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Abstract
ideal place to research uplifting mechanisms in the Tibetan plateau. In this study, 141 644 Pn arrivals were used to

As the western end point of continental collision between the Indian and Eurasian plates, Pamir is an

obtain seismic wave velocities and anisotropy in the uppermost mantle beneath Pamir and its adjacent regions by
performing tomographic inversion of Pn travel times. The data were selected from multiple databases, including
ISC/EHB, the Annual Bulletin of Chinese Earthquakes, and regional bulletins of Xinjiang. The tomography
results reveal significant features with high resolution and correlate well with geological structures. The main
results are as follows: (1) The Pn wave velocities are particularly high in the old stable blocks such as Tarim
basin, Indian plate and Tajik basin, while the low Pn velocities always lie in tectonically active regions like
the western Tibetan plateau, Pamir, Tianshan and Hindu Kush. (2) Strong Pn anisotropy is found beneath the
Indian-Eurasian collision zone; its direction is parallel to the collision arc and nearly perpendicular to both the
direction of maximum compression stress and relative crustal movement. The result is probably caused by the
pure shear deformation in the uppermost mantle of the collision zone. (3) A geodynamic continent-continent
collision model is proposed to show anisotropy and collision mechanisms between the Indian plate and the Tarim

and Tajik basins.
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1 Introduction

As the largest and the youngest continent-
continent orogenic belt, the Indian-Eurasian collision
zone is an optimal place to research plate tectonics
and orogenic movement. The continental collision be-
gan in the Early Paleozoic with sequential accretion,
from north to south, of several microcontinents, flysch
complexes and island arcs onto the southern margin of
Eurasian plate (Chang and Zheng, 1973; Molnar and
Tapponnier, 1975; Yin and Harrison, 2000). Pamir,
located in this collision zone, displays some of the
strongest deformation along the Himalayan orogenic
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belt, as evidenced by its extensive folds, fault blocks,
and seismic activity. Figure 1 shows the tectonic frame-
work in Pamir and its adjacent regions.

In recent years, a variety of seismic tomography
methods have been used to investigate the velocity
structure of the crust underneath and around Pamir.
Lei et al. (2002) modeled the three-dimensional seismic
velocity structure in the crust and upper mantle down
to the depth of 210 km beneath Pamir and its adjacent
regions. Xu et al. (2006) obtained the P wave veloc-
ity structure of the Tianshan-Pamir conjunctive zone,
revealing the heterogeneity of crustal structure and its
relations with seismic activity. McNamara et al. (1997)
used the Pn arrival time to map the lateral velocity
variation within the uppermost mantle in and around
the Tibetan plateau. Curtis and Woodhouse (1997) and
Mahdi and Pavlis (1998) studied the velocity structure
of crust and upper mantle in a larger range by surface
wave phase velocity inversion.
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Pn travel-time tomography (Hearn and Ni, 1994;
Hearn, 1996) is a very appropriate method to research
the velocity structure of uppermost mantle because (1)
Pn rays travel in the upper mantle along the Moho
discontinuity and have relative abundant arrival time
records, and (2) Pn travel time tomography can obtain
not only the velocity structure but also the anisotropy
of uppermost mantle (usually not considered in most
3D tomography). In recent years, the Pn tomography
method has been widely adopted to research different
areas near or around Pamir, such as Xinjiang (Pei et
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Figure 1
boundary, respectively.

2 Data and method

Our study area is defined by 45°N-60°N and 65°E—
90°E. The phase data used in this paper was selected
from the following sources: the 1964-2008 International
Seismological Center Bulletins, the 1980-2008 Xinjiang
regional bulletins, the 1985-2008 Annual Bulletin of
Chinese Earthquakes compiled by Institute of Geo-
physics, China Earthquake Administration, the 1994—
1995 temporary network of project INDEPTH 2, and
the 1991-1992 PASSCAL data. Following criteria are
adopted to ensure the quality and quantity of data: (1)

al., 2002), the East Himalaya Syntax (Cui and Pei,
2009), central Tianshan (Li et al., 2007), Sichuan (Li
et al.,, 2011) and the whole Indian-Eurasian collision
belt (Wang et al., 2001, 2003; Liang et al., 2004; Liang
and Song, 2006; Pei et al., 2007, 2011). In these stud-
ies, the Pamir area was often relegated to the margin
of the study area, resulting in lower solution or absent
anisotropy. In this study, we will focus on the Pn to-
mography of the Pamir and its surrounding regions, in-
cluding an anisotropy inversion to comprehensively un-
derstand the geodynamics and deformation of the area.

90

Elevation/km

Tectonic framework around Pamir. The blue and red lines represent faults and the plate

the epicentral distance is within 2°-12°; (2) the local
depth is limited to less than 50 km; (3) each event was
recorded by at least five stations; (4) each station was
recorded at least five events. After the above selecting
criteria have been used to discriminate the data, we ap-
plied an iterative linear regression algorithm to derive
our initial model for the average Pn velocity. The data
with travel time residuals (relative to the initial model)
larger than 6.0 s are discarded. Finally 141 644 Pn ar-
rivals selected from 18 903 events recorded by 451 sta-
tions were used to invert for Pn velocity variation and
anisotropy. Figure 2 shows the resulting dense distribu-
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tion of ray paths in Pamir and its surrounding region.

We follow the basic inversion scheme of Pn tomog-
raphy (Hearn, 1996; Pei et al., 2007). Pn is the refrac-
tive wave of Moho, and if we divide the surface of upper
mantle into the 20’ x 20’ grids, the Pn travel time resid-
uals can be defined by the following equation:

tij = a; +bj + Z diji(sk + Ag cos 2¢ 4 By, sin 2¢),

where, t;; is the travel time residual from the jth earth-
quake to the ith station; a; is the static delay of ith
station; b; is the static delay for the jth event; d;j
is the distance traveled by ray #j in the mantle cell
k; s is the slowness perturbation for cell k; Ay, B
are the anisotropy coefficients for cell k; ¢ is the back-
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Figure 2
(red triangles).

3 Results

3.1 Pn velocity

Fitting a straight line to the data set of Pn travel
time versus epicentral distance, we obtained an average
Pn velocity of 8.25 km/s, which is higher than previous
results (Pei et al., 2007, 2011) due to additional data

azimuth. The magnitude of Pn anisotropy for cell k
is (A? + B?)'/2 and the fast direction of Pn is 6 =
[arctan(By /Ax)]/2+90°. We used the LSQR method to
resolve all unknown quantities, and two damping con-
stants were used to control the smoothness of veloc-
ity and anisotropy. Because the results would be better
when the two constants are held to be equal (Hearn and
Ni, 1994), we adopted the same damping constants for
slowness and anisotropy in our inversion. After some
tests, a final damping constant of 1 300 was selected.
Additional details of the tomography technique used in
this study can be found in the papers by Hearn and Ni
(1994) and Hearn (1996).

t5°N

10

Pn ray paths of the data set and the distribution of earthquakes (crosses) and stations

contributed in this study. Figure 3 shows the Pn lateral
velocity variations, with red and blue corresponding
to low and high velocity anomalies, respectively. Rela-
tive to the average velocity of 8.25 km/s, the velocity
perturbations are in the range from —0.32 km/s to
0.29 km/s. After the inversion, the standard deviation
of travel time residuals decreased from 2.08 s to 1.28 s.
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Figure 3 Inversion results for Pn velocity variations be-
neath Pamir and its surrounding regions. Red corresponds
to low velocity and blue to high velocity. The average Pn

velocity is 8.25 km/s.

Our inversion reveals significant features that correlate
with surface geology: prominent high velocities exist in
stable and old regions such as western Tarim, the Indian
plate and the North Afghanistan block, while distinct
low Pn velocities are found in active tectonic regions
and volcanic areas, like the western Tibetan plateau,
Pamir, and Tianshan.

The regional Pn results are consistent with prior
studies. In the Tarim basin, although western Tarim has
the prominent high velocity, the velocities of the eastern
Tarim basin are close to average, consistent with previ-
ous studies on Tarim (Liang et al., 2004; Pei et al., 2007;
2011). Western Tibet displays the lowest velocity across
Tibet, consistent with the previous Pn studies (Liang
et al., 2004; Pei et al., 2007, 2011). Additionally, com-
paring the boundary between the Eurasian and Indian
plates on the surface with the high velocity observed in
the tomography image, we find that the Indian plate
has subducted about 200 km underneath the Tibetan
plateau in the upper mantle. A similar result was ob-
served to occur between depths of 100 and 200 km in
the 3D tomography (Li et al., 2008).

3.2 Pn anisotropy

Figure 4 shows Pn lateral anisotropy variations.
The strong anisotropy is found beneath the ranges with
the highest deformation, including the Indian-Eurasian
collision zone and its periphery. The anisotropy results

also show that the Pn anisotropy direction is parallel to
the collision arc beneath the Indian-Eurasian collision
zone, but it is almost perpendicular to the collision arc
beneath two sides of the collision zone. These results
agree to previous research (Pei et al., 2007).
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Figure 4 Inversion results for Pn lateral anisotropy
variations. Each line segment is oriented along the direc-
tion of faster Pn wave propagation and its length is scaled

to the amount of anisotropy.

3.3 Checkerboard tests

In order to evaluate the reliability of the tomo-
graphic results and the effects of ray coverage on spatial
resolution, a series of checkerboard tests were applied.
We created a checkerboard velocity model by assign-
ing sinusoidal velocity and anisotropy anomalies whose
fast directions are alternating at N-S and E-W to the
cells of the model domain, with a background veloc-
ity of 8.25 km/s. The maximum sinusoidal velocity and
anisotropy are set to have the same value of 0.3 km/s.
The arrival times are calculated from the test model
with the same numbers of earthquakes, stations, and
ray paths as those used for the tomographic inversion
of the real data. Afterward, the Gaussian noise with
a standard deviation of 1.28 s was added to results to
get the synthetic arrival times, since we conservatively
assume the residuals after inversion to be noise. These
synthetic arrival times were then inverted for velocity
and anisotropy with the same algorithm used for the
inversion of the real data. The spatial resolution is con-
sidered to be good for a region in which the checker-
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board pattern is recovered. Figure 5 shows the results
of checkerboard resolution tests. The figure shows that
in most of our study area, the resolution of velocity and
anisotropy reaches 1° and 1.5°, respectively. Compared
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to previous studies, the resolution of both velocity and
anisotropy has significantly improved due to the addi-
tional travel time data used from the Xinjiang regional
database.
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Figure 5 Checkerboard resolution tests of Pn lateral velocities in 1°x1° (a) and 1.5°x1.5° (b), and
Pn lateral anisotropy in 1.5°x1.5° (c) and 2°x2° (d).

4 Discussion

Our results show that the Pn velocities of this re-
gion are associated with regional geological structures:
high velocities are associated with cold and old plat-

forms and basins such as the Tarim basin, the Indian
plate and the North Afghanistan block. The low veloc-
ities occur in tectonically active areas like the western
Tibetan plateau, Pamir, Tianshan and Hindu Kush.
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Figure 6 Comparison between tomographic anisotropy, maximum compressive stress (Xu, 2001) and

crustal movement (Li et al., 2003) in Pamir and its surrounding regions. Red lines represent average

orientation of maximum compressive stress obtained from earthquake focal mechanisms. A green line

(B axis) is plotted when the P axis is vertical. Yellow arrows represent crustal movement direction of

active blocks from GPS measurements with the Tarim basin as the reference point (red star).

These velocity differences between active and stable
blocks mainly result from temperature (Beghoul and
Barazangi, 1995; Hearn and Ni, 1994; Hearn et al.,
2004), although there are several factors that can also
influence the Pn lateral velocity variations such as the
pressure, material composition, water and volatile con-
tent. The stable blocks are often cold and have low heat
flow on the surface, while tectonic boundaries often dis-
play higher heat flow due to uplifting hot material or
volcanism.

It is widely accepted that Pn velocity anisotropy
is caused by the preferred alignment of olivine crystals
due to deformation of material in the uppermost man-

tle. Previous studies indicated that in a region under
simple shear deformation, the olivine a-axis will align
itself in the direction of the maximum shear stress. This
causes the fast direction of anisotropy to be parallel to
the strike of shear belt. Under a region undergoing pure
shear deformation, the olivine a-axis is perpendicular to
the maximum compression stress, causing the fast direc-
tion to be perpendicular to the maximum compression
and parallel to the direction of the maximum exten-
sion (Hearn, 1999). Pure shear is an irrotational strain
or flattening strain in which, during the deformation
of a body, the principal strain axes remain parallel to
their respective principal stress axes, and the body is
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elongated in one direction and shortened at the other
directions. Simple shear is defined as a rotational strain
in which the maximum and minimum strain axes are re-
oriented in relation to their original positions, and which
are often caused by differential movements on one set
of parallel planes, resulting in internal rotation of fabric
elements. The difference between pure shear and simple
shear will form different anisotropy. Due to the close re-
lationship among the anisotropy, stress and plate move-
ment, we compare the fast direction of anisotropy to
the direction of crustal movement and maximum prin-
cipal compressive stress. The maximum principal com-
pressive stress and the crustal movement were deduced
from seismic moment tensors and focal mechanism so-
lutions by Xu (2001) and GPS (Wang et al., 2001; Li et
al., 2003), respectively.

From Figure 6 we can see that the Pn anisotropy
direction is nearly perpendicular to both the direction of
maximum compression and crustal movement beneath
the collation zone (green shadow area). This probably

Tanm-Tapk basin
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Orogenic zone

Plate

boundary Suture
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Low velocity
RO

resulted from pure shear deformation due to the colli-
sion and compression between the Indian and Eurasian
plates. Beneath the two sides of the collision zone (or-
ange shadow area), the fast directions of Pn are con-
sistent with the directions of maximum principal com-
pressive stress as well as directions of crustal movement
determined from GPS (using the Tarim basin as a ref-
erence point). This suggests that simple shear (Figure
6) between the crust and mantle dominates the defor-
mation.

Figure 7 shows the simple geodynamic model con-
structed to interpret the tomography results beneath
the Indian plate, Tarim and Tajik basins. At the be-
ginning of the Indian-Eurasian collision (Paleocene-
Eocene), the Paropamisus (Hindu Kush)-North Pamir-
West Kunlun block was an nearly E-W linear struc-
tural belt which was located on the southern margin
of the Tarim-Tajik basin (Burtman and Molnar, 1993;
Cowgill, 2010; Cowgill et al., 2003) (Figure 7a). The

O
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Figure 7 Geodynamic continent-continent collision cartoon located between Indian plate and Tarim

and Tajik basins. Horizontal views show the collision between Indian plate and Eurasian plate before

the collision (a) and present (b), and vertical section (c) shows the structure across the Indian plate,

collision zone and Tarim basin. Here, the black bars under Moho indicate anisotropy with the fast

direction along the direction of principle compressive stress and the circles denote the fast directions
parallel to the collision belt (modified from Pei et al., 2011).
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rectangle block was gradually narrowed into upside-
down V shape by the northward collision of the Indian
plate, and the Tarim and Tajik basins became entirely
separated (Figure 7b). The Pamir from south to north
was shortened by hundreds of kilometers (Cowgill et al.,
2003) and became a plateau. If the circles are used to
present the strain condition before the collision, they
become ellipses with the longer axis perpendicular to
compression direction, because the pure shear defor-
mation will result from collision between Indian and
Eurasian plates. The Pn anisotropy results agree to this
pure shear deformation. Figure 7c shows the vertical
profile across the Indian plate, collision zone and Tarim
basin, in which the black bars under the Moho indicate
anisotropy, with the fast direction along the principle
compressive stress direction. The circles denote loca-
tions where the fast direction is parallel to the collision
belt.

5 Conclusions

We have imaged the Pn velocity structure of Pamir
and surrounding area using more datasets. Both veloc-
ity and anisotropy with high resolution have been ob-
tained and compared with maximum principal compres-
sive stress and crustal motion. We have arrived at the
following conclusions:

1) The Pn velocities are particularly high in the
old and stable regions such as Tarim basin, Indian plate
and North Afghanistan block. Low Pn velocities occur
in tectonically and/or volcanically active regions like the
western Tibetan plateau, Pamir, Tianshan and Hindu
Kush.

2) The Pn anisotropy direction is parallel to the
collision arc and is nearly perpendicular to both the
direction of maximum compression stress and crustal
movement beneath the Indian-Eurasian collision zone.
This likely is a result of pure shear deformation beneath
the collision. In contrast, the fast Pn directions are con-
sistent with the directions of the maximum principal
compressive stress as well as directions of crustal move-
ment beneath the two sides of the collision zone because
of simple shear.

3) Using these results, an improved geodynamic
continent-continent collision cartoon is proposed to
show the anisotropy and collision mechanisms between
the Indian plate and Tarim and Tajik basins.
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