Asia are actively debated, and addressing these questions
requires more quantitative information on the deep structure
of the lithosphere. One of the most debated topics concerns
the mechanism of recycling of the continental lithosphere in
areas of continent‐continent collisions. Southern Asia is
affected by the northward drift of the Indian and Arabian
continents. Closing of the ocean basins between the two
continents, as well as related oceanic subduction, ended more
than 50 million years ago [e.g., de Sigoyer et al., 2000;
Clift et al., 2002]. Since then, up to 1,500 km of conti-
nental shortening has occurred [e.g., Replumaz et al.,
2004]. This resulted in the coupling of crust and moun-

tain building along the entire Alpine‐Himalayan orogenic
belt. However, the fate of the mantle portion of continental
lithosphere in the shortened areas is still an open question.
Did it subduct like oceanic lithosphere? Is the continental
lithosphere dense enough to sink? The thick lithosphere in
cratonic Precambrian blocks appears to be buoyant and
does not sink [e.g., Boyd, 1989; Jordan, 1978]. However,
in a continent‐continent collision, the transitional, not cra-
tonic, lithosphere may be denser than the underlying
asthenosphere, which causes Raleigh‐Taylor instability and
subduction‐like processes. If this is the case, why do we not
observe continuous penetration of the lithosphere into the
mantle beneath such collision areas in tomographic models
of continent‐continent collisions (e.g., Bijwaard et al. [1998]
and this study)?
[3] Answering these and other questions requires robust

and reliable information about the deep crustal structure. For
Europe, thanks to a large amount of high‐quality data and
independent studies, many mutually consistent results have
been obtained [e.g., Bijwaard et al., 1998; Piromallo and
Morelli, 2003; Koulakov et al., 2009]. These tomographic
models have deciphered the complex structure beneath
Europe and have unambiguously answered many geodyna-
mical questions.
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[4] In Asia, the situation is much more difficult. Dozens of
papers describing different seismic models of the mantle
structure beneath Asia have been published over the last
several decades. Most of the regional upper mantle models of
Asia have been obtained using surface wave data, as they
provide more uniform ray sampling [e.g., Curtis et al., 1998;
Griot et al., 1998; Wu et al., 1997; Ritzwoller and Levshin,
1998; Villaseñor et al., 2001; Friederich, 2003; Priestley
et al., 2006; Maggi and Priestley, 2005; Kustowski et al.,
2008]. Global surface wave tomography studies also pro-
vide important information about the S velocity structure of
the upper mantle beneath Asia (Ekström et al. [1997],
Ritzwoller et al. [2002b], and others). The P velocity struc-
ture beneath Asia has been investigated in large‐scale
body wave regional tomographic studies [e.g., Ritzwoller
et al., 2002a; Huang and Zhao, 2006; Replumaz et al.,
2010; Koulakov et al., 2002; Koulakov, 2008; Koulakov
and Bushenkova, 2010], as well as derived from global
tomographic models [e.g., Bijwaard et al., 1998; Fukao et al.,
2003; Li et al., 2008]. These references (which do not cover
all the relevant papers on this subject) illustrate the large
number of different studies that provide information on the
mantle structure beneath Asia. At the same time, com-
parison of the results in these papers shows that they are
often not consistent and even contradictory. These differ-
ences are mostly related to problems with the data used in
the studies. The coverage of seismic stations in Asia is
generally sparse and uneven. Information from some
countries is not available, which creates large information
gaps. The seismic data quality recorded by Asian stations
and collected in international catalogs is usually poorer
than that of European stations. The strong discrepancies
between different tomographic models show that the
problem of studying the deep structure beneath Asia still
remains open.
[5] Herein, I present a new model of the upper mantle

beneath Asia based on tomographic inversion of body
waves from worldwide catalogs. Several arguments to
demonstrate the robustness of this model are provided. I
then compare the model with existing regional and global
models and discuss similar features and differences. Finally,
I consider some selected regions in Asia and briefly discuss
the geodynamical scenarios for these areas.

2. Data and Algorithm

[6] The traveltimes of P and S body waves reported by the
International Seismological Center [ISC, 2001] for the time
period from 1964 to 2004 were used as the initial data in this
study. The advantage of the ISC data, compared to data
from local networks, is their large time span and global
coverage. However, the quality of the data provided by the
ISC is rather poor due to the presence of numerous outliers
and outdated schemes for locating earthquakes. These data
require additional preprocessing before being used for
tomographic inversions. An important revision of the ISC
catalog was done by Engdahl et al. [1998], who refined the
locations of the clearest worldwide events using more
sophisticated location algorithms. However, their criteria for
data selection were rather conservative and resulted in
considerable reduction of the catalog volume. A number of
weak events in areas with moderate tectonic activity were

rejected, which enlarged nonilluminated areas where body
wave tomography cannot provide robust results.
[7] We performed our own revision of the ISC catalog

based on similar approaches as those by Engdahl et al.
[1998], but we used more liberal criteria for data selec-
tion. All events between 1964 and 2004 were localized
using the algorithm described by Koulakov and Sobolev
[2006]. This location algorithm is based on the rays con-
structed in the 1‐D spherical model AK 135 [Kennett et al.,
1995]. The traveltimes are then corrected for surface relief,
the ellipticity of the Earth, and Moho depth (using the model
CRUST2.0 [Bassin et al., 2000]). The formulas for com-
puting the crustal corrections are those by Koulakov et al.
[2009]. Furthermore, the depth phases (pP and sS) were
used to improve the depth location of the sources. In this
algorithm, special attention was paid to the problem of
rejecting outliers, which make up a considerable part of the
ISC catalog (∼25–30%). When reprocessing the ISC cata-
log, we used only events with an azimuthal GAP of less than
180°. The residuals larger than 4 and 6 s for P and S data,
respectively, were rejected. A minimum of 30 recorded P and
S phases was considered at all available epicentral distances
for the events.
[8] The average quality of our source locations cannot

compete with the catalog by Engdahl et al. [1998] who
provided the solutions for only robust events. However, the
amount of our data is considerably larger that enabled
denser ray coverage in most regions. It is a rather long
discussion, what is better for tomography: fewer data with
only high‐quality locations or a larger data set with less
accurate source determinations. In my opinion, tomography
is much more sensitive to the ray coverage than to the
accuracy of source locations. For example, I have shown in
my recent paper [Koulakov, 2009a], that in the case of local
earthquake tomography, adding out‐of‐network events,
though with significant misfits, crucially improves the res-
olution of tomographic inversion in the target region. I
believe that similarly to the mentioned study, adding some
events with erroneous depth locations (within reasonable
limits) does not decrease the quality of the regional‐scale
tomographic inversion and even may improve it thanks to
better ray coverage.
[9] In this study, the inversion was performed separately

in overlapping circular windows that cover the entire study
area (Figure 1). After computing the results in all the areas,
they were combined in one model for the entire study area.
In total, 32 windows with radii of 8° were used. This win-
dow size was based on the work of Koulakov and Sobolev
[2006], who showed that an optimal ray configuration for
upper mantle tomography is achieved when the diameter of
the study volume is approximately twice its depth.
[10] When performing inversions for large regions, strong

variations of the data coverage usually take place. Using one
set of inversion parameters for the entire area may cause
nonoptimal damping in areas with poor and/or excessive ray
density. By performing the inversion with several windows,
the inversion parameters can be tuned separately to achieve
the best results in each window.
[11] The properties of the solutions were mainly con-

trolled by smoothing, and its optimal values strongly depend
on the amount and distribution of data, as well as on the
accuracy of picks. However, it is difficult to formalize these
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dependences. The initial smoothing values for each area
were derived based on an empirical relationship which
determines larger smoothing coefficients for larger data
sets. For much noisy S data, the smoothing should be two
or three times stronger than in the case of P data. To
achieve better result, the smoothing values were further
tuned based on synthetic tests (e.g., checkerboard) with
realistic noise. In this case, the best parameters should enable
the best resemblance of the reconstructed and synthetic
models. The estimated values of P and S smoothing for each
window are shown in Table 1. This selective approach pro-
vides a more optimal inversion regime and often resolves
higher‐frequency patterns than in global inversions. How-
ever, it is not sensitive to large anomalies with sizes com-
parable to, or larger than, the window diameter. Thus, this
approach is somewhat similar to high‐frequency filtration of
the velocity distribution.
[12] Such a step‐by‐step approach requires more modest

computer resources than global inversions; this work was
performed on a regular laptop. Furthermore, it provides an
opportunity to check the inversion stability in overlapping
areas of different windows. On the other hand, in the case of
using rays that partly travel outside the current window,
patterns in the target area can be biased due to effects of
outside anomalies. This problem was investigated in syn-
thetic tests here and in our previous work [e.g., Koulakov
et al., 2009], which showed that the algorithm is able to
separate the anomalies inside the target area from outside
anomalies, which are considered as noncoherent noise.
This will be discussed in more detail when describing the
results of the synthetic testing.

[13] Two types of data were used for the inversion. One
data group included traveltimes from the events located
inside the current circular window and recorded by the
worldwide stations at all available epicentral distances. This
study considered events with a minimum of 30 to 50 phases,
depending on the ray coverage in the window. The other
data group (direct teleseismic scheme) included the tra-
veltimes corresponding to events located outside the current
window and recorded by stations located inside. In this
study, the minimum number of stations inside the window
that recorded an outside event varied from 25 to 60. The
numbers of rays in separate areas, which are given in
Table 1, varied from ∼7,000 to 700,000, depending on the
window. For the entire area, more than 4 million rays were
used. The distribution of sources and stations in Asia is
shown in Figure 1.
[14] The tomographic inversion is based on a linearized

approach. The calculations are performed based on the rays
constructed in the 1‐D spherical model AK 135 [Kennett
et al., 1995], using only one iteration. In principle, it would
be possible to adapt nonlinear iterative approaches to this case
(for example, the LOTOS algorithm developed by Koulakov
[2009b]), but this would greatly increase the calculation
time andwould increase the difficulty of accurately tuning the
parameters, which requires performing several trials on real
and synthetic data. The negative effects of nonlinearity are
not very important in this case. Indeed, the expected ampli-
tude of the velocity anomalies in the mantle does not exceed
3–5%. For such amplitudes, the nonlinear effects are small
and can be neglected. Even in areas with very strong het-
erogeneities (e.g., in central Java, with anomalies of 30%

Figure 1. Study area. Blue triangles, seismic stations from the ISC catalog; red dots, relocated seismicity
from the catalog used in this study; green circles, locations of 32 areas where the separate inversions were
performed.
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[Koulakov et al., 2007]), using a nonlinear iterative approach
does not greatly affect the shapes of the main patterns. In
these cases, an underdamped solution with one iteration
(linear approach) is nearly identical to an overdamped solu-
tion after several iterations.
[15] Parameterization of the velocity fields is performed

on the basis of the algorithm developed by Koulakov [1998]
and Koulakov et al. [2002]. A set of nodes is distributed
within the study volume according to the ray coverage. In
this study, the nodes were placed in 15 horizontal levels at
depths of 25, 50, 75, 100, 150, 220, 290, 360, 430, 500, 570,
640, 710, 800, and 900 km. The uppermost level at 25 km is
not representative, because in most parts of the study area
the rays do not intersect each other at this depth. Therefore,
the results at this depth can be considered as station cor-
rections rather than as a true velocity structure. The nodes
are distributed on each plane along parallel lines propor-
tional to the ray density. A minimum distance of 30 km is
fixed between the nodes in areas with high ray density. The
number of nodes in each circular area is about 3,000–9,000
for the P model and 2,500–7,000 for the S model. Eight
nodes control each point of the study area, and the velocity
distribution is approximated using a bilinear interpolation.
This parameterization might bias the resulting model due to
the operator‐induced orientations of the lines along which
the nodes are distributed. In order to avoid this problem, we
performed separate inversions for two different grids, ori-

ented at 0° and 45°. Summation of the resulting models
removes most of the artifacts related to the grid orientation.
[16] The first derivative matrix A, which reflects the tra-

veltime variation of the jth ray due to a unit velocity
anomaly at the ith node, is computed by integration along
the raypaths. Together with the unknown P and S velocity
anomalies, the matrix includes the elements for corrections
of the source parameters and station corrections. Source
parameters include three coordinate corrections and one
time correction for a source located inside the study area, as
well as a one‐time correction for a remote event. When the
stations were located inside and outside the study area, the
station corrections were separated.
[17] Smoothing of the resulting velocity anomalies is

controlled by an additional matrix block. Each line in this
block contains two nonzero elements with opposite signs,
corresponding to neighboring nodes in the model. Increas-
ing weights of these elements produces a smoothing effect
upon the resulting anomalies. A determination of all the
coefficients in the matrix is performed using synthetic
modeling for all windows separately.
[18] The resulting matrix is inverted using the LSQR

method [Paige and Saunders, 1982; van der Sluis and van
der Vorst, 1987]. The variance reduction for P residual
times is ∼35–40%, while for S data it is only ∼20–25%. This
result demonstrates that the noise level in the S traveltimes is
significantly higher than in the P traveltimes.

Table 1. Parameters of Windows, Number of events, and Traveltimes According to Two Considered Observation

Schemes and Smoothing Coefficients for P and S Models Used in Inversion in Each Individual Window

Longitude
(degrees)

Latitude
(degrees)

Radius
(degrees)

Regional Events, All Stations Regional Stations, Teleseismic Events

Sm_P Sm_SN_events N_rays N_events N_rays

46 20 8 202 14687 510 3742 0.5 1.5
46 30 8 1133 90095 1069 8601 1.4 4.6
46 40 8 1688 129534 8489 89347 1.6 5.2
46 50 8 327 25652 3823 31066 0.8 2.5
58 20 8 522 42677 0 0 1.1 3.0
58 30 8 1837 153054 1520 10464 2.8 7.0
58 40 8 1001 78792 2924 22331 2.2 6.4
58 50 8 50 7470 0 0 0 0
70 20 8 278 16826 420 3013 0.8 2.5
70 30 8 4045 221594 5505 44438 3.3 10.0
70 40 8 5365 277885 11439 108814 3.8 13.1
70 50 8 290 47715 34 205 1.4 4.4
82 20 8 58 5737 1695 12964 0.8 2.0
82 30 8 1297 78142 18500 197694 2.3 5.1
82 40 8 2509 151504 4091 31524 2.8 5.5
82 50 8 534 69731 4821 37719 2.0 5.8
94 20 8 1371 100111 1424 10016 2.5 6.0
94 30 8 1993 137050 7242 51691 2.8 5.5
94 40 8 671 58891 0 0 1.8 6.0
94 50 8 270 24469 3753 26722 1.2 3.5
106 20 8 376 24568 5550 43808 1.2 3.5
106 31 8 728 48513 7094 50781 1.6 4.5
106 42 8 324 23393 7550 53090 1.4 4.0
106 53 8 303 21001 1618 10711 0.8 2.0
118 20 8 6306 343778 3180 27149 3.5 10.0
118 31 8 3087 157433 3915 39636 2.5 7.5
118 42 8 244 15184 9772 77786 1.5 5.0
118 53 8 254 17525 100 680 1.2 4.0
130 20 8 1963 124864 1084 10447 2.8 6.0
130 31 8 11632 623769 9519 156568 5.0 15.0
130 42 8 2753 184422 14060 151790 4.0 11.0
130 53 8 154 13530 241 1890 1.2 4.0
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[19] When performing inversion, I used different weigh-
ing for source parameters depending on the scheme used.
For the sources located inside the study area, separate
weights for horizontal and vertical shifts, and for origin
times were defined. In cases when I use sources located
outside the study area, only time corrections for each source
were determined.
[20] The resulting model for the entire area is computed

by summation of all results derived for all windows and
grids (in this case, two models were computed for each

window using differently oriented grids). The summary
model is computed as the weighted average:

dV
sum ¼

X

N

i¼1

C d
cenð ÞD d

node
� �

dVi

�

X

N

i¼1

C d
cenð ÞD d

node
� �

; ð1Þ

where N is the number of models (64, in our case); C is the
weight function depending on the distance from the center
of the current model (for distances up to R/2, where R is the
radius of the current area, C = 1; for distances from R/2 to R,

Figure 2. Horizontal sections of P velocity anomalies in the upper mantle beneath Asia.
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the value of C decreases linearly from 1 to 0); D depends on
the distance to the nearest parameterization node.

3. Results and Verification

[21] The summary models of P and S velocity anomalies
in the upper mantle beneath Asia are presented in six hori-
zontal sections in Figures 2 and 3. In addition, details of the
resulting model in several areas are shown in horizontal and
vertical sections in section 4. The digital version of the 3‐D
P and S models is available online at http://www.ivan‐art.

com/science/REGIONAL with a simple script that generates
horizontal and vertical sections. The resulting anomalies are
shown only if the distance to the nearest parameterization
node is less than 80 km. For the areas not covered by
seismic rays, the nodes are not installed, and the resulting
anomalies are shaded. The most important and difficult
problem of any tomographic study is to provide objective
information about the reliability of the presented patterns.
Therefore, before discussing the resulting model, I present
some arguments for the degree of reliability of the anomalies
obtained in different parts of the study area.

Figure 3. Horizontal sections of S velocity anomalies in the upper mantle beneath Asia.
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[22] Seismic tomography is still considered to be an
imperfect tool that often provides quite different images for
same areas. As described in the introduction, some regional
and global models of Asia are inconsistent with each other.
Therefore, a close correlation between different models
constructed using different data and approaches is a strong
indication for the robustness of these models. The general
structure of the model presented here correlates well with the
results of many of the previous studies mentioned in the
introduction. For example, the S velocity models by Bijwaard
et al. [1998] and Villaseñor et al. [2001] are very well cor-
related with the results of this study (e.g., our result at 100 km
depth (Figure 3) reproduces almost all the details of the model
shown by Villaseñor et al. [2001, Figure 9b]). There are
rather good correlations of the P and S anomalies at 50 km
depth in this model with the Pn and Sn velocities presented by
Ritzwoller et al. [2002]. The P velocity model in this study
can also be compared with global models, such as those by
Bijwaard et al. [1998] and Li et al. [2007]. In shallower
sections (above 300 km depth), all these models differ con-
siderably. However, a smoothed version of the model in this
study is similar to that of Bijwaard et al. [1998]. Further
smoothing and bias of the reference level will make it more
similar to the model by Li et al. [2007]. At greater depths, the
models provide more consistent structures.
[23] The reliability of the results can be demonstrated by

revealing a structure with known a priori patterns that have
been identified by reliable independent sources. Subducting
oceanic slabs are some of the clearest features in the mantle,
and are robustly defined in most tomographic models as
high‐velocity patterns. The model in this study includes, on
its eastern side, a portion of the Ryukyu and Japan arcs,
where oceanic subduction zones are present. The high‐
velocity slab that coincides with the Benioff seismicity is
clearly observed and fits with other tomographic models
[e.g., Bijwaard et al., 1998]. Note that for the Ryukyu arc,
the station distribution is rather poor, and the model is
derived mostly on the basis of events recorded by world-
wide stations, similar to many other parts of Asia. The
algorithm provides reasonable results for these well‐known
structures, which gives us confidence in the results in other
parts of the model.
[24] To check the robustness of the results, the role of

random noise in the data and the resolution of the derived
model must be evaluated. The low variance reduction in
the inversion (from 25 to 40%) shows that the noise level
in the data is significant. Reconstruction with independent
data subsets is a test that allows the estimation of the bias
of the results due to random noise. This test implies a
random separation of the entire data set into two groups
(e.g., with odd and even numbers of events) and their
independent inversions. The processing algorithm and
free parameters for the grid construction and inversion
are the same as in the case of the inversion of the entire
data set.
[25] The inversion results for the halved P and S data sets

are shown in Figure 4. These models can be compared with
each other and also with the results obtained using the entire
data set (Figures 2 and 3) to demonstrate the effect of
halving the data on the inversion results. It is worth noting
that reducing the data by half increases the role of the
additional smoothing matrix block that is used for the

inversion damping. This leads to smoother solutions for the
halved data sets compared to the main result.
[26] It can be observed that the P and S models show a

good correlation of the general patterns at corresponding
depths. However, some details are quite different. The degree
of inconsistency varies considerably in different regions and
is controlled by amount and quality of the data provided by
the regional networks. Features that appear different on the
odd and even tests may be artifacts related to noise. This test
appears to be important for further interpretation.
[27] The effect of the reference model change upon the

results is investigated in a test shown in Figure 5. The first
result (Figure 5, top) corresponds to the main model obtained
based on the AK135 model. For another inversion (Figure 5,
bottom) I used a model in which 3% higher velocity is
defined the uppermost layer, and the difference between the
models linearly decreases down to 700 km depth. It can be
seen that the main configuration of anomalies remains
unchanged despite considerably different velocity gradient
in the reference model. In the passive tomography the
origin times of sources are unknown, and we use the rel-
ative residuals. For regional and teleseismic rays, which are
mostly used in this study, changing the reference model
biases the absolute times, but the residuals usually change
weakly. Change of absolute reference velocity also shifts the
raypaths that should bias the retrieved anomalies up or down.
However, in practice, these changes in the results are minor
in respect to the vertical resolution uncertainty of the model.
[28] The resolution of the resulting model was checked

based on synthetic simulations using different model con-
figurations. These tests were also used to define the optimal
inversion parameters in each of the 32 circular areas cov-
ering the study region. The results of synthetic modeling for
a model with realistic configuration of anomalies and two
checkerboards are presented below.
[29] A model with realistic anomalies was defined in the

central part of the study area covering much larger space
than a single inversion window (Figure 6, column 1). The
anomalies were defined inside prisms with unchanged
shapes in some depth intervals. The shapes of these syn-
thetic anomalies were digitized based of results of real data
inversion in four depth sections.
[30] The synthetic residuals were computed along the

raypaths traced in the 1‐D spherical model, implying a
linear approach. As previously discussed, the performance
of full 3‐D ray tracing would require much longer compu-
tation time, which would limit the number of tests. The
advantages of fast calculation performance fully compensate
for the shortcomings related to neglecting the nonlinear
effect. Relatively fast processing allowed for many trials
aimed at finding the optimal values of free parameters to be
run, which were then used for the inversion of the real data.
[31] Random noise with a statistical distribution having

the same shape of the residuals distribution in the ISC cat-
alog was added to the synthetic residuals. The amplitude of
the noise was defined separately for the P and S data in
order to obtain the same value of variance reduction after
synthetic inversion as in the real data case. It should be
noted that the noise level defined according to this criteria
depends on the configuration of the anomalies. The defined
noise level is weaker for the smaller synthetic anomalies.
For the synthetic model with realistic anomalies, the noise
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Figure 4. Odd‐even test: the independent inversion of two data subsets (with odd and even numbers of
events). Results for two depths (220 and 500 km) for P and S models are presented. Comparison of the
results for the odd and even subsets reveals the effect of random noise.
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Figure 5. Reconstruction results based on two different reference models. (top) A fragment of the main P velocity model
in three horizontal sections. (bottom) Result of processing of the same data, but with 3% higher reference P velocity values
in the uppermost layer which linearly decreases down to 600 km depth.
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Figure 6. Result of reconstruction of the real‐shaped synthetic model in a set of overlapping circular windows. Column 1
represents synthetic model at different depths. Columns 2 to 4 show examples of the inversion results in three separate win-
dows. Average model of synthetic reconstruction is shown in column 5.
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level for P and S models was equal to 0.4 and 0.8 s,
respectively. Same level was defined for the checkerboard
model with 3° × 4° and 5° × 6° size of P and S anomalies,
respectively. For a model with smaller patterns (2° × 2° and
3° × 4°) the noise was smaller: 0.3 and 0.6, for P and S data,
respectively.
[32] The reconstruction procedure for each circular area

was the same as in the case of the real data inversion,
including the step of the source location.
[33] The synthetic residuals were computed using the

same source/receiver pairs as in the real data inversion. It is
important that when computing synthetic residuals for rays
traveling partly outside the inversion window, the outside
anomalies affect the traveltimes. This causes the accumu-
lation of additional residuals that can be considered as noise.
[34] Reconstruction results for the model with realistic

synthetic anomalies are shown in Figure 6 for three selected
windows and for the summary model. It can be seen that the
outside anomalies do not have any significant effect upon
the inversion results. In the summary model, all defined
anomalies are reconstructed at correct positions. Fairly
robust reconstruction of anomalies located inside a current
window indicates that the algorithms are able to separate the
partitions in the residuals related to the inside and outside
anomalies. This can be explained by rather dense azimuthal
coverage provided by the ISC data. Thus the residuals due to
outside anomalies are considered as random noise which has
no coherent signal with other data crossing the target area in
other directions. As we see in the reconstruction results, the
effect of the outside partitions of the residuals upon results
in well illuminated areas is rather weak.
[35] To show the spatial resolution of the tomographic

model, I also present the results of two checkerboard tests
(Figure 7). The results are shown for the depths that corre-
spond roughly to the middle points of three layers with
different signs of checkerboard anomalies. The models
correspond to two different runs of a simultaneous recon-
struction of the P and S models. The first case reproduces
the checkerboards with lateral sizes of 2° × 2° for the Pmodel
and 3° × 4° for the S model. The second run uses cell sizes
of 3° × 4° for the P model and 5° × 6° for the S model. The
images can be used to estimate the capacity of the algorithm
in retrieving fixed size anomalies. When small‐scale
anomalies are reliably restored, the larger patterns will be
restored with the same or better quality. In addition, the
checkerboard tests allow the identification of areas of pos-
sible smearing due to uneven azimuthal distribution of the
rays. Analysis of the results of the checkerboard tests in
Figure 7 allows the estimation of the robustness of different
size anomalies in the resulting model. For example, for the
P model, anomalies of about 200 km size (Figure 7c) can
be retrieved in limited parts of the study area where the
maximum seismic activity is observed. At the same time,
∼300 km size patterns (Figure 7a) are reconstructed in most
parts of the study area. In central areas with the best reso-
lution, both the shapes and amplitudes of the anomalies are
correctly retrieved, while in marginal areas, the fit is
observed on a qualitative level. These results reveal rather
good vertical resolution of the model. The change in sign at
300 km and 600 km depth is robustly resolved in most parts
of the study area. We see that in areas with moderate reso-
lution we observe diagonal smearing along SE–NW direc-

tion which can be explained by dominant orientations or rays
traveling to European stations. This effect should be taken
into account when interpreting the real data inversion results.
[36] All the presented tests show that most patterns in the

P and S models appear to be robust, and that they can be
used for geodynamical interpretation.

4. Discussion of Results in Selected Regions

[37] Horizontal and vertical sections for selected parts of
the derived model of P velocity anomalies are presented in
sections 4.1–4.3. Only brief discussions of the main patterns
beneath these areas are presented. More detailed descrip-
tions and geodynamical interpretations of the tomographic
model beneath the Iran, Pamir‐Hindukush, and Burma regions
will be given in separate papers, which are presently in
preparation.

4.1. Iran and Surrounding Regions

[38] The first area of the tomographic model includes Iran
and the surrounding regions. The Iran region consists of
actively deformed orogenic belts located between two large
rigid tectonic units: the Arabian plate in the south and the
Turan segment of the Eurasian plate in the north (Figure 8).
The collision with the Arabian plate in southern Iran is
marked by the Zagros and Makran thrust belts. In the north,
the Caucasus, Alborz, and Kopet Dagh thrust belts lie along
the southern border of the Eurasian plate. The Iranian Pla-
teau, which has a complex structure consisting of several
microplates separated by folded belts, is located between
these two thrust systems.
[39] The distribution of P velocity anomalies is shown in

two horizontal and four vertical sections in Figure 9. The
distributions of S velocity anomalies are very similar for this
area. In general, the presented tomographic model in Iran
fits with most previous studies based on surface waves [e.g.,
Maggi and Priestley, 2005; Mokhtar et al., 2001; Rodgers
et al., 1999;Mindevalli and Mitchell, 1989] and body waves
[e.g., Hearn and Ni, 1994; Al‐Lazki et al., 2003, 2004;
Alinaghi et al., 2007]. Note that the model by Alinaghi et al.
[2007] was obtained based on the same tomographic
approach as that used in this study, but with a much smaller
data set.
[40] In most of these models, in the uppermost mantle the

Iranian and Turkish plateaus are characterized by generally
low velocities, while higher velocities are observed beneath
the Zagros and Makran folded belts and beneath the Turan
plate. In the lower part of the upper mantle (e.g., at 500 km
depth), these features are reversed: higher velocities are
present beneath central Iran and lower velocities are to the
south and north. Based on these and other geophysical
observations, most researchers agree that the Arabian plate is
subducting beneath Iran [e.g., Molinaro et al., 2005]. In the
presented tomographic model, the high‐velocity patterns in
the vertical sections apparently look similar to the subduction
model. However, there is no evidence of deep seismicity
beneath Zagros [Engdahl et al., 2006]. It probably means
that the penetration of the transitional Arabian lithosphere to
the mantle has a different mechanism than a classical oceanic
subduction with the Benioff zone. A more detailed consid-
eration of the tomographic results implies that this high‐
velocity anomaly, which is interpreted by some authors as
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Figure 7. Two checkerboard tests. The size of the synthetic patterns are (a and b) 3° × 4° and 5° × 6° for the P and Smodels,
respectively, and (c and d) 2° × 2° and 3° × 4° for P and Smodels, respectively. In both cases, the signs of the anomalies change
at 300 and 600 km. The sections roughly represent the midpoint of the depth interval of each checkerboard layer.
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the subducting Arabian lithosphere, is not homogeneous.
Several checkerboard tests performed in this study show that
the resolution of the model in this area is sufficient to
resolve patterns less than 200 km in size. The odd‐even test
provides consistent features that prove the robustness of the
main patterns beneath Iran and the surrounding areas. Based
on the derived P and S velocity models, the high‐velocity
pattern in S and SW Iran does not appear to be a continuous
conveyer, as in a classic case of oceanic subduction. At
shallow depths, the subduction zone appears to be separated
into two parts corresponding to the Zagros (Z) and Makran
plates (M). In deeper sections, the separation of the high‐
velocity anomaly into two bodies becomes clearer.
[41] The Zagros segment (Section 2A–2B in Figure 9)

displays a steeply dipping high‐velocity anomaly. The
descent of the Makran plate (Section 3A–3B in Figure 9)

seems to be more complicated. The subducting plate reaches
a depth of ∼400–500 km and then appears to be stacked
there. Only a part of this high‐velocity material penetrates to
deeper sections. In map view at 500 km, a zone of accu-
mulation of the Makran high‐velocity material seems to be
rather complex.
[42] The Makran plate in southeast Iran is presumably

oceanic, and it subducts southward without pushing con-
siderably into the continental crust of Iran. On the contrary,
the Zagros segment in southwest Iran is represented by a
transitional ocean‐to‐continent type lithosphere. When
penetrating to the upper mantle, it strongly affects the
overriding plate and causes large amounts of shortening of
the overriding plate in western Iran. This transition from
strong shortening in the west to weak in the east is observed
in a number of right‐lateral transform faults [e.g., Takin,

Figure 8. Main tectonic units in Iran compiled from Nezafati [2006], Verdel et al. [2007], Stöcklin
[1968], and Takin [1972] overlaid on a shaded relief map. Zones of Cenozoic volcanism are marked
with solid red. CEIM is the central east Iran microplate. The main tectonic units in Iran and surrounding
regions are highlighted with different colors.
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1972] and in GPS measurements [Vernant et al., 2004;
Masson et al., 2007].
[43] In Iran, strong Cenozoic volcanic activity is reported

along the Urumieh‐Dokhtar zone (see Figure 8), which is
oriented NW–SE along the Zagros fold belt [e.g.,
Haghipour and Aghanabati, 1985]. Another volcanic field
is observed in central eastern Iran within the Lut block. The

uppermost mantle beneath these volcanoes appears to be
low velocity (see map at 75 km depth). However, they are
located just above high‐velocity anomalies in the tomo-
graphic models in deeper sections. For both the Zagros and
Makran segments, the observed Cenozoic volcanism may be
due to the subduction of the Arabian lithosphere beneath
Iran [Kazmin et al., 1986], similar to classical oceanic

Figure 9. Two horizontal and four vertical sections of the resulting P velocity model for Iran. Relief in
km is shown in gray colors above each section. Dotted lines highlight the locations of the Zagros (Z) and
Makran (M) plates.
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subduction. Note that the gap between the Zagros and
Makran blocks corresponds to a low density of volcanic
features in the Urumieh‐Dokhtar arc.

4.2. Pamir, Hindukush, and Tien Shan Regions

[44] This section presents the results for central Asia,
which includes large mountain ranges of the Pamir, Hin-
dukush, and Tien Shan (Figure 10). These orogenic belts are
located between rigid lithospheric blocks: the Indian plate in
the south, Tadjik Block in the west, the Turan plate and
Fergana microplate in the northwest, the Kazakh block in
the north, and the Tarim block in the east (Figure 10). The
mountain building in the interblock areas is caused by the
northward displacement of the Indian plate at a rate of about
4 cm yr−1 [De Mets et al., 1994]. An important feature of the
Pamir–Hindukush region is the fairly high concentration
of intermediate‐depth earthquakes, which reach depths of
300 km [e.g.,Chatelin et al., 1980; Lister et al., 2008]. This is
one of the most tectonically active areas in the world, where
intermediate‐depth seismicity occurs beneath the continent
and is apparently not related to oceanic subduction.
[45] The deep structure beneath this area has been inves-

tigated in many studies. The first teleseismic tomography
studies by Lukk and Vinnik [1975] and Vinnik et al. [1977]
reported faster seismic velocities associated with the Pamir–
Hindukush deep seismic zone. Similar features have been
observed in global tomographic models [Bijwaard et al.,

1998; van der Voo et al., 1999; Replumaz et al., 2004,
2010]. According to these studies, a northward dipping
high‐velocity body is observed in the entire upper 600 km of
the mantle and below the Hindukush region in northeastern
Afghanistan and southern Tajikistan. The same feature was
observed in our previous regional upper mantle tomographic
model [Koulakov and Sobolev, 2006], which was derived
based on a nearly identical algorithm as in this study, but
using a smaller data set.
[46] Most authors agree that this high‐velocity body coin-

ciding with the distribution of deep earthquakes represents
the subduction zone. However, questions about the direction
of the subduction and how many slabs are present are still
actively debated. Based on information on opposite dips of
the seismicity in the Pamir and Hindukush segments, some
authors have suggested that two distinct slabs, the Indian and
Asian slabs, subduct in opposite directions [e.g., Chatelin
et al., 1980; Roecker, 1982; Burtman and Molnar, 1993;
Fan et al., 1994]. The alternative model attributes the
observed seismicity and mantle seismic structure in the
region to only the northward subduction of the Indian
plate, which overturns beneath the Pamir [Billington et al.,
1977; Vinnik et al., 1977; Pegler and Das, 1998; van der
Voo et al., 1999; Pavlis and Das, 2000; Koulakov and
Sobolev, 2006]. In a later paper [Koulakov et al., 2010],
we proposed an alternative explanation of the occurrence
of deep seismicity coinciding with high velocities in the

Figure 10. Main tectonic units in central Asia. Red lines indicate political boundaries.
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upper mantle beneath the continental areas of Vrancea
(Romania) and Pamir‐Hindukush based on the delamina-
tion mechanism.
[47] The resulting P velocity anomalies are presented in

vertical and horizontal sections in Figure 11. In shallow
sections (e.g., 75 km and 220 km depth), the anomalies in the
Pamir‐Hindukush area appear as alternating elongated belts
oriented along the main sutures and thrusts (see Figure 10).
Deeper sections display a prominent high‐velocity anomaly
beneath Hindukush that seems to be isometric in map view.
The shape of this vertically oriented body can also be seen in
two vertical sections, 1A–1B and 2A–2B. In the upper part at
∼200 km depth, the body appears to be thinner than in deeper
levels, and coincides with very intensive intermediate‐depth
seismicity. This high‐velocity pattern is quite similar in
shape to a flow of honey poured from a cap. In the upper part,
nearly the cap border, such flow is flat as a wall, while in
lower part it forms an isometric drop. The thin part of this
body, with strong seismicity, looks like the necking zone of a
nearly detached honey drop.
[48] These features appear to be representative of delam-

ination, not subduction. First, this anomaly does not look
like a flat “conveyer” as should be in a case of classical
subduction. The width of the Hindukush anomaly is rela-
tively small compared to the length. It is especially difficult
to imagine the coexistence of two oppositely dipping slabs,
as has been proposed by some authors, in this narrow zone.
Second, it remains unclear where sinking dense oceanic
lithosphere would have originated. The latest oceanic basin
in this area closed several dozen million years ago [e.g., de
Sigoyer et al., 2000; Clift et al., 2002]. In addition, sub-
duction of continental lithosphere is not plausible; the neg-
ative buoyancy of continental lithosphere that would allow it
to sink is under debate.
[49] Delamination, as opposed to subduction, was ini-

tially proposed as an alternative mechanism of lithospheric
“recycling” in continental collision areas by Bird [1978] and
further developed by other authors [e.g., Kay and Kay, 1993;
Sobolev et al., 2006; Babeyko et al., 2006]. The delamination
process is initiated by strong compression and shortening of
continental areas. Such deformation leads to considerable
thickening of the crust (both felsic and mafic layers) in areas
with the weakest lithosphere. The mafic material in the lower
crust is transformed to dense eclogite. When it achieves a
critical mass, the eclogite starts to sink. This triggers the
detachment of the mantle part of the lithosphere, which
begins to descend as it is entrained by the eclogitic drop.
According to estimates presented by Babeyko et al. [2006],
the sinking of eclogite and entrained lithosphere is much
faster than the rate of subduction and convection. Abrupt
changes of P‐T conditions inside this drop may cause high
stresses and water release from entrained crustal material that
create the conditions for active seismicity at great depths.
After delamination, the crust above the descending drop
consists mostly of a thick felsic part that can be associated
with low seismic velocities, which was similar to those that
are clearly seen in our tomographic results. Delamination
leads to high topography [e.g., Sobolev et al., 2006], which is
present in this area.
[50] The image of the high‐velocity anomaly beneath the

Pamir‐Hindukush region is somewhat similar to the results
obtained for the Vrancea (Romania) [Koulakov et al., 2010],

where a similar delamination mechanism might take place
on a smaller scale. There we observed a similar high‐
velocity body and intermediate depth seismicity in a very
narrow, vertically oriented cluster. Delamination may be one
of the main mechanisms of lithosphere recycling in areas of
continent‐continent collisions, and it may occur in any
region of lithosphere shortening. However, the accumula-
tion time of the unstable material is much longer than the
time of the descent. Presently, these drops are observed in
only two places in Eurasia: Vrancea and Pamir‐Hindukush.
[51] In the Tien Shan, the tomographic model in this study

is comparable to other results obtained on a regional scale.
For example, results of receiver function tomography
[Vinnik et al., 2004] revealed generally similar features as in
the model presented here. In particular, P velocity anomalies
at 100 km depth in this model are quite similar to the
S velocity distribution at 130 km depth in the results of Vinnik
et al. [2004, Figure 14]. A similar shape of the inclined high‐
velocity anomaly is observed beneath the Tien Shan in the
results of teleseismic tomography by Makarov et al. [2010]
and Zhiwei et al. [2009].
[52] The structure beneath the Tien Shan can be observed

in the vertical Section 4A–4B in Figure 11. The prominent
high‐velocity anomaly beneath Tarim down to a depth of
250 km probably represents the cratonic‐type lithosphere.
Beneath the Tien Shan, we observe a northward dipping
high‐velocity anomaly that penetrates to the upper mantle
down to the transition zone at 670 km. This inclined
anomaly seems to be separated from the Tarim lithosphere.
In map view at 360 km and 500 km, this anomaly seems to
be elongated in the SW–NE direction, parallel to the NW
border of Tarim. This inclined body may represent the
detached mantle portion of the continental lithosphere of
Tarim. At the same time, we do not observe a trace of
southward dipping Kazakh block as reported by Zhiwei et al.
[2009]. Detailed interpretation of the lithosphere behavior
beneath Tien Shan will be given in a separate paper based on
the joint analysis of numerical modeling and tomographic
results.

4.3. Burma

[53] Shapes of the main tectonic blocks in the Burma
region and a schematic reconstruction of their locations for
the time of about 10 Ma ago are presented in Figure 12. It
can be seen that Burma plate is located between the
obliquely moving Indian plate and the Indochina block.
Figure 13 presents the portion of the P velocity model for
the Burma region and the northern part of the Andaman
Arc. Similar to most previous tomographic studies [e.g.,
Replumaz et al., 2010; Li et al., 2008; Bijwaard et al.,
1998; Huang and Zhao, 2006], the classical shape of
subduction beneath Burma is apparent. A linear high‐
velocity anomaly between 21°N and 27°N latitude coin-
cides with the distribution of intermediate depth seismicity
that occurs down to ∼200 km depth. As shown in vertical
Sections 1A–1B and 2A–2B, this anomaly steeply dips
eastward and reaches depths of 500 to 600 km. This is
deeper than reported by Li et al. [2008] and Replumaz
et al. [2010], who observed this anomaly down to 300 and
400 km depth, respectively. Also, unlike the model pre-
sented by Replumaz et al. [2010], these results show that,
in shallow sections (e.g., 220 km depth), the Burma high‐
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Figure 11. Four horizontal and four vertical sections of the resulting P velocity model for central Asia
(Pamir, Hindukush, Tien Shan, and Tarim). Black points in vertical sections mark the locations of events
at distances of <80 km from the profile. Relief in km is shown by gray color above each section.
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Figure 12. (left) Reconstruction of the main block configuration about 10 Ma ago. (right) Main tectonic units around
Burma in present time.
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Figure 13. Two horizontal and four vertical sections of the resulting P velocity model for Burma and
surrounding areas. Yellow dots in map at 220 km depth indicate seismic events deeper than 100 km.
Black points in vertical sections mark the locations of events at distances of < 80 km from the profile.
Relief and Sea bathymetry in km is shown by gray color above each section.
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velocity anomaly appears to be connected with the Andaman
subduction zone. At the same time, the behavior of anomalies
south to Burma is quite complex. In Section 3A–3B, the
high‐velocity anomaly is still present down to 400 km depth,
but seems to be almost vertical and less prominent. Further to
the south (Section 4A–4B), the large high‐velocity anomaly
appears again, but it seems to be oriented westward. In this
section, no Benioff seismicity is observed. The eastward
dipping Benioff seismicity appears further to the south in
the Sunda arc, which is outside of the presented model. In
deeper sections (430 km), the anomalies beneath Burma and
Andaman seem to be separated.
[54] Subduction in Burma remains a rather enigmatic

phenomenon with an unclear mechanism. Indeed, available
GPS observations [e.g., Sahu et al., 2006] show that the
relative plate motion of about 36 mm yr−1 between India and
Indochina mostly occurs in the regional Sagaing strike‐slip
fault (Figure 12). Almost no eastward shortening of India
toward Indochina occurs along the Indo‐Burmese arc. Thus
the presence of high‐velocity material beneath Burma,
which probably represents the subducting lithosphere, can-
not be explained by the present‐day plate kinematics. This
subduction can be partially explained by the S‐shaped loop
of the Indo‐Burman arc (Figure 12). The NW–SE oriented
segment of this loop between 18°N and 22°N enables suf-
ficient shortening for the subduction due to the northward
movement of the Indian plate. The problem with this sce-
nario is that this loop is located rather far from the current
location of the Burman slab. Another explanation could be
the gradual rotation of the Indo‐Burman arc together with
the subduction zone, as proposed, for example, by Replumaz
et al. [2010]. According to this scenario, the subduction
occurred in previous stages when the orientation of the
Burman arc allowed shortening due to the northward
movement of the Indian plate. Now the orientation of the arc
is parallel to the displacement vector and the subduction
should be not active anymore. At the same time, different
analyses of focal mechanisms have provided controversial
conclusions on the slab behavior. In particular, Rao and
Kumar [1999] argued that only strike‐slip motion, and not
dip‐slip movements, are observed in the Burma Benioff
zone. On the other hand, Ni et al. [1989] and Dasgupta et al.
[2003] provided rather clear evidence for downdip extension
within the subducted slab. In the latter case, sinking of
the Burman slab would be possible if it is detached from
the Indian lithosphere, because almost no movement of the
Indian plate in the direction across the Burman subduction
zone is observed. However, neither this model nor the results
of previous tomographic studies provide any evidence for
such detachment.

5. Conclusions

[55] This study presents a new model of high‐frequency
P and S velocity anomalies beneath Asia. Separate inver-
sions were performed in overlapping windows that covered
the study area. By individually tuning the inversion para-
meters in each window, we achieved the optimal conditions
for the inversion in areas with different ray coverages. This
enabled the resolution of higher‐frequency patterns than in
global inversions. This approach is not sensitive to large
anomalies with sizes comparable with the diameter of the

window. Thus, this approach is similar to high‐frequency
filtration of the velocity distribution. The reliability of the
results is supported by resolving well‐known structures in
subduction zones and comparisons with existing tomo-
graphic models. The resolution and the effect of random
noise were estimated using synthetic modeling and the odd/
even test.
[56] The derived tomographic model provides important

information about the lithospheric behavior beneath the
Alpine‐Himalayan collision belt. Several scenarios of lith-
ospheric recycling were singled out based on the presented
tomography results. Beneath Iran, we observed the sub-
duction of two separate plates. The first, the Zagros plate, is
probably transitional from an oceanic to a continental‐type
lithosphere and causes considerable shortening in western
Iran. The second, the Makran plate, subducts as an oceanic
plate without producing any apparent deformation of the
overriding plate in Eastern Iran.
[57] Beneath Pamir and Hindukush, we observed a

prominent high‐velocity anomaly that looks more like a
falling drop than a subducted slab. This may represent
delamination of unstable mantle lithosphere triggered by the
descent of dense eclogitic material that accumulated in the
thickened lower crust. A similar process of delamination has
been observed in the Vrancea region (Romania). I propose
that delamination, not subduction, is the major mechanism
of lithospheric recycling in areas of continent‐to‐continent
collision. However, the time period of drop accumulation is
much longer than the time of descent. Therefore, this pro-
cess is observed in only two places in Eurasia, in Pamir and
in Vrancea.
[58] The presented tomographic results show that the

almost classical configuration of subduction in Burma with
the presence of the Benioff seismicity zone and the conveyer‐
type high‐velocity lithosphere sinking into the upper mantle.
At the same time, the mechanism of Burman subduction
remains enigmatic. According to available information about
present‐day plate kinematics, there is no shortening across
this subduction zone, and it is unclear where the subducting
material comes from. Further investigations based on 3‐D
numerical modeling and different geophysical observations
are required to clarify this issue.
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