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Surface Deformation and bower 
Crustal Flow in Eastern Tibet 

Leigh H. Royden," B. Clark Burchfiel, Robert W. King, 
Erchie Wang, Zhiliang Chen, Feng Shen, Yuping Liu 

Field observations and satellite geodesy indicate that little crustal shortening has oc- 
curred along the central to southern margin of the eastern Tibetan plateau since about 
4 million years ago. Instead, central eastern Tibet has been nearly stationary relative to 
southeastern China, southeastern Tibet has rotated clockwise without major crustal 
shortening, and the crust along portions of the eastern plateau margin has been ex- 
tended. Modeling suggests that these phenomena are the result of continental conver- 
gence where the lower crust is so weak that upper crustal deformation is decoupled from 
the motion of the underlying mantle. This model also predicts east-west extension on the 
high plateau without convective removal of Tibetan lithosphere and without eastward 
movement of the crust east of the plateau. 

T h e  topography and geology of the  Tibet- 
an  region resulted from postcollision north- 
south convergence between the  Indian and 
Eurasian plates since -59 lnillion years ago 
(Ma) (1-3) (Fig. 1) .  In  this process, t he  
Tibetan plateau was u ~ l i f t e d  bv >4 km and 
its crust thickened to twice normal thick- 
ness (-7L1 k ~ n )  (4-10). Several competing 
models have been proposed for the  uplift 
and deformation of Tibet, each with differ- 
ent  implications for the  eastern part of the  
Tibetan plateau (1 1-1 7). Here, \ve propose 
a model for the  crustal dvna~nics within the  
plateau on the  basis of geologic and Global 
Positioning System (GPS) obserl-ations of 
young crustal deformation along the  eastern 
margin of the  plateau. 

Xluch of the eastern ~naroin of the  la- - 
teau lacks el~idence for large-scale young 
crustal shortening; folds and thrust faults 
along the  plateau margin are comlnonly 

oblique to and older than the plateau margin 
(18).  In the  Northern Longmen Shan, folds 
and faults trend east-west, nearly pe~pendic- 
ular to the plateau edge, and are mainly of 
Mesozoic age. In the  south central Longmen 
Shan, the crust was probably shortened ly 
- 11111 km in Mio-Pliocene time, but there is 
no  evidence for lnaior Quatemarv shorten- . - 
ing. G P S  results are consistent and constrain 
shortening across the Longmen Shan to be 
L1 i 5 mln year-' (1 9 ,  20). This lack of 
young deformation is su~prising hecause the 
topographic front of the eastern plateau is as 
irnlx-essix-e as that of the Himalayas. 

A similar mismatch between surface 
structure and topography occurs in the  Yun- 
nan  region (south of the  Xianshuihe fault). 
T h e  active faults in this region cross from 

u 

the high plateau into regions of lower ele- 
vation in  southeast China (19).  They are 
predominantly left-slip and trend south to  
southeast, nearly to the pla- . -  A 

L. H. Royden, B. C. Burchf~el, R. \,hl. K~ng, E. L%'ang, teau ~ l ~ a r g i n  (Fig. 1B). Both geological and 
Departmert of Earth, Atmospheric, a rd  Planetab! Sci- G p S  illdicate slip o n  the XiarlshLlihe 
erces Massachusetts r s t~ tu te  of Techrology, Cam- 
br~dge, MA 021 39, USA. fault at -211 mm (1 9-21 ). Holyever, 
Z. Chen, F. Shen, Y. LIU, Chenqdu Institute of Geoloqv since 4 ;\/la or earlier, the  southeastern cor- 
a rd  Mnera Resources chenga7u. Chna. ner of the  plateau has rotated clockaise 
'To ,;,:horn correspordence should be addressed. around the eastern Himalayan syntaxis x i t h  

little, if any, net translation of upper crustal 
nlaterial eastward across or into the  plateau 
margin (1 9).  Thus, although we cannot rule 
out the  possibility of eastward extrusion of 
Tibetan crust relati\-e to Siberia in  Pliocene- 
Quaternary time, there are n o  data to  sup- 
port this hypothesis, and, if extrusion occurs, 
southern China 111~1st be mo17ing eastward at 
approximately the  same rate as the  central 
and southern parts of eastern Tibet. 

Also notervorthy is the  lack of a Ceno- 
zoic foredeep basin along the  eastern margin 
of the  plateau, which implies that the east- 
ern foreland was not flexurally depressed 
during Ce~lozoic time. [Although the  Si- 
chuan basin is often considered to be a 
foredeep basin to the eastern plateau, rocks 
exposed in the  basin are mainly Meso:oic in 
age. Where present, the  Cenozoic co\-er is 
thin (52119 m),  and pre-Late Quaternary 
rocks are eroding throughout most of the  
Sichuan basin (18)l. A zone of extensional 
structures formed by margi~l-perpendicular 
extension of unknown Cenozoic aoe coin- 

L 

cides with the  topographically high moun- 
tains that rim the  edge of the  eastern plateau 
(1 8 ) .  These structures are reminiscent of the 
lorn.-angle normal faults present along the 
northern margin of the Himalayas (22).  

Various ~nodels of Cenozoic deformation 
within Tibet indicate that the  upiift and 
surface deformation of the  Tibetan plateau 
are intimately linked to the lnanner in 
\I-hich the  crust beneath the plateau has 
been deforlned at depth (14,  15,  23-25). 
However, these models do  not match the 
0bser.r-ed surface deformation of Tibet in a 
number of important ways (26): They do not 
dis131ay east-west extension or eastward mo- 
tiolls of the plateau (26, 27), thev do not 
display large clock~vise rotation of crustal 
material around the eastern Hilllalayan syn- 
taxis (1 9-21 ), they do not reproduce margirl- 
parallel extension along the plateau ~nargin 
(18),  and they do  not offer a satisfactory 
explanation for the lack of surface shorten- 
ing along the  so~ltheastern margin of the 
plateau (1 8, 19). 

In  two dimensions, quantitative studies of 
model convergent systems have shown that 
topography, strain partitioning, and degree 
of crust-mantle coupling are systematically 
related to the strength (liscosity) of the crust 
as a filnction of increasing depth (25, 28, 
29).  In particular, steep-sided flat-topped 
plateaus develop only when a low-l.iscosity 
zone is absent beneath the foreland and the 
~ l~a re ins  of the plateau but is nresent in re- - 
gions of thickened crust beneath the plateau 
proper Because recent studies suggest that 
the  lower crust beneath Tibet may be weak 
(30, 31),  some of the inadequacies in the 
thin 1-iscous sheet ~nodels lnav occur because 
such models ignore depth-dependent beha\.- 
ior and thus cannot incorporate lateral shear 
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between the upper crust and the lower crust 
and mantle. We explored the effects of incor- 
porating depth-dependent rheologies into 
geodynamic models of plateau formation by 
means of an analytic solution for three-di- 
mensional basally driven deformation in an 
idealized crust with depth-dependent Newto- 
nian viscosity. We assumed that the mantle 
lithosphere behaves in a plate-like fashion 
and that each of two mantle plates is trans- 
lated toward a narrow mantle suture at a 
uniform and constant rate. The horizontal 
velocity at the base of the crust was set equal 
to the velocity of the underlying mantle. 
Crustal viscositv was a function onlv of d e ~ t h  
(relative to the topographic surface) and was 
laterallv invariant. We used a viscositv-de~th 

8 .  

functio; that produced a plateau with about 
the same width, height, and marginal slope as 
the Tibetan plateau (28, 32, 33) and all to- 
pography was locally compensated. 

The morphology of the plateau produced 
by the model looks similar to that of the 
current eastern half of the Tibetan plateau 
after 40 million years (My) of convergence 
(Figs. 1A and 2A). In the model, rapid short- 
ening of the upper crust occurs along the 
southern, northern. northwestern. and north- 
eastern margins of the plateau, and slow short- 
ening of the upper crust occurs along the 
southeastern and southwestern plateau mar- 
gins. The model also showed slow east-west 
extension (at 10 to 20 mm for a total 
extensional strain of -30%) and slow north- 
south shortening of the upper crust, distribut- 
ed uniformly across the plateau proper, as well 
as localized extension at the edges of the high 
plateau. Thus, convective removal of Tibetan 
mantle lithosphere (24) is not necessary to 
explain the observed east-west extension of 

the Tibetan plateau. 
In the model, a high region developed 

south and east of the eastern Himalayan 
syntaxis. This high area formed during con- 
vergence as material flowed eastward and 
southward away from the high plateau. Mod- 
el deformation in this region consisted large- 
lv of clockwise rotations of material around 
the eastern syntaxis, with surface velocities 
as hieh as 15 mm vear-' in a south to south- ., 
east direction relative to the eastern foreland 
(Fig. 2A). Cumulative deformation of an 

originally orthogonal surface mesh shows 
that the crust has been rotated clockwise by 
> 180" around the eastern syntaxis (Fig. 2B). 
A broadly distributed north-trending zone of 
right shear has affected the crust in the 
southeastern plateau, but this zone disap- 
pears northward as shear is absorbed by the 
rotation of crustal material around the syn- 
taxis. In the model, this zone of right shear is 
partly coincident with a zone of extension, 
with the magnitude of extension very large 
near the syntaxis. 
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Desp~te  tlle ~ e ~ u l a r i r y  of tlie total cr~rstal 
t l l~cl\ l le~s 111 rlie moL1el jnlllcli was 1lne;lrly 
l~ropor t ic~~ia l  to local roPogr,~phic eIe\.atiall), 
the rhlckne.;ses of the ~ ippe r  anii lo\\-er crust 
\yere h i ~ h l y  i-al-~ahle (Flg. 2C). 111 the mailel. 
the upper crL1.r (Lietilleii as that part i ~ f  the 
i t  c r r c ~ 1 1  ti7 the lipper 15 la111 ~ > t  
~ ~ ~ 1 s t  l7et;>re i i>~l \ .e~.ce~lcei  \i-;ii th~chrenc~i ti> 
-30 krn acre.;, mn\t  of the ylatcal~,  l?~rt ~t 
I\ <I\ -60 li111 t l i~ck  111 <in e ~ ~ ~ t - i v e s t - t r e ~ ~ ~ l ~ ~ ~ ~  
:nne t11rou:h tlie center of the ylatc.,i~i ,inii 
L\ as t111n ( -- 3 km)  a,iiacent t c~  tlie e,isterri 
and \vc.;tern iyn ta r~s .  Ci7rreqrc~nLiil1gl~. the 
lo\ver crtlst (iieflneti as tliat plrt  of the crust 
i n r r e i ~ > r ~ ~ ~ i l l l ~ p  to the lo\\-er 15 klli nf crust 
l ~ e h r e  ~ o r i ~ - e r e e n c e )  \v,ls es..ent~,ill\. r n ~ s s ~ l ~ g  
111 a11 ea,t-\\-e\t-tl-eliii~~ig 1011~ tllrk7~igli the 
center of tile yl,lteau but ni,is ver\- tlllcl\ 
a~l!dee11t ti? the ea\tem byntax~.. 

Tlie ilor.tl~-siltitl~ cross sectlolls shi-~\\; 
t l i ~ t  the upper crust t l i l ik t i~le~l  a2 ~t raiseLl 
l ~ e n e a t h  tlie foot of the ~ ~ l a t e a ~ r  m a r c ~ n ,  
t l ~ e n  tliinned as it 1.,iije~\ 1-eneatli the c,>ne 
nf 11c>rt11-sc7~1th erteilqiori at  the eLi?e of the 
pl,iteatr, anL1 t ~ ~ ~ a l l v  tli~ckcnecl a ~ ~ i n  b\- 
l>l-(~a~Ily L l ~ s t r i l ~ ~ ~ t e d  ~ l l o r t e ~ l ~ ~ i ~  i \ - ~ t l i i ~ ~  the 
plateai~ ( F I ~ .  3). Thli. accurreil hecause tlie 
loner crust hene,itli the plateau \\-as iie- 
co~ipled tiom the upper crust a n J  frkm tlie 
mantle, and nas  deforl~leii 131- channel tlnn 
\v~thl11 '2 11~irri)\v c l ~ ~ i l l l ~ z l  ne'ir the  17,ise of 
tlie crust. TIINS lk>iver crustal in,l ter~al I\-'2s 
e\-,lc~~,iteiI t iom I ~ e ~ ~ e , i t h  the c e ~ ~ t r , ~ l  part i 7 f  

tlie plCltea~r ,inLl acc~rmul~lteii  at  iieptli lye- 
neat11 the  rlateau rnaroinc. Surface clefor- 
~iiatioll  u11 the plateali \\-as 1 i k e n . i ~ ~  ile- 
co~1plei1 t r ~ > m  mi>t~c>n.: ot the ~ rnJe r l~ - ing  
mantle. ,~ltliougli ~t ivas coupled to ~ l l a ~ l t l e  
mot~c~ l l s  arolrliil the  I I I ; ~ I - G ~ I ~ S  tit the  t'latea~r. 
East-\vest cross sections slice\\- that  lo~ver. 
crust,il ro~li . ;  n erz tl~icl<ened ,inii upper 
cr~rstal rk>clts \Yere tliiriried aillasent tc, tlie 
southea~tern  ~ 1 1 ~ 1  w ~ ~ t l ~ n - e s t e r n  platea~r mar- 
pins. T11icl;eriinc c > f  tlie lk>n-es crust was 
mc~re prorio~rnceci here tl1a11 alolig the 
l1ort11erl-i ani! i i ~ u t l ~ r r l ~  pl,lteau m,ir,uins. 
\i-lie~-e c~-(rital 111ate1-i~iI iv~l- t r a ~ ~ ~ l ~ ~ t e ~ l  ~ ~ i t c ,  
and thn>~idl i  tlie reeion ~ > f  estellsloli at  the  
~>la teau eilye more rapiLlly than ~ i o n g  the  

the i>i?qer\ ed ciei;>rmar~on in eaqtern T1l.i.t. 
T l ~ c  yrlmar\- ilitterenie I> t l ~ a t  t l ~ e  ,b.er\eJ 
LietL>rmatlon I> ytri)llgly p;irtitli>ned 1 1 ~  act1r.z 
left-SILL> ta~rlt :oiles t h ~ t  folli~n. older criiital 
anisotroplcs (5). 0u1-  rei~ilts ,sLicgesr rhm itram 
p;l~-titlonl~lg 111~1- be ;i seconilary fe;lt~rre reiult- 
111: t~-i>lll latzl-a1 ~llllolllage~ieltifi 111 cr~istdl 
htre~igth. Tliu\. ,I possible i~lteryret;itli>n i>t  tlie 
\ o1111g .:~ui;lce Lieformatinn in centr,il tc> e ~ s t -  
ern Tibet c,ln l ~ e  L)l:tai~~eLl 1-T. i i ~ m l : ~ l ~ ~ l ~ p  the 
oli~eri.eLl ~letorm,it~iln 111 TI]-et n 1t11 tlie sits- 
face velocitv flelL1 ~ieri\.eLi from n ~ i r  m i ~ i e l  
re>~ilr< [see a1.d (2711. In t l i~s  ~n te rp re t a t~~>n .  
the northern segment , ~ f  the e,iztern plateau 
( Q ~ l i a n  Slian), i~k>l~niicJ 'T. tlic .Ilty11 Tapll 
t<itilt ti> the l ~ o r t h  and t l ~ e  K~III  Lun fatilt tc> 
the ic7utI1, 1. Lli1m1l1ateil 1-y nL>rtll- to 11ort11- 
east-,i~recteci h o r t e i ~ ~ n g .  Tlie qouthem seg- 
ment ( Y - ~ i n ~ ~ a n ) ,  ha~111,Ied 1-y the ~ ~ , ~ ~ ~ s I ~ ~ r i l ~ e  
fault :one tn the nc>rth ,1iiL1 ea.t. ~inL1er~c-e~ 
cli>ckn is? r o t a t ~ o l ~  tlwt 1s rel,~teii to the east- 
nard r n ~ \ : e m e ~ ~ t  crustal material au.a~- frL~m 
1ntem;ll yart.. i r f  tlie r l c~ tec~u  anii t r  the 11nrt11- 
n-,lr~l no\ cment ot Iiiilla and so~itherri Tibet 
re1atlr.e to snutlieast C l l~na .  The  centr,ll sty- 

m e ~ ~ t  (Longmen S l ~ a n )  l i  larcelv ~ n a c t ~ r . ~ ,  ~t 
le,lst at the siirface, 2nd ;~ i t i \ .e  straln 14 shirnt- 
ed , i r , i ~ i ~ ~ J  the Lhlig~llel~ S l ~ a n  reg1011 1-\- mn- 
tion (011 tlie Klin L L I ~  anii X~an.;li~lilie f , i ~ ~ l t  
.;ysterns. 

It surface Liefi~rmatian 011 tlie platea~r is 
itrol~gly decilupleil from motion o t  the loi\.er 
crust, then the ~ a r t i t i o n ~ n g  i it \tr,lin 01.- 
served ,it the surtace in e h t e r n  Tibet ma\ 
nc~ t  extend tk~ t l ~ e  loiver crust. Olir re;[ilt.\ 
s~igyest that Tihzt is a iiei;~rmaticinal s\-stem 
n-here upper crust,ll ctr,iin is greatly ~n t lu -  
enced prwristinq crustal anisotropies anid 
13 p,irtit~oneil l,iter,ill\- it11 ,iepth anil n -~ t l i  
time, Lxrt tliey a ls> suyye.;t t l ~ a t .  to tirzt k>riier. 
the ,iei~>rmation of T1l1i.t can Lie ul~iierston~l 
;b iieforrnatii~n o t  a c o n t ~ n ~ ~ i ~ ~ s  meLlinm nit11 
a strong11- deptl1-ilepel~iiel~t rheolog\-. If z i ~ .  

tlien the net cr~lst,ll t111cken111: o n  tlie p1,1- 
tcau mav not correspol~ii t c  upper cr~istal 
Liefk>rmat~con and may occur b~ iliifi'rerit~al 
~ l i o r t e n i n ~  anil t l ~ ~ c k e n i n ~  i>t lnwer crustal 
rc~cks. Th~s i r i t e~~re ta t ion  is coris~\tent nit11 
the obser\-eJ l ~ e l i  ot a Celioco~c foreileey 
l.,isin alolig the e;lstern m~irpill ~ t '  the pla- 
te'lu. I~ecauie th icken~ng nt the crust from 
he1011 n.oulil n ~ > t  cause 1oaJ1np anii s~ihsl- 

i le~lcc of the a i l j ace~~ t  iC>rela~~Ll ~ f m ~ r c l i  of rlie 
t l c s~~r , i l  t r e n g t h  16 the l i t l~o.~~l iere  1s local- 
1:cLi ill tllt! Llplper tl> 111lLlLile crt1\t. 
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