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Abstract  The rheological structure of lithosphere in northern Tibet has been debated for
decades. The 2001 My7.8 Kokoxili earthquake greatly changed the tectonic stress field in this
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area, providing an opportunity to address this issue by modeling the postseismic deformation at
the Earth’ s surface. We collect GPS data observed after the quake, and use it to invert
lithosphere rheological parameters and infer deformation mechanism in northern Tibet. GPS data
from 45 sites, including one reference station from the Crustal Motion Observation Network of
China, are processed to produce the time series. Data acquired after the 2001 Kokoxili earthquake
and prior to the 2008 Yutian earthquake are used in the study, and most of the GPS sites are
located in the near to mid field, and with at most 6. 4 years of observation history. We perform a
joint inversion to solve for the viscous relaxation in lithosphere and afterslip on the fault
simultaneously. The Bayan Har-Qiangtang region and Qaidam Basin, located south and north of
the east Kunlun fault, respectively, are assumed to have different rheological structures in the
lithosphere, and viscosities of lower crust and upper mantle on each side are assumed to be the
same and the values are inverted through grid search. Afterslip is constrained by both
observations and the Coulomb stress distribution on the fault. Our results show the secular
viscosities of 1.5X 10" Pa ¢ s and 1. 5X10* Pa * s of lower crust/upper mantle for south and
north of the fault respectively. The transient viscosities of 1. 5X 10" Pa * s and 5X 10" Pa * s are
also found respectively. These results reveal that viscosity of lower crust/upper mantle beneath
the Bayan Har-Qiangtang region is much lower than that below the Qaidam Basin, implying
possible partial melt in the lower crust of the Bayan Har-Qiangtang region. The deformation
pattern in the Bayan Har-Qiangtang region agrees well with the distributed deformation model,
while that of the Qaidam basin is more consistent with the block deformation model. Viscosity of
lower crust in northern Tibet is 2~3 orders of magnitude higher than what the lower crustal flow
model requires, suggesting that lower crustal flow likely does not exist in this region.

Keywords  Kokoxili earthquake; GPS data; Postseismic deformation; Rheologic structure;

Lower crustal flow
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Note the color bars of the two figures are different in denoting the level of Coulomb stress.
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Fig. 7 Distribution of GPS sites and data fitting of first year observed and predicted postseismic displacements
The orange solid curve indicates earthquake surface rupture trace and the orange dash line denotes the southern boundary of the Qaidam
Basin. Blue triangles represent GPS sites, and blue and red arrows are first year observed and predicted postseismic displacements, respectively.
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Fig. 8 Postseismic displacement time series of GPS sites(relative to the first observation time)
Observed (blue) and predicted time series based on the viscoelastic relaxation model (black) and
the joint model of two mechanisms (red). The locations of GPS sites are in Fig. 7.
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Table 1 Viscosity estimates of northern Tibet based on postseismic deformation of the Kokoxili earthquake
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AT 2k WA T 4 38 AR 4 Hb A I 5 R R, O AR X
W HefAs shB 2L X P JE 6 2R 1w A 3 B R
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F18) 4 1l 76 4 J R W AL
s b R R A — I G E AR R
S5 WA s R ] AR Ry T b R AE A T 1 [
R AR GPS B i A+t 3R Fn %% 5.

References

Avouac J P, Tapponnier P. 1993. Kinematic model of active deformation
in central Asia. Geophysical Research Letters, 20(10): 895-898.
Biirgmann R, Dresen G. 2008. Rheology of the lower crust and
upper mantle; Evidence from rock mechanics, geodesy, and
field observations. Annual Review of Earth and Planetary Sciences »

36(1): 531-567.

Clark M K, Bush ] W M, Royden L. H. 2005. Dynamic topography
produced by lower crustal flow against rheological strength
heterogeneities bordering the Tibetan Plateau. Geophysical Journal
International , 162(2): 575-590.

Diao F Q, Xiong X, Wang R J. 2011. Mechanisms of transient
postseismic deformation following the 2001 My7.8 Kunlun
(China) earthquake. Pure and Applied Geophysics, 168(5):
767-779, doi: 10.1007/s00024-010-0154-5.

England P, Molnar P. 1997. Active deformation of Asia: From
kinematics to dynamics. Science, 278(5338); 647-650.

Freed A M, Biirgmann R, Calais E, et al. 2006. Implications of
deformation following the 2002 Denali, Alaska, earthquake for
postseismic relaxation processes and lithospheric rheology.
Journal of Geophysical Research: Solid Earth, 111 (Bl):
B01401, doi: 10.1029/2005JB003894.

Ge W P, Molnar P, Shen Z K, et al. 2015. Present-day crustal
thinning in the southern and northern Tibetan Plateau revealed

by GPS measurements. Geophysical Research Letters, 42(13):



24 B A5 BT 2001 4F My 7. 8 R AT 7Y BLH R RIS

TE A AR ADURT 5 AL 3 X5 A B 3 7L~ A 543

5227-5235, doi: 10.1002/2015G1.064347.

Jackson D D, Matsu'ura M. 1985. A Bayesian approach to nonlinear
inversion. Journal of Geophysical Research: Solid Earth , 90
(B1): 581-591.

Johnson K M, Biirgmann R, Freymueller J T. 2009. Coupled
afterslip and viscoelastic flow following the 2002 Denali fault,
Alaska earthquake. Geophysical Journal International, 176
(3): 670-682.

Karplus M' S, Zhao W, Klemperer S L, et al. 2011. Injection of
Tibetan crust beneath the south Qaidam Basin: evidence from
INDEPTH IV wide-angle seismic data. Jowrnal of Geophysical
Research . Solid Earth, 116 (B7). B07301, doi: 10. 1029/
2010JB007911.

Kirby S H, Kronenberg A K. 1987. Rheology of the lithosphere:
Selected topics. Reviews of Geophysics, 25(6): 1219-1244.

Klinger Y, Xu X W, Tapponnier P, et al. 2005. High resolution
satellite imagery mapping of the surface rupture and slip
distribution of the Mw~7.8, 14 November 2001 Kokoxili
earthquake, Kunlun fault, northern Tibet, China. Bulletin of
the Seismological Society of America, 95(5): 1970-1987.

Lasserre C, Peltzer F, Crampé F, et al. 2005. Coseismic deformation of
the 2001 Mw7.8 Kokoxili earthquake in Tibet, measured by
synthetic aperture radar interferometry. Jowrnal of Geophysical
Research : Solid Earth, 110(B12); doi: 10. 1029/2004JB003500.

Li Y H, WuQ]J, Zhang F X, et al. 2011. Seismic anisotropy of the
northeastern Tibetan Plateau from shear wave splitting
analysis. Earth and Planetary Science Letters, 304:147-157.

Lin A M, FuB H, Guo J M, etal. 2002. Co-seismic strike slip and
rupture length produced by the 2001 Mg8.1 Central Kunlun
Earthquake. Science, 296(5575); 2015-2017.

McNamara D E, Owens T J, Silver P G, et al. 1994. Shear wave
anisotropy beneath the Tibetan Plateau. Journal of
Geophysical Research, 99(B7):13655-13665.

Mechie J, Zhao W, Karplus M S, et al. 2012. Crustal shear(S)
velocity and Poisson’s ratio structure along the INDEPTH IV
profile in northeast Tibet as derived from wide-angle seismic
data. Geophysical Journal International, 191 (2). 369-384,
doi: 10.1111/j.1365-246X. 2012. 05616. x.

Ren ] W, Wang M. 2005. GPS measured crustal deformation of the
Ms8. 1 earthquake on November 14th 2001 in Qinghai-Xizang
plateau. Quaternary Sciences (in Chinese) ., 25(1) . 34-44.

Rousset B, Barbot S, Avouac J P, et al. 2012. Postseismic deformation
following the 1999 Chi-Chi earthquake, Taiwan: Implication for
lower-crust rheology. Jowrnal of Geophysical Research, 117
(B12): B12405, doi: 10.1029/2012JB009571.

Royden I H, Burchfiel B C, van der Hilst R D. 2008. The
geological evolution of the Tibetan Plateau. Science, 321
(5892); 1054-1058, doi: 10. 1126/science. 1155371,

Ryder I, Biirgmann R, Pollitz F. 2011. Lower crustal relaxation
beneath the Tibetan Plateau and Qaidam Basin following the
2001 Kokoxili earthquake. Geophysical Journal International .
187(2): 613-630, doi: 10.1111/j. 1365-246X. 2011, 05179. x.

Savage ] C. 1990. Equivalent strike-slip earthquake cycles in half-
space and lithosphere-asthenosphere earth models. Journal of
Geophysical Research: Solid Earth , 95(B4) . 4873-4879, doi:
10.1029/JB095iB04p04873.

Scholz C H. 1998. Earthquakes and friction laws. Nature, 391(6662) :
34097.

Shen F, Royden L. H, Burchfiel B C. 2001. Large-scale crustal
deformation of the Tibetan Plateau. Jowrnal of Geophysical
Research : Solid Earth, 106 (B4): 6793-6816, doi: 10. 1029/
2000JB900389.

Shen Z K, Ge X B, Jackson D D, et al. 1996. Northridge earthquake
rupture models based on the global Positioning System measurements.
Bulletin of the Seismological Society of America , 86(1B): S37-S48.

Shen Z K, Wang M, Gan W J et al. 2003. Contemporary tectonic
strain rate field of Chinese continent and its geodynamic
implications. Earth Science Frontiers (in Chinese), 10(S1):
90-100.

Shen Z K, Wang M, Zeng Y H, et al. 2015. Optimal interpolation
of spatially discretized geodetic data. Bulletin of the Seismological
Society of America, 105(4); 2117-2127, doi: 10.1785/0120140247.

Sun X, Song X, Zheng S, et al. 2010. Three dimensional shear
velocity structure of the crust and upper mantle beneath China
from ambient noise surface wave tomography. FEarthquake
Science, 23(5);: 449-463, doi: 10.1007/s11589-010-0744-4.

Tao W, Shen Z K, Wan Y G, et al. 2007. Crustal elasticity contrast
across the East Kunlun fault in northern Tibet, inferred from
InSAR measurements of the 2001 Mw7. 8 Kokoxili earthquake.
Chinese Journal of Geophysics (in Chinese), 50(3): 744-751.

Tapponnier P, Peltzer G, Le Dain A Y, et al. 1982. Propagating
extrusion tectonics in Asia; New insights from simple experiments
with plasticine. Geology. 10(12); 611-616.

Tapponnier P, Xu Z Q, Roger F, et al. 2001. Oblique stepwise rise
and growth of the Tibet Plateau. Science, 294 (5547): 1671~
1677.

Unsworth M, Wei W B, Jones A G, et al. 2004. Crustal and upper
mantle structure of northern Tibet imaged with magnetotelluric
data. Jouwrnal of Geophysical Research . Solid Earth, 109
(B2): B02403, doi: 10.1029/2002]JB002305.

Wan Y G, Shen Z K, Wang M, et al. 2008. Coseismic slip
distribution of the 2001 Kunlun mountain pass west earthquake
constrained using GPS and InSAR data. Chinese Journal of
Geophysics (in Chinese), 51(4) . 1074-1084.

Wang M, Shen Z K, Niu Z J, et al. 2003. Contemporary crustal
deformation of the Chinese Continent and tectonic block model.
Science in China (Series D), 46(Suppl. ) : 25-40.

Wang R J, Lorenzo-Martin F, Roth F. 2006. PSGRN/PSCMP—a
new code for calculating co-and post-seismic deformation, geoid
and gravity changes based on the viscoelastic-gravitational
dislocation theory. Computers & Geosciences s 32(4): 527-541.

Wei S Q, Chen Y S, Sandvol E, et al. 2010. Regional earthquakes
in northern Tibetan Plateau: Implications for lithospheric

strength in Tibet. Geophysical Research Letters, 37, 1.19307,



544 i BR ) PR 2% R (Chinese J. Geophys. ) 61 %

doi:10. 1029/2010G1.044800.

Wen Y M, Li Z H, Xu C J. et al. 2012. Postseismic motion after
the 2001 Mw7.8 Kokoxili earthquake in Tibet observed by
InSAR time series. Journal of Geophysical Research, 117
(B8): B08405, doi: 10.1029/2011JB009043.

Xu X W, Chen W B, Ma W T, et al. 2002. Surface rupture of the
Kunlunshan earthquake (Ms8. 1), northern Tibetan Plateau,
China. Seismological Research Letters, 73(6); 884-892.

Zhang CJ, Shi Y L, Ma L, et al. 2007. A rheological model of post-
seismic deformation for the 2001 Kunlun, China earthquake, My7. 8.
Geo fisica Internacional , 46(3) ; 145-154.

Zhang P Z, Shen Z K, Wang M, et al. 2004. Continuous deformation of
the Tibetan plateau from global positioning system data. Geology,

32(9): 809-812.

Bt /32 5 % STk

E4 T, Ff. 2005. GPSIM A 2001 4F R A 1h P4 Ms8. 1 % #h
RS TR, BV, 25(1): 34-44,

IERE, Ef, HDZ%. 2003, A [E K B4 & B A8 R 5 & H:
S R E . H2ERTZ . 10(SD) : 93-100.

W EG . MRIFRE, JTAHE4E, 2007, AR4RE 2001 4F M, 7. 8 W] A Py B 9 52
InSAR [R] 57 M 5% 45 5 52 8 AR B 4 T 2 7 00 3t 2 38800 A o 22 5.
HERPF AR, 50(3) : 744-751,

JiKHEE, YEIERE . EBEE. 2008, H4E GPS Al InSAR #t# 5 18 2001
AERA TP MR W R R . M ER Y AR, 51(4)
1074-1084.

Fihf, WIEHE, F2R%. 2003, B4 E K #5832 30 5 3% sh e
PRBE. v B2 (D ) . 33(S1): 21-32.

ORCHtE T3



