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Figure 8. (a) Modified from Clark & Royden (2000). Contour plots of smoothed elevations of the Tibetan plateau and its surrounding areas. Arrows indicate
the lower crustal flow proposed by Clark & Royden (2000). Blue and red boxes indicate the study area of Sun et al. (2012) (SE Tibet) and our study area (NE
Tibet), respectively. Cartoons illustrate the two models: (b) whole crustal shortening model and (c) lower crustal flow model, for crustal thickening observed
at the NE and SE Tibet, respectively.

the fast polarization directions roughly similar to those derived
from XKS data. These observations suggest that the crust and
mantle lithosphere are mechanically coupled and deformed coher-
ently in responding to the India-Asia collision, and therefore the
whole lithospheric shortening is likely the dominant mechanism
for the observed large uplifting and crustal thickening within the
margin.

A C K N OW L E D G E M E N T S

We thank the Data Management Center of the China Earthquake
Administration for providing the waveform data for this study. We
also thank Min Chen, Steve Grand and Alan Levander for dis-
cussion. We also thank Dr Stephen Gao and another anonymous
reviewer for their constructive comments and suggestions, which
significantly improved the quality of this paper. QW and FN is

supported by the NSFC project 41274099 and NSF grant 1345096,
QW and YG is supported by the NSFC project 41474032 and China
National Special Fund for Earthquake Scientific Research in Public
Interest (201308011).

R E F E R E N C E S

Ammon, C.J., 1991. The isolation of receiver effects from teleseismic
P waveforms, Bull. seism. Soc. Am., 81(6), 2504–2510.

Chen, Y. & Niu, F., 2013. Ray parameter based stacking and enhanced
preconditioning for stable inversion of receiver function data, Geophys.
J. Int., 194, 1682–1700, 2013.

Chen, Y., Niu, F., Liu, R.F., Huang, Z.B., Tkalcic, H., Sun, L. & Chan, W.,
2010. Crustal structure beneath China from receiver function analysis.
J. geophys. Res., 115, B03307, doi:10.1029/2009JB006386.

Christensen, N.I., 1996. Poisson’s ratio and crustal seismology, J. geoh-
pys.Res., 102, 3139–3156.

 at Fondren L
ibrary on N

ovem
ber 25, 2015

http://gji.oxfordjournals.org/
D

ow
nloaded from

 



178 Q. Wang et al.

Christensen, N.I. & Mooney, W.D., 1995. Seismic velocity structure and
composition of the continental crust: a global view, J. geophys. Res., 100,
9761–9788.

Clark, M.K. & Royden, L.H., 2000. Topographic ooze: Building the eastern
margin of Tibet by lower crustal flow, Geolog, 28, 703–706.

Crampin, S. & Lovell, J., 1991. A decade of shear-wave splitting in the
Earth’s crust: what does it mean? What use can we make of it and what
should we do next?, Geophys. J. Int., 107(3), 387–407.

Crampin, S. & Peacock, S., 2005. A review of shear-wave splitting in the
compliant crack-critical anisotropicEarth, Wave Motion, 41, 59–77.

Dewey, J.F., Shackleton, R.M., Chang, C.F. & Sun, Y.Y., 1988. The tectonic
evolution of the Tibetan Plateau, Phil. Trans. R. Soc. Lond. A, 327(1594),
379–413.

England, P. & Houseman, G., 1986. Finite strain calculations of continental
deformation 2. Comparison with the India-Asia collision zone, J. geophys.
Res., 91(B3), 3664–3676.

Flesch, L.M., Haines, A.J. & Holt, W.E., 2001. Dynamics of the India-
Eurasia collision zone, J. geophys. Res., 106, 16 435–16 460.

Gan, W.J., Zhang, P.Z., Shen, Z.K., Niu, Z.H., Wang, M., Wan, Y.G., Zhou,
D.M. & Cheng, J., 2007, Present-day crustal motion within the Tibetan
plateau inferred from GPS measurements, J. geophys. Res., 112(B08416),
doi: 10.1029/2005JB004120.

Gao, Y., Shi, Y.T., Liang, W., Liu, X.Q. & Hao, P., 2008. Systematic analysis
method of Shear-wave splitting SAM (2007): software system, Earthq.
Res. China, 24(4), 345–353.

Huang, H., Yao, H. & van der Hilst, R.D., 2010. Radial anisotropy in the crust
of SE Tibet and SW China from ambient noise interferometry, Geophys.
Res. Lett., 37, L21310, doi:10.1029/2010GL044981.

Iidaka, T. & Niu, F., 2001. Mantle and crust anisotropy in the eastern China
region inferred from waveform splitting of SKS and PpSms, Earth Planets
Space, 53, 159–168.

Kawakatsu, H. & Niu, F., 1994. Seismic evidence for a 920-km discontinuity
in the mantle, Nature, 371, 301–305.

Kennett, B. & Engdahl, E.R., 1991. Traveltimes for global earthquake loca-
tion and phase identification, Geophys. J. Int., 105, 429–465.

Ko, B. & Jung, H., 2015. Crystal preferred orientation of an amphi-
bole experimentally deformed by simple shear, Nat. Commun., 6, 6586,
doi:10.1038/ncomms7586.

Levin, V. & Park, J., 1997. P-SH conversions in a flat-layered medium
with anisotropy of arbitrary orientation, Geophys. J. Int., 131, 253–
266.

Li, H.Y., Li, S., Song, X.D., Gong, M., Li, X. & Jia, J., 2012. Crustal
and uppermost mantle velocity structure beneath northwestern China
from seismic ambient noise tomography, Geophys. J. Int., 188, 131–
143.

Li, Y., Wu, Q., Zhang, F., Feng, Q. & Zhang, R., 2011. Seismic anisotropy
of the Northeastern Tibetan plateau from shear wave splitting analysis,
Earth planet. Sci. Lett., 304, 147–157.

Liu, H. & Niu, F., 2012. Estimating crustal seismic anisotropy with a joint
analysis of radial and transverse receiver function data, Geophys. J. Int.,
188, 144–164.

Liu, Q.Y. et al. 2014. Eastward expansion of the Tibetan plateau by crustal
flow and strain partitioning across faults, Nat. Geosci.,7, 361–365.

Mainprice, D. & Nicolas, A., 1989. Development of shape and lattice pre-
ferred orientations: application to the seismic anisotropy of the lower
crust, J. Struct. Geol., 11, 175–189.

McNamara, D. & Owens, T., 1993. Azimuthal shear wave velocity anisotropy
in the basin and range Province using Moho Ps converted phases.
J. geophys. Res., 98, 12003–12017.

McNamara, D.E., Owens, T.J., Silver, P.G. & Wu, F.T., 1994. Shear wave
anisotropy beneath the Tibetan plateau, J. geophys. Res., 99, 13 655–
13 665.

Meissner, R., Mooney, W.D. & Artemieva, I., 2002. Seismic anisotropy and
mantle creep in young orogens, Geophys. J. Int., 149, 1–14.

Molnar, P. & Tapponnier, P., 1975. Cenozoic tectonics of Asia: effects of a
continental collision, Science, 189, 419–426.

Muirhead, K.J., 1968. Eliminating false alarms when detecting seismic
eventsautomatically, Nature, 217, 533–534.

Nair, S.K., Gao, S.S., Liu, K.H. & Silver, P.G., 2006, Southern African
crustal evolution and composition: constraints from receiver function
studies, J. geophys. Res., 111, B02304, doi:10.1029/2005JB003802.

Nicolas, A. & Christensen, N.I., 1987. Formation of anisotropy in upper
mantle peridotites-a review, Rev. Geophys., 25, 111–123.

Niu, F. & James, D.E., 2002. Fine structure of the lower most crust be-
neath the Kaapvaal craton and its implications for crustal formation and
evolution, Earth planet. Sci. Lett., 200, 121–130.

Niu, F. & Kawakatsu, H., 1998. Determination of the absolute depths
of the mantle transition zone discontinuities beneath China: effect of
stagnant slabs on transition zone discontinuities, Earth Planets Space,
50, 965–976.

Niu, F. & Li, J., 2011. Component azimuths of the CEArray stations esti-
mated from P-wave particle motion, Earthq. Sci., 24, 3–13.

Niu, F., Bravo, T., Gary, P., Vernon, F., Rendon, H., Bezada, M. & Levander,
A., 2007. Receiver function study of the crustal structure of the southeast-
ern Caribbean plate boundary and Venezuela, J. geophys. Res., 112(B11),
doi:10.1029/2006JB004802.

Pan, S. & Niu, F., 2011. Large contrasts in crustal structure and composition
between the Ordos plateau and the NE Tibetan plateau from receiver
function analysis, Earth planet. Sci. Lett., 303, 291–298.

Peng, X. & Humphreys, E.D., 1997. Moho dip and crustal anisotropy in
northwestern Nevada from teleseismic receiver functions, Bull. seism.
Soc. Am., 87, 745–754.

Savage, M.K., 1998. Lower crustal anisotropy or dipping boundaries?Effects
on receiver functions and a case study in New Zealand, J. geophys. Res.,
103, 15 069–15 087.

Shiomi, K. & Park, J., 2008. Structural features of the subducting slab
beneath the Kii Peninsula, central Japan: seismic evidence of slab seg-
mentation, dehydration, and anisotropy, J. geophys. Res., 113(B10),
doi:10.1029/2007JB005535.

Silver, P.G., 1996. Seismic anisotropy beneath the continents: probing the
depth of geology. Annu. Rev. Earth planet. Sci., 24(1), 385–432.

Sun, Y. & Toksoz, M.N., 2006. Crustal structure of China and surround-
ing regions from P wave traveltime tomography, J. geophys. Res., 111,
doi:10.1029/2005JB003962.

Sun, Y., Niu, F., Liu, H., Chen, Y. & Liu, J., 2012. Crustal structure and
deformation of the SE Tibetan plateau revealed by receiver function data,
Earth planet. Sci. Lett., 349, 186–197.

Tapponnier, P., Xu, Z.Q., Francoise, R., Bertrand, M., Nicolas, A., Gerard,
W. & Yang, J.S., 2001. Oblique stepwise rise and growth of the Tibet
Plateau, Science, 294, 1671–1677.

Tarkov, A.P. & Vavakin, V.V., 1982. Poisson’s ratio behavior in various
crystalline rocks: application to the study of the Earth’s interior, Phys.
Earth planet. Int., 29, 24–29.

Vinnik, L.P., 1977. Detection of waves converted from P to SV in the mantle,
Phys. Earth planet. Int., 15, 39–45.

Wang, C.Y., Chan, W.W. & Mooney, W.D., 2003. Three-dimensional velocity
structure of crust and upper mantle insouthwestern China and its tectonic
implications, J. geophys. Res., 108, 2442, doi:10.1029/2002JB001973,
2003.

Wang, Q. & Gao, Y., 2014. Rayleigh wave phase velocity tomography and
strong earthquake activity on the southeastern front of the Tibetan plateau,
Sci. China Earth Sci., 57, 2532–2542.

Wang, Q., Gao, Y., Shi, Y.T. & Wu, J, 2013. Seismic anisotropy in the upper-
most mantle beneath the northeastern margin of Qinghai-Tibet plateau:
evidence from shear wave splitting of SKS, PKS and SKKS, Chinese J.
Geophys. (in Chinese)., 56, 892–905.

Watanabe, T., 1993. Effects of water and melt on seismic velocities and their
application to characterization of seismic reflectors, Geophys. Res. Lett.,
20, 2933–2936.

Watson, M.P., Hayward, A.B., Parkinson, D.N. & Zhang, Z.M., 1987. Plate
tectonic history, basin development and petroleum source rock deposition
onshore China, Mar. Petrol. Geol., 4, 205–225.

Yang, Y.J., Ritzwoller, M.H., Zheng, Y., Shen, W.S., Levshin, A. & Xie, Z.,
J., 2012. A synoptic view of the distribution and connectivity of the mid-
crustal low velocity zone beneath Tibet, J. geophys. Res., 117(B04303),
doi:10.1029/2011JB008810.

 at Fondren L
ibrary on N

ovem
ber 25, 2015

http://gji.oxfordjournals.org/
D

ow
nloaded from

 

http://gji.oxfordjournals.org/


Crustal anisotropy beneath NE Tibet 179

Yao, H., Van der Hilst, R.D. & Montagner, J.P., 2010. Heterogeneity and
anisotropy of the lithosphere of SE Tibet from surface wave array tomog-
raphy, J. geophys. Res., 115, B12307, doi:10.1029/2009JB007142.

Yin, A. & Harrison, T.M., 2000. Geologic evolution of the Himalayan-
Tibetan orogen, Annu. Rev. Earth planet. Sci., 28, 211–280.

Zandt, G. & Ammon, C., 1995. Continental crust composition con-
strained by measurements of crustal Poisson’s ratio, Nature, 374,
152–154.

Zhang, H., Gao, Y., Shi, Y.T., Liu, X.F. & Wang, Z.X., 2012. Tectonic stress
analysis based on the crustal seismic anisotropy in the northeastern margin
of Tibetan plateau, Chinese J. Geophys. (in Chinese), 55, 95–104.

Zhang, P.Z. et al. 2004. Continuous deformation of the Tibetan plateau from
global positioning system data, Geology, 32, 809–812.

Zhang, S.Q. & Karato, S., 1995. Lattice preferred orientation of olivine
aggregates deformed in simple shear, Nature, 375, 774–777.

Zhu, L.P. & Helmberger, D.V., 1998. Moho offset across thenorthern margin
of the Tibetan plateau, Science, 281, 1170–1172.

Zhu, L.P. & Kanamori, H., 2000, Moho depth variation in southern
California from teleseismic receiver functions, J. geophys. Res., 105,
2969–2980.

S U P P O RT I N G I N F O R M AT I O N

Additional Supporting Information may be found in the online ver-
sion of this paper:

Table S1. Measured Moho depth, VP/VS ratio and azimuthal
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Figure S1. The H–κ analysis results of all the 171 stations that are
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