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A bstract

T h is  thes is  com prises severa l s tud ies in  the  m ode lling  o f  lithosphe re

d e fo rm a tio n , using an im proved th in  viscous sheet model. The lith o sp h e re  is 

represented by a th in  viscous sheet w ith  p o w e r- la w  v is c o s ity , w h ich  is 

deform ed by e x te rn a l fo rce s  as su rfa ce  fo rce s  and also by buoyancy fo rce s  

a r is in g  th ro u g h  dens ity  he te rogene ities . The lithosphe re  is  in  is o s ta tic  

e q u ilib r iu m  and the  e ffe c ts  o f  a lith o s p h e ric  ro o t o r  a n t i- r o o t  a re

inco rpo ra te d . The th ickness o f  the  lithosphe re , when p e rtu rb e d  by

d e fo rm a tio n , tends to  be re s to re d  to  the  in i t ia l  value by th e rm a l processes 

w h ich  can be approx im ated  m a them a tica lly .

The model is  then used to  te s t some hypotheses re la t in g  to  the

te c to n ics  o f the  T ibe tan  P lateau. The re s u lts  show th a t  the  la te  E-W

extension  o f the  T ibe tan  P la teau is  p robab ly  associated w ith  re ce n t u p l i f t

o f  the  p la teau  due to  the  detachm ent o f the  lo w e r p a r t  o f  the  th ickened 

lithosphe re , w h ich  is denser than  the  asthenosphere.

Three instances o f co n tin e n ta l extension lead ing in  some c ircum stances 

to  r i f t in g  have also been s tud ied , w ith  the  m antle  p la y in g  a d i f fe re n t  ro le  

in  each o f them : a) A iry  type  o f  com pensation is  assumed d u rin g  ex tens ion , 

so th a t the  subsidence o f the  top  s u r f  ace is to ta l ly  balanced by th e  ascent 

o f  the  Moho (o r c ru s ta l a n t i- ro o t) ;  b) the  subsidence o f the  to p  s u rfa c e  is  

p a r t ly  compensated by the  lith o s p h e ric  a n t i- ro o t ,  as w e ll as th e  c ru s ta l 

a n t i- ro o t ;  c) m antle  u pw e lling  elevates the lithosphe re  and causes in i t ia l

dom ing. The re su lts  suggest, among o th e r th ings , th a t  c u r re n t ly  ac tive

co n tin e n ta l r i f t s ,  where the r i f t in g  had no t been preda ted  b y  in i t ia l  

dom ing, have developed along p re e x is tin g  weak be lts .
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C hapter 1. In tro d u c tio n

§1.1 The prob lem

The purpose o f  th is  w o rk  is  to  in ve s tig a te  by numericcal m ethods the  

lo n g -te rm  and la rg e -sca le  d e fo rm a tio n  o f the  con tin e n ta l lithosphe re  in  the  

fra m e ^ w o rk  o f p la te  tec ton ics .

The fundam en ta l assum ption o f p la te  te c to n ics  is  th a t  the  E a rth ’ s 

s u r f  ace she ll is  made up o f a num ber o f r ig id  p la tes  th a t  are in  re la t iv e  

m otion and th a t d e fo rm  m a in ly  a t th e ir  edges. These p la tes  cons is t o f low  

dens ity  co n tin e n ta l p a rts  w h ich  a re  pe rm anen tly  re s iden t a t the  E a rth ’ s 

su rface , and h ig h e r-d e n s ity  oceanic p a r ts  w h ich  have only a f in i te  residence 

tim e  (~ 120 Ma) a t the  E a r th ’ s su rface . Oceanic lithosphe re  is co n s ta n tly  

being fo rm e d  a t spread ing cen tres  and destroyed by subduction  a t oceanic 

m arg ins. A t the  oceanic spread ing  cen tres, n a rro w  bands o f se ism ic ity  

de fine  p la te  boundaries w here the  d e fo rm a tio n  is  re s tr ic te d  and is  spec ified  

com ple te ly  by the  re la t iv e  h o r iz o n ta l m o tion  o f the  p la tes  on e ith e r side. 

A t the  subduction zones, however, the  d e fo rm a tio n  o f the  su rfa ce  p la tes  and 

o f the  subducting  lithosphe re  is  com plex. On the  o th e r hand, con tinen ts  

e x h ib it  d e fo rm a tio n  th a t is  d is tr ib u te d  over h o r iz o n ta l d is tances th a t  fa r  

exceed the  p la te  th ickness. Zones o f la rg e  d e fo rm a tio n  such as the  

H im alayan m ounta in  b e lt and the  T ib e ta n  P lateau in d ica te  th a t con tin e n ta l 

p la tes may no t be r ig id  as is  fre q u e n tly  assumed in  p la te  te c to n ic  stud ies, 

a t leas t no t a t th e ir  convergent zones. Moreover the  d e fo rm a tio n  w ith in  the  

w ide  bands o f co n tin e n ta l se ism ic ity  is  no t spec ified  by th e  re la tiv e  m otion  

o f the  r ig id  p la tes  on e ith e r side (e .g ., England & Jackson, 1989). C lear
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in d ica tio n s  th a t h o riz o n ta l extension pe rpend icu la r to  the  tre n d  o f th e  

m oun ta in  range is  a c tu a lly  ta k in g  place despite  the  fa c t  th a t  the  c ru s t an 

e ith e r  side o f the  range is  under com pression have been observed by  

D a lm ayrac & M olnar (1981) in  the  Andes and by M o lnar & Tapponn ier (1978) in  

T ib e t.

Many methods, each o f w h ich  has advantages and disadvantages, have been 

used to  s im u la te  the  d e fo rm a tio n  o f the  co n tin e n ta l lithosphe re . The 

d e fo rm a tio n  o f lith o sp h e re  rocks is com plica ted , as i t  depends on th e ir  

com position , s tru c tu re , tem pe ra tu re , pressure , s tra in - ra te ,  and so fo r th .  

To s im u la te  th is  process, s im p lif ic a tio n s  m ust be made. There a re  several 

ways o f doing th is , one o f w h ich  is  to  rep resen t the  long te rm  and la rge  

scale d e fo rm a tio n  o f  co n tin e n ta l lithosphe re  by a th in  viscous sheet (e.g. f 

England & McKenzie, 1982).

In  th is  thes is , a new th in  viscous sheet model is  derived  and used to  

ana lyze the  sho rten ing  and extension o f con tin e n ta l lithosphe re , namely

A. The d e fo rm a tio n  o f con tinen ta l lithosphe re  in  convergent p la te  co llis ion  

zones, as e xe m p lifie d  by the  H im alayan m ounta in  b e lt and the  T ibe tan  Plateau.

B. C on tinen ta l extens ion  w h ich  may be loca lized , lead ing  to  r i f t in g ,  or 

d is tr ib u te d , re s u lt in g  in  s tru c tu re s  such as the  Basin and Range in the 

U .S .A ..
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§ 1.2 A rrangem ent of the  thesis .

In  C hapter 2, the  basic th e o ry  o f p la te  te c to n ics , the  d r iv in g  fo rc e s  

o f p la te  m otion  and d e fo rm a tion , and the  c u rre n t m ethodology o f  nu m e rica l 

m ode lling  are  reviewed.

In  C hapter 3, a new th in  viscous sheet model f o r  lith o sp h e re  

d e fo rm a tio n  is  derived  and discussed in  o rd e r to  c la r i f y  aspects o f the  

physics o f con tin e n ta l de fo rm a tion .

C hapter 4 rev iew s the te c to n ics  o f the  H im alayan m ounta in  b e lt and the  

T ibe tan  P lateau, and the e x is tin g  re la te d  m ode lling  is compared w ith  the  new 

model.

In C hapter 5 the new th in  viscous sheet model is  app lied  to  the  

evo lu tion  o f th e  T ib e ta n  P lateau.

Chapter 6 rev iew s co n tin e n ta l extension  te c to n ics  and p e r t in e n t s tud ies 

on num erica l m odelling .

Chapter 7 models the extension  o f co n tin e n ta l lith o sp h e re  due to  

boundary d isplacem ents and buoyancy fo rce s , using the  new th in  viscous sheet 

model.

In  Chapter 8, a sum m ary o f  th is  w o rk  is  g iven, the  d i f f ic u l t ie s  in  

encountered a re  examined, and some suggestions a re  g iven in  respec t o f 

fu r th e r  research.
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C hapter 2. A re v ie w  o f lith o sp h ere  d e fo rm atio n

§ 2 . 1  P la te  te c to n ics

The th e o ry  o f  p la te  tec ton ics  describes the  in te ra c tio n s  o f lithosphe re  

p la te s  and the  consequences o f these in te ra c tio n s .

The lithosphe re  is dep icted as the  s trong , so lid  ou te rm ost she ll o f the  

e a rth . I t  has enduring  res is tance  to  a d e v ia to r ic  s tress  o f the  o rd e r o f a 

fe w  hundred bars  to  one k ilo b a r. The asthenosphere, w h ich  d ire c tly  

u nde rlie s  the  lithosphe re , can be de fined  as a la ye r w h ich  has no enduring 

res is tance  to  d e v ia to r ic  s tress. The boundary between them  is  g radua l and 

is  a p p ro x im a te ly  an iso the rm . The E a rth  m a te r ia l is  no t chem ica lly

d if fe re n t  across the  boundary. The asthenosphere is  though t to  be p a r t ia l ly  

17.) m olten.

The basic concept o f p la te  te c to n ics  is  th a t the  lith o sp h e re  is divided

in to  a sm all num ber o f n e a rly  r ig id  p la tes , lik e  curved caps on a sphere,

w h ich  a re  m oving over the  asthenosphere. Most o f the  d e fo rm a tio n  which

re s u lts  fro m  the  p la te  m otion , such as s tre tc h in g , fo ld in g  o r shearing,

takes place a t the  edges o r boundaries o f p la tes . The p la te  boundaries are 

o f  th re e  types:

A. A long d ive rgen t o r co n s tru c tive  boundaries, p la tes  a re  m oving away fro m  

each o the r. A t such boundaries new p la te  m a te r ia l a t h igh  tem perature ,

de rived  fro m  the m antle , is added to  the  lithosphe re . The d ive rgen t p late
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boundary is  represented  by the  m id-ocean rid g e  system , a long the  a x is  o f 

w h ich  new p la te  m a te r ia l is  produced.

B. A long convergent boundaries, a lso described as consum ing o r d e s tru c tiv e , 

p la tes  are  approach ing each o th e r. Most such boundaries a re  represented  by 

the  oceanic tre n ch  -  is land  a rc  system o f subduction  zones w here the  oceanic 

p a r t o f one o f the  convergent p la tes  descends in to  the  m antle  and is 

destroyed. The downgoing p la te  o fte n  pene tra tes  the  m an tle  to  depths as 

much as 700 km. Oceanic p la tes  have on ly  a f in i te  residence tim e  ( in  the 

o rd e r o f 100 Ma) a t the  E a r th ’ s su rface . C o llis ion  zones occur a t 

convergent boundaries when the  con tin e n ta l p a r ts  o f converg ing p la tes  come 

in to  con tac t.

C. A long conserva tive  boundaries lithosphe re  is  n e ith e r crea ted  no r

destroyed. The p la tes  move la te ra lly  past each o the r. These p la te

boundaries are rep resented  by tra n s fo rm  fa u lts ,  o f  w h ich  the  San Andreas 

fa u l t  in  C a lifo rn ia , U .S .A. is  a fam ous example.

A d jacen t p la tes  move re la t iv e  to  each o th e r a t ra te s  w h ich  may be as 

h igh as 15 cm /yea r.

Heat is  lo s t fro m  th e  m antle  by convection processes m o s tly  th ro u g h  the 

coo ling  o f the  advecting  oceanic p la tes. Thus oceanic p la tes  are  ho t and 

th in  a t spread ing cen tres, and co ld  and th ic k  a t subduction  zones.

C on tinen ta l p la tes  a re  th ic k  and re la t iv e ly  co ld  (depending on recent

th e rm a l events such as s tre tc h in g ).
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§ 2 . 2  The o r ig in  o f te c to n ic  s tress  in  the  lithosphe re

The lithosphe re  is  the  re la t iv e ly  s tro n g  o u te r la ye r o f  the  E a rth  w h ich  

suppo rts  su b s ta n tia l d e v ia to r ic  stresses, in  c o n tra s t to  the  asthenosphere 

and deeper p a rts  o f the  e a rth  where the  s tress  d iffe re n c e s  a re  sm a ll as a 

re s u lt  o f  creep a t the  h igh  p re v a ilin g  tem pera tu res . The d e fo rm a tio n  o f

lith o sp h e re  is  the  re s u lt  o f  te c to n ic  stresses. There a re  tw o  p r im a ry  

ca tego ries  o f  stresses, renew able and non-renew ab le  types (B o tt, 1982). 

S tress  system s o f renew able  type  a re  those w h ich  p e rs is t, as a re s u lt  o f the  

con tinued  presence and re -a p p lic a tio n  o f the  causative boundary o r body

fo rce s , even though the s tra in  energy is  being p rog ress ive ly  d iss ipa ted . 

The tw o  m ain  exam ples a re  s tress  systems a r is in g  fro m  p la te  boundary fo rce s  

and fro m  is o s ta tic a lly  compensated su rface  loads. S tress  system s o f

non -renew ab le  type a re  those w h ich  can be d iss ipa ted  by re lease  o f the

s tra in  energy in i t ia l ly  present. Bending stresses, membrane stresses and 

th e rm a l stresses are  o f th is  type. Tecton ic  stresses in  th e  lith o sp h e re  are 

e f fe c t iv e ly  caused by renew able  stresses, being a com b ina tion  o f  d if fe re n t  

sources (B o tt & K uszn ir, 1984). They o r ig in a te  fro m  tw o  types o f fo rce : 

p la te  boundary fo rce s  and in tra p la te  body fo rces .

P la te  boundary fo rce s

The va rious types o f possib le d r iv in g  and re s is tiv e  fo rce s  th a t  may ac t 

on a p la te  have been sum m arized by F o rsy th  & Uyeda (1975) and B o tt & K uszn ir 

(1984). These are as fo llo w s .

A. The s la b -p u ll fo rc e  a c tin g  on a subducting p la te  and re s u lt in g  fro m  the 

nega tive  buoyancy o f the  coo le r, denser lithosphe re  o f the  s in k in g  slab. I t
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com prises tw o  p a rts . The f i r s t  p a r t  is  caused by th e  te m p e ra tu re  d iffe re n ce  

between the  subducting  s lab and the  m antle , and th e  second p a r t  is  due to  

the  e leva tion  o f  the  o liv in e -s p in e l phase change w ith in  the  s lab  compared 

w ith  the  m antle . T h is  phase change occurs a t depths o f  3 0 0 -4 0 0  km. The

la t te r  p a r t  is  o f  about h a lf  the  m agnitude o f the  fo rm e r  one. T h is  fo rc e  is

p o te n tia lly  the  la rg e s t o f the  p la te  boundary fo rce s , b u t is  p a r t ly  

coun te rac ted  by res is tances produced by s ink ing , downbending and co llis ion . 

B o tt & K uszn ir es tim a te  a m agnitude o f  0 -5 0  MPa f o r  th is  fo rce .

B. The subduction  suc tion  fo rc e , o r ig in a lly  recogn ized  by E lsasser (1971) 

and named the  'tre n c h  suction  fo rc e ',  is  caused by the  e f fe c t  o f  subduction

on the  o ve rly in g  p la te , and is  es tim a ted  to  be around 20 MPa in  m agnitude.

The n a tu re  o f th is  fo rc e  is  no t ve ry  c le a r. Both the  s la b -p u ll and the 

subduc tio n -suc tion  fo rce s  w i l l  produce tens iona l d e v ia to r ic  stresses in  

a d jacen t lithosphe re , provided th a t  the  res is tance  fo rce s  a re  s u f f ic ie n t ly  

low .

C. R es is ting  fo rce s  due to  f r ic t io n  a t subduction  zones. T h is  fo rc e  p a r t ly  

balances the slab p u ll.

D. The rid g e -p u sh  fo rc e , w h ich  acts  a t ocean ridges , he lp ing  to  fo rc e  the 

p la tes  a p a rt and causing la te ra l com pression w ith in  the  a d jacen t ocean 

p la tes . Th is  is  a buoyancy fo rc e  a r is in g  f ro m  the  mass o f  h o tte r , less 

dense m a te r ia l m aking up the  r id g e , and is  ca lcu la ted  to  be 2 0 -3 0  MPa in 

m agnitude. Again, i t  is  made up o f tw o  p a rts : the  pushing o f the  u pw e lling  

m antle  m a te r ia l and the  tendency o f new ly fo rm e d  p la te  to  spread away fro m  

the  r id g e  due to  g ra v ity .
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An a lte rn a tiv e  approach to  ridge -push  fo rc e  has been g iven by P rice  e t 

a l. (1988) in  w h ich  g ra v ity -g lid e  o f the  w hole lith o sp h e re  is  invo lved . 

R idge-push fo rc e  is  the  m a jo r d r iv in g  fo rc e  f o r  p la te  m o tion  in  th is  

approach. P rice  e t a l. (1988) also exp la ined how g ra v ity -g lid e  m echanism  

can cause the  in it ia t io n  o f subduction and r i f t in g .  Th is  th e o ry  g ives a 

s tra ig h tfo rw a rd  so lu tion  to  o the rw ise  d i f f ic u l t  problem s. F o r exam ple, the  

fo rm a tio n  o f the  Zagros m ounta in  b e lt can be eas ily  exp la ined  by r id g e -p u sh  

in  the  fo rm  o f g ra v ity -g lid e  (V ita -F in z i,  1991). A key e lem ent in  th is  

th e o ry  is  the  existence o f a s tro n g  la ye r w o rk in g  as a s tre ss  guide and 

causing la rge  d if fe re n t ia l stresses in  the  lithosphe re  under g ra v ity -g lid e  

rid g e  push. In  th is  thes is , because I assume th a t  the  lith o sp h e re  is  a 

homogeneous th in  viscous sheet the  g ra v ity -g lid e  m echanism has no t been 

inco rpo ra te d .

E. The m antle  d rag  fo rce , w h ich  is the  viscous fo rc e  a c tin g  on the  base o f  a 

m oving p la te . Because o f the  re la t iv e ly  low  v is co s ity  o f the  asthenosphere, 

th is  fo rc e  is  considered to  be sm all compared to  the  p la te  boundary fo rces . 

T h is  fo rc e  is commonly believed to  be re s is t in g  p la te  m o tion  (e.g. 

R ichardson e t a l., 1979).

F. R es is ting  fo rce s  are also produced a t ocean rid g e s  and a t tra n s fo rm  

fa u lts .  The fo rm e r  is  due to  the  lim ite d  s tre n g th  o f the  r id g e  c ru s t, w h ich  

re q u ire s  some fo rc e  to  te a r  a p a rt. The la t te r  is  due to  the  f r ic t io n  o f the 

tw o  sides a t sha llow  p a r t and the  shearing o f  d u c tile  m an tle  a t deeper p a rt. 

These appear to  be sm all compared w ith  the  res is tance  a t convergent p la te  

boundaries.
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In t ra  p la te  body fo rce s

The p rev ious ly  discussed fo rce s  are  exe rted  on co n tin e n ta l lithosphe res  

as su rfa ce  fo rce s . Body fo rce s  due to  g ra v ity , a lthough  a c tin g  v e r t ic a lly ,  

w i l l  induce h o r iz o n ta l p ressure g rad ien ts , w h ich  can d r iv e  h o r iz o n ta l f lo w  

in  the  case o f h o r iz o n ta l dens ity  co n tra s t. Is o s ta tic a lly  compensated 

v a r ia tio n s  in  the  c ru s ta l th ickness are  the  s im p les t fo rm  o f h o riz o n ta l 

d ens ity  v a r ia tio n s  and are the m ost common source o f buoyancy fo rce s  in  

continuum  models. The c h a ra c te r is t ic  tim e  fo r  is o s ta tic  a d ju s tm e n t is  sh o rt 

( in  the  o rd e r o f 0.01 -  0.1 Ma) compared to  the  tim e  scale o f orogeny (~ 10 

Ma) as a tte s te d  by m easurem ents o f is o s ta tic  rebound and by the  fa c t  th a t 

is o s ta tic  com pensation p reva ils  on a reg iona l scale (e .g ., Jacobs e t a l., 

1974). However, an is o s ta tic a lly  compensated m ounta in  range is no t in  

h y d ro s ta tic  e q u ilib r iu m  and w i l l  tend to  spread and co llapse la te ra lly  

unless re s tra in e d  by a p p ro p ria te  s tress  depending on the  s tre n g th  o f the 

c ru s t and lithosphe re . The body fo rce s  are o fte n  ca lled  buoyancy fo rces . 

Buoyancy f  orces a c tin g  on la rge  e levated p la teaus a re  com parable in  

m agnitude to  te c to n ic  fo rce s  associated w ith  p la te  m o tion  (F le ito u t & 

F ro idevaux, 1983; F ro idevaux & R ica rd , 1987; E ks trom  & England, 1989; 

England & Jackson, 1989). Thus d e fo rm a tio n  in  reg ions o f h igh  elevated 

p la teau  rep resen ts  the  combined e f fe c t  o f the  te c to n ic  and the  buoyancy 

f  orces.

§ 2 . 3  The s ta te  o f s tress  in  p la tes
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The s ta te  o f s tress  in  the  lithosphe re  can be speculated about based 

on the  boundary fo rces . Some sim ple s itu a tio n s , w h ich  ignore  the  many 

possib le com p lica tions  w h ich  may occur, a re  genera lized  by B o tt & K uszn ir

(1984) as fo llo w s :

(1). A p la te  w h ich  has ocean ridges on opposite  sides should be in

com pression th rougho u t as a re s u lt o f the  r id g e  push a c tin g  on opposite 

sides (F igu re  2.3-1A). Exam ple: present A fr ic a n  p la te  w ith  ridges  to  east

and w est.

(2). A p la te  w ith  an ocean rid g e  on one side and a subduction  zone on the 

opposite  side w ou ld  be expected to  show a s tress  system  w h ich  grades fro m  

com pression a t the  r id g e  to  tension  ad jacen t to  the  subduction  zone, 

assum ing the  d r iv in g  f  orces are m a in ly  balanced by m antle  d rag  

(F igu re  2 .3 -lB ,C ). Examples: P a c if ic  p la te  w ith  s lab p u ll fo rc e  on one side 

and r id g e  push on the  o the r; South Am erican p la te  w ith  tre n ch  suc tion  fo rc e  

on one side and rid g e  push on the  o the r.

(3). I f  subduction occurs on the  opposite sides o f an esse n tia lly  

co n tin e n ta l p la te , then the  tre n ch  suction  fo rc e  a c tin g  on opposite sides o f 

a p la te  w ith  sm a ll o v e rr id in g  res is tance  should cause the  whole p la te  to  be 

sub jected  to  la te ra l d e v ia to r ic  tension (F igure  2 .3 -ID ). Th is  s itu a tio n

does no t e x is t a t the  present stage o f p la te  evo lu tion , b u t may have app lied  

d u rin g  the  e a r ly  Mesozoic when Pangaea fo rm ed  a la rge  con tin e n ta l p la te  w ith  

subduction  o c cu rrin g  on opposite sides. Th is  s tress , in te ra c tin g  w ith  

con tin e n ta l ho t spot a c t iv ity ,  may have caused the  b reak -up  o f Pangaea 

du rin g  the Mesozoic.
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F igu re  2.3-1 The expected s ta te  o f s tress  in  the  lith o sp h e re  ( a f te r  B o tt & 

K uszn ir, 1984).
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§ 2.4. N um erica l m odeling and the  continuum  approach

The behaviour o f the  E a rth  is  governed by the  bas ic  law s o f

m athem atics , physics and chem is try . T h e re fo re  any th e o ry  about th e  te c to n ic  

evo lu tion  o f  the  e a rth  m ust com ply w ith  these basic law s, no m a tte r  how much 

o th e r evidence supports  th is  theo ry .

However, many geo log ica l prob lem s a re  too  com p lica ted  to  be decided by 

phys ica l in tu it io n s  o r sim ple argum ents.

N um erica l m ode lling  w o rk  has been developed to  solve such problem s.

N um erica l m ode lling  in  Geodynamics uses m a them atica l m ethods and phys ica l

law s to  s tudy, w ith  sdme assum ptions and s im p lif ic a tio n s , the  te c to n ics  o f 

the  E a rth . I t  has a t leas t tw o  purposes. The f i r s t  is  to  p h ys ica lly

eva luate  the  v a lid ity  o r fe a s ib il i ty  o f  hypotheses and d is c r im in a te  between 

them . The second is  to  make p re d ic tio n s , e .g ., i f  some assum ptions are 

tru e , then  c e rta in  conclusions a re  in e v ita b le ..

The im portance  o f num erica l m ode lling  w o rk  has been dem onstra ted  in  the 

h is to ry  o f P la te  Tecton ics. The concept o f co n tin e n ta l d r i f t  was pu t 

fo rw a rd  by F rank B. T a y lo r in  1910 and was fu r th e r  developed by A lfre d  

Wegener beginn ing in  1912. However, a lthough convinc ing  q u a lita t iv e  

(p r im a r ily  geo log ica l) argum ents had been p u t fo rw a rd  by some a u th o rs  (e.g ., 

A lexande r du T o it,  1937) to  suppo rt con tin e n ta l d r i f t ,  a lm ost a l l  e a rth  

s c ie n tis ts  opposed the  hypothesis u n t i l  a sound phys ica l e xp la n a tio n  was 

ava ilab le . The opposition  was m a in ly  based on argum ents concern ing  the 

apparen t r ig id i t y  o f m antle  shown by the  p ropaga tion  o f se ism ic waves, and 

the  lack o f an adequate d r iv in g  mechanism.
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The f lu id  behaviour o f the  m antle  was estab lished q u a n tita t iv e ly  by

N. A. Haskell in  1935 when m ode lling  the  p o s t-g la c ia l is o s ta tic  rebound in

S candinavia  by tre a t in g  the  m antle  as a viscous f lu id .  Haskell found  the

20
u p l i f t  can be exp la ined i f  the  v is co s ity  o f m antle  is  about 10 Pas.

A lthough  th is  is  a ve ry  la rge  value, i t  leads to  a f lu id  behaviour f o r  the  

m an tle  over long periods o f geo log ica l tim e .

The d r iv in g  mechanism fo r  co n tin e n ta l d r i f t  is  a m ore fundam en ta l 

p rob lem . Wegener suggested th a t e ith e r  t id a l fo rce s  o r fo rce s  associated

w ith  the  ro ta t io n  o f the  e a rth  caused the  m otion  o f the  con tinen ts . 

J e ffre y s  (1924) showed th a t the  value o f  th is  fo rc e  is  no t s u ff ic ie n t.

O the r mechanisms had to  be provided. Now we know th a t co n tin e n ta l d r i f t  is 

th e  re s u lt  o f p la te  tec ton ics  caused by m an tle  convection.

So num erica l m ode lling  p lays an im p o rta n t ro le  in  the  E a rth  sciences. 

In  th is  th e s is  we use num erica l m ode lling  to  in ve s tig a te  the  d e fo rm a tio n  o f 

co n tin e n ta l lithosphe re .

Because o f the  lim ita t io n s  o f  m a them atica l th eo ries  and o f 

com p u ta tio n a l capac ity , m ost in ve s tig a tio n s  o f the  mechanics o f  con tin e n ta l 

d e fo rm a tio n  have tre a te d  the  lith o sp h e re  as a continuous medium (e .g ., B ird  

& P ipe r, 1980; England & McKenzie 1982, 1983; L in  & P a rm en tie r, 1990).

I t  appears th a t earthquakes in  reg ions o f  co n tin e n ta l de f o rm a tio n  

account, in  m ost cases, fo r  over 307. and, in  some cases, f o r  a lm ost 100% o f 

th e  s tra in  o f the  upper c ru s t (Jackson & Mckenzie 1988; E kstrom  & England 

1989). I t  m ig h t, th e re fo re , seem in a p p ro p ria te  to  t r e a t  co n tin e n ta l
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d e fo rm a tio n  as a continuum  phenomenon. The question  is  w h e the r the

d e fo rm a tio n  o f the  con tinen ts  may be app rox im a ted  by th a t o f a continuous 

medium.

The scale o f co n tin e n ta l d e fo rm a tio n  is la rge . A c tive  reg ions have 

h o r iz o n ta l d im ensions th a t a re  severa l tim es  the  th ickness o f  the  

lithosphe re , and many tim es  the  c ru s ta l th ickness. Using continuum  

m echanics to  inves tiga te  the  behaviour o f d e fo rm in g  co n tin e n ta l lithosphe re  

invo lves assum ing th a t the  d is co n tin u itie s  represented  by fa u lts  and shear 

zones a re  sm all compared w ith  the  th ickness o f the  lithosphe re . I f  th is

assum ption is  c o rre c t, then the  continuum  approach to  the  m echanics o f the  

co n tin e n ta l lithosphe re  may be a reasonable one.

The occurrence o f earthquakes shows th a t,  a t some scale, the

d e fo rm a tio n  m ust be tre a te d  as d iscontinuous. The p o in t is  th a t  the  seism ic 

zone is  on ly 10 -  15 km th ic k , and on ly fo r  M > 6 .0  earthquakes is  the

s tr ik e  o f the  a c tive  fa u l t  g re a te r than  th is . Most earthquake (M < 7 .0 ) 

fa u lts  have dim ensions less than  10 km x  100 km a p p ro x im a te ly . An approach 

th a t t re a ts  the  con tinen ts  as continuous w i l l  no t p rov ide  a ll the  answers on 

a ll observable scales; on the  o th e r hand, the  s im ple  phys ica l a rgum ents th a t  

fo l lo w  fro m  tre a t in g  the  lithosphe re  as being continuous on the  la rge  scale 

have given some use fu l in s ig h ts  to  the  mechanics o f the  con tinen ts .

Hence, a lthough the d e fo rm a tio n  may be in te rm it te n t  in  tim e  and

discon tinous in  space, th e re  is bo th  necessity and ju s t i f ic a t io n  to

app rox im a te  i t  by continuum  m ethod in  the  long te rm  and a t the  la rg e  scale. 

There have been fe w  a tte m p ts  to  use non-continuum  approaches in  num erica l

m ode lling . In  1991 B ird  & Kong announced the  f i r s t  fu l ly  converged so lu tion
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in c o rp o ra tin g  re a lis t ic  fa u l t  ne tw orks. E xpe rim en ta l m ode lling  has been 

o fte n  used to  in ves tiga te  d e fo rm a tio n  invo lv ing  d is c o n tin u itie s  ( i.e ., 

fa u lts ) .  F o r exam ple, Tapponn ier e t a l. (1982) s tud ied  the  fa u lt in g  

produced in  a laye red  p la s tic in e  b lock being pene tra ted  by a r ig id  inden te r, 

and com pared i t  w ith  the  la rg e  fa u lt in g  system  in  East Asia. Davy e t a l. 

(1990) made s im ila r  experim ents , and argued th a t the  the  exis tence o f 

undeform ed reg ions in  the  m id s t o f o th e rw ise  p e n e tra tive  d e fo rm a tio n  could 

a rise  n a tu ra lly  fro m  a f r a c ta l  s ty le  o f co n tin e n ta l fa u lt in g ,  and th a t these 

reg ions w ere  n o t necessarily  s trong .

§ 2 . 5  The tw o  types o f num erica l models

Having made the  assum ption o f c o n tin u ity , the  num erica l ana lys is  is 

u sua lly  c a rr ie d  ou t in  tw o  dimensions. F u lly  th re e  d im ensiona l models are 

idea l b u t so f a r  f  ew a tte m p ts  have been made to  in ve s tig a te  th a t w ay 

because o f the  huge am ount o f com puting invo lved (m ore d iscussion concern ing 

th is  can be fou n d  in  B ird  1989). There  a re  m a in ly  tw o  types o f tw o  

dim ensiona l num erica l models: those th a t in ve s tig a te  in  the  v e r t ic a l

section , and those th a t in ves tiga te  in  the  h o r iz o n ta l domain.

The p lanes stud ied  in  the  v e r t ic a l section  models a re  usua lly  chosen to  

be p e rpend icu la r to  the m a jo r  s tru c tu ra l lines such as the  s tr ik e  o f r i f t  

va lleys. They u sua lly  make the plane s tra in  assum ption (e .g ., Wang e t a l., 

1982, L in  & P a rm e n tie r, 1990), w h ich  assumes a) th a t  d isp lacem ent no rm a l to  

the plane in  s tudy  is zero , and b) th a t  the  stresses and s tra in s  do no t va ry  

in  the  d ire c tio n  no rm a l to  the  plane. T h is  is  p robab ly  the  m ostly  w id e ly  

used type  o f model. Models o f th is  type  have been used to  s tudy c ru s t and 

m antle  de f o rm a tio n  processes in  va rious  te c to n ic  c ircum stances inc lud ing
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r i f t i n g  (e .g ., Zuber & P a rm en tie r, 1986, L in  & P a rm en tie r, 1990), subduction  

(e .g ., W dow inski e t a l., 1989, 1991), co n tin e n ta l c o llis io n  (e .g ., Wang e t

a l.,  1982), e tc ..

The h o r iz o n ta l models are  less used than  the  v e r t ic a l sec tion  models. 

Most in ve s tig a to rs  w o rk in g  in  the  h o r iz o n ta l dom ain make use o f  the  

th in -s h e e t a p p ro x im a tio n  (e .g ., B ird  & P ipe r 1980). In  th is  a p p ro x im a tio n , 

s tresses a c tin g  on the  to p  and base o f the  lithosphe re  are  assumed to  be 

n e g lig ib le , as a re  the  su rfa ce  slopes, so shear s tress  on h o r iz o n ta l planes 

w ith in  the  lithosphe re  are n eg lig ib le  compared w ith  the  o th e r com ponents o f 

the  s tress  tensor. Under these cond itions , one p r in c ip a l s tre ss  is  

v e r t ic a l,  and is  equal to  the  w e ig h t pe r u n it  a rea  o f  o v e rly in g  rock . 

N eg lec ting  shear stresses on h o riz o n ta l planes is  equ iva len t to  assum ing 

th a t  the  top  o f  the  lithosphe re  is no t d isplaced h o r iz o n ta lly  re la t iv e  to  

i ts  base; the  behaviour o f the  system then depends on the  v e r t ic a l averages 

o f the  stresses a c tin g  w ith in  the  lithosphe re .

The assum ption th a t the  top  o f the  lithosphe re  is  n o t d isp laced 

app rec iab ly  w ith  respect to  its  base may seem to  be no t re a lis t ic  considered 

in  the  l ig h t  o f f ie ld  observation . T h in  sheet model is  e f fe c t iv e ly  "pure  

shear" model, in  w h ich  a v e r t ic a l re fe rence  line  rem ains v e r t ic a l d u rin g  

de fo rm a tion . A ll th ru s ts  and norm al fa u lts  do con ta in  such com ponents o f 

shear, and th e re  is abundant evidence in  the  fa b r ic s  o f rocks de fo rm ed  in  

the d u c tile  reg im e th a t they  have undergone s u b -h o rizo n ta l shear. However, 

p rovided th a t the  continuum  hypothesis is  tenab le  fo r  a g iven reg ion , a 

d is tr ib u te d  set o f th ru s t  o r norm a l shear zones produces h o r iz o n ta l 

d isp lacem ent o f the  top  o f the  lithosphe re  w ith  respect to  i ts  base th a t  is  

sm a ll compared w ith  the to ta l sho rten ing  o r extension.
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A nother challenge to  the  th in  sheet model is  the  p o s s ib ility  o f channel 

f lo w  in  the  lo w e r c ru s t. M a te ria ls  m ig ra te  h o r iz o n ta lly  th ro u g h  the  weak 

la ye r o f the  lo w e r c ru s t under pressure  d iffe re n ce s  and the  Moho topography 

is  the reby  smoothed (K uszn ir & M atthew s, 1988; B ird , 1991; Kruse e t a l., 

1991). T h is  process is  ve ry  much w aveleng th-dependent, w ith  medium

w aveleng th  topography decaying fa s te s t (K uszn ir & M atthew s, 1988). Since

long -w ave leng th  Moho topography is  n o t re a d ily  removed by channel f lo w , the  

th in  sheet model is  no t in va lid a te d  in  la rg e -sca le  lith o sp h e re  d e fo rm a tio n  

stud ies. A lthough the  th in  sheet model has many shortcom ings, and B ird  

(1989) has in troduced  a m ore re a lis t ic  by com plica ted  model to  rep lace i t ,

i t  s t i l l  appeals to  num erica l m odelle rs due to  its  s im p lic ity . Fo r exam ple,

Buck (1991) s t i l l  makes the  th in  sheet assum ption in  s tudy ing  the  mode o f 

r i f t in g .

Both types o f models have advantages and disadvantages. The fo rm e r one

is  su ita b le  to  s tudy the  v e r t ic a l d is tr ib u t io n  o f s tress  and s tra in . I t  can 

use v e r t ic a lly  va ry in g  rheo logy more eas ily , and is  th e re fo re  c le a re r 

ph ys ica lly . The la t te r  one il lu s tra te s  the  h o r iz o n ta l d is tr ib u t io n  o f

de fo rm a tio n , and th is  is  o f te r  im p o rta n t in  geology.

In  C hapter 3, a model in  the  h o riz o n ta l dom ain f o r  the  d e fo rm a tio n  o f 

lithosphe re  is  derived based on the th in  sheet assum ption. The lithosphe re

is o f p o w e r- la w  viscous rheo logy. I t  is  sub jected  to  bo th  boundary s u r f  ace 

fo rce s  and the  in tra p la te  body fo rce s  due to  la te ra l dens ity  co n tra s t. In 

C hapters 4, 5, 6 and 7, the  model is  compared w ith  e x is tin g  ones and used to  

in ves tiga te  la rge  scale d e fo rm a tion , in  p a r t ic u la r ,  the  sho rten ing  and

extension , o f co n tin e n ta l lithosphe re .
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C h a p te r 3. A G e n e ra l t h in  v iscous  shee t m ode l

T h is  chap te r com prises s ix  p a rts . § 3.1 deals w ith  the  th e rm a l

processes associated w ith  lithosphe re  d e fo rm a tion . § 3 .2  deals w ith  the  

rheo logy o f  the  lithosphe re . § 3 .3  derives the govern ing  m echanical

equations f o r  the  d e fo rm a tio n , w h ich  m ust take  in to  account body fo rce s  as 

w e ll as e x te rn a l te c to n ic  fo rces . The lithosphe re  d u rin g  d e fo rm a tio n  is 

taken  to  be in  an is o s ta tic  s ta te . § 3 .4  gives the  equations fo r

c a lc u la tin g  the  evo lu tion  o f  the  su rfa ce  la ye r, Moho la ye r and the  lo w e r 

boundary o f the  lithosphe re  in  is o s ta tic  e q u ilib r iu m  d u rin g  de fo rm a tion . 

§ 3.5 discusses the  e f fe c t  o f  erosion and sed im enta tion . § 3 .6  discusses

some specia l cases to  c la r i f y  the  physics o f the  model. § 3.7 in troduces 

the  num erica l m ethod used to  solve the  equations.

§ 3 .1  The th e rm a l processes:

The th ickness o f the  lithosphe re  is  a ffe c te d  by th e rm a l processes as 

w e ll as m echanical processes. Therm al processes a lw ays tend to  re s to re  the 

th ickness o f lithosphe re  to  a th e rm a lly  s tab le  one, i f  the  th ickness is 

changed by a m echanical p e rtu rb a tio n . There is  no a n a ly tic  so lu tio n  to  th is  

p rob lem  because o f the  m oving boundary between the  lithosphe re  and the 

unde rly ing  asthenosphere (w h ich  can on ly  sus ta in  weak shear stresses and in  

w h ich  heat is tra n s fe r re d  p r in c ip a lly  by convection). McKenzie (1978) and 

England & Sonder (1989) gave tw o  app rox im a te  so lu tions  to  the  th e rm a l 

prob lem  o f a th inned  lithosphe re . However n e ith e r o f them  took  in to  account
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the  sharp  c o n tra s t between the  th e rm a l behaviour o f the  lithosphe re  and o f 

the  asthenosphere, and n e ith e r o f them  can be app lied  to  the  case o f a 

th ickened lithosphe re . In  th is  w o rk  I have derived an app rox im a te  so lu tion  

based on the  fo llo w in g  fo u r  app rox im a tions :

A. A lthough heat t ra n s fe r  in  the  asthenosphere is  p r im a r i ly  convective, i t  

is  rep resen t e ffe c t iv e ly  as a conductive process w ith  a la rg e  and constan t 

value fo r  the  e ffe c tiv e  th e rm a l c o n d u c tiv ity  (k 7) and d if fu s iv i t y  (/c7 ). In 

a d d itio n , the  e ffe c tiv e  heat conduction  is  taken  as to ta l ly  v e r t ic a l.

B. The te m pe ra tu re  in  both  lithosphe re  and asthenosphere is  approx im ated  as

a piecew ise lin e a r  fu n c tio n  o f  depth, w ith  d T /d z  in  the  lith o sp h e re  »  d T /d z

in  the  asthenosphere, w here d T /d z  is the  mean value o f d T /d z , a t any tim e ,

d T /d z  is  re la te d  to  the  th ickness o f the  lithosphe re  (F igu re  3.1-1).

C. The th e rm a l c o n d u c tiv ity  (k) and the  d i f fu s iv i ty  (k ) o f  the  lithosphe re  

a re  taken as u n ifo rm  and constan t.

D. As w ith  the  p revious w orks, heat generated in  the  lithosphe re  o r 

asthenosphere is  neglected.

In  an idea l lithosphe re  ( th e rm a lly  s tab le , so lid  lines in  F igu re  3.1-1), 

heat in p u t equals ou tpu t, so by F o u r ie r ’ s law

. , ( T a - T l ) T lk — t  = k t—
Ao Lo

i.e .,

k 7= k r - ^ V rLo ( T a - T l )

in  w h ich  Ao is  the  norm al e q u ilib r iu m  th ickness o f the  asthenosphere, Lo is 

the  e q u ilib r iu m  th ickness o f the  lithosphe re , T l  is  the  te m p e ra tu re  o f the
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lo w e r boundary o f the  lithosphe re , and T a th a t o f the  lo w e r boundary o f the  

asthenosphere.

--------------------------- j---------Mo
k ------- j— ----------------- U>----- M

- L  1------------ —  L

Tl Ta

F igu re  3.1-1. T em pera tu re  d is tr ib u t io n  in  the th e rm a lly  s tab le  lithosphe re  
and asthenosphere (so lid  line ) and the deform ed lithosphe re  and 
asthenosphere (dashed line ). To, T l and T a a re  the  te m p e ra tu re  o f the  top  
su rface , the  base o f the  lithosphe re , and the  base o f the  asthenosphere 
respec tive ly . Lo and Ao are  the  th ickness o f th e rm a lly  s tab le  lithosphe re  
and asthenosphere respec tive ly . L  and A are the  th ickness o f the  deform ed 
lithosphe re  and asthenosphere re spec tive ly . k and k ' a re  the  co n d u c tiv ity  
o f the  lithosphe re  and the  asthenosphere respective ly .

A t any tim e  (dashed lines in  F igu re  3.1-1), the  heat q u a n tity  ins ide 

the lithosphe re  and asthenosphere is  (assuming p, the  dens ity , and c, the

s p e c ific  heat capac ity  in  the  lithosphe re  is the  same as in  the

asthenosphere)

31



Q =^ pcLTL+ ^ p c A (T l + T a )

so

dQ 1 _  dA 1 dL  ,0 -
a t  = 2 pcT4d t  - z  pcTAd t  (3 1 ' 2)

The d iffe re n c e  between heat in p u t and o u tp u t o f the  lith o sp h e re  is

. , ( T a - T l )  . T l  
k  — — k —

(w h ich , us ing (3.1-1))

Ao . T l  . T lk—t------k——
Lo

, T l . A o L o .
~Lo  ~A----------L -

i-----------r 2 ) (3 .1 -3 )Lo A o + L o -L  L

T h is  d iffe re n c e  is  equal to  the  ra te  o f v a r ia t io n  o f the  q u a n tity  o f heat 

ins ide  the  lithosphe re  and asthenosphere, so

1 „  d L  . T l . A o  L o .
2 P d t  “  Lo  Ao + L o -L  “I T

and f in a l ly ,  the  ra te  o f th e rm a l th icken ing  o r th in n in g  o f  a lithosphe re  

w ith  a th ickness L  is

d L  k 2 T l  . L o  A o v
- r -  =  f ~ — ( - j —  -  .----- »----------) (3 .1-4)d t  pc L o T a  L  A o + L o - L

In  a non-d im ensiona l f  o rm  th is  can be expressed as an inc rem en ta l 

re la tio n s h ip  between lithosphe re  th ickness changes A(—j ^ )  and tim e  step

to

d (—t - ) = H ( —̂ 2  -  * °  )d ( _ L )  (3 .1 -5 )
Lo L  Ao + L o -L  to

w here H = — f  ̂ 3 L, T = T , to = - T̂T°  -, and Uo is  a sca ling  fa c to r  f o r  the
P c L oT a U o L oT a U o U o &

ty p ic a l h o r iz o n ta l ve lo c ity  o f d isp lacem ent in  the  lithosphe re . In  th is
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problem , Uo is  chosen as 5 cm /yea r.

A ccord ing  to  C ars law  & Jaeger [1959, (Appendix V I)], the  th e rm a l

2 — 1
d if fu s iv i ty  fo r  average ro ck  is  1.18 x 10 m s .  Because the  te m p e ra tu re  

g ra d ie n t a t the  to p  s u r f  ace is  about th re e  tim es  the  average te m p e ra tu re  

g ra d ie n t o f the  lithosphe re , i t  w ou ld  be reasonable to  assume th a t the

—6  2 —I
average d if fu s iv i ty  o f  the  lithosphe re , k , is  3x1.18 x 10 m s .  So i f  

U o=5cm /year, then  H =0.04.

From  the  fo rm u la , i t  can be seen th a t d L /d t= 0  when L=Lo, d L /d t> 0  when 

L<Lo, and d L /d t< 0  when L>Lo. So th is  new fo rm u la  is  a t leas t q u a lita t iv e ly  

c o rre c t, a lthough i t  is  s t i l l  ve ry  p r im it iv e .

The fo rm u la  can be tes ted  (no t c a lib ra te d , u n fo rtu n a te ly )  in  the  

fo llo w in g  way: suppose a lithosphe re  w ith  s tab le  th ickness Lo is  th ickened 

o r th inned  m echan ica lly  to  th ickness L s im u ltaneously , then the  th e rm a l 

process w i l l  begin to  re s to re  L to  Lo. The ca lcu la ted  re la t iv e  th ickness 

L/Lo aga ins t tim e  t  is  shown in  F igu re  3.1-2. I t  is  seen th a t th inned  

lithosphe re  re s to re s  fa s te r  than  th ickened lithosphe re , and those w ith  

sm a lle r in i t ia l  th ickness re s to re  fa s te r  than  those w ith  b igge r in i t ia l  

th ickness. Th is  is in  line  w ith  ou r genera l understand ing  o f the  th e rm a l 

process. I t  a lso shows th a t w ith  Lo=100 km, in  60 Ma L is re s to re d  to  

w ith in  m ore than  95 7. o f i ts  in i t ia l  th ickness, Lo, w h ich  agrees w ith  

McKenzie’ s conclusion th a t th e rm a l anom alies o f s tre tch e d  lithosphe re  die 

ou t in  the  o rd e r o f 60 Ma.
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t (Ma)
0 100

1  ̂= 150 km 

-_U> = 100 km1
1

Lo = 75 km

Lo = 100 km

Lo= 150 km

2

Lo

F igu re  3 .1 -2  The th e rm a l re s to ra tio n  process as ca lcu la ted  using the  derived  

fo rm u la  and assumed param ete rs .

§ 3 .2  The rheo logy o f the  lithosphe re

In the  f i r s t  p a r t  o f th is  section , I in troduce  a p re v io u s ly  used (e .g ., 

England & McKenzie, 1982) fo rm u la tio n  o f the  average s tress  and s t ra in - ra te  

re la t io n  o f the  lithosphe re , w h ich  is  based on the  assum ption th a t the  

s tre n g th  o f the  lithosphe re  is  c o n tro lle d  by the  tem pera tu re -dependen t p a r t
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o f  the  lith o sp h e re . In the second p a r t  o f th is  section , I g ive a new 

fo rm u la  d e sc rib in g  the  s tress  and s t ra in - ra te  re la t io n , w h ich  takes in to  

accoun t n o t on ly  the  s tre n g th  o f the  tem pera tu re -dependen t p a r t  o f the  

lith o sp h e re , b u t a lso  the  upper p a r t o f  the  lithosphe re  w here d e fo rm a tio n  is 

in  the  fo rm  o f b r i t t le  fa ilu re .  Both types o f fo rm u la tio n  w i l l  be used in  

th e  la te r  p a r t  o f  th is  thesis.

The upper c ru s t de f orm s in  a d iscontinuous m anner by f  a u ltin g . 

A lthough  fa u lts  a re  p rom inen t in  the  su rfa ce  geo log ica l reco rd , they 

re p re se n t on ly  the  fa i lu re  o f the  ou te rm ost, b r i t t le  la ye r o f the  

lith o sp h e re , and n o t necessarily  th a t  o f the  lithosphe re  as a w hole. The 

response o f  the  lithosphe re  to  app lied  fo rce s  is  la rg e ly  co n tro lle d  by the 

rheo logy  o f  the  s tronges t p o rtio n  o f the  lithosphe re . L a b o ra to ry  

d e te rm in a tio n s  o f  the  rheo logy o f o liv in e  and o th e r m ine ra ls  rep resen ta tive  

o f the  c ru s t and upper m antle  in d ica te  th a t  a t h igh  tem pe ra tu res  they de fo rm  

by pow er la w  creep accord ing  to  a law  like

in  the  range o f cond itions  lik e ly  to  app ly to  the  d e fo rm a tio n  o f the

c o n tin e n ta l lithosphe re . C is a constan t o f the  m a te r ia l, <ri and <T3 are  the

g re a te s t and the  leas t p r in c ip le  stresses, #  is  the  abso lu te  tem p e ra tu re , R 

is  the  gas cons tan t and Q is  the  a c tiv a tio n  energy fo r  the  re le va n t

d e fo rm a tio n  mechanism . R e w rit in g  (3 .2-1), we have

(3.2-1)

= B -e
• l/n

(3 .2 -2 )

w here B = ^ -e x p (  ^  ). B is  th e re fo re  a measure o f the  s tre n g th  o f the
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E a rth  m a te r ia l. I f  the  v e r t ic a l g ra d ie n t o f h o r iz o n ta l ve lo c ity  is 

ne g lig ib le , the  above equation can be rep laced by an average s tress  and 

s t ra in - ra te  re la t io n  fo r  the  whole lithosphe re  in  the  fo rm  o f

(Ti -  ct3 = B -e 1/n (3 .2 -3 )

w here B averages, th rougho u t the  lithosphe re , the  te m p e ra tu re  dependent 

p a rts  o f equation 3 .2 -2 . Among o th e r fa c to rs , B is  dependent on the 

v e r t ic a l te m p e ra tu re  d is tr ib u t io n  in  the  lithosphe re . B u t having made the 

lin e a r assum ption in  § 3.1 fo r  the  te m p e ra tu re  p ro f ile ,  B can be tre a te d  as 

constan t to  a f i r s t  o rd e r o f a pp rox im a tio n . The p rob lem  may now be 

fo rm u la te d  in  te rm s  o f the  d e fo rm a tio n  o f a homogeneous pow er law  m a te r ia l 

th a t  is assumed to  be is o tro p ic  and incom pressib le .

The above tre a tm e n t assumes th a t  the  s tre n g th  o f  the  lithosphe re  lies  

in  the  tem pera tu re -dependen t p o rtio n  in  the  lo w e r c ru s t o r  upper m antle , and 

was f i r s t  used in  England & McKenzie (1982). However, th e  s tre n g th  o f  the 

sha llow e r p a r t  o f the  lithosphe re  may also be im p o rta n t. Sonder and England 

(1986) suggest th is  s tre n g th  may be inc luded to  some e x te n t by increas ing  

the  exponent in  the  p o w e r- la w  rheo logy. Here I use ano the r approach to  

inc lude the  s tre n g th  o f upper la ye r o f lithosphe re  in  the  sim ple rheo logy 

fo rm u la tio n . A more de ta iled  ana lys is  fo llo w s .

In  the  lo w e r c ru s t and upper m antle , the  s tre n g th  o f  E a rth  m a te r ia l 

declines e xp o n e n tia lly  as te m pe ra tu re  T  increases. I t  a lso depends on the 

m e ltin g  te m p e ra tu re  and th e re fo re  increases, b u t much less ra p id ly , w ith  

pressure . A t sha llow  depth (low  tem pe ra tu res  and pressures) th e re  is  a 

b r i t t le - d u c t i le  t ra n s it io n , and in  the  su rfa ce  la ye r o f  the  lithosphe re  

d e fo rm a tio n  is dom inated by ca tac las is  and f ra c tu re ,  fo r  w h ich  the  s tre n g th  

is lo w e r than  the  p la s tic  f lo w  s tre n g th . In  th is  b r i t t le  la y e r the s tre n g th
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is  n e a rly  independent o f te m pe ra tu re  bu t increases w ith  pressure  in  an 

a p p ro x im a te ly  lin e a r fash ion . (See M u rre ll 1986 f o r  fu r th e r  discussion) So 

the  s tre n g th  o f the  E a rth  m a te r ia l increases w ith  depth to  a m axim um  value, 

then  decreases expone n tia lly . I am aw are  th a t the  d e f in it io n  o f "s tre n g th " 

is  d if fe re n t  a t the  sha llow  and deep depth and the  sh a llo w e r p a r t  o f the  

lithosphe re  can no t be com ple te ly  represented  by p o w e r- la w  viscous m a te r ia l, 

b u t f o r  s im p lic ity , the  tw o  p a rts  are  tre a te d  in  the  same way. I assume 

th a t the  depth o f m axim um  s tre n g th  is  de te rm ined by a c r i t ic a l  tem pe ra tu re , 

Tc. Above the  depth Lc w ith  c r i t ic a l  te m p e ra tu re  Tc, the  s tre n g th  increases 

lin e a r ly  as p ressure  increases w ith  depth, and below  th a t  depth s tre n g th  

decreases exp o n e n tia lly  as te m pe ra tu re  increases w ith  depth, as shown in  

F igu re  3.2-1.

L e t Bmax and Bomax be the m axim um  s tre n g th  in  de fo rm ed and in  norm al 

e q u ilib r iu m  lithosphe re  respec tive ly , and Lc and Loc be the  correspond ing 

depths in  the  lithosphe re  a t w h ich  the  s tre n g th  reaches i ts  m axim um  value. 

Because the  m axim um  s tre n g th  va ries  in  the  same ra t io  as the  depth o f 

c r i t ic a l  tem pe ra tu re , then

Bmax ~ Bomax— -----
Loc

and fu rth e rm o re , a p p rox im a te ly , the  new average "s tre n g th " is  given by

I f  the  d e fo rm a tio n  is v e r t ic a lly  u n ifo rm , then

L c L
Loc Lo

So, f in a l ly

B = Bo-41Lo (3 .2 -4 )
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T h is  fo rm u la  shows th a t the  average s tre n g th  is  increased (o r

decreased) by the  same ra t io  as th e  lithosphe re  is  m echan ica lly  th ickened

(o r th inned ). So a th ickened lith o sp h e re  is  s tro n g e r n o t on ly  because th e re

is  a la rg e r  th ickness to  re s is t d e fo rm a tio n  bu t also because the average

s tre n g th  is  increased as w e ll. F o r a th inned lithosphe re , the  reverse  is

the  case. T h is  is  o f course a s im p lif ic a tio n . The tru e  value o f B may be

between Bo and Bo .Lo

0 B

BomaxLoc

\  Bmax
Lc

Lo

L

0  Tc Tl T

Loc

Lc

Lo

L

2 2

F ig u re  3 .2-1 The s tre n g th  (A) and the  tem pe ra tu re  d is tr ib u t io n  (B) o f th e  
in i t ia l  (so lid  line ) and deform ed (dashed line ) lithosphere .
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The th ic kn e ss -re la te d  average s tre n g th  fo rm u la tio n  can a lso be 

ju s t i f ie d  e m p ir ic a lly . In  the  case o f co n tin e n ta l sho rten ing  i t  p rov ides an 

a lte rn a tiv e  mechanism f o r  l im it in g  the  co n tin e n ta l th icke n in g  (the  common 

exp lana tion  f o r  the  l im i t  is the  buoyancy fo rc e  fro m  the  h igh  g ra v ity  

p o te n tia l due to  c ru s ta l th icken ing , bu t F le ito u t & F ro idevaux [1982] have 

dem onstra ted  th a t th ickened lithosphe re  does no t necessa rily  tend  to  

extend). In  the  case o f con tin e n ta l extension , i t  p a r t ly  s im u la tes  the 

e f fe c t  o f the  fa i lu re  o f the  b r i t t le  la ye r on the  average s tre n g th  o f  the 

w hole lithosphe re , w h ich  is  o the rw ise  no t represented  in  the  viscous sheet 

model.

Now the  p rob lem  is  reduced to  the  d e fo rm a tio n  o f a th in  viscous sheet 

o f p o w e r- la w  v isco s ity , w ith  constan t o r th ickness re la te d  s tre n g th  

pa ram e te r B.

To be app licab le  in  a genera l num erica l ana lys is, the  s tre n g th  and 

s tra in  ra te  re la tio n s h ip  may be genera lized  as

 .—i ( 1 /n -  1 ) /_ ^ _»
x  =BE e (3 .2 -5 )

i j  i j

in  w h ich  E is  the  square ro o t o f the  second in v a r ia n t o f  the  s tra in  ra te  

tenso r, and and e a re  the  components o f the  s tre ss  and s t ra in - ra te

tensors respec tive ly  (See R ana lli [1987] f o r  m ore d e ta ils ).

§ 3 .3  The m echanical equations:

In  th is  section , I g ive the  re s u lts  o f my d e riv a tio n  o f new equations 

describ ing  the  d e fo rm a tio n  o f the  lithosphe re  under buoyancy fo rc e s  as w e ll 

as e x te rn a l fo rces . One advantage o f the  equations to  be derived  is  th a t
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they  a llo w  the asthenosphere to  have d if fe re n t  dens ities  fro m  the 

lith o sp h e re  m an tle , whereas in  previous stud ies o f num erica l m ode lling  in  

the  h o r iz o n ta l domain m aking use o f the  th in  sheet assum ption com pensation 

is  achieved w ith in  the  lithosphe re  so th a t the  asthenosphere does no t come 

in to  the  model. A nother im provem ent is  th a t  they can be app lied  to  the  

lith o sp h e re  covered by w a te r  o r loose sedim ents. The w hole d e riv a tio n  is 

independent o f p rev ious s tud ies, a lthough i t  too  is  based on the  th in  sheet 

assum ptions, w h ich  a re

A. The rheo logy o f the  lithosphe re  is v e r t ic a lly  averaged .

B. The d e v ia to r ic  s tress  is  also v e r t ic a lly  averaged.

C. F o r m a them atica l convenience, shear s tress  in  the  v e r t ic a l d ire c tio n  is 

neglected so th a t  the  w e ig h t o f every v e r t ic a l colum n is  to ta l ly  supported 

by the  u n d e rly in g  asthenosphere. The lithosphe re  is  in  is o s ta tic  s ta te .

z
A

F ig u re  3.3-1. P a rt o f the  lithosphe re  under study.

R e fe rr in g  to  F igu re  3.3-1, consider a v e r t ic a l colum n elem ent in  a th in
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viscous sheet covered by w a te r. In the x -d ire c t io n , f o r  e q u ilib r iu m , we 

have

^  (J'L(Txdz) + - ^ ( jS rx y d z H  Tx + Rx = 0 (3 .3-1)
o x  o y

w here  Rx is  the  x  component o f the  fo rc e  exe rte d  by the  asthenosphere on the  

b o tto m  o f the  lithosphe re , Tx is  th a t  exe rted  by the  w a te r  on the  top  o f the  

lithosphe re , and L  is  the  th ickness o f the  lithosphe re .

L e t Tx = (Tx -  ^(<rx+<Ty+<Tz), 

Ty — (Ty -  -(<rx+<Ty+<Tz)

then  <Tx = 2 t x  + Ty + <rz, and cry=2xy+xx+crz. S u b s titu tin g  these in to  

eq. (3 .3-1) we ob ta in

[J'L(2xx+xy )dz] + ^ ( X Lxxydz)+ - A / c r z d z )  + Tx + Rx = 0 (3 .3 -2 )o x  oy o x

. . . d r r L , . rL d , dZl  9Z3in  w h ich  -r—( j <rzdz)=j <rzdz + — crz. -  - — crz.
dx dx  d x  5x

1 Z=Z1 1 Z = Z 3

w here  Z i is  the  leve l o f the  top  o f the  lithosphe re , and Z3 th a t o f the

bo tto m  o f the  lithosphe re , measured re la t iv e  to  a com pensation leve l deep in

the  asthenosphere. <rz is  zero on the top  o f lithosphe re ,

a Z l ry.
a r r z | =  " Tx

1 Z=Z1

azs _
a S T ^ I = Rx

1 Z = Z 3

So eq. (3 .3 -2 ) becomes

-Jr~ [J'L(2Tx+Ty)dz] + -^ (/S rx y d z J + J ^ -^ irz d z  = 0 o x  oy ox

w here  trz=-J'^°pgdz
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in  w h ich  Zo is  the  leve l o f the  w a te r su rfa ce  measured in  the  same w ay as Z i

and Z3.

L dC a lcu la tin g  X trzdz, m aking use o f assum ption C., we have 
o x

rL d , r L , x SZi PZ 2 , . 5Z2
5  ax0" = '  s  <P-=-P">e-aF ” z3 (pm' pc)eS T

in  w h ich  Z 2 is  the  leve l o f the  Moho su rfa ce  measured in  the  same w ay as Z i 

and Z3. A pp ly ing  assum ption B., then  we ob ta in  the  equation fo r  fo rc e  

e q u ilib r iu m  ( in  the  x -d ire c t io n )

^•[L (2X x+ X y)]+  ^ y (L x x y )-  ( p c - p w ) g L - |^  -(p m -p c )g (L -s ) = 0

(3 .3 -3 )

in  w h ich  s is  the  th ickness o f the  c ru s t. A ccord ing  to  the  d e f in it io n  o f 

s t ra in - ra te  and m aking use o f  eq .3 .2 -5 , we have

_ -  • ( 1 / n - 1 ) 1 fdv du . . .BE *  gy) (3 .3 -4 )

Tx = BE( l / n  n - 2 ^ -  (3 .3 -5 )dx

X y  = BE(1 /n  1]- ^ ~  (3 .3 -6 )dy

where u and v are  the  ve lo c itie s  in  the  x  and y d ire c tio n  respective ly . 

S u b s titu tin g  equations (3 .3 -4 ), (3 .3 -5 ) and (3 .3 -6 ) in to  eq. (3 .3 -3 ),

re a rra n g in g  the  equation, then we have



(3 .3-7)

I t  is  m ore convenient to  express i t  in  a non-d im ensiona l fo rm . L e t L=LLo,

x=  x L o , y= yLo , Z i= Z iL o , Z 2= Z 2Lo, u=uuo, v=vuo, B=BBo, E = E * ^  , then

eq. (3 .3 -7 ) becomes

_ a 2 u i  a 2u _ 3 a 2v E (1_1/n)rro au a v , a , -a /n - ik
2T T  + 2 ' T T  "  "  2 as^ay ’  — — t (2a ^  + W d Z [LBE ]d x  dy LB

+ + | ^ ) s ^ (L B £ H/n' 1’ )]+  A 1/n>[ ( l -  +(£ ;  _1)(1.  S ) |Z 2 ]
2 dy d x  dy  J rD  L pc d x  pc L d x  J

LB
(3 .3 -8a )

L < ( l / n  ) +1)
w here we de fine  A = peg----------------- . (3 .3 -9 )

1/n f:Uo Bo

S im ila r ly ,  in  the  y d ire c tio n , the  equation  fo r  fo rc e  e q u ilib r iu m  in  a non- 

d im ensiona l fo rm  is

0 a 2 v , 1 a 2v 3 a 2u e ( 1 -1 /n)r, 0av . au , a , r ^ u /n - n ,V ='5 ̂ 57 m  W
\ (du d v . d . . _ * ( l /n - lk , . E (1 1/n)r f , pw. a z i ,pm S ,aZ 2 -

+ 5 ( 0 -  + -s - ia -d B E  )]+ A -------------- [(1 - — )~ z —  + (---- 1)(1- r h — ]2 dy  d x  d x  J  ̂ p c  dy p c  L dy  JLB
(3 .3 -8b )

In  eq .(3 .3 -8 a ,b ), i f  B=Bo, then B = l; i f  § = ■■-  - Bo, then  B=L.

The f in a l te rm s  in  equations (3 .3 -8a ), (3 .3 -8b ) con ta in in g  the  fa c to r  A 

express the  e f fe c t  g ra v ita t io n a l fo rce s  can have on th e  h o r iz o n ta l 

d e fo rm a tio n  o f the  lithosphe re .

F rom  its  d e fin it io n , i t  can be seen th a t  A is  a measure o f th e  inverse 

o f  the  average lithosphe re  s tre n g th , and the  v a r ia t io n  o f i ts  value is 

p r im a r i ly  due to  the v a r ia t io n  o f B. To p u t a c o n s tra in t on the  va lue o f A,
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the  re la tio n s h ip  between the  value o f A and the  equ iva len t v is c o s ity  o f the 

lith o sp h e re  is given below.

From  eq .3 .2 -5 , the  equ iva len t v is co s ity  o f the  th in  sheet o f  the  

lith o sp h e re  a t the  beginn ing o f d e fo rm a tio n  is

— -  = BoE(1 /n_1 ) (3 .3 -10)
e

i j

Using eq .(3 .3 -9 ), eq .(3 .3-10) becomes

x  ( ( l /n )  + 1) ,
*J Lo  1 / n - l  ) - = peg  E (3.3-11)

l / n  .
e uo A

i j

W ith  n = 3, uo = 5cm /yea r, Lo=100km, pc = 2900kg /m 3, g = 9 .8 m /s 2, the

1022equ iva len t v isco s ity  is  about —r—  Pas a t a s tra in  ra te  o f 10 s , and

1 0 24 5
about —  Pas a t a s tra in  ra te  o f 10 s . So the  value o f A ty p ic a lly  

ranges fro m  1 to  100. England and Mckenzie (1982, 1983) have in tro d u ce d  a 

s im ila r  sca ling  fa c to r  A r, w h ich  they  c a ll the  A rgand num ber. T h e ir 

d e f in it io n  o f the  A rgand num ber is

. ( ( l / n  )+l)
A ® / 1 P C vA r = peg— —-------- (1- £ - )

l/n , ,  pmuo B

So fo r  the  same lithosphe re  the  re la tio n sh ip  between A r and A is

A r = A ( l-  ^ )  (3 .3-12)
pm

I t  may be m ore a p p ro p ria te  to  c a ll A the  re -d e fin e d  A rgand num ber. But 

f o r  s im p lic ity , A is  ju s t  ca lled  the  A num ber in  th is  thesis.

The equations (3 .3 -8a ) and (3 .3 -8b ) show th a t the  h o r iz o n ta l f lo w  due 

to  g ra v ity  is  co n tr ib u te d  by the  topography o f both  the  upper s u rfa ce  and
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the  Moho su rfa ce  o f the  lithosphe re . F o r co n tin e n ta l lithosphe re  in  

is o s ta tic  e q u ilib r iu m , the  tw o  e ffe c ts  usua lly  p a r t ly  cancel each o th e r 

because sho rten ing  causes the  subsidence o f the  Moho su rfa ce  and the 

e leva tion  o f the  upper su rface  o f th e  lithosphe re  w h ile  s tre tc h in g  causes 

the  e leva tion  o f the  Moho su rface  and the  subsidence o f the  upper su rface  o f 

the  lithosphe re  (p rovided th a t the  c ru s ta l th ickness s is  no less than  18 

km, see McKenzie 1978 and M u rre ll 1986). I f  the  to p  e leva tion  is  to ta lly  

compensated by a c ru s ta l ro o t in  the  m antle , the  e f fe c t  o f  the  top  

topography w i l l  dom inate and th ickened lithosphe re  w i l l  tend  to  extend  under 

g ra v ity . I f ,  however, the  top  e leva tion  is  compensated no t on ly  by a 

c ru s ta l ro o t in  the  m antle  bu t also by a lithosphe re  ro o t in  the 

asthenosphere, the re  w i l l  be the  p o s s ib ility  th a t  the  e f fe c t  o f  the  Moho 

topography dom inates and th a t the  lithosphe re  w h ich  has been th ickened by 

sho rten ing  is  in  genera l com pression under g ra v ity  fo rce s . T h is  re s u lt is 

in  lin e  w ith  th a t  o f F le ito u t & F ro idevaux (1982), who s tud ied  the  e f fe c t  o f 

dens ity  he te rogene ities  in  the lithosphe re . Because the  v a r ia t io n  o f the  

to p  su rfa ce  and o f the  Moho is  the  m a jo r source o f lith o sp h e re  dens ity  

he te rogene ities , the  m echanical equations given in  th is  section  describe  the  

ro le  o f dens ity  he te rogene ities  m ore d ire c t ly  than  the  method o f  F le ito u t & 

F ro idevaux (1982), and can be used more eas ily  in  la rg e -sca le  num erica l 

m ode lling  o f lithosphe re  de fo rm a tion .

The above equations are  f o r  the  p a r t o f the  lith o sp h e re  covered w ith  

w a te r  o r sedim ent. The d e fo rm a tio n  o f the  p a r t o f lithosphe re  w ith o u t w a te r 

coverage is  also described by the above equations by ta k in g  pw = 0. The 

e f fe c t  o f sed im enta tion  w i l l  be discussed fu r th e r  in  § 3.5.
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§ 3 . 4  V ertical d isplacem ent during deform ation .

When a lith o sp h e ric  p la te  is  s tre tch e d  o r shortened, the  e leva tion  o f 

i ts  to p  su rface , Moho su rface , and lo w e r boundary w i l l  u su a lly  change. 

McKenzie (1978) has ca lcu la ted  the  basin subsidence caused by instantaneous

s tre tc h in g  fo llo w e d  by th e rm a l cooling. But because o f the  instantaneous 

s tre tc h in g  assum ption McKenzie’ s fo rm u la  is  no t su ita b le  f o r  th is  thes is . 

L a te r  Ja rv is  & McKenzie (1980) s tud ied  basin  subsidence caused by

f in i te - r a te  s tre tc h in g , b u t the  so lu tio n  is  derived  f o r  s tre tch e d

lith o sp h e re  only, and i t  is  not convenient f o r  a s tudy in  w h ich  no t on ly  the 

th e rm a l process bu t also the  mechanics o f lithosphe re  ex tens ion  o r

sho rten ing  a re  o f concern. In  th is  section  I de rive  s im p le  f  orm ulae

describ ing  the  s te p -b y -s te p  changing o f the  th re e  su rfaces (top  su rface ,

Moho su rface , and the  lo w e r boundary o f  lithosphe re ) o f  th e  lithosphe re  

sub jected  to  m echanical d e fo rm a tio n  and also th e rm a l re s to ra tio n , w h ich  are 

v a lid  f o r  both  lithosphe re  shorten ing  and extension. B e fo re  d e r iv in g  the 

equations describ ing  the  v e r t ic a l d isp lacem ent o f the  th re e  s u r f  aces, I 

de fine  the  te rm  "equ iva len t dens ity " used in  th is  thesis.

The dens ity  o f e a rth  m a te r ia l is  dete rm ined by th re e  fa c to rs : its

com position , tem pe ra tu re , and pressure. I t  decreases w ith  te m p e ra tu re  (due 

to  th e rm a l expansion) and increases w ith  p ressure  (due to  c o m p re ss ib ility ). 

I t  has been found  th rough  va rious  s tud ies inc lud ing  seism ology (e .g ., B o lt 8c 

Uhrham m er, 1975) th a t  the  e a r th ’ s dens ity  increases w ith  depth, i.e ., the 

e f fe c t  o f increased pressure  ove rrides  the  e f fe c t  o f  increased tem pe ra tu re  

on dens ity . However, the  am ount o f ca lcu la ted  v e r t ic a l d isp lacem ents due to  

lithosphe re  sho rten ing  o r extension are  ve ry  s im ila r  w he the r o r not

c o m p re s s ib ility  is  a llow ed fo r  (see Appendix fo r  the  d e riv a tio n ), and
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th e re fo re  in  ca lcu la tin g  the v e r t ic a l d isp lacem ent d u rin g  lithosphe re  

d e fo rm a tio n  i t  is  acceptable to  assume th a t the  e a rth  m a te r ia l is 

incom press ib le  and assign to  the  c ru s t, lithosphe re  m an tle  and asthenosphere 

dens ities  ca lcu la ted  accord ing  to  te m pe ra tu re  alone. T h is  is  th e  so -ca lled

"equ iva len t dens ity " approach used in  th is  thes is . S im ila r  tre a tm e n t has

been used in  many w o rks  (e .g., McKenzie, 1978) w ith o u t p ro p e r exp lana tion .

Now I p resent my d e riv a tio n  o f the  equations de sc rib in g  th e  evo lu tion

o f the  leve ls o f the  upper su rface  (Z I) , the  Moho su rfa ce  (Z2) and the  base

o f lithosphe re  (Z3) d u rin g  de fo rm a tion . The com pensation depth  is  f ix e d  

re la t iv e  to  mean sea leve l (MSL, =Zo). In  the  fo llo w in g  d e riv a tio n , pc, pm 

and pa denote the  average equ iva len t dens ities  o f the  c ru s t, o f the  

lith o sp h e re  m antle , and o f the  asthenosphere.

Because o f is o s ta tic  e q u ilib r iu m ,

- j ^ [ p w ( Z o - Z l )  + PCS + pm(L -  s) + p a Z 3 ]  = 0 (3 .4-1)

F o r the  c ru s t, the  volume does no t change d u rin g  d e fo rm a tio n  (the  e f fe c t  o f 

e ros ion  is  no t included here), so

F o r the  upper m antle  component o f the  lithosphe re , however, the  volume does 

change (due to  th e rm a l processes) and

f (L )  is  the  e f fe c t  o f th e rm a l th in n in g  o r th icke n in g  w h ich  have been

(3 .4 -2 )

(3 .4 -3 )

in  w h ich  f(L )= - 2 k T l  . Lo_ Ao 
L o T a  L  A o + L o - L

(3 .4 -4 )
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derived  in § 3.1 by m eans o f the  therm al equation.

Solv ing  eq. (3 .4 -1 ), (3 .4 -2 ) and (3 .4 -3 ) to g e th e r (note s = Z 1- Z 2 and

L -s  = Z 2 - Z 3 ), we f in a l ly  ob ta in

dZl -  1 -lL(pm-pa) -  s (pm -pc)](!^  + + Pa~Pm f ( L ) (3 .4 -5 )
d t  pa-pw v5x  3y p&-p\

dZZ -  1 -[L(pm -p.) -  s (pm +pw -pc-p»)](^  + S  ^  f"* f (L )d t  pa-pw v5 x  3 y v pa-pw

(3 .4 -6 )

=—-[Lpm -  s (p m -p c)](^ i + + pw ~pm f (L ) (3 .4 -7 )
d t  pa r  v3 x  dyJ p a-p w

§ 3.5 The e f fe c t  o f erosion and sed im enta tion

On the  su rfa ce  o f the  lithosphe re , m a te r ia ls  a re  eroded fro m  the  h ighe r 

p a rts  and deposited in  the  lo w e r p a rts . The speed o f  e ros ion  is  ve ry  

d i f f ic u l t  to  es tim a te , since i t  depends on the  su rfa ce  topog raphy, the  

s tru c tu re  and com position  o f the  su rface  m a te r ia l, the  c lim a te , e tc. Some 

models have been designed to  s tudy the  e rosion and excava tion  process (e .g., 

Carson & K irkb y , 1972; England & R ichardson, 1977; S tuwe, 1991). The 

process o f sed im en ta tion  is  lim ite d  by erosion, and is  d i f f ic u l t  to  describe 

as w e ll. Besides, the  subsided p a r t o f lithosphe re  may be covered by w a te r.

Both erosion and sed im enta tion  a re  com plica ted  processes. T h e re fo re  in  

num erica l ana lys is  o f la rg e -sca le  h o r iz o n ta l lithosphe re  d e fo rm a tio n  the re  

is  a tendency to  neg lect these processes (e .g ., V ilo t te  e t a l., 1982, 1986; 

England & McKenzie, 1982, 1983; Cohen 8c Morgan, 1986, Sonder 8c England, 

1989). Both processes cause v e r t ic a l d isp lacem ent and th e re fo re  m ay have
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g re a t in fluence  on h o r iz o n ta l d e fo rm a tio n  by changing the  buoyancy fo rces . 

No w o rk  has been done to  assess the  e f fe c t  o f th is  om ission. In  th is  

section , I exam ine how the  om ission o f  sed im enta tion  processes a ffe c ts  the 

accuracy o f  the  th in  sheet model.

Consider f i r s t  the  case o f a basin  fo rm ed  by s tre tc h in g  and subsidence. 

Suppose the  sedim ents a re  loose, and th e re fo re  do no t add to  the  s tre n g th  o f 

the  lithosphe re . Adding sedim ents ( in c lud ing  w a te r)  has tw o  e ffe c ts . 

F ir s t ,  i t  causes fu r th e r  subsidence, as shown in  eq .3 .4 -6 , and th e re fo re  

also increases the  slope o f the  top  su rface . Second, i t  reduces the  dens ity  

co n tra s t across the  to p  boundary o f the  lithosphe re , w h ich  decreases the  

g ra v ita t io n a l buoyancy fo rces . These tw o  e ffe c ts  a c t aga ins t each o th e r and 

as a re s u lt,  the  e f fe c t  o f sed im enta tion  on h o riz o n ta l d e fo rm a tio n  may be 

sm a ll. Now I exam ine th is .

Suppose Z i, Z 2 and Z3 rep resen t the  level o f  the  to p  su rface , the  Moho 

and the  base o f a "d ry "  lithosphe re  w ith  no sedim ent on i ts  top . Add w a te r 

o r sedim ents to  th is  lithosphe re  and le t  Zo, Z i ’ , Z 2 ’ and Z3* rep resen t the 

w a te r  su rface , the  top  su rface  o f the  lithosphe re , the  Moho and the  base o f 

the  lithosphe re  (F igu re  3.5-1).
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z z

00

(a) (b)

F igu re  3.5-1. The deform ed lithosphe re  (a) w ith o u t and (b) w ith  sedim ents on 
the  top.

Because o f isostasy,

p w ( Z o ’ - Z T )  + p c ( Z T - Z 2 * )  + p m (Z 2 ’ -  Z 3 ’ ) + p a Z 3 ’ = constan t (3.5-1)

p c ( Z i - Z 2 )  + p m (Z 2  -  Z 3 )  + p a Z 3  = constan t (3 .5 -2 )

S u b tra c tin g  the  tw o  equations, we ob ta in

p c ( Z l - Z l ’ ) + ( p m - p c ) ( Z 2  -  Z 2 ’ ) + ( p a - p m ) ( Z 3 - Z 3 ’ ) -  p w ( Z o ’ - Z T )  = 0

(3 .5 -3 )

L e t D be the subsidence caused by the sed im enta tion , then 

D =  Z i  -  Z T  =  Z 2  -  Z 2 ’ =  Z 3  -  Z 3 ’ 

and eq .3 .5 -3  is reduced to
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paD -  pw(Zo’ - Z i ’ ) = 0 (3 .5 -4 )

o r

p a (Z i-Z i’ ) -  pw(Zo’ - Z i ’ ) = 0 (3 .5 -5 )

D if fe re n t ia te  eq .(3 .5 -4 ) and eq .(3 .5 -5 ) w ith  respect to  x , then we have

9 D  3 Z i ’
p ^ g j -  = - p w - g j -  (3 .5 -6 )

o r

9 Z i  ( v 3 Z i ’
p ,_ a3T = (pa ‘  p “ a x -  (3 ' 5~7)

Based on eq .(3 .3 -3 ), the  h o riz o n ta l spread ing  o r c o n tra c tin g  fo rc e s  due to  

g ra v ity  be fo re  adding the  sedim ent can be expressed as ( in  x  d ire c tio n )

pcgL-§ F  + (pm"Pcte(L_s)- = Fx

A fte r  adding the  sedim ent, i t  is

(pc-pw)gL — + (pm -pc)g(L-s) —  = Fx’

For s im p lic ity , in  these tw o  equations e ffe c tiv e  dens ities  a re  used instead 

o f re a l dens ities  as a f i r s t  o rde r app rox im a tio n .

Now take  the  d iffe re n c e

F x  -  F x ’ =  p c g L - | ? i  + (p m -p c )g (L -s )—

-  (p c -p w )g L  _ ( p m - p c ) g ( L - s ) - ^ -

T , dZ\ d Z i \  . \ /t \ / &Z2 d Z 2 \  T d Z i ’
= P c g U -g ^  -  -55P -) + (p m -p c )g (L -s K ^ ----------S5E— > + P”& -a r -

i ( \ tj \ 9D t 9 Z i’
=  P cg L _ a 3f  + ( p m - p c ) g ( L - s ) - ^ -  + p w g L  - a x  -
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t 3D , W f  , 3D . 3DPcgL— — + (pm -pc)g(L-s)—   pagL3x 3x 3x

3D
3x

w 3 Z i’ 
3x

= l^pcL + (pm -p c)(L -s ) -  paL^ g  

= ^L(pm-pa) + s (p c -p m )j(-  g^

= fu p m -p a ) + s(pc-pm )] ( -  g—  ------— -------- 1— ')[  J pa pa -  pw 3x

= [u p m -p a ) + s (pc-pm) j pwg^ Wpa; (3 .5 -8 )

To ge t an idea o f  th e  m agnitude o f  th is  d iffe re n c e , le t ’ s consider a 

d ry  lithosphe re  w ith  a f la t  base. D if fe re n t ia t in g  eq. (3 .5 -2 )  w ith  respect 

to  x , we ob ta in

3Z2 _ pc 3 Z i
3 x  pc—pm 3x

T h e re f o re the  h o riz o n ta l spread ing o r  c o n tra c tin g  f  orce  due to  g ra v ity  

be fo re  adding the  sedim ents is

Fx = p c g L - |^ -  + (p m -p c )g (L -s ) - |^

3 Z i ,  x x Pc 3 Z i= pcgL 1 + (pm -pc)g(L-s) Bl— .
3x pc—pm 3x

= pc (3 .5 -9 )

Assuming pc=2.9, pm-3.3,  pa=3.26, s=0.35L, then

Fx -F x * _ L(pm -pa) + s(pc-pm) pw
Fx pcS pw -  pa

= 0.099- pWpa -  pw

So the  value o f Fx-Fx’ is  one m agnitude sm a lle r than  Fx (less than  0.1 Fx) 

in  th is  case, provided  th a t the  f i l l in g  in  the depression is  m ostly  w a te r
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Fx - F x ’(pw ^  1). When pw increases, the  value o f — =--------  increases as w e ll, asr x

shown in  F igu re  3 .5 -2 .

f „ - f: 0.8 "|

0 .6 -

0 .4 -

0 .2 -

0.0
3.00.5 1.0 2.52.01.5

w

F igu re  3 .5 -2  The e f fe c t  o f sed im enta tion  w ith  increas ing  sedim ent dens ity

The above example shows th a t the  e f fe c t  on the  h o r iz o n ta l spread ing (o r

c o n tra c tin g ) fo rc e  due to  g ra v ity  caused by sed im en ta tion  increases as

sedim ent dens ity  increases, s lo w ly  when pw < 2 .0  bu t ra p id ly  when pw > 2.5.

Fx - F x ’I f  pw = 2.3, w h ich  is  p robab ly  the  upper l im i t  o f sedim ent dens ity , — =--------r x

= 0.24. The above ana lys is  assumes the  depression is  com ple te ly  f i l le d  

w ith  sedim ents. In  re a lity ,  the  basin is usua lly  on ly  p a r t ly  covered, so 

the  e f fe c t  o f sed im enta tion  on h o r iz o n ta l d e fo rm a tio n  w i l l  be less than  

es tim a ted  above.

So i t  fo llo w s  fro m  the  above ana lys is  th a t  in  m ode lling  the  h o riz o n ta l
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d e fo rm a tio n  o f lithosphe re , the  e f fe c t  o f sed im en ta tion  is  in i t ia l ly  sm a ll, 

and can be neglected. I t  is  on ly  in  the  la te r  stages when the  basin has 

deepened and f i l le d  w ith  dense compacted sedim ents th a t  i t  becomes a m ore 

im p o rta n t fa c to r .

I have made some a tte m p ts  to  assess th e  e f fe c t  o f e ros ion  on h o riz o n ta l 

fo rc e s  due to  g ra v ita t io n a l buoyancy e ffe c ts , bu t the  re s u lts  fro m  the 

ana lys is  depend on too  many assum ptions to  be h e lp fu l, and they  are 

th e re fo re  no t included here. I t  has been suggested th a t  e ros ion  takes place 

on a s im ila r  tim e  scale to  the  th e rm a l re la x a tio n  process (e.g., M u rre ll, 

1986), and in  fu tu re  research  i t  may be necessary to  inc lude  erosion te rm s 

in  the  govern ing  equations o f th is  k ind  o f  models.

§ 3 . 6  D iscussion o f the  derived equations

So f a r  the  necessary equations f o r  a genera l model have been derived. 

To c la r i f y  the  physics in  the  model, I now presen t severa l specia l cases by 

g iv in g  the  e ffe c tiv e  dens ities  pc, pm and pa p a r t ic u la r  re la t iv e  values. 

A ll the  fo llo w in g  d iscussions a re  fo r  the  case in  w h ich  th e re  is  no erosion 

o r sed im en ta tion  (and no su rface  w a te r, so we pu t pw = 0). And the 

lithosphe re  is  assumed to  be in i t ia l ly  f la t .  Because the  d if fe re n c e  between 

the  e ffe c tiv e  dens ity  and the re a l dens ity  is ve ry  sm a ll, f o r  s im p lic ity , 

e ffe c tiv e  dens ities  a re  used instead o f re a l dens ities  in  ca lcu la tin g  the 

h o r iz o n ta l buoyancy fo rces .

Remember the  h o r iz o n ta l fo rce s  due to  g ra v ita t io n a l buoyancy e ffe c ts  is 

expressed as ( in  the  x -d ire c t io n )
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F = p c g L ^ —  + (pm-pc)g(L-s) 
x i  3 x i 5 x i

(3.6-1)

w here x i = x  o r y.

Note th a t  < 0 means sho rten ing  o r m echanica l th icke n in g  and

> 0 means s tre tc h in g  o r m echanical th in n in g .

A. pc —pm =p&

In  th is  case we have a s tro n g  u n ifo rm  lithosphe re  o ve rly in g  a weak 

asthenosphere w ith  the  same dens ity  as the  lithosphe re . The lithosphe re  is 

th e re fo re  n e u tra lly  buoyant.

F rom  eq .(3 .4 -5 ) 

d Z i
d t

= 0

w h ich  means the  upper su rface  o f the  lithosphe re  is  no t changed d u rin g  the 

d e fo rm a tio n  and rem ains f la t .  So we have

- 4 ^  = 0 (3 .6 -2 )
5 x i

From  eq. (3 .4 -6 )

d Z 2 ,du  5 v .
= s(a77 + in r)d t  v5 x  5y 

From  eq. (3 .4 -7 )

dZ3-= L ( ^ -  + -  f (L )d t  v5 x  Sy'

And fro m  eq. (3 .6-1) and eq. (3 .6 -2 )

F = F = 0 
x  y

So fo r  a u n ifo rm  lithosphe re  o ve rly in g  an asthenosphere w ith  th e  same 

dens ity , the  sho rten ing  o r s tre tc h in g  w i l l  no t cause any v a r ia t io n  in  level

55



o f the  upper su rfa ce  o f the  lithosphe re , and th e re  w i l l  be no h o riz o n ta l 

f lo w  due to  g ra v ity . Only the  leve l o f the  bo ttom  o f the  lith o sp h e re  is 

changed by the  m echanical and th e rm a l processes. O f course th is  is  only 

possib le i f  the  lithosphe re  is  everyw here in  is o s ta tic  e q u ilib r iu m . Th is 

s itu a tio n  can no t be found  on E a rth .

D , p m (L -s ) + pcsB. pc<pa<pm and pa = - --------- j--------—

T h is  is  a lithosphe re  w ith  a c ru s t o f  dens ity  pc, w ith  lithosphe re  

m antle  o f dens ity  pm, o ve rly in g  an asthenosphere o f dens ity  pa. The density  

o f the  asthenosphere is  equal to  the  mean dens ity  o f the  lithosphe re , so the  

la t te r  is  n e u tra lly  buoyant as in  case A.

D ...  p m (L -s ) + pcsR e w rit in g  pa =  -----------—--------— , we have

L(pm-pa) -  s(pm- pc) = 0 (3 .6 -3 )

S u b s titu te  eq .(3 .6 -3 ) in to  eq. (3 .4 -5 ), we f in d , as in  case A above,

And th e re fo re

m r  = W  = 0 ( X 6 - 4 )

From  eq.(3.6-1)

F = (pm -pc)g(L-s)-^§^ (3 .6 -5 )
X i OX i

w here x i = x  o r y.

E q .(3 .6 -4 ) shows th a t the  upper su rface  rem a ins f la t  d u rin g  s tre tc h in g  o r 

shorten ing , as in  case A, because the  average e ffe c tiv e  dens ity  o f the 

lithosphe re  is equal to  th a t  o f the  asthenosphere. However, eq. (3 .6 -5 )
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shows th a t because o f the  dens ity  c o n tra s t ins ide  the  lithosphe re , th e re  is  

h o r iz o n ta l f lo w  due to  g ra v ity , c o n tr ib u te d  by the  v a r ia t io n  o f  the  Moho 

s u r f  ace caused by sho rten ing  o r s tre tc h in g , a lthough the  upper s u r f  ace o f 

the  lith o sp h e re  rem ains f la t .  Th is  s itu a tio n  corresponds to  a lithosphe re  

w ith  a re la t iv e ly  th in  (« 18 km, see McKenzie 1978 and M u rre ll 1986) c ru s t.

C. pc=pm<pa Or pc=pm>pa

In  th is  case we have a u n ifo rm  s tro n g  lith o sp h e re  o ve rly in g  an 

asthenosphere w ith  la rg e r  o r sm a lle r dens ity  respec tive ly .

From  eq. (3 .4 -5 )

=(pm/pa -1 )L ( |£  + f y )  + (l-p m /p a )f(L ) (3 .6 -6 )

and fro m  e q .(3 .6 - l)

Fx ,=  ^ L- i r  (3 -6- 7 >

In  th is  case, un like  cases A and B, the  fre e  su rfa ce  (Z i)  no longe r 

rem a ins  f la t ,  due to  the dens ity  c o n tra s t between the  lith o sp h e re  and the  

asthenosphere. H o rizo n ta l f lo w  because o f g ra v ity  is  co n tr ib u te d  by the

v a r ia t io n  in  he igh t o f  the  upper su rface  o f the  lithosphe re . F rom  

eq. (3 .6 -6 ), i t  can be seen th a t th icke n in g  causes e leva tion  and th in n in g  

causes subsidence o f the  upper su rface  o f the  lith o sp h e re  i f  pc=pm<pa, and 

th ic ke n in g  causes subsidence and th in n in g  causes e leva tion  o f the  upper 

s u rfa ce  o f the  lithosphe re  i f  pc=pm>pa.

rv . . , p m (L -s ) + pcs „ p m (L -s ) + D c SD. pc<pa<pm and pa < - ---------- j-------- ----  o r  pa >-------------------------

The second cond ition  can be re w r it te n  as

57



L(pm-pa) -  s(pm-pc) > 0 Or L(pm-pa) -  s(pm-pc) < 0

So fro m  eq. (3 .4 -5 ) we see th a t the  e leva tion  o r subsidence o f the  upper

su rfa ce  o f the  lithosphe re  caused by s tre tc h in g  o r sho rte n in g  is  co n tro lle d

by the  re la t iv e  value o f the  average e ffe c tiv e  dens ity  o f  the  lithosphe re

and th a t o f  the  asthenosphere. I f  the  average e ffe c tiv e  d e n s ity  o f the

lith o sp h e re  is  h ighe r than  th a t o f the  asthenosphere, s tre tc h in g  causes the 

e leva tion  o f  the  upper s u r f  ace o f the  lithosphe re  and sh o rte n in g  causes the  

subsidence o f  i t ,  and vice versa. In  fa c t ,  th is  conclus ion is  also va lid

f o r  the  prev ious cases. For m ost co n tin e n ta l lith o sp h e re , the  average

e ffe c tiv e  dens ity  is sm a lle r than  th a t o f the  asthenosphere, i.e .,  L(pm-pa) 

-  s(pm -pc) < 0, because th e ir  c ru s ta l th icknesses a re  u su a lly  la rg e r  than  

the  c r i t ic a l  th ickness (« 18 km).

E . pc<pm =pa

In  th is  case we have a s tro n g  lithosphe re  cons is ting  o f  a c ru s t o f

lo w e r dens ity  pc and a m antle  w ith  dens ity  equal to  th a t  o f the

asthenosphere.

F rom  eq .(3 .4 -5 )

(3 .6 -8 )

F rom  eq .(3 .4 -6 )

(3 .6 -9 )

From  eq. (3 .4 -7 )

(3.6-10)

From  eq. (3.6-1)
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F x i =  P^l S T  +  (p m " p c ) g ( L ' s ) ^ T
(3.6-11)

w here x t = x  o r  y.

In  th is  case, the  h o r iz o n ta l f lo w  due to  g ra v ity  fo rce s  is  c o n tr ib u te d  by

the  topography o f  bo th  the  upper su rfa ce  and the  Moho su rfa ce  o f  the

lithosphe re . F rom  eq .(3 .6 -8 ) and eq. (3 .6 -9 ) we see th a t  s tre tc h in g  a lw ays

causes the  subsidence o f the  upper su rfa ce  and the  e leva tion  o f  the  Moho

su rfa ce  o f the  lithosphe re , and sho rten ing  a lw ays causes the  e leva tion  o f

the  upper su rfa ce  and the subsidence o f  the  Moho su rfa ce  o f the  lithosphe re .

So and are  a lw ays o f opposite signs, p rov ided  th a t the  upper su rfa ce  
i  i

and the  Moho su rfa ce  o f the  lithosphe re  are f l a t  a t the  beginn ing o f  the  

de f o rm a tion .

In  th is  s itu a tio n , top  su rface  e leva tion  (o r subsidence) is  com p le te ly  

balanced by Moho su rfa ce  subsidence (o r e leva tion ). T h is  is  the  assum ption 

made by many au tho rs  (e .g ., England & McKenzie, 1982, 1983; Cohen & M organ, 

1986; Sonder & England, 1989). I t  is  no t a ve ry  re a lis t ic  assum ption, and 

w i l l  be discussed fu r th e r  in  Chapter 4 and Chapter 5.

§ 3.7 N um erica l so lu tio n  to  the  equations

The govern ing  equations can no t be solved a n a ly tic a lly . N um erica l 

methods have to  be employed to  c a rry  ou t sp e c ific  stud ies.

The m echanical equations have been solved in  the  p resen t w o rk  us ing  the  

f in i te  d iffe re n c e  method on a mesh o f  32 by 32(Lo). The d e riva tive s  a re
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approx im a ted  by th e ir  s tanda rd  space-centered f in i te  d iffe re n c e  fo rm s , e.g.

= (u i+ ij -  u i - i j ) /  2Ax

2

— -  =  ( u i +i ,j -  2u i,j + U j- I, j) /A x 2 
a2x

2

— -  = ( u i j+1 -  2u i,j + U i,j-1) /A y2 
a2y

a 2u = (ui+i,j+i + u i - i j - i  -  u i+ i j - i  -  u i- ij+ i) /4 A x A y
d x d y

A fte r  ap p ro x im a tio n , the  le f t  sides o f  the  m echanical equations a re  

lin e a r com binations o f m .j and v i,j, w h ile  the  r ig h t  sides (Rx and Ry) are

not. So the  equations a re  solved by an ite ra t iv e  procedure: in i t ia l

es tim ates a re  made fo r  u and v, w h ich  a re  used to  eva luate  Rx and Ry. Then 

the lin e a r equations o f u i,j and v i,j a re  solved m aking use o f NAG 

(N um erica l A lg o rith m  Group) ro u tin e  program m e lib ra r ie s . The o u tp u t value 

o f u is  then combined w ith  the  o ld  value o f u:

Unew =  a -U o u t  + ( l - a ) * U o l d

and the  new value o f u is used to  evaluate Rx and Ry, and new equations are

solved. The above process is  ite ra te d  u n t i l  the  la rg e s t change in  e ith e r

v e lo c ity  component is  less than  a desired f ra c t io n  o f the  m axim um  ve lo c ity

in  the  system:

| U o ut -  U o ld |m a x  ^ QS. p
I Uold | m ax

Eqs.(3 .4 -5 ), (3 .4 -6 ) and (3 .4 -7 ), the  fo rm u la e  fo r  the  ra te  o f  change 

o f the  leve ls o f the  th re e  s u r f  aces a re  used in  the app rox im a te  

non-d im ensiona l fo rm  to  ca lcu la te  the  value o f  AZ1, AZ2 and AZ3 a f te r  a tim e  

span o f A t. The process is then continued to  the  end o f the  ca lcu la tion .
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The value o f the  tim e  step A t is  chosen to  s a t is fy

 —   < 1
| U1J | m a x +  | V I j  | m ax

The boundary cond itions  and the  phys ica l p ro p e rtie s  o f  the  lithosphe re  

used in  m ode lling  depend on the n a tu re  o f the  prob lem s, and w i l l  be 

discussed in  Chapter 5 and C hapter 7.
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C h ap ter 4. The In d ia -E u ra s ia  co llis ion  zone

T h is  chap te r g ives a b r ie f  re v ie w  o f the  te c to n ics  o f the  H im alaya 

m ounta in  b e lt and the  T ibe tan  p la teau , w h ich  is  a unique fo rm  o f con tinen ta l 

co llis io n  zone. A d iscussion is also g iven o f some a tte m p ts  to  model th is  

te c to n ic  s tru c tu re .

When an oceanic p la te  is  subducted beneath co n tin e n ta l lithosphe re , an 

Andean type  m oun ta in  range develops on the  edge o f the  con tinen t. I f  the  

subducting  p la te  also conta ins con tin e n ta l lith o sp h e re , continued 

u n d e rth ru s tin g  can re s u lt  in  c o n tra c tio n  o f the  in te rve n in g  ocean basin, and 

causes convergence o f the  con tinen ts , b r in g in g  them  in to  ju x ta p o s it io n  

( i.e ., c o llis io n ). Whereas o ld  oceanic lithosphe re  is re la t iv e ly  dense and 

s inks in to  the asthenosphere, the  g re a te r s ia lic  con ten t o f con tinen ta l 

lith o sp h e re  causes i t  to  possess a p o s itive  buoyancy w ith  respec t to  the 

asthenosphere w h ich  p revents  its  being subducted to  any g re a t depth 

(McKenzie, 1969). Consequently, the  a r r iv a l o f co n tin e n ta l lithosphe re  a t a 

tre n ch  re s u lts  in  c o llis io n  w ith  the  o v e rr id in g  con tinen t; ra p id  re la t iv e  

m otion  is  ha lted , and o th e r p la tes  reo rgan ize  to  take  up the  m otion 

elsewhere. Continued convergence o f the  tw o  p la tes  re s u lts  in  c ru s ta l 

sho rten ing  and th icken ing .

The H im alaya and the  T ibe tan  p la teau  has been fo rm e d  in  th is  w ay by 

co n tin e n ta l co llis io n  o f  the  Ind ia  p la te  w ith  E uras ia , w h ich  began in 

T e r t ia ry  tim es. Some o th e r m ounta in  ranges such as th e  Appalach ians, the 

Caledonides, the  A lps and the U ra ls  w ere also fo rm e d  by con tinen ta l 

c o llis io n  in  e a r lie r  tim es. The H im a laya  and the  T ib e ta n  P la teau  reg ion  is 

the  leas t understood because o f the  d i f f ic u lt ie s  in  the  w ay o f geolog ica l
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and geophysical inves tiga tio n . E x is tin g  know ledge about i t  is  sum m arized 

below . F igu re  4-1 is  a schem atic map o f the  geology o f the  reg ion .

Asia

KUN
KSCS

QIA

BNS
LHA

MBT

India

F igu re  4-1. The m a jo r geolog ic provinces in  the  H im alayan m oun ta in  b e lt  and 
the  T ibe tan  p la teau  (a f te r  A lleg re  e t al.,1984).

MBT: Main Boundary T h ru s t.
MCT: Main C en tra l T h ru s t.
ITS: Indus Tsangpo S uture  (also Indus-Zangbo S uture).
BNS: Bangong N u jia n g  S uture  (also Bangong S u tu re ).
KS: K o k o x ili S u tu re  (a lso Jinsha Suture).
CS: C h ilien  Suture.

KUN: Kunlun Block.
QIA: Q iangtang b lock (also Changtang b lock).
LHA: Lhasa block.
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§ 4 . 1  Him alayan Geology

The H im alayan m ounta in  b e lt is  250-350 km w ide  and extends fo r  about 

3000  km fro m  A fghan is ta n  to  Burm a. I t  com prises a series o f lith o lo g ic  and 

te c to n ic  u n its  w h ich  ru n  p a ra lle l to  the  m oun ta in  b e lt and m a in ta in  a 

cons tan t ch a ra c te r fo r  g re a t d istances. M o lnar (1984) and W indley (1985) 

sum m arized the  geology o f H im alaya.

The Low er (o r lesser) H im alaya occupies e leva tions fro m  1500-3000 m and 

is  th ru s t  over the  S ub-H im alaya along the  Main Boundary T h ru s t. The th ru s t  

is  s t i l l  a c tive  and fo c a l mechanism so lu tions  suggest th a t  the  fa u lt  p lane 

dips n o rth w a rd s  a t a sha llow  angle. The Low e r H im a laya  consists  o f 

P recam brian-M esozo ic low  grade m etasedim ents w h ich  a re  o v e r th ru s t by nappes 

cons is ting  o f gneisses o f the  H ighe r H im alaya.

The H igher (o r G rea te r) H im alaya reaches a lt itu d e s  o f over 8000 m and 

cons is ts  o f a basement o f P recam brian  gneiss o ve rla in  by Palaeozoic and 

Mesozoic sedim ents o f Tethyan o r ig in  w h ich  w ere o r ig in a lly  s itu a te d  on the  

n o rth e rn  m a rg in  o f Ind ia . The u n it is th ru s t  over the  L o w e r H im alaya along 

the  M ain C en tra l T h ru s t by an am ount exceeding 100 km. The u n it is in tru d e d  

by many g ra n ite s  o f Miocene age w h ich  o rig in a te d  by m e ltin g  o f  the  lo w e r 

c ru s t.

The Indus-Zangbo S u tu re  Zone is the  m a jo r boundary sepa ra ting  the 

P recam brian  Ind ia  p la te  fro m  the  younger Mesozoic-Cenozoic T ra n s -H im a la ya  to  

the  n o rth . The su tu re , w h ich  is  a s teep ly d ipp ing  th ru s t  zone, con ta ins 

Tethyan oph io lite s , b luesch is ts  and g ra n u lite s . The o p h io lite s  are no t 

continuous, and in  places a re  rep laced by sedim ents ty p ic a l o f the  fo re a rc
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environm ent. V ir tu a lly  a ll the  m a te r ia l o f the  H im alayan range, i.e .,  south 

o f the  su tu re , was once p a r t o f the  Ind ian  p la te  and no t de rived  fro m  the  

Asian p la te .

The T rans -H im a laya  m agm atic b e lt is  s itu a te d  a long the  n o rth e rn  m a rg in

o f the  Indus-Zangbo Suture  Zone. In  the  c e n tra l easte rn  H im a laya  the

southern  T ibe tan  p la teau  w ith  a cover o f Palaeozoic and Mesozoic sedim ents 

is  in tru d e d  by the  Cretaceous-Eocene T rans-H im a layan  g ra n ite  b a th o lith  w h ich  

f  orm ed along an Andean-type p la te  m a rg in  in  response to  n o rth w a rd s  

u n d e rth ru s tin g  o f the  Tethys Ocean. In  the  w es te rn  H im alaya the  equ iva len t 

u n it is  an is land  a rc  w h ich  fo rm ed  w ith in  the  Tethys in  M id-C re taceous tim es, 

u lt im a te ly  to  become squeezed between the  converg ing Ind ian  and Asian p la tes  

a t about 100 Ma ago. Th is  u n it  is separa ted by the  m in o r N o rth e rn  S u tu re  

(B angong-N u jiang  Suture) fro m  the K arakorum  g ra n ite  b a th o lith  to  th e  n o rth .

§ 4 . 2  T ibe tan  Geology

F or the  purpose o f d e sc rip tio n , the  T ibe tan  P la teau is  taken  to  extend

fro m  the  south side o f the  Kun Lun Range to  the  n o rth  side o f  the

T rans-H im a layan  m agm atic b e lt. Th is  reg ion  is  d iv is ib le  in to  th re e  

m ic ro -c o n tin e n ta l fra g m e n ts , the  Kun Lun, Changtang and Lhasa T e rra in s  

separated by the  Jinsha and Bangong S utures (Chang e t a l., 1986). Faunal 

d a ta  suggest th a t  the  Kun Lun was a lready  p a r t  o f L a u ra s ia  by the 

C arbon ife rous, and th a t the  Changtang and Lhasa T e rra in s  w ere  separa ted  fro m  

Gondwana in  the p re -P e rm ian  and T ria s s ic  respec tive ly . These te r ra in s  w ere 

accre ted  successively n o rth w a rd s  to  the  sou thern  m a rg in  o f  Asia. The Jinsha 

S uture  fo rm e d  in  the  la te  T r ia s s ic -e a r ly  Jurass ic  and the  Banggong S u tu re  in  

the  la te  Ju ra s s ic -e a rly  Cretaceous (L in  & W atts, 1988). Palaeom agnetic da ta
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by P a tr ia t  & Achache (1984) ind ica te  th a t the  Lhasa T e rra in  rem ained

s ta tio n a ry  th ro u g h  m ost o f the  Upper Cretaceous and Eocene, bu t th a t  i t  has

o
moved 20 n o rth  since the  s u tu r in g  o f Ind ia  to  i t  in  the  Eocene. The fo ld in g  

and th ru s t in g  o f Palaeogene red  beds across a w ide  e x te n t o f the  T ibe tan  

P la teau a llo w s  a m in im um  estim ate  o f o ve ra ll sho rten ing  o f 12 pe rcen t (Chang 

e t a l., 1986).

N eotecton ic  s tru c tu re s  a re  w idespread across the  T ib e ta n  P lateau. 

These are  ex tens iona l s tru c tu re s  w h ich  a re  s ig n if ic a n t ly  d if fe re n t  in  south

and n o rth  T ib e t respec tive ly  (Chang e t a l., 1986; M e rc ie r e t a l. ,  1987).

South T ib e t has extended in  an E-W d ire c tio n  on m a jo r  N -S  a ligned r i f t s

(Tapponn ier e t a l. ,  1981). The ra te  o f Q ua te rnary  extens ion  is  about 1 

pe rcen t pe r Ma, correspond ing to  a "spread ing ra te "  o f 1.0±0.6 cm per year 

(A rm ijo  e t a l. ,  1986). In co n tra s t, n o rth  T ib e t has been able to  move m ore

eas ily  eastw ards and thus has extended along a con juga te  set o f NW-SE and

NE-SW s t r ik e -s lip  fa u lts  (M erc ie r e t a l., 1987). The e leva tion  o f the

T ibe tan  P la teau is about 4 -5  km, and is  s u rp r is in g ly  f la t .

§ 4.3  S e ism ic ity  o f the  area

Focal mechanism so lu tions  o f earthquakes in  the  H im alaya and the

T ibe tan  P lateau have been genera lized by M olnar & Chen (1983) to  revea l the  

present s ty le  o f fa u lt in g . A s ing le  event in  the  Ind ian  Shie ld  to  the  south 

is  in d ica tive  o f norm a l f  a u lt in g  along an E-W  s tr ik in g  p lane, and is

cons is ten t w ith  the  extension experienced in  th is  a rea  as a re s u lt  o f the

bending o f the  Ind ian Shie ld beneath the H im alaya. T h ru s t fa u lt in g  occurs

beneath the  lo w e r H im alaya, w ith  the  fa u lt  planes p robab ly  d ipp ing  n o rth  a t 

sha llow  angles. T h ru s t fa u lt in g  gives w ay to  no rm a l fa u lt in g  on N -S
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s tr ik in g  planes in  the H igher and T rans-H im a laya , and p robab ly  re f le c ts  the 

increased loading o f the  lithosphe re , causing the  v e r t ic a l s tress  to  pass 

fro m  being the  least to  the  m ost compressive s tress . M ost earthquakes in  

the  T ib e ta n  P lateau occurred  w ith in  25 km below  the  su rfa ce  (M olnar & Chen, 

1983; Zhao & H elm berger, 1991). Th is  im p lies  th a t  th e  T ib e ta n  P la teau is 

ho t and weak, and is not a sh ie ld  reg ion. I t  a lso im p lies  th a t  th e re  is  no 

d o u b le -c ru s t s tru c tu re  below  T ibe t.

§ 4 . 4  Deep s tru c tu re  o f the area

Several models have been proposed to  exp la in  the  s tru c tu re  o f the  

T ibe tan  p la teau :

a. Powell (1986), Powell & Conaghan (1973, 1975) and B arazang i & Ni 

(1982) etc. suggested th a t the  Ind ian  c ru s t was th ru s t  under T ib e t, so 

doub ling  the  c ru s ta l th ickness. Accord ing to  th is  model th e re  should be 

geophysical evidence under n o rth e rn  T ib e t o f a rem nan t n o rth w a rd -d ip p in g  

subducting  slab. F rom  palaeom agnetic data , L in  & W a tt (1988) conclude th a t 

since co llis io n  a t 40 Ma ago the Lhasa T e rra in  has moved n o rth w a rd s  2000±600 

km; th is  challenges the  u n d e rth ru s tin g  model fo r  T ib e t.

b. Dewey & Burke (1973) and Sengor & K idd (1979) argued th a t the  th ic k  

T ibe tan  c ru s t was caused by in tra c ru s ta l N -S  sho rten ing . The la te r  

geophysical da ta  o f H irn  e t a l. (1984a,b) and the  geo log ica l in fo rm a tio n  o f 

Chang e t a l. (1986) support th is  idea. A ccord ing  to  Chang e t a l. (1986) the 

T ibe tan  P lateau has been shortened by a t leas t 40 pe rcen t in  post-Eocene 

tim es, and th is  a llow s a ll the  c ru s ta l th icke n in g  to  be exp la ined by
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in te rn a l d e fo rm a tion . The fa c t  th a t m ost earthquakes in  T ib e ta n  P la teau 

occu rred  w ith  25 km o f depth also im p lies  th a t  th e re  is  no t d o u b le -c ru s t 

s tru c tu re  below  T ibe t.

D e ta iled  im aging o f c ru s ta l s tru c tu re  has come fro m  a 500 km -long  

se ism ic tra v e rs e  across the  H im alaya and T ib e t in  w h ich  emphasis w as placed 

on the  re co rd in g  o f c r i t ic a l  re f le c t io n s  fro m  th e  Moho (H irn  e t a l. ,  1984a,b) 

The da ta  show th a t the  c ru s ta l th ickness o f  the  Ind ian  S h ie ld  is  some 35 km, 

and th a t th is  increases to  55 km beneath the  H im alaya and to  70 km under 

T ib e t. The c ru s t m antle  boundary, ra th e r  than  being a sharp  con tac t, 

occupies a tra n s it io n  zone over a v e r t ic a l in te rv a l o f some 12 km. The Moho 

s tru c tu re  is  no t smooth, and e xh ib its  a num ber o f steps, some o f w h ich  a re

v e r t ic a l and in  some o f w h ich  th e re  is  an ove rlapp ing  o f  the  Moho a t

d if fe re n t  depths. A ll steps produce a v e r t ic a l Moho d isp lacem ent o f  less 

than  20 km. The v e r t ic a l d is c o n tin u itie s  are associa ted w ith  the  

Indus-Zangbo su tu re  and the Danqiao o p h io lite , and p ro b a b ly  in d ica te  th a t 

these fe a tu re s  are now s tr ik e -s lip  fa u lts  associated w ith  in d e n ta tio n

te c to n ics . The stacked Moho segments p robab ly  rep resen t the  th ru s t  fa u lts  

w h ich  w ere  responsib le  f o r  the  th icken ing  o f the  H im a la y a /T ib e t c ru s t. The 

th ickness o f these th ru s t  s lices is less th a n  20 km, i.e ., cons ide rab ly  less 

than  the  norm a l c ru s ta l th ickness. Th is  im p lies  th a t  c ru s ta l th icke n in g  

does no t take  place by sim ple u n d e rth ru s tin g  o f Ind ian c ru s t beneath E uras ia  

in  w h ich  the  Moho is  sm ooth ly depressed n o rth w a rd s . R a the r, i t  suggests 

th a t  th icke n in g  has taken place in  response to  in tra c o n tin e n ta l th ru s t in g

and la rge  scale nappe movement a ffe c t in g  bo th  the  c ru s t and upperm ost 

m antle .

A m ore recen t s tudy by Zhu (1991) shows th a t a lthough  the  c ru s ta l

68



th ickness is  around 70 km fo r  the  T ibe tan  P lateau, the  th ickness o f 

lithosphe re  is on ly  about 125 km. So the lithosphe re  has an anom alously

h igh p ro p o rtio n  o f c ru s t. T h is  may be the  re s u lt  o f the  loss o f  m an tle  a t 

the  base o f  the  lithosphe re  in  the la te r  stage o f  lithosphe re  sh o rte n in g  and 

th icken ing , as suggested by Houseman e t a l. (1981).

§ 4 . 5  The k in e m a tic  evo lu tion  o f the  H im alaya and the  T ibe tan  p la teau

On the  basis o f s tra t ig ra p h ic  and te c to n ic  observations, to g e th e r w ith  

isotope age d e te rm ina tio ns  and palaeom agnetic data , A lleg re  e t a l. (1984) 

proposed a geodynam ical model fo r  the  evo lu tion  o f  blocks w h ich  a re  now p a rt 

o f the  Ind ian -A s ia n  con tinen t over the past 120-140 Ma a t 20 Ma in te rv a ls

(F igu re  4.5-1). The Q iangtang b lock was su tu red  to  Asia a long the  K o k o x ili 

su tu re  around 200 Ma ago and some c ru s ta l sho rten ing  may subsequently have 

occurred  on co n tin e n ta l th ru s ts . Around 140-120 Ma ago, a sm a ll ocean basin 

between the  Q iangtang and Lhasa blocks closed. The Lhasa b lock was su tu red  

to  A sia  along the  Bangong N u jia n g  Suture  (BNS) around 100 Ma. C on tinen ta l 

sho rten ing  fo llo w e d  along the  Gulu and Anduo th ru s ts . Subduction took  place 

beneath the  Lhasa con tin e n ta l m arg in  around 8 0 -6 0  Ma. The L ingz izon g  a rc  

vo lcan ics w ere e rup ted  between 60 and 45 Ma. A t 40 Ma co n tin e n ta l 

sho rten ing  o r obduction  took  place as the  Ind ian and Asian p la te s  co llided

along the  Indus Tsangpo S u tu re  (ITS). A t 20 Ma, the  Main C e n tra l T h ru s t

(MCT) was the m ain  th ru s t.  A t present, th ru s t in g  takes p lace m a in ly  along 

the Main Boundary T h ru s t (MBT). Ind ia  has pene tra ted  about 2000 km in to  

Asia since c o llis io n  occurred.
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F igu re  4.5-1. A re co n s tru c tio n  o f T ib e t and the  H im alayas a t 20 Ma in te rv a ls  
fro m  140 Ma to  the present. The Q iangtang b lock is  assumed to  have su tu red  
to  Asia  a t about 200 Ma.
140-120 Ma: Sm all ocean basin between Asia and the  Lhasa b lock closes.
100 Ma: Lhasa b lock is su tu red  to  Asia along the  BNS.
8 0 -6 0  Ma: Subduction takes place beneath Lhasa co n tin e n ta l m arg in .
40 Ma: Subduction ceases. C on tinen ta l obduction  o r shorten ing  takes

place as Ind ian  and Asian p la tes  co llide .
20 Ma: MCT is the  m ain th ru s t.
P resent: MBT is  the  m ain th ru s t.

(F rom  A lleg re  e t a l., 1984)
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The H im alayan reg ion  is s t i l l  se ism ica lly  ac tive , and is  undergo ing 

ra p id  u p l i f t  a t ra te s  between 0.5 and 4 m m /yea r and th e re  rem a ins an a rea  o f 

ac tive  te c to n ics  w ith in  a broad zone s tre tc h in g  some 3000 km n o rth  o f the  

m ounta in  cha in  (M olnar & Chen, 1982). I t  is  es tim a ted  th a t  Ind ia  is  s t i l l  

m oving n o rth w a rd s  a t a ra te  o f some 5 cm /ye a r, less than  h a lf  o f  w h ich  (2 

cm /ye a r) is  taken  up by the  convergence in  the  H im alaya along the  MBT 

(Tapponn ier & M olnar, 1977; A rm ijo  e t a l. ,  1982).

§ 4 . 6  The dynam ics o f the  H im alayas and the  T ibe tan  P lateau

A th re e  phase evo lu tio n a ry  scenario  fo r  p la teaus o f h igh  a lt itu d e s  has 

been pu t fo rw a rd  (F ro idevaux & Isacks, 1984; F ro idevaux & R ica rd , 1987). 

Phase one is the  b u ild -u p  o f the  h igh topography th ro u g h  lith o sp h e re  

th icken ing . A t th is  stage, m axim um  com pressiona l s tress  is  h o r iz o n ta l and 

m in im um  com pressional s tress  is  v e r t ic a l, th e re fo re  lith o sp h e re  sho rten ing  

dom inates. As the c ru s t th ickens and the  topography bu ild s  up, the  v e r t ic a l 

s tress  g row s la rg e r. Phase 2 begins when the  v e r t ic a l s tre ss  becomes the  

in te rm e d ia te  s tress. In  th is  stage s t r ik e -s l ip  fa u lt in g  dom inates instead  

o f th ru s tin g , and c ru s ta l th icken ing  ceases. In  phase 3, the  v e r t ic a l 

s tress  becomes the  m axim um  com pressional s tress. N orm al fa u lt in g  dom inates, 

re s u lt in g  in  the  extension and th in n in g  o f the  c ru s t, and the  p la teau  

collapses. The d if fe re n t  p a rts  o f a p la teau , ow ing  to  d iffe re n c e s  in  

e leva tion , may be in  d if fe re n t  phases a t the  same tim e .

F ro idevaux & R ica rd  (1987) re la te d  the th re e  phases to  th e  Andean b e lt, 

to  w es te rn  N o rth  Am erica , and to  the  T ibe tan  P lateau. In  w es te rn  N o rth  

A m erica  extensiona l tec ton ics  —  phase 3 —  occurred  over the  la s t 40 Ma.
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In  w es te rn  South A m erica  the Andean b e lt is  m os tly  under com pression and is 

in  phase 1, except between 14°S and 27°S, the  A lt ip la n o  segment is  in  phase 

2 o r 3. The b u ild -u p  o f th e  T ibe tan  P la teau s ta rte d  about 40 Ma ago.

C u rre n tly , H im alaya is  in  phase 1, where th ru s t in g  dom inates; N o rth e rn  T ib e t 

is  in  phase 2 o r 3, where s t r ik e -s lip  fa u lt in g  has been re p o rte d  (A rm ijo  e t 

a l. ,  1982) and may absorbs 30 percen t o f th e  to ta l convergence between Ind ia  

and Asia (A rm ijo  e t a l., 1989); Southern T ib e t is  in  phase 3, w here norm al 

fa u lt in g  has been the  dom inant te c to n ic  reg im e in  T ib e t in  the  la s t 1.5-2.5 

Ma. The ra te  o f  Q ua te rna ry  extension is  about 1 pe rcen t pe r Ma, a long a 

1100-km -long ESE tra ve rse  across south T ib e t, co rrespond ing  to  a spreading 

ra te  o f 1±0.6 c m /ye a r (A rm ijo  e t a l., 1986). Focal mechanisms o f

earthquakes in  the  T ibe tan  P lateau show th a t the  m axim um  com pressional 

s tress  is  v e r t ic a l (M olnar & Chen, 1983).

The evo lu tion  fro m  phase 1 to  phase 2 is  n a tu ra l, because the  v e r t ic a l 

com pressiona l s tress  w i l l  n o rm a lly  increase as h igh topography is  b u i l t  up. 

The tra n s it io n  fro m  phase 2 to  phase 3 is  more com plica ted . I t  requ ires

th a t the  v e r t ic a l s tress  becomes the m axim um  com pressiona l s tress. Th is  can 

be achieved by a d rop  o f h o riz o n ta l com pressiona l s tress , o r an increase in  

the  v e r t ic a l com pressiona l s tress . A change in  the  h o r iz o n ta l s tress  can

on ly  be a t tr ib u te d  to  m o d ifica tio n s  in  the c o n fig u ra tio n  o r dynam ics o f the

g loba l p la te  system , whereas changes in  v e r t ic a l s tress  a re  produced lo ca lly  

w ith in  the  lithosphe re  o r ju s t  below  i t  (F le ito u t & F ro idevaux, 1982). The 

re d u c tio n  o f h o r iz o n ta l s tress  may be the cause o f the  extension  o f w este rn  

N o rth  Am erica , bu t in  the  case o f the  T ibe tan  P la teau, the  convergence 

between Ind ia  and E uras ia  is s t i l l  a c tive , th e re fo re  the  cause o f the  

tra n s it io n  fro m  phase 2 to  phase 3 is  less c lea r.
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F le ito u t & F ro idevaux (1982) proposed a s im ple  hypothesis o f 

lith o sp h e re  sho rten ing  (F igu re  4.6-1) w h ich  may help to  e xp la in  the  

evo lu tion  o f  p la teaus. They found th a t when neg lec ting  th e rm a l processes, 

the  lith o sp h e re  may be unstab le . A th ickened lith o sp h e re  w i l l  tend to  

sho rten  fu r th e r ,  because the  cold and dense lithosphe re  ro o t fo rm e d  th rough  

lithosphe re  th icke n in g  generates s tro n g  com pression in  the  th ickened 

lithosphe re . Both convection experim en ts  (N a ta f e t a l., 1981) and num erica l 

s im u la tio n  (Houseman e t a l., 1981) suggest th a t  the  co ld  lith o sp h e re  ro o t 

can detach fro m  the  upper la ye r and sink. When th is  happens, th e  s ta te  o f 

s tress  is  changed and extension w i l l  take  the p lace o f c o n tra c tio n . Th is  

s e lf-c o n tra c t io n  mechanism o f lithosphe re  th icke n in g  does no t necessarily  

w o rk , depending on the ra t io  o f c ru s ta l and lith o s p h e ric  th ickness, bu t the 

detachm ent o f the  lithosphe re  ro o t a t the  la te r  stage o f lithosphe re  

sho rten ing  does cause lithosphe re  u p l i f t  and may have caused th e  tra n s it io n  

f ro m  phase 2 to  phase 3 in  the  evo lu tion  o f  the  T ibe tan  P lateau. England & 

Houseman (1988) also a t t r ib u te  the  extension  o f the  T ib e ta n  P la teau  to  the 

de lam ina tion  o r detachm ent o f a lithosphe re  m antle  ro o t.
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F igu re  4.6-1. Schem atic p ic tu re  o f the  possib le  tim e  evo lu tion  o f the  
lith o s p h e ric  th icken ing  process. A t the  top  the  dense co ld lith o sp h e ric  
ro o t generates s trong  com pression in  the  m ounta in  range. A t the  bo ttom  the  
in s ta b il i ty  has gone fu r th e r :  a cold blob has detached so th a t ra p id  u p l i f t  
is observed in the m ounta in  range, accompanied by ex tens iona l tec ton ics . 
(From  F le ito u t & F ro idevaux, 1982)

§ 4.7 E x is tin g  stud ies m ode lling  the  In d ia -E u ra s ia  c o llis io n  zone

F o r the purpose o f de sc rip tio n , e x is tin g  e f fo r ts  to  model the  

In d ia -E u ra s ia  co llis io n  may be pu t in to  th ree  groups: a) Plane s tra in

ana lys is  in  the  v e r t ic a l section  across the  te c to n ic  s tr ik e s , b) models in  

the h o r iz o n ta l domain w ith  emphasis on fa u lt in g , in  p a r t ic u la r ,  s tr ik e -s l ip  

fa u lt in g ,  and c) models in  the h o riz o n ta l domain in  w h ich  the  de fo rm ing
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p la te  behaves s t r ic t ly  as a continuum .

a). The f i r s t  type  o f model is represented by Wang e t a l. (1982). They used 

a tw o  d im ensiona l f in i te  element model to  p re d ic t the  observed d a ta  on 

u p l i f t  ra te  and the  g ra v ity  anomalies re leased in  the  1980 sym posium  on the 

T ibe tan  P lateau. Among o th e r conclusions, the  model p re d ic ts  th a t  the  

e n tire  area o f T ib e t th ickens a t a ra te  o f 2 m m /ye a r, w h ich  c o n tra d ic ts  the 

re s u lts  fro m  m ore recen t stud ies (e.g. Tapponn ier e t a l. ,  1986) w h ich  show 

th a t  the  p la teau  is under extension and su b je c t to  ne t th in n in g . T h is  is 

p robab ly  due to  the  plane s tra in  assum ption used in  the  model o f  Wang e t a l. 

(1982) w h ich  p ro h ib its  displacem ents tra ve rse  to  the  d ire c tio n  o f  the  

co llis io n .

b). The second type  o f model is represented by the  w o rk  o f Tapponn ie r & 

M olnar (1976) and Tapponn ier e t al. (1982). T h e ir  models lay  emphasis on 

s t r ik e -s l ip  fa u lt in g  and the movement o f blocks along s t r ik e -s l ip  fa u lts .  

M olnar & Tapponn ier (1975) f i r s t  in troduced  the  idea o f us ing s lip - lin e  

th e o ry  to  study the fa u lt in g  p a tte rn  o f  indented lithosphe re . Tapponn ie r & 

M olnar (1976) ca lcu la ted  the  s lip - lin e  f ie ld s  in  p la s tic  m edia indented by 

severa l types o f r ig id  inden te rs , and compared the  s lip - lin e s  w ith  th e  m a jo r 

fa u lts  in  east Eurasia . They found th a t  the  H e ra t fa u lt ,  the  A lty n  Tagh 

fa u lt ,  the  Kunlun fa u lt ,  and the K ang ting  fa u l t  can a ll be com pared in  sense 

and tre n d  to  the  ca lcu la ted  s lip - lin e s  in  the  indented p la s tic  m edia w ith  

inden te rs  o f va rious  shapes. F u rthe rm ore , a plane in d e n te r can cause 

tens ion  a t la rge  d istance, and th e re fo re  the  B a ika l R i f t  Zone and Shansi 

Graben may be the  consequence o f the  in d e n ta tio n  o f E u ras ia  by Ind ia . These 

fin d in g s  suggest th a t  m ost o f the  te c to n ics  o f Asia a re  caused by the 

co llis io n  o f Ind ia  w ith  Eurasia , and th e re  e x is ts  a u n ify in g  e xp la n a tio n  fo r  

the  phenomena o ccu rr in g  in  con tinen ta l co llis io n .
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There a re  a num ber o f lim ita t io n s  to  th is  approach, as recogn ized by 

Tapponn ier e t a l. (1982). The f i r s t  is  the  ex trem e s im p lic ity  o f  inden te r 

geom etries and boundary cond itions w h ich  a re  amenable to  a n a ly tica l 

so lu tions . The second is  th a t  the  s lip - lin e  f ie ld  m ere ly  provides

in fo rm a tio n  on s tress  and in f in ite s im a l s tra in , v a lid  fo r  a sm a ll in s ta n t in  

geo log ica l tim e . In re a l i ty  the re  is  f in i t e  d isp lacem ent a long s tr ik e -s lip  

fa u lts  and they  a lm ost c e r ta in ly  change th e ir  geom etry  o r even th e ir  sense 

o f d isp lacem ent d u rin g  the  long process o f a t leas t 40 Ma d u rin g  w h ich  Ind ia  

pene tra ted  over 2000 km in to  Eurasia . To overcome these lim ita t io n s , 

Tapponn ier e t a l. (1982) tested  and im proved the  above hypothesis by 

expe rim en t, in  w h ich  a layered  p la s tic in e  is  indented by a r ig id  indente r. 

As a re s u lt  o f  inden ta tion , s tra in s  in  the layered  p la s tic in e  become ra p id ly  

lo ca lized  in to  n a rro w  shear zones because o f s tra in  so fte n in g , and these are 

com pared to  the  fa u lt in g  system  o f SE Asia. These ideas a re  also used to  

e xp la in  the  opening o f the  South China Sea (Tapponn ie r e t a l. ,  1982;

Tapponn ier e t a l., 1986).

There is  ano the r l im ita t io n  to  the  s lip - lin e  approach w h ich  cannot be

overcome by the adoption o f the  expe rim en ta l method. The s lip - lin e  approach 

and the  above expe rim en ta l method bo th  assume plane h o r iz o n ta l s tra in

d e fo rm a tio n , w h ile  i t  is  obvious th a t th e re  is  s ig n if ic a n t c ru s ta l

th icke n in g  in  the fo rm a tio n  o f the  T ib e ta n  P lateau d u rin g  the  co llis io n . 

Th is  l im ita t io n  is  tack led  in  the  nex t g roup o f models.

c). The th ir d  g roup o f models a re  rep resented  by the  w o rk  o f  V ilo t te  e t a l.

(1982) and England & McKenzie (1982, 1983). These a re  models in  the

h o r iz o n ta l domain solved by num erica l methods, assum ing con tinuum  behaviour. 

Both models a llo w  c ru s ta l th icken ing , bu t the  la t te r  has been m ore c ite d  

because i t  considered the  e ffe c t  o f buoyancy fo rce s  a r is in g  f ro m  the

76



e leva tion  o f the  top  su rface  due to  c ru s ta l th icken ing , and i t  de fined  a 

num ber (the  A rgand num ber) to  describe the  re la t iv e  im portance  o f  the  

buoyancy fo rce . My model is s im ila r  to  th is  in  th a t  I also make the  th in  

sheet assum ption and assume a p o w e r- la w  average rheo logy fo r  the  

lithosphe re . Because o f th is , a de ta iled  re v ie w  o f England & McKenzie 

(1982, 1983) is  g iven below.

In the  tw o  papers by England & McKenzie (1982, 1983, the  second one 

being a c o rre c tio n  to  the  f i r s t ) ,  a zone o f co n tin e n ta l c o llis io n  is  s tud ied  

using the  viscous sheet fo rm u la tio n . The fo llo w in g  assum ptions w ere  made:

A. The lithosphe re  is  o f v e rtica lly -a ve ra g e d  rheo logy.

B. The v e r t ic a l g ra d ie n t o f d e v ia to r ic  s tress  is neg lig ib le .

C. The lithosphe re  is  in  an is o s ta tic  s ta te .

Based on these assum ptions, the  govern ing  m echanical equation  was 

derived , w ith  a non-d im ensiona l num ber, A r, (the  A rgand num ber) in  i t .  The 

A rgand num ber ind ica tes the  re la t iv e  im portance  o f  g ra v ita t io n a l and 

te c to n ic  fo rce s , its  d e f in it io n  is  in troduced  la te r  in  th is  chap te r. When 

so lv ing  the  equation, the  de fo rm in g  co n tin e n ta l lithosphe re  was taken  to  be 

re c ta n g u la r w ith  r ig id  boundaries —  zero  norm al and ta n g e n tia l ve lo c ity  —  

except over p a r t  o f one boundary where m a te r ia l id e n tic a l to  th a t  o f  the  

in te r io r  f lo w s  in  a t a ra te  th a t is  a fu n c tio n  o f p o s itio n  bu t no t o f tim e . 

Tw o m a jo r  conclusions w ere found. F irs t ,  the  d is tance  a ffe c te d  by the 

inden tin g  is s im ila r  to  the leng th  o f the  inden tin g  boundary. Second, w ith  

A r > 0, th e re  is an upper l im it  to  the  c ru s ta l th ickness supportab le  under 

com pressive boundary cond itions. The d e fo rm a tio n  s ty le  tra n s fo rm s  fro m  

in tense com pressive s tra in  in  the  e a rly  phase to  a lm ost plane s tra in  (phase 

2) once the  m axim um  supportab le  c ru s ta l th ickness is  reached. In  fa c t ,
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a f te r  30 to  40 Ma o f de fo rm a tion , assuming pow er la w  creep p la s t ic ity ,  w ith  

n = 3, and A r ^  3, the  la te ra l g ra v ita t io n a l f lo w  a r is in g  fro m  the

th icke n in g  is  g re a t enough to  prevent fu r th e r  th icken ing .

However, the  govern ing  equations appear to  have no t been c o rre c t ly  

derived. When a lithosphe re  is  th ickened, the  su rfa ce  o f the  lithosphe re  is  

u su a lly  e levated, and th is  e leva tion  causes increased v e r t ic a l s tress  w h ich

enables the  th ickened p a r t o f lithosphe re  to  f lo w  la te ra lly .  In  these tw o

papers, the  v e r t ic a l s tress  is averaged to  show its  e ffe c t .  However, the

v e r t ic a l s tress  averaged over the th ic k e r  p a r t  o f  lith o sp h e re  appears to  be 

sm a lle r than  th a t averaged over the  th in n e r p a r t  o f lithosphe re . In  the

c a lc u la tio n  o f  the  average v e r t ic a l s tress , a m a them atica l m is take  was made, 

and as a re s u lt,  the  averaged s tress  in  th ic k e r  lith o sp h e re  was in c o rre c tly

ca lcu la ted  to  be h igher than  th a t in  th in n e r lithosphe re . The c a lcu la tio n  

w here the  m athem atica l e r ro r  is found  is as fo llo w s :

In  the  process o f d e riva tio n , th e re  is a fo rm u la  (England & McKenzie, 

1983, eq.(14)):

p = T z z  + Po -  —:— —  , -  J'L+h dz ' f Z pdz 
L  + n o o

where p is  the  v e r t ic a lly  averaged pressure, x z z  is  the  averaged v e r t ic a l

d e v ia to r ic  s tress , Po is  the  p ressure  a t the  base o f the  lithosphe re , L  is

the th ickness o f the  lithosphe re  w ith o u t c ru s t, pc and pm a re  the  dens ities  

o f c ru s t and lo w e r lithosphe re  respec tive ly . A f te r  some a lgeb ra  w ith  

ap p ro x im a tio n , England & McKenzie (1983) obta ined the  re s u lt

g p m L  g p c s 2 ,,  . .
p — T zz + — ^------- + — 2 l — ( l _Pc/P m)

The la s t te rm  is pos itive  w h ich  means a lithosphe re  w ith  c ru s t has a h ighe r 

v e r t ic a lly  averaged pressure than  th a t w ith o u t c ru s t.
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There is approxim ation  in the  process of deriving the  above equation.

I do no t know how the a p p rox im a tio n  was done, bu t i f  the  a lgebra  is  done 

w ith o u t a p p ro x im a tio n , i t  is  found

p -  Tzz -Po =  z— g ■,—J>L+hdz / J z pdz
L  + h o o

= - —=— — r—( / L+h spmZdz+J'L+h (pm (L+h-s)+pc(z-L -h+s))dz)
L  + xl o L+h-s

2
= — L  + h S '~ + sPm(L + h -s ) +spc(s-L -h )

pc( (L + h )2- ( L + h - s ) 2).
+ 2 }

= — l  + h + sPm(L+h-s) +spc(s-L -h )

+ s p c ( L + h - | ) )

g rp m ((L + h )2-2 s (L + h )+ s 2) . .  2 p c s 2.
=  L  + h ( - --------------------- 2----------------------- + p m S (L + h ) -p m s  + ^ — )

2
_ L+h) ^ S ( p c -p m ) ̂
“  ”  g l 2 + 2 (L + h )

2
pmgL pmgh ( p m - p c ) g s  

2 2 2 (L + h )

m aking use o f h = s ( l-p c /p m ), Po = pmgL,

- - 2 
p =  Tzz + p m g L  -p m g L /2  - p m g s ( l - p c /p m ) /2  + (p m -p c )g S  / 2 ( L + h )

= Tzz + — — -p m g s ( l-p c /p m )( l-  ^+fa ) /2

and the  la s t te rm  is now negative ra th e r  than  p o s itive , w h ich  means the 

v e r t ic a lly  averaged pressure  o f a lithosphe re  w ith  c ru s t is  sm a lle r than  

th a t w ith o u t c ru s t. T h is  e r ro r  also a ffe c ts  the  s ign o f  the  A rgand num ber
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de fined  in  those papers. In sp ite  o f these e rro rs  the  conclusions in  those

papers appeared p laus ib le . The in c o rre c tly  derived equations were used

la te r  in  a series o f fu r th e r  w orks  (e .g ., Cohen & Morgan, 1986;

Houseman & England, 1986; Sonder & England, 1989).

There a re  fu r th e r  d iffe re n ce s  between th is  model and the  model derived 

in  C hapter 3. The m a jo r d iffe re n c e  is  th a t  England & McKenzie (1982, 1983) 

assumed th a t the  e leva tion  o f the  top  su rfa ce  is  to ta l ly  balanced by the

c ru s ta l ro o t. T ha t means the  lithosphe re  ro o t produced by lithosphe re

sho rten ing  does no t p lay a ro le  in  the  fo rm a tio n  o f the  p la teau . F le ito u t & 

F ro idevaux (1982) have shown th a t th is  is no t the  case. A no the r d iffe re n c e  

is England & McKenzie (1982,1983) neglected the  th e rm a l process, w h ile  the  

model in  C hapter 3 conta ins a fo rm u la  to  es tim a te  the  changing o f the  

th ickness o f m echanica lly  d is tu rbed  lithosphe re  by th e rm a l process.

Cohen & Morgan (1986) and Houseman & England (1986) im proved the  w o rk  

o f England & McKenzie (1982, 1983) by using the  F in ite  E lem ent Method.

These w orks  a re  m ostly  concerned w ith  the  to ta l s tra in  o f A sia  caused by 

inden ta tion . The d iffe re n ce s  m entioned above s t i l l  rem ain .

In  Chapter 5 the new th in  viscous sheet model th a t  I have derived in

C hapter 3 is  applied to  s im u la te  the  evo lu tion  o f the  T ib e ta n  P lateau.

P a r t ic u la r  a tte n tio n  is pa id to  the cause o f Q ua te rna ry  ex tens ion , i.e ., the  

tra n s it io n  fro m  phase 2 to  phase 3, o f the  evo lu tion  o f the  p la teau .
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C hapter 5. A pplication  o f th e  th in  viscous sheet model 

to th e  evo lu tion  o f the  T ib e ta n  P la teau

T h is  chap te r com prises f iv e  p a rts . In  § 5.1, an ana lys is  is c a rr ie d  

ou t s im ila r  to  those done by England & McKenzie (1982, 1983) to  compare the  

re s u lts , and see i f  the  new model gives s ig n if ic a n t ly  d if fe re n t  re su lts . In  

§ 5.2, a ca lcu la tio n  w ith  more re a lis t ic  boundary cond itions  is  done, w ith  a 

decreasing ra te  o f convergence. In § 5.3, the  d e fo rm a tio n  is  analyzed w ith

no t on ly  a decreasing ra te  o f boundary d isp lacem ent, b u t a lso a weakening 

lithosphe re . In  § 5.4, I s im u la te  the  e f fe c t  on the  d e fo rm a tio n  o f the  

p la teau  o f  the  detachm ent o f p a r t  o f the  lo w e r lith o sp h e re  a f te r  some pe riod  

o f th icken ing . A discussion is  given in  § 5.5.

§ 5 . 1  The com parison between the new and the  p rev ious model.

When a lithosphe re  is indented a t p a r t  o f i ts  boundary, lithosphe re  

th icke n in g  occurs near the  indented boundary, and u sua lly  the  su rfa ce  Z1 o f

the  th ickened lithosphe re  elevates. The g ra v ita t io n a l fo rc e  a r is in g  fro m  

th is  e leva tion  has the  e f fe c t  o f re s is t in g  fu r th e r  th icke n in g  and also

d ispe rs ing  the  th icken ing  to  w id e r areas by means o f  g ra v ita t io n a l f lo w

England & McKenzie (1983). Two conclusions w ere  derived  by England & 

McKenzie (1983): A. The area a ffe c te d  by the  in d e n ta tio n  is  on a s im ila r  

scale to  the  leng th  o f the  inden ting  boundary. So the  T ib e ta n  p la teau  may 

w e ll be the  re s u lt o f c ru s ta l th icke n in g  caused by boundary ind e n ta tio n . B. 

W ith  A r > 0, th e re  is  an upper l im i t  to  the c ru s ta l th ickness supportab le  by 

boundary inden ta tion . The d e fo rm a tio n  s ty le  tra n s fo rm s  fro m  intense
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com pressive s tra in  in  the  e a rly  phase to  a lm ost plane s tra in  once the  

m axim um  supportab le  c ru s ta l th ickness is  reached. S ince th e ir  d e riva tio n s  

have been found  to  be a t fa u lt ,  I c a rr ie d  ou t a s im ila r  ana lys is  us ing  the  

same boundary cond itions  and param eters  as w ere  used by England & McKenzie

(1983) to  in ve s tig a te  i f  and how th e ir  conclusions have been se rio u s ly  

a ffe c te d . The boundary cond itions  are shown in  F igu re  5.1.1. Because o f 

sym m etry , on ly the  r ig h t-h a n d  h a lf  o f  the  area under s tudy  is  shown. The 

pa ram e te rs  are lis te d  below.

In i t ia l  th ickness o f  the  lithosphere  

In i t ia l  th ickness o f c ru s t 

V e lo c ity  sca ling  fa c to r  

D ensity  o f c ru s t 

D ens ity  o f lo w e r lithosphe re  

D ens ity  o f asthenosphere 

Tem pera tu re  a t lo w e r boundary 

o f lithosphe re  

T em pera tu re  a t lo w e r boundary 

o f asthenosphere 

Power law  exponent

in  rheo log ica l equation 

T herm a l d i f fu s iv i ty  o f the  lithosphe re

Lo=100 km 

s =35 km 

Uo=5 c m /y e a r 

pc=2.95 

pm=3.30 

pa=3.30

T l=1200°C

T a=1300°C

n =3

fc = 3 .5 4 x lO '6m 2s_I
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A

0

u = 0
d v  =  odx
dL
dx

=  0

v
t

X

U = 0 v= 0 g^-=0

j r
V =  f  (  X ) v=  0

u

dL
dy

0

0

u =  0 

v=  0 
dL
dx

=  0

F igu re  5.1-1. The genera l boundary cond itions  used in  s tu d y in g  lithosphe re  
sho rten ing  are  the  same as those used by England & McKenzie (1982, 1983). 
The fu n c tio n  f ( x )  has the fo rm :

f (x )= U m a x  0 ^  X  ^  8Lo

f (x )= U m a x C O S 2[—5 (^ 7 "— ” D1 8Lo ^  X  ^  16Lo 
Z 8 L 0

w here Lo is  the  in i t ia l  th ickness o f the  lithosphe re .
The area is  meshed 32Lo x 32Lo.
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Two sets o f analyses w ere  c a rr ie d  ou t w ith  d if fe re n t  s tre n g th  

fo rm u la tio n s . The f i r s t  uses a constan t average rheo logy (B = Bo), and 

makes no a llow ance f o r  th e rm a l processes. I t  th e re fo re  has com ple te ly  the  

same boundary cond ition s  and m echanical p ro p e rtie s  as in  th e  England & 

McKenzie (1982, 1983) model. Any d iffe re n ce s  in  re s u lts  w ou ld  be so le ly  due 

to  the  d iffe re n ce s  in  the  m echanical equations used.

In  a ll the  fo llo w in g  fig u re s , the  u n it  o f c ru s ta l th ickness is  

k ilo m e te rs  and the  u n it  o f  v e r t ic a l s tra in  ra te  is  U o /L o , w here Uo is

-14 -1
5 cm /ye a r and Lo is  100 km. So U o /Lo  = 1.7 x  10 s .

F igu re  5 .1-2 and F igu re  5.1-3 a re  the con tou r maps o f  the  c ru s ta l 

th icknesses and the  v e r t ic a l s tra in  ra te s  w ith  A=30 (M ode l 5.11) and A=100 

(M ode l 5 .I l l )  re sp e c tive ly . W ith  A=30, the  d e fo rm a tio n  s ty le  is  dom inated 

by the  boundary in d e n ta tio n  up to  32 Ma. By 40 Ma, th e  e f fe c t  o f 

g ra v ita t io n a l f lo w  a r is in g  fro m  the h igh e leva tion  is  as g re a t as boundary 

in f lu x ,  and the  m axim um  th icke n in g  occurs a lm ost u n ifo rm ly  in  a la rg e  area 

in  f r o n t  o f the  in f lu x in g  boundary, inc lud ing  the  a rea  w ith  m axim um  

e leva tion . W ith  A=100, the  e ffe c t  o f g ra v ity  begins to  show a f te r  16 Ma. 

A t 32 Ma, the m axim um  th icke n in g  occurs deep in  f r o n t  o f  the  in f lu x in g  

boundary, and a t 40 Ma, the  elevated area has one o f the  leas t ra te s  o f 

th icken ing . Th is  case is  s im ila r  to  the  one given by England & McKenzie 

(F igu re  9, 1983).
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4 . 0 E - 2  - 0 . 5 E - 23 5
A

5 7 . 5

2 . 2 5 E - 2  - 0 . 5 E - 23 57 5

F 1 . 7 5 E - 2  - 0 . 2 5 E - 2E 8 0 3 5

F igu re  5.1-2. Contour maps o f c ru s ta l th ickness (A, C, E) jand  v e r t ic a l 
s tra in  ra te  (B, D, F) o f a shortened lithosphe re , w ith  A = 30, B=Bo, and no 
th e rm a l processes (M odel 5.11).
A. T im e is  16 Ma, con tours a re  fro m  35 by 2.5 to  57.5 km.
B. T im e is  16 Ma, con tours a re  fro m  -0 .5 E -2  by 0 .5 E -2  to  4 .0 E -2  (U o /Lo ).
C. T im e is  32 Ma, con tours a re  fro m  35 by 5 to  75 km.
D. T im e is  32 Ma, con tours a re  fro m  -0 .5 E -2  by 0 .25E -2  to  2 .25E -2  (U o /Lo ).
E. T im e is  40 Ma, con tours a re  fro m  35 by 5 to  80 km.
F. T im e is  40 Ma, con tours are fro m  -0 .2 5 E -2  by 0 .25E -2  to  1.75E-2 (U o /Lo ).
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2 . 2 5 E - 2  05 0 3 6

D 0 . 2 E - 21 . 5 E - 2C 3 55 7 . 5

0 . 6 E - 2

1 . 4 E - 2

F
1 . 0 E - 2  0 . 5 E - 2  0 . 3 E - 2

Ek,

E 6 0 3 5

F igu re  5 .1-3. C ontour maps o f c ru s ta l th ickness (A, C, E) _and v e r t ic a l 
s tra in  ra te  (B, D, F) o f a shortened lithosphere , w ith  A = 100, B=Bo, and no 
th e rm a l processes (M odel 5 .I I I ) .
A. T im e is  16 Ma, con tou rs a re  fro m  36 by 2 to  50 km.
B. T im e is  16 Ma, con tours  are  fro m  0 by 0 .25E -2  to  2 .25E -2  (U o /Lo ).
C. T im e is  32 Ma, con tours are  fro m  35 by 2.5 to  57.5 km.
D. T im e is  32 Ma, con tours a re  fro m  0 .2E -2  by 0.1E-2 to  1.5E-2 (U o /Lo ).
E. T im e is 40 Ma, con tours a re  fro m  35 by 2.5 to  60 km.
F. T im e is  40 Ma, con tours are fro m  0 .3E -2  by 0 .1E-2 to  1.4E-2 (U o /Lo ).
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G enera lly  speaking, w ith  constan t average s tre n g th , the  re su lts

obta ined, a lthough d if fe re n t  in  d e ta ils , a re  cons is ten t w ith  those by 

England & McKenzie (1983). Th is  may fu r th e r  suggest th a t  conclusions 

stem m ing fro m  those w orks  (England, Houseman & Sonder, 1985; Cohen & Morgan, 

1986; Sonder & England, 1989) have no t been q u a lita t iv e ly  in va lid a te d  by the 

invo lvem ent o f the  in c o rre c t ly  derived  equations.

The above ca lcu la tio n  does no t take  in to  account the  th e rm a l processes. 

As a re s u lt,  i f  a c ru s t is th ickened fro m  35 km to  70 km, the  lith o sp h e re  is 

th ickened fro m  100 km to  200 km. T h is  is  c e r ta in ly  no t the  case in  the 

T ibe tan  P lateau, w here the th ickness o f the  lithosphe re  is  on ly  about 125 km 

a lthough  the  th ickness o f the  c ru s t is  in  the  range o f 60 to  70 km. Also, 

the  above c a lcu la tio n  tre a ts  the  buoyancy fo rc e  due to  the  th icke n in g  o f 

c ru s t as the  on ly fa c to r  w h ich  opposes fu r th e r  th icken ing .

The second set o f ca lcu la tion s  takes in to  account the  th e rm a l

re s to ra tio n  process, using eq.(3 .1-5). I t  a lso uses a th ic kn e ss -re la te d  

average s tre n g th  (B = B oL /Lo ) due to  the  increased depth o f the

b r it t le - d u c t i le  tra n s it io n  zone (see §3.2), because o f w h ich  the  th ickened 

lith o sp h e re  is streng thened and re s is ts  fu r th e r  th icken ing , w h ich  p rovides

ano the r mechanism to  l im it  the  th ickness o f the  lith o sp h e re  under 

inden ta tion .

F igu re  5.1-4 and F igu re  5.1-5 show the  c ru s ta l th ickness and v e r t ic a l 

s tra in  ra te s  w ith  A=30 (M odel 5 .1 III) , and 100 (M odel 5.1IV) re sp e c tive ly  

a llo w in g  fo r  the  th e rm a l re s to ra tio n  processes on lith o s p h e ric  th ickness. 

W ith  A=30, the  m axim um  th icken ing  occurs a t the  inden tin g  boundary a ll the
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t im e , and c le a r ly  the  e f fe c t  o f g ra v ity  is no t s ig n if ic a n t. W ith  A=100, the  

s ty le  o f d e fo rm a tio n  is s t i l l  co n tro lle d  by the  boundary in d e n ta tio n , b u t by 

40 Ma, la rg e  th icke n in g  has spread fu r th e r  fro m  the  indented boundary d rive n  

by the  g ra v ita t io n a l f lo w  a r is in g  fro m  h igh  topography. Compared w ith  the  

co rrespond ing  re s u lts  g iven by England & McKenzie (F igu re  8, F igu re  9, 

1983), however, the  e f fe c t  o f g ra v ita t io n a l f lo w  is  a p p a re n tly  sm a lle r. The 

a rea  a ffe c te d  by the  in d e n ta tio n  is to  some e x te n t deeper than  in  the  la s t 

se t o f ca lcu la tio n s  w ith  B=Bo.
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f i t / - T 'i
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8 0  3 0

B 7 E - 2  - I E - 2

D - 1 . 5 E - 26 E - 2

F 5 . 5 E - 2  - I E - 2E 3 09 0

F igu re  5.1-4. C ontour maps o f  c ru s ta l th ickness (A, C, E) and v e r t ic a l 
s tra in  ra te  (B, D, F) o f a shortened lithosphe re , w ith  A = 30, B = B oL /Lo , 
and th e rm a l re s to ra tio n  process (M odel 5 .1 III).
A. T im e is  16 Ma, con tours  are fro m  35 by 2.5 to  57.5 km.
B. T im e is  16 Ma, con tours a re  fro m  -1 .0E -2  by 1.0E-2 to  7 .0 E -2  (U o /Lo ).
C. T im e is 32 Ma, con tours a re  fro m  30 by 5 to  80 km.
D. T im e is  32 Ma, con tours a re  fro m  -1 .5E -2  by 0 .5E -2  to  6 .0 E -2  (U o /Lo ).
E. T im e is  40 Ma, con tou rs  a re  fro m  30 by 5 to  90 km.
F. T im e is  40 Ma, con tours are  fro m  -1 .0E -2  by 0 .5E -2  to  5 .5E -2  (U o /Lo ).
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4 . 0 E - 2  - 0 . 5 E - 23 45 2

2 . 5 E - 32 7 . 5 E - 3C 6 2 . 5 3 5

E
3 56 7 . 5 2 2 . 0 E - 3  4 . 0 E - 3

F igu re  5.1-5. C ontour maps o f c ru s ta l th ickness (A, C, E) and v e r t ic a l
s tra in  ra te  (B, D, F) o f  a shortened lithosphe re , w ith  A = 100, B = B oL /Lo ,
and th e rm a l re s to ra tio n  process (M odel 5.1IV).
A. T im e is 16 Ma, con tou rs  a re  fro m  34 by 2 to  52 km.
B. T im e is  16 Ma, con tou rs  a re  fro m  -0 .5 E -2  by 0 .5 E -2  to  4 .0 E -2  (U o /Lo ).
C. T im e is  32 Ma, con tou rs  are  fro m  35 by 2.5 to  62.5 km.
D. T im e is  32 Ma, con tou rs  a re  fro m  2 .5E -3  by 2 .5E -3  to  27 .5E -3  (U o /Lo ).
E. T im e is  40 Ma, con tou rs  a re  fro m  35 by 2.5 to  67.5 km.
F. T im e is  40 Ma, con tou rs  a re  fro m  4 .0 E -3  by 2 .0E -3  to  22 .0 E -3  (U o /L o ).
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§ 5 . 2  Ana lys is  o f the  de fo rm a tion  w ith  a decreasing ra te  o f  boundary 

d isplacem ent.

In  the  la s t section , a ll the  ana lys is  was done w ith  a con s ta n t ra te  o f

boundary inden ta tion . I t  is  c le a r fro m  those re s u lts  th a t  the  p la teau  w i l l

no t co llapse a t a la te r  stage o f de fo rm a tion . A possib le  cause o f the

extens ion  o f  p la teaus is  a reduc tion  in  boundary com pression. In  the  case

o f the  T ibe tan  P lateau palaeom agnetic measurem ents and geo log ica l 

observa tions a ll in d ica te  th a t the  convergence ra te  betw een the  tw o  

con tinen ts  decreased fro m  10 cm /ye a r to  the  p resen t 4.5 c m /y e a r, and about 

h a lf  o f the  present convergence is  taken up by th e  th ru s t in g  in  f r o n t  o f the  

H im alaya (Tapponnier & M olnar, 1977; A rm ijo  e t a l., 1982). In  th is  section , 

I model the  d e fo rm a tio n  o f the  T ibe tan  P lateau w ith  a decreasing  ra te  o f

convergence. Three cases are stud ied. In  the  f i r s t  one, the  boundary

d isp lacem ent s low s down in  tw o  stages. In  the  second one, the  boundary 

d isp lacem ent was reduced a b ru p tly  a f te r  in i t ia l  d e fo rm a tio n . In  the  th ir d  

one, the  lithosphe re  is  o f th ickn e ss -re la te d  average s tre n g th  (B = B oL /L o ), 

and the  boundary ve lo c ity  is cu t a b ru p tly  as in  the  second case. In  a ll the  

th re e  cases, the  pa ram ete rs  are as lis te d  in  § 5.1. The th e rm a l re s to ra tio n  

process is  included in  a ll the  cases.

A. Case one

In th is  case, Umax decreases fro m  10 cm /ye a r in  tw o  stages to  2 cm /ye a r 

in  40 Ma (F igu re  5.2-1). The boundary cond ition  is  s t i l l  as shown in  F igu re

5.1-1. The lithosphe re  is o f constan t average s tre n g th  w ith  A=30 

(M odel 5.21). The tw o -s ta g e  decrease is  chosen on specu la tion  o f the  reason 

f o r  the  s low ing  down o f boundary inden ta tion . The f i r s t  decrease is  between
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the  tim e  when the  tw o  con tinen ts  f i r s t  co llided  w ith  a weak geosyncline in  

between (see § 4.5 and M u rre ll 1986) and the  tim e  when the  trapped  

geosyncline is  fu l ly  compressed, and the  second decrease is  taken to  be due 

to  the  increased res is tance  to  lithosphe re  th icken ing . However, the  choice 

o f the  p a tte rn  o f the  decrease o f in d e n ta tio n  ra te  is  f  ound to  be no t 

im p o rta n t. I f  the  decrease is u n ifo rm , the re s u lt is  b a s ica lly  the  same.

Umax
(cm/year)

- 40

5.0-
-  20

2.5- Umax

20Ma 30Ma 40Ma 
Time

lOMa

F igu re  5.2-1 The A number and the  decreasing ra te  o f boundary in d e n ta tio n  in  
M odel 5.21.

R esu lts  fro m  th is  ca lcu la tio n  shows th a t a t no tim e  is  th e re  net 

th in n in g  over the  th ickened p a r t  o f the  lithosphe re . The c ru s ta l th ickness

and the  v e r t ic a l s tra in  ra te  a f te r  20, 30 and 40 Ma o f d e fo rm a tio n  is  shown 

in  F igu re  5 .2 -2 .
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0.02

B
-0.00535

A
65

17.5E-3

D
-2.5E-370

C
35

E
70 35

6.5E-3

F 0.5E-3

F igu re  5 .2 -2  The c ru s ta l th ickness (A, C, E) and v e r t ic a l s tra in  ra te  (B, D, 
F) d u rin g  d e fo rm a tio n  w ith  decreasing ra te  o f  in d e n ta tio n  (M ode l 5.21). 
A=30. B = Bo. The rm a l re s to ra tio n  process is  considered.
A. T im e =20 Ma. C ontours a re  fro m  35 by 5 to  65 km.

C ontours a re  fro m  -0 .0 0 5  by 0 .0025 to  0 .0 2  (U o /Lo ).
C ontours a re  fro m  35 by 5 to  70 km.
C ontours a re  fro m  -2 .5 E -3  by 2 .5E -3  to  17.5E-3 (U o /Lo ).
C ontours a re  fro m  35 by 5 to  70 km.
C ontours a re  fro m  0 .5E -3  by 0 .5E -3  to  6 .5E -3  (U o /Lo ).

B.
C.
D.
E.
F.

T im e =20 Ma. 
T im e =30 Ma. 
T im e =30 Ma. 
T im e =40 Ma. 
T im e =40 Ma.
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B. Case tw o

Since g radua l s low ing  down does no t cause net extens ion , I s tudy  a 

case in  w h ich  s low ing  down is  ab rup t. In  th is  case, Um ax is  m a in ta ined  a t 5 

c m /y e a r f o r  32 Ma and then reduced to  2 cm /ye a r, w ith  A=30 (M ode l 5.211) and 

100 (M ode l 5 .2 I I I )  respective ly . The re s u lts  a f te r  the  f i r s t  32 Ma 

d e fo rm a tio n  a re  s im ila r  to  F igu re  5.1-2 C,D fo r  A=30 and to  F igu re  5 .1-3 C,D 

fo r  A=100. Im m edia te ly  a f te r  the  a b ru p t re d u c tio n  o f U m ax, th icke n in g  is  

s t i l l  the  dom inant process, and th e re  is  no ne t th in n in g  a t the  th ickened 

p a r t  o f the  lithosphe re , w he ther A=30 o r A=100 (F igu re  5 .2 -3 ). A f te r  32 Ma, 

as long as th e re  is no fu r th e r  red u c tio n  o f boundary in d e n ta tio n  ra te , ne t 

th in n in g  can no t occur. The re su lts  are no t shown here.

7 .0 E -3

-2 .0 E -3

6 .0 E -3

0 .5 E -3B

F igu re  5 .2 -3  The v e r t ic a l s tra in  ra te s  im m ed ia te ly  a f te r  the  re duc tion  o f 
boundary in den ta tion  ra te  to  2 cm /ye a r a t the  end o f 32 Ma constan t 
in d e n ta tio n  w ith  umax=5 cm /yea r. B=Bo. Therm a l re s to ra tio n  process has 
been considered.
A. A=30 (M ode l 5.211). C ontours a re  fro m  -2 .0 E -3  by 1.0E-3 to  7 .0E -3  (U o /Lo ).
B. A=100 (M odel 5 .2 II I) .  Contours are fro m  0 .5E -3  by 0 .5E -3  to  6 .0E -3 .
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C. Case th re e

In th is  case the lithosphe re  is  o f th ic kn e ss -re la te d  average s tre n g th  

(B = B o L /L o ), and the  a b ru p t cu t o f Umax re su lte d  in  ne t th in n in g  a t the  

th ickened p a r t  o f the  lith o sp h e re  under some c ircum stances.

F ir s t ,  the  lithosphe re  w ith  th ickn e ss -re la te d  s tre n g th  is  indented fo r  

32 Ma w ith  constan t boundary ve lo c ity  Um ax = 5 c m /y e a r w ith  A = 50 

(M ode l 5 .2 IV ) and 90 (M odel 5.2V) re sp e c tive ly  (F igu re  5 .2 -4  and

F igu re  5 .2 -5 ). Then Um ax is reduced fro m  5 cm /ye a r to  2 cm /ye a r. In  the

case w ith  A=50, on the  re duc tion  o f Um ax, the  v e r t ic a l s tra in  ra te  is s t i l l  

p o s itive  a t the  th ickened areas, a lthough the  th ic k e r  p a r t  has the  sm a lle r 

th icke n in g  ra te  (F igure  5 .2 -6 A ), w h ile  w ith  A=90, a f te r  the  same re d u c tio n  

o f Um ax, the  buoyancy fo rc e  is g re a t enough to  o ve rrid e  the  boundary 

inden ta tion , and p a r t o f  the  th ickened lithosphe re  has negative  v e r t ic a l

s tra in - ra te ,  th a t  is , the  p la teau  is  under net th in n in g  o r extens ion  (F igu re

5 .2 -6B ).
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4 .5 E - 2  - 5 . 0 E - 370 35
A  B

F igu re  5 .2 -4  The c ru s ta l th ickness and v e r t ic a l s tra in  ra te  a f te r  32 Ma 
constan t in d e n ta tio n  w ith  Um ax = 5 cm /ye a r, A = 50, B = B oL /L o  and th e rm a l 
re s to ra tio n  process (M odel 5 .2 IV ).
A. C ru s ta l th ickness. Contours are  fro m  35 by 5 to  70 km.
B. V e rt ic a l s tra in  ra te . Contours a re  fro m  -0 .0 0 5  by 0 .005  to  0 .045 (U o /Lo ).

r\

03.0E-23565

A  B

F igu re  5 .2 -5  The c ru s ta l th ickness and v e r t ic a l s tra in  ra te  a f te r  32 Ma 
constan t in den ta tion  w ith  Umax = 5 cm /ye a r, A = 90, B = B oL /Lo , and w ith  
th e rm a l re s to ra tio n  process (M odel 5.2V).
A. C ru s ta l th ickness. Contours a re  fro m  35 by 5 to  65 km.
B. V e r t ic a l s tra in  ra te . Contours a re  fro m  0 by 0 .0025  to  0 .03  (U o /Lo ).
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7.0 E-3

O

A 5.0 E-4 -5.0E-4

7.0E-3

-4.0 E-3

F igu re  5 .2 -6  The v e r t ic a l s tra in  ra te s  on the  re d u c tio n  o f  boundary 
in d e n ta tio n  ra te  to  2 cm /ye a r a t the  end o f 32 Ma cons tan t in d e n ta tio n  in  
Model 5 .2 IV  and Model 5.2V.
A. A=50 (M ode l 5 .2 IV ). Contours a re  fro m  5 .0E -4  by 5 .0 E -4  to  7 .0 E -3  (U o /Lo ). 
The v e r t ic a l s t ra in - ra te  a t the  e levated area is  ve ry  close to  0, and is 
th e re fo re  in  phase 2.
B. A=90 (M ode l 5.2V). Contours a re  fro m  -4 .0 E -3  by 1.0E-3 to  7 .0 E -3  (U o /Lo ). 
The v e r t ic a l s t ra in - ra te  a t the  e levated area is  negative , and th e re fo re  
extension  is under way. Th is  is the  only exam ple in  th is  section  in  w h ich  
the  p la teau evolves fro m  phase 2 to  phase 3 by reduc ing  the  ra te  o f  boundary 
d isp lacem ent.
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The above ana lys is  shows th a t a reasonable s lo w in g  down o f  in d e n ta tio n  

does no t re s u lt  in  the  net th in n in g  o f the  th ickened lith o sp h e re  unless the  

lithosphe re  is  o f th ic kn e ss -re la te d  average rheo logy (B = B o L /L o ). The 

th ic kn e ss -re la te d  average rheo logy is  va lid  in  g e o lo g ica lly  fa s t  sho rten ing  

o r extens ion  o f lithosphe re  so th a t the  s tro n g  la y e r is  n o t s ig n if ic a n t ly  

heated o r cooled d u rin g  d e fo rm a tio n . In  the case o f  the  T ib e ta n  P la teau, 40 

Ma seems to  be enough f o r  the  s tro n g  la ye r to  be a ffe c te d  by hea ting , and 

the  th ic kn e ss -re la te d  rheo logy may n o t be va lid . F o r a p la teau  fo rm e d  in  a 

much s h o rte r  tim e  than  T ib e t, re d u c tio n  in  boundary d isp lacem ent may cause 

the  tra n s it io n  fro m  phase 2 to  phase 3.

The ana lys is  in  th is  chap te r has been concerned w ith  the  tra n s fo rm a tio n  

o f  the  s ty le  o f d e fo rm a tio n  d u rin g  inden ta tion . There  a re  tw o  processes

d u rin g  d e fo rm a tio n  a c tin g  aga ins t each o the r. One is  the  boundary 

inden ta tion , w h ich  causes com pression and th icken ing , and the  o th e r is  the  

h o r iz o n ta l buoyancy fo rc e  due to  h igh  g ra v ity  p o te n tia l a t the  e levated area 

(p la teau) near the  inden tin g  boundary, w h ich  tends to  make the  lithosphe re  

to  f lo w  away fro m  th a t area. The fo rm e r  is dom inant in  the  beg inn ing, bu t 

the  la t te r  g ra d u a lly  becomes im p o rta n t too as c ru s ta l th ickness increases. 

By reduc ing  the ra te  o f boundary inden ta tion , the balance o f  the  tw o  process 

may be changed and the  e f fe c t  o f g ra v ita t io n a l f lo w  may dom inate. However, 

i t  can be seen fro m  the re s u lts  th a t  in  the  case o f the  T ib e ta n  P la teau, a 

reasonable re d u c tio n  o f the  boundary inden ta tion  ra te  is  n o t enough to  

change the  balance. T h is  re s u lt supports  the conclus ion o f  England & 

Houseman (1988) th a t a reasonable red u c tio n  in  the  ra te  o f boundary 

d isp lacem ent could no t be the  cause o f the  extension o f the  T ib e ta n  P lateau.
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§ 5.3 The d e fo rm a tio n  o f indented lithosphe re  w ith  a decreasing ra te  o f 

boundary d isp lacem ent and a weakening rheology.

N um erica l ana lys is  in  § 5.2 shows th a t under m ost c ircum stances 

re d u c tio n  o f the  boundary d isp lacem ent ra te  does no t cause subsequent 

extension  o f the  indented and th ickened lithosphe re . A d d itio n a l

exp lana tions  f o r  the  extension  are e ith e r th a t  th e  lith o sp h e re  undergoes a 

rh e o lo g ica l change (due to  the  hea ting  o f the  th ickened , coo le r lithosphe re ) 

so th a t the  m axim um  c ru s ta l th ickness supportab le  is  reduced o r  th a t  th e re  

has been an u p l i f t  o f  the  T ibe tan  p la teau  (due to  detachm ent o f th ickened 

lithosphe re  m antle ) and the  increased g ra v ita t io n a l p o te n tia l causes the  E-W 

extension . Because a la rg e r  A number corresponds to  w eaker lithosphe re , the  

e ffe c ts  o f w a rm ing  up o f the  lithosphe re  can be s im u la ted  by increas ing  the 

value o f A a t a la te r  stage o f de fo rm a tion .

In th is  section , the  boundary d isp lacem ent evolves in  stages. The 

lithosphe re  s tre n g th  is  independent o f th ickness. Tw o m odels a re  analyzed. 

In  the f i r s t  one (M odel 5.31), both the  boundary ra te  o f d isp lacem ent and 

the  A num ber change re la t iv e ly  m odera te ly  (F igu re  5 .3 -1 ), Um ax f ro m  10 

cm /ye a r to  2.5 cm /ye a r, A fro m  0 to  30. The re s u lts  a f te r  40 Ma o f 

d e fo rm a tio n  a re  shown in  F igu re  5 .3 -2 . There is  loca l ne t th in n in g , bu t 

sm a ll in  both  area and m agnitude. In  the  second one (M ode l 5.311), Um ax  

changes fro m  10 cm /ye a r in  the  beginn ing to  2 cm /ye a r in  the  end, and A 

increases fro m  0 to  50 (F igu re  5 .3 -3 ). The re s u lts  show s ig n if ic a n t 

extension  (F igure  5 .3 -4 ).
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Umax
(cm/year)

7.5-
Umax

5.0-

2.5-

20Ma 30Ma 40Ma 
Time

lOMa

F igure  5.3-1. The boundary ve lo c ity  and the  A number f o r  M ode l 5.31.

100



c D
3.0E-2 -1.5E-2

1.0E-2

F -0.4E-2E

F igu re  5 .3 -2 . C ru s ta l th ickness (A, C, E) and v e r t ic a l s tra in  ra te  (B, D, F) 
o f an indented lith o sp h e re  w ith  decreasing boundary v e lo c ity  and inc reas ing  
A num ber as shown in  F igu re  5 .3-1 (M odel 5.31).
A. T im e is 30 Ma, con tou rs  are fro m  35 by 5 to  75 (km).
B. T im e is  30 Ma, con tou rs  are  fro m  -1 .0E -2  by 0 .5 E -2  to  3 .5E -2  (U o /Lo ).
C. T im e is  35 Ma, con tou rs  are  fro m  30 by 5 to  90 (km).
D. T im e is  35 Ma, con tou rs  are  fro m  -1 .5E -2  by 0 .5 E -2  to  3 .0 E -2  (U o /Lo ).
E. T im e is  40 Ma, con tou rs  are fro m  30 by 10 to  90 (km).
F. T im e is  40 Ma, con tou rs  are  fro m  -0 .4 E -2  by 0 .2 E -2  to  1.0E-2 (U o /Lo ).
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Umax
(cm/year)

10.0 -

7.5-
Umax

5.0-

2.5-

20Ma 30Ma 40Ma 
Time

lOMa

F ig u re  5 .3 -3 . The boundary ve lo c ity  and the  A number d u rin g  the  d e fo rm a tio n  
in  M ode l 5 .3 II.
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B
-1.5E-23.0E-290 30

8.0E-3

D -4.0E-3 090 30

7.5E-3

-10.0E-390 30

F igu re  5 .3 -4 . The c ru s ta l th ickness (A, C, E) and v e r t ic a l s tra in  ra te  (B,
D, F) o f an indented lithosphe re  w ith  decreasing boundary v e lo c ity  and 
inc reas ing  A num ber as shown in  F igure  5 .3 -3  (M ode l 5.311).
A. T im e is 30 Ma, con tours a re  fro m  30 by 10 to  90 (km).
B. T im e is  30 Ma, con tours a re  fro m  -1 .5E -2  by 0 .5 E -2  to  3 .0 E -2  (U o /Lo ).
C. T im e is  35 Ma, con tours a re  fro m  30 by 10 to  90 (km).
D. T im e is  35 Ma, con tours a re  fro m  -4 .0 E -3  by 2 .0 E -3  to  8 .0 E -3  (U o /Lo ).
E. T im e is  40 Ma, con tours a re  fro m  30 by 10 to  90 (km).
F. T im e is  40 Ma, con tours a re  fro m  -10 .0E -3  by 2 .5E -3  to  7 .5E -3  (U o /Lo ).
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Crust
35km -

Lithosphere
IMa

100km -
6Ma

Asthenosphere

40Ma
200km

0 3200km

0.20 -  

(Uo/Lo)

0.15 IMa

6Ma
0.10

llMa 21Ma
0.05

3 IMa

3200km40Ma

B

F igu re  5 .3 -5 . The c ru s ta l th ickness and the  v e r t ic a l s tra in  ra te  on the 
c e n tra l cross section  d u rin g  the  d e fo rm a tio n  in  M ode l 5.311. Boundary 
in d e n ta tio n  ra te  decreases and A number increases as shown in  F igu re  5 .3 -3 . 
Note how a f te r  36 Ma the v e r t ic a l s tra in - ra te  near the  inden tin g  boundary 
decreases to  zero.
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The above ca lcu la tio n s  show th a t the d ra m a tic  weakening o f the  

lith o sp h e re  a t a la te  stage in the  process o f sho rten ing  and th icken ing  is 

e ffe c t iv e  in  causing ne t extension a t a la te  stage in  the  de fo rm a tion .

Because the  e leva tion  in  the  f i s t  10 Ma is  no t la rg e , the  value o f A is  no t

im p o rta n t d u rin g  th a t stage. I t  is  the  increase o f  A fro m  10 to  30 

(M ode l 5.31) o r 50 (M odel 5.311) in  the  la te r  stage th a t is  o f  concern. The 

d e f in it io n  o f A is  (eq .3 .3 -9 )

j ( ( l/n  ) +1)
A 1 - °A = peg—  -------- .l/n  ~Uo Bo

so an increase o f A by a fa c to r  o f 3 o r 5 is  equ iva len t to  a decrease o f

s tre n g th  c o e ff ic ie n t by a fa c to r  o f 3 o r 5. The question  is  w he the r the

am ount and the  d u ra tio n  o f lithosphe re  sho rten ing  is  la rge  enough to  re s u lt 

in  the  w a rm ing  up o f the  s tro n g  la ye r causing a re d u c tio n  in  i ts  s tre n g th .

When a lithosphe re  is  shortened o f extended, the  th e rm a l g ra d ie n t is 

d is tu rb e d  and th e re fo re  w i l l  tend to  re s to re  i ts e lf .  S o lu tions  have been 

given to  the  th e rm a l coo ling  process in  the case o f lithosphe re  extension 

(McKenzie, 1978; Ja rv is  & McKenzie, 1980) bu t no t to  the  w a rm in g  process in  

the  case o f lithosphe re  shorten ing . Here I use an analogy to  c rude ly

es tim a te  the  possib le weakening o f shortened lithosphe re  by a th e rm a l

process. England (1983) ca lcu la ted  the  increase o f s tre n g th  o f s tre tch e d

lithosphe re . I t  can be seen fro m  the  re s u lt (England 1983, F ig .3 ) th a t  i f  a

lith o sp h e re  is s tre tched  a t a s t ra in - ra te  o f 5x10 1£>s ^P e c le t num ber 10), 

i ts  average s tre n g th  w i l l  increase by a fa c to r  o f 5 when the  lith o sp h e re  has 

been extended by an am ount o f 2.5 o r 1.8, depending on the  a c tiv a tio n  energy 

o f the  s tro n g  la ye r m a te r ia l, and the  correspond ing tim e  re q u ire d  is  about 

100 Ma and 55 Ma re spec tive ly . I f  the  s tra in - ra te  is  2.5x10 15s 1 (Peclet
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num ber 50), the  lithosphe re  w i l l  be extended by a fa c to r  o f 3 in  about 40 

Ma, and the  s tre n g th  p ra c t ic a lly  does not increase. Thus, fo r  a lithosphe re  

being s tre tch e d  by an am ount o f 2 in  40 Ma, i t  is  reasonable to  assume th a t 

the  increase o f average s tre n g th  by th e rm a l coo ling  is  d e f in ite ly  less than  

a fa c to r  o f 5. Because the  th e rm a l re la x a tio n  tim e  o f a p la te  is 

p ro p o rt io n a l to  the square o f i ts  th ickness, the  decrease in  the  average 

s tre n g th  o f  th ickened lithosphe re  by a fa c to r  o f  5 is  no t l ik e ly  to  happen 

w ith in  40 Ma and w ith  the  amount o f  sho rten ing  m os tly  between 0 .5  and 1. 

T h e re fo re  the  re s to ra tio n  o f a d is tu rbed  th e rm a l g ra d ie n t is  no t lik e ly  to  

be qu ick  enough to  cause the weakening o f the  T ibe tan  P la teau  by a fa c to r  o f 

5 in  the  la s t 40 Ma.

The above ana lys is  does no t take  in to  account the  heat produced in  the 

lithosphe re . In fa c t,  the  c ru s t is r ic h  in  hea t-p ro d u c in g  elem ents and thus 

th ickened lithosphe re  generates m ore heat, w h ich  may account fo r  the  hea ting  

and w eakening o f the T ibe tan  P lateau. I t  is th e re fo re  s t i l l  possib le  th a t 

the  T ib e ta n  P la teau  has undergone a m a jo r rheo log ica l change.
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§ 5.4 The d e fo rm a tio n  o f indented lithosphe re  w ith  decreasing boundary 

ve lo c ity  and fa s t  u p l i f t  a t a la te  stage due to  detachm ent o f p a r t  o f the

lo w e r lithosphe re .

In  th is  section  ano ther possib le cause o f the  ex tens ion  o f the  T ibe tan  

P la teau, the  de lam ina tion  o r detachm ent o f p a r t  o f the  lithosphe re  m antle , 

is  stud ied.

As the  lithosphe re  th ickens by shorten ing , i ts  bo ttom  descends. The

th ic k e r  the lithosphe re  is, the  deeper is  i ts  lo w e r boundary. The

re la t iv e ly  coo le r e x tra  lithosphe re  is  e ffe c t iv e ly  denser than  the  

su rround in g  asthenosphere a t the  same depth. Both convection experim ents

(N a ta f e t a l., 1981) and num erica l s im u la tio n  (Houseman e t a l., 1981) 

suggest th a t the  cold ro o t o f lithosphe re  can detach and s ink  in to  the  

asthenosphere and re s u lt in  u p l i f t .  F le ito u t 8c F ro idevaux (1982) ra ised

th is  hypothesis bu t d id  no t s im u la te  i t .  England 8c Houseman (1988) m odelled

the  e f fe c t  o f u p l i f t  due to  detachm ent, bu t, as m entioned b e fo re , th e ir

model assumes th a t m ounta in  is to ta l ly  balanced by m ounta in  ro o t and th e re

is some degree o f s e lf-c o n tra d ic t io n  in  th e ir  tre a tm e n t o f  th is  problem .

In th is  section , the  ro le  o f a lithosphe re  ro o t fo rm ed  d u rin g

sho rten ing  is included by assign ing the  asthenosphere a lo w e r equ iva len t

dens ity , the  value o f w h ich  is estim a ted  below.

The ra t io  between the  average equ iva lent dens ity  o f the  asthenosphere

and th a t o f the  lithosphe re  m antle  is
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1
2 p m ( l -aT L )  + p m ( l - a T L ) 1 - ocT l

1
2

p m (l-aT L ^ ) + pm( 1 -<xTL ) 1- i ( l + 1 )« T L

in  w h ich  pm is  the  dens ity  o f m antle  m a te r ia l on s u r f  ace te m p e ra tu re  and

pressure , a is  the  th e rm a l c o e ff ic ie n t, T l is  the  te m p e ra tu re  a t  the  lo w e r 

boundary o f the  lithosphe re , s is  the  c ru s ta l th ickness, and L  is  the

th ickness o f the  lithosphe re . Tak ing  a  = 3.28 x 10 5/°C , T l = 1250 °C, and

s
j -  = 0.35, then r=  0.986. So i f  the  average equ iva len t dens ity  o f the

lithosphe re  m antle  is  3 .3 , th a t o f the  asthenosphere w ou ld  be 3.254.

The boundary cond itions  are the  same as shown in  F igu re  5.1-1 and 

pa ram ete rs  used are  lis te d  below  (note pa is  3 .26  ra th e r  than  3 .3 0 ).

In i t ia l  th ickness o f  the  lithosphe re  

In i t ia l  th ickness o f c ru s t 

V e lo c ity  sca ling  fa c to r  

E ffe c tiv e  D ensity  o f c ru s t 

E ffe c t iv e  D ensity  o f low e r lithosphe re  

E ffe c tiv e  D ensity  o f asthenosphere 

T em pera tu re  a t lo w e r boundary 

o f lithosphe re  

T em pera tu re  a t lo w e r boundary 

o f asthenosphere 

Power law  exponent

in  rheo log ica l equation 

Therm a l d i f fu s iv i ty  o f the  lithosphe re

Lo=100 km 

s=35 km 

Uo=5 cm /ye a r 

pc=2.95 

pm=3.30 

pa=3.26

T l=1200°C

T a=1300°C

n=3

k =3 .54x10 6m 2s 1

The value o f A is 50. The m axim um  boundary ve lo c ity  decreases fro m  10 

c m /y e a r to  2 cm /ye a r (F igu re  5.4-1). The lithosphe re  is  o f  constan t average 

s tre n g th  (B=Bo). T herm al re s to ra tio n  process on lithosphe re  th ickness has 

been considered.
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Umax
(cm/year)

■ 40
7.5-

Detachment at 32 Ma 
in Model 5.411 • 30

5.0-
-  20

2.5- Umax

Detachment at 40 Ma 
in Model 5.41

10Ma 20Ma 30Ma 40Ma 
Time

F igu re  5.4-1. The A number and the m axim um  ra te  o f boundary d isp lacem ent in  
M ode l 5.41 and M odel 5 .4 II.

Tw o ca lcu la tio n s  a re  presented here. In  M ode l 5.41, detachm ent occurs 

a f te r  the  s low ing  down o f inden ta tion , and in  M odel 5.411, s low ing  down o f 

the  in d e n ta tio n  fo llo w s  the detachm ent, w h ich  re s u lts  in  in s ta n t e levation  

o f the  p la teau.

In  M odel 5.41, the  lithosphe re  is indented p e rs is te n tly  f o r  40 Ma, w ith  

m axim um  ra te  o f boundary d isp lacem ent as shown in  F ig u re  5.4-1. The 

evo lu tion  o f the  c ru s ta l th ickness and the  v e r t ic a l s tra in  ra te  is  shown in  

F igu re  5 .4 -2  and F igu re  5 .4 -3 . Compared w ith  M ode l 5.21 (F igu re  5 .2 -2 ), 

w h ich  has the  same boundary ve lo c ity  and lo w e r A num ber (thus  less re s is ta n t 

to  lithosphe re  th icken ing ), the  c ru s ta l th ickness in  M ode l 5.41 is  la rg e r 

(up to  15 km) a t equ iva lent tim es. In  the  w ords o f F le ito u t & F ro idevaux 

(1982), th is  is because the cold lithosphe re  ro o t be low  the  th ickened
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lithosphe re  generates com pressional s tress  in i t  and tends to  augm ent 

th icken ing . In  my model, th is  is  because the  th ickened lithosphe re  in  

M odel 5.41 s inks more because the  asthenosphere has a lo w e r equ iva len t 

dens ity  than  in  M odel 5.21, thus a ffe c t in g  the  slope o f  the  top  su rfa ce  and 

the  Moho su rfa ce  o f the  lithosphe re , and hence the  buoyancy fo rce s . 

A lthough expressed d if fe re n t ly ,  the  tw o  exp lana tions  a re  p h ys ica lly  the  

same.

B
- 0.010.13A

C
75 35 -0.0050.03

F igu re  5 .4 -2 . The c ru s ta l th ickness (A, C) and the  v e r t ic a l s tra in  ra te  (B, 
D) o f indented lithosphe re  w ith  decreasing ra te  o f boundary d isp lacem ent as 
shown by the  so lid  line  in  F igu re  5.4-1. A = 50. B=Bo. (M odel 5.41)
A. T im e is  5 Ma, contours are fro m  36 by 2 to  52 km.
B. T im e is 5 Ma, contours are  fro m  -0 .01  by 0.01 to  0.13 (U o /Lo ).
C. T im e is  20 Ma, contours are fro m  35 by 5 to  75 km.
D. T im e is  20 Ma, contours are fro m  -0 .0 0 5  by 0 .005  to  0 .03  (U o /Lo).
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85 35

0.02

-7.5E-3

85

0.008JJ

n

- 0.002 0

F igu re  5 .4 -3 . The c ru s ta l th ickness (A, C) and the  v e r t ic a l s tra in  ra te  (B, 
D) o f indented lithosphe re  w ith  decreasing ra te  o f _boundary d isplacem ent as 
shown by the  so lid  line  in  F igu re  5.4-1. A = 50. B=Bo. (M ode l 5.41).
A. T im e is  30 Ma, contours are fro m  35 by 5 to  85 (km).
B. T im e is  30 Ma, contours are fro m  -0 .0 0 7 5  by 0 .0025 to  0 .02  (U o /Lo).
C. T im e is  40 Ma, contours are fro m  35 by 5 to  85 (km).
D. T im e is  40 Ma, contours are fro m  -0 .0 0 2  by 0.001 to  0 .0 0 8  (U o /Lo ).

The re s u lts  shown in  th is  and p rev ious d iagram s dem onstra te  th a t buoyancy 
fo rc e  s t i l l  re s is ts  lithosphere  th icke n in g  as th icke n in g  slowed down a t 
la te r  stage o f de fo rm a tion ; and th a t  the  equ iva len t dens ity  c o n tra s t between 
the  lithosphe re  m antle  and the  asthenosphere c o n tr ib u te s  to  lithosphe re  
th icke n in g  process as the m axim um  c ru s ta l th ickness is  15 km la rg e r than  
th a t in  F igu re  5 .2 -2 .
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The evo lu tion  o f the top  su rface , the  Moho, the base o f the  lithosphe re  

and the  v e r t ic a l s tra in - ra te  in  M odel 5.41 are  shown in  a m ore s tra ig h t 

fo rw a rd  bu t less accura te  w ay w ith  iso m e tr ic  p lo ts  in  F igu re  5 .4 -4  to  

F igu re  5 .4 -7  respective ly .

F igu re  5 .4 -4  The evo lu tion  o f the  to p  su rfa ce  o f the  indented lithosphe re  in 
M odel 5.41. H o rizo n ta l u n it is 1000 km. V e rt ic a l u n it is  km.
A. 5 Ma.
B. 20 Ma.
C. 30 Ma.
D. 40 Ma.
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F igu re  5 .4 -5  The evo lu tion  o f the Moho su rfa ce  o f the  indented lithosphe re  
in  Model 5.41. H o rizon ta l u n it is 1000 km. V e rt ic a l u n it  is  km.
A. 5 Ma.
B. 20 Ma.
C. 30 Ma.
D. 40 Ma.
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BA

F igu re  5 .4 -6  The evo lu tion  o f the  base o f the  indented lithosphe re  in  
M ode l 5.41. H o rizo n ta l u n it is 1000 km. V e rt ic a l u n it  is  km. Note how the  
base is  s lig h t ly  res to red  upw ard by th e rm a l process a t the  la te r  stage.
A. 5 Ma.
B. 20 Ma.
C. 30 Ma.
D. 40 Ma.
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F igu re  5 .4 -7  The evo lu tion  o f the  v e r t ic a l s t ra in - ra te  o f the  indented 
lithosphe re  in  M odel 5.41. H o rizo n ta l u n it  is  1000 km. V e r t ic a l u n it is 
U o /Lo . A t la te r  stage, the v e r t ic a l s t ra in - ra te  is  a lm ost u n ifo rm .
A. 5 Ma.
B. 20 Ma.
C. 30 Ma.
D. 40 Ma.
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A t the  end o f 40 Ma, the  e x tra  th ickness o f the  m antle  lith o sp h e re  

becomes detached a t the  level o f the  in i t ia l  depth o f the  lithosphe re  b o tto m  

(100 km ). Since the  lithosphe re  m antle  has la rg e r  equ iva len t dens ity  th a n  

th a t o f the  asthenosphere and the  asthenosphere can no t sus ta in  lo n g -te rm  

d e v ia to r ic  s tress , the  detachm ent re su lts  in  fa s t  u p l i f t  o f the  lithosphe re . 

So f a r  in  th is  section  fo r  s im p lic ity  we have been using pa=3.26, w h ich  is  

ca lcu la ted  fo r  a lithosphe re  w ith  35 percen t c ru s t, a lthough  th is  percentage 

increases to  some e x te n t. However the  detachm ent changes the  p ro p o rtio n  o f 

the  c ru s t d ra m a tic a lly , so the  am ount o f u p l i f t  has to  be ca lcu la ted  in  a 

d if fe re n t  way.

F igu re  5 .4 -8 (A ) shows the  te m pe ra tu re  p ro f ile s  o f a colum n o f 

lithosphe re  and asthenosphere w ith  th ickness L  be fo re  detachm ent, and (B) 

shows the  tem p e ra tu re  d is tr ib u t io n  im m ed ia te ly  a f te r  the  e x tra  th ickness 

(L -L o ) fa l ls  o f f  (I neg lect the  te m p e ra tu re  g ra d ie n t ins ide the  

asthenosphere). Above the  com pensation leve l, the  detached lithosphe re  o f  a 

v e r t ic a l colum n is rep laced by asthenosphere m a te r ia l w ith  the  same w e ig h t 

( th e re fo re  the same mass), bu t w ith  h ighe r tem pe ra tu re . The w e ig h t o f the  

colum n above the  com pensation leve l is the  same, bu t the  volume o f the 

colum n increases due to  the  increase o f te m p e ra tu re  a t p a r t  o f i t .  The 

am ount o f u p l i f t  is  th e re fo re  equal to  the  the  am ount o f  th e rm a l expansion, 

w h ich  is

d = ^  a ( T l -  - | ^ T l ) ( L - L o )  

aTL 2
= - | ^ ( L - L o ) Z (5.4-1)

So the  u p l i f t  o f  the  lithosphe re  due to  the  detachm ent a t the  end o f  40 

Ma in d e n ta tio n  in Model 5.41 is ca lcu la ted  using eq. (5 .4-1) and shown in
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F igu re  5 .4 -9 (A ). Inden ta tion  continues w ith  Um ax = 2 cm /ye a r and the  new 

v e r t ic a l s tra in  ra te  is shown in  F igu re  5 .4 -9 (B ). The u p l i f t  due to  the 

detachm ent and the  v e r t ic a l s tra in - ra te  im m ed ia te ly  a f te r  the  detachm ent are 

also shown w ith  iso m e tr ica l p lo ts  in  F igu re  5.4-10. The evo lu tion  o f 

c ru s ta l th ickness and the  v e r t ic a l s tra in  ra te  a long the  sym m etry  plane o f 

the  indented lithosphe re  is  shown in  F igu re  5.4-11.

As seen in  F igu re  5 .4 -9 , the  m axim um  am ount o f  u p l i f t  is  600 m and the 

m axim um  th in n in g  ra te  is  0.0175 (U o /Lo ), w h ich  is  equ iva len t to  a 

d isp lacem ent o f 0.0875 cm /M a across a d is tance o f 100 km, o r about 0 .96 

cm /M a across a d is tance o f 1100 km. Th is  is  equal to  the  ra te  o f T ibe tan  

extension  es tim ated  by A rm ijo  e t a l. (1986). Hence i f  the  average u p l i f t  o f 

the  p la teau  is in  the  o rd e r o f 600 m, the  o ve ra ll ex tens ion  o f the  T ibe tan  

P la teau w ould  agree w e ll w ith  the  extension ra te  es tim a ted  by A rm ijo  e t a l. 

(1986).

117



Tl "T" T l Temperature
— r --------- 1— >

Depth T

Tl Temperature

Depth V

B

F igu re  5 .4 -8 . The v e r t ic a l d is tr ib u t io n  o f te m p e ra tu re  o f a column o f 
lithosphe re  (A) be fo re  and (B) a f te r  detachm ent o f the  lo w e r p a r t  o f the  
lith o sp h e re  a t Lo.
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600(m) 50(m)

0.0075

0 -0.0175

F igu re  5 .4 -9 . (A) The con tour map o f the  u p l i f t  o f the  lithosphe re  due to  
the  detachm ent o f the  low er p a r t  o f the  lithosphe re  a t the  depth o f Lo in  
M ode l 5.41, a f te r  40 Ma inden ta tion . C ontours are  fro m  50 by 50 to  600 (m). 
(B). The con tou r map o f the  v e r t ic a l s tra in  ra te  a f te r  the  detachm ent in  
Model 5.41. Contours are fro m  -0 .0175 by 0.0025 to  0 .0075 (U o /Lo ).
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B

F igu re  5 .4-10. (A) The iso m e tric  p lo t o f the  u p l i f t  o f  the  lithosphe re  due 
to  the  detachm ent o f the  lo w e r p a r t  o f the  lith o sp h e re  a t the  depth o f Lo, 
a f te r  40 Ma o f inde n ta tio n  w ith  decreasing ra te  _of boundary d isp lacem ent 
shown as the  so lid  line  in  F igu re  5.4-1. A=50. B=Bo. (M odel 5.41) The
v e r t ic a l u n it  is m eter. The h o riz o n ta l u n it is  1000 km.
(B). The iso m e tric  p lo t o f the  v e r t ic a l s tra in  ra te  a f te r  the  detachm ent in  
M ode l 5.41. The v e r t ic a l u n it is (U o /Lo ). The h o r iz o n ta l u n it  is 1000 km.
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0 3200(km)

F ig u re  5.4-11. (A) The evo lu tion  o f  the  top  su rface , the  Moho, and the  base 
o f the  indented lithosphe re  w ith  decreasing ra te  o f boundary d isp lacem ent 
shown as so lid  line  in_ F igure  5.4-1, shown on the  sym m etry  plane d u rin g  
d e fo rm a tio n . A=50. B=Bo. (M odel 5.41)
(B). The evo lu tion  o f the v e r t ic a l s tra in  ra te  on the  sym m etry  v e r t ic a l 
p lane d u rin g  the  d e fo rm a tion  in M ode l 5.41.
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I t  should be m entioned th a t in  the  ca lcu la tio n , the  lithosphe re  is 

e levated by the  am ount shown in  F igu re  5 .4 -9 (A ) and F igu re  5 .4-10(A ), bu t 

i ts  th ickness is no t reduced accord ing ly . Th is  is  because the  s tre n g th  o f 

the  lithosphe re  lie s  m a in ly  in  the  upper p a r t  and the  detachm ent has l i t t le  

im m edia te  e f fe c t  on the  s tre n g th , w h ile  in  the  th in  viscous sheet model, the 

s tre n g th  is  averaged v e r t ic a lly  and th e re fo re  a re d u c tio n  o f  th ickness w ou ld  

reduce the  lith o sp h e re ’ s a b i l i ty  to  re s is t de fo rm a tion .

The evo lu tion  o f the  s ty le  o f d e fo rm a tio n  in  M ode l 5.41 can also be 

shown by the  a x ia l s tra in - ra te s  and the  d e v ia to r ic  stresses in  the  indented 

lithosphe re  a t 5 Ma, 40 Ma and a f te r  detachm ent in  F igu re  5.4-12, 

F igu re  5.4-13 and F igu re  5.4-14 respec tive ly . A t 5 Ma, the  N o rth  and South 

com pression is  the  dom inant process near the  in d e n ta tio n  boundary. A t 40 

Ma, m axim um  com pression is  away fro m  the  in d e n ta tio n  boundary. A f te r  

detachm ent, extension  is  m ore in tens ive  than  the  com pression over p a r t  o f 

the  th ickened lithosphe re . Near the  end o f the  in d e n ta tio n  boundary, both 

com pressiona l and extensiona l s tra in  rem a in  la rge , and shearing  is  the  

dom inant mode o f de fo rm a tion . These F igures also show th a t the  d e v ia to r ic  

s tresses associated w ith  the  d e fo rm a tio n  is usua lly  w ith in  0.01 pcgLo, w hich  

is about 30 MPa (Note these stresses have been v e r t ic a lly  averaged). 

D if fe re n t ia l s tresses (h o rizo n ta l a x ia l stresses m inus v e r t ic a l s tress) may 

be la rg e r  than  d e v ia to r ic  stresses because <rx -  <rz = 2 tx  + Ty (See § 3.3), 

bu t is  no t la rg e r  than  0 .02  pcgLo. Th is  im p lies  th a t  w ith  A = 50, the  

te c to n ic  stresses re q u ire d  to  fo rm  the  T ibe tan  p la teau  by in d e n ta tio n  (w ith  

detachm ent a t a la te r  stage) is  w ith in  the  range th a t can be accounted fo r  

by p la te  tec ton ics .
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F igu re  5.4-12. A x ia l s tra in - ra te s  and d e v ia to r ic  s tresses o f the  indented 
lithosphe re  in  M ode l 5.41 a t 5 Ma. B=Bo. A=50. pa<pm. The ra te  o f 
boundary d isp lacem ent is  shown in  F ig u re  5.4-1. N o rth  and South com pression 
is the  dom inant mode o f d e fo rm a tio n  near the in d e n ta tio n  boundary.
A. Com pressional a x ia l s tra in - ra te .  The scale is  U o /L o  (» 1.7x10 s’ 1).
B. E x tens iona l a x ia l s tra in - ra te .  The scale is U o /Lo .
C. Com pressional d e v ia to r ic  a x ia l s tress . The scale is  O .lpcgLo (« 300MPa).
D. Tens ile  d e v ia to r ic  a x ia l s tress. The scale is  0.1 pcgLo.
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F igu re  5.4-13. A x ia l s tra in - ra te s  and d e v ia to r ic  s tresses o f  the  indented 
lith o sp h e re  in  M odel 5.41 a t 40 Ma. B=Bo. A=50. p a<pm. The ra te  o f 
boundary d isp lacem ent is shown in  F igu re  5.4-1. M axim um  com pression is  away 
fro m  the  in d e n ta tio n  boundary.
A. Com pressional a x ia l s tra in - ra te .  The scale is U o /Lo  (« 1 .7 x l0 '14s_1).
B. E x tens iona l a x ia l s tra in - ra te .  The scale is U o /Lo .
C. Compressional d e v ia to r ic  a x ia l s tress. The scale is  O .lpcgLo 300MPa).
D. T ensile  d e v ia to r ic  a x ia l s tress. The scale is  0.1 pcgLo.
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F igu re  5.4-14. A x ia l s tra in - ra te s  and d e v ia to r ic  stresses o f the  indented 
lithosphe re  in  M odel 5.41 a f te r  detachm ent. B=Bo. A=50. pa<pm. The ra te
o f boundary d isp lacem ent is shown in  F igu re  5.4-1. A t p a r t  o f the  th ickened
lithosphe re  extension is g re a te r than  com pression.
A. Com pressional a x ia l s tra in - ra te .  The scale is  U o /Lo  (« 1.7xl0~14s_1).
B. E xtens iona l a x ia l s tra in - ra te .  The scale is  U o/Lo .
C. Com pressional d e v ia to r ic  a x ia l s tress . The scale is 0.1 pcgLo (« 300MPa).
D. Tensile  d e v ia to r ic  a x ia l s tress. The scale is  0.1 pcgLo.
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In  the  second case (M odel 5.411), the  s low ing  down o f inden ta tion  

fo llo w s  the  detachm ent. The changing o f the  m axim um  boundary d isplacem ent 

ra te  is  shown as in  F igu re  5.4-1 (do tted  line ). The c ru s ta l th ickness and 

the  v e r t ic a l s t ra in - ra te  a f te r  32 Ma stab le  in d e n ta tio n  a re  shown in

F igu re  5.4-15. A t the  same tim e , the  to p  su rface , the  Moho, the  base o f the  

lithosphe re , and the  v e r t ic a l s t ra in - ra te  a re  shown w ith  iso m e tr ic  p lo ts  in  

F igu re  5.4-16. Detachm ent occurs between 32 and 33 Ma, and the  u p l i f t  o f  

the  lith o sp h e re  due to  the  detachm ent is  shown in  F igu re  5.4-17. In  the  

mean tim e , Umax rem ains a t 5 cm /ye a r, and the v e r t ic a l s t ra in - ra te  a t 33 Ma 

is  shown in  F igu re  5.4-18(A) using a con tou r map and in  F igu re  5.4-19(A) 

using an iso m e tr ic  p lo t. Umax is then reduced fro m  5 c m /ye a r to  2 cm /ye a r 

fo llo w in g  the  u p l i f t ,  and a t 34 Ma, the  v e r t ic a l s t ra in - ra te  (a f te r  the  

s low ing  down o f inden ta tion ) is  shown in  F igu re  5.4-18(B) using a con tour 

map and in  F igu re  5.4-19(B) using an iso m e tr ic  p lo t. The detachm ent, u p l i f t  

and the  s low ing  down o f the  in den ta tion  occur between 32 Ma and 34 Ma

(w ith in  2 Ma) so the  w a rm ing  up o f the  upper lith o sp h e re  (and th e re fo re  the  

weakening o f the  lithosphe re ) in  the  m eantim e is neglected. The pos ition  o f

the  th re e  laye rs  and the  v e r t ic a l s tra in  ra te  along the  sym m etry  plane

d u rin g  the  d e fo rm a tio n  is shown in  F igu re  5 .4 -20 .
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F igu re  5.4-15. The c ru s ta l th ickness (A) and the  v e r t ic a l s tra in  ra te  (B) o f 
the  lith o sp h e re  a f te r  32 Ma o f in d e n ta tio n  in  M ode l 5.411. A=50. B=Bo.
pa<pm. The ra te  o f boundary d isp lacem ent is shown in  F igu re  5.4-1 (do tted  
line ).
A. Contours are  fro m  35 by 5 to  85 (km).
B. C ontours a re  fro m  -0 .0 0 7 5  by 0 .0025 to  0 .02  (U o /Lo ).
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F ig u re  5.4-16. The iso m e tric  p lo ts  o f the  to p  su rface  (A), the  Moho surface 
(B), the  base o f the  lithosphe re  (C), and the  v e r t ic a l s tra in  ra te  (D) o f 
th e  indented lithosphe re  a t 32 Ma in  M ode l 5.411. A=50. B=Bo. pa<pm. The 
ra te  o f boundary displacem ent is  shown in  F igu re  5.4-1 (do tted  line). 
H o riz o n ta l u n it is 1000km. V e rt ic a l u n it  is km in  (A), (B), (C) and U o/Lo 
in  (D).
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F igu re  5.4-17. The con tour map (A) and the  iso m e tr ic  p lo t (B) o f the  
v e r t ic a l d isp lacem ent o f the  lith o sp h e re  (M odel 5.411) due to  detachm ent 
a f te r  32 Ma in d e n ta tio n  w i t j i  ra te  o f boundary d isp lacem ent shown in  
F igu re  5.4-1 (do tted  line ). B=Bo. A=50. pa<pm. C ontours in  (A) are fro m  
100 by 100 to  800 (m eters). In  (B) h o r iz o n ta l u n it is  1000km and v e r t ic a l 
u n it is  m eter.
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- 0.01 0

0.0075

0- 0.01

F igu re  5.4-18. Contour maps o f the  v e r t ic a l s t ra in - ra te  (A) a t 33 Ma (a f te r  
detachm ent) and (B) a t 34 Ma (a f te r  both  detachm ent and the  re d u c tio n  o f 
Umax f ro m  5 cm /ye a r to  2 cm /ye a r) in  M odel 5.411. In  th e  f i r s t  32 Ma, the  
lith o sp h e re  has been indented w ith  ra te  o f boundary d isp lacem ent shown by
do tted  lin e  in  F igu re  5.4-1. B=Bo. A=50. pa<pm.
A. A t 33 Ma. Contours are fro m  -0 .01  by 0 .0025 to  0 .0225 (U o /Lo ).
B. A t 34 Ma. C ontours are fro m  -0 .01  by 0 .0025 to  0 .0075  (U o /Lo ).
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F igu re  5.4-19. Iso m e tric  p lo ts  o f the  v e r t ic a l s t ra in - ra te  (A) a t 33 Ma 
(a f te r  detachm ent) and (B) a t 34 Ma (a f te r  bo th  detachm ent and the  re d u c tio n  
o f Umax fro m  5 cm /ye a r to  2 c m /ye a r) in  M ode l 5.411. In  the  f i r s t  32 Ma, 
the  lithosphe re  has been indented w ith  ra te  o f boundary d isp lacem ent shown 
by do tted  line  in  F igu re  5.4-1. B=Bo. A=50. pa<pm .

131



34Ma

IMa
6Ma llMa 16Ma 2 IMa 26Ma

o i 34Ma 3 IMa
IMa llMa 16Ma 21Ma 26Ma

100 -

(km) 6Ma

34Ma 3 IMa

3200(km)0

0.20 -  

(Uo/Lo)

0.15 -

IMa

0.10 -

6Ma

llMa
0.05 - 16Ma 2 IMa

26Ma

34Ma3 IMa0.0
3200(km)0

B

F igu re  5 .4 -20 . The pos itions  o f the  th re e  laye rs  (top  su rfa ce , Moho, and the 
lith o sp h e re  bo ttom ) (A) and the  v e r t ic a l s tra in  ra te  (B) o f the  indented 
lith o sp h e re  d u rin g  d e fo rm a tio n  in  M ode l 5.411. The ra te  o f boundary 
d isp lacem ent is  shown in  F igu re  5.4-1. A=50. B=Bo. pa<pm. Detachm ent
occurred  between 32 and 33 Ma.
Both p lo ts  a re  on the  sym m etry plane o f the  stud ied a rea  (the le f t  m arg in  
in  F igu re  5.1-1).
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§ 5 . 5  D iscussion

In the  f i r s t  section  o f th is  chap te r, an ana lys is  was c a rr ie d  ou t using 

the  new viscous sheet model and the  same boundary cond itions  and param ete rs  

as those o f  England & McKenzie (1983), and i t  was found  th a t  the  re s u lts  

w ere  g e n e ra lly  cons is ten t. Three m ore analyses have been c a rr ie d  ou t to  

s im u la te  th e  evo lu tion  o f the  T ibe tan  P lateau, w ith  emphasis on the  la te r  

extension  o f  the  p la teau , o r the  tra n s it io n  fro m  phase 2 to  phase 3 o f 

p la teau  evo lu tion .

Ana lys is  o f the  re s u lts  showed th a t the  s low ing  down o f the  in den ta tion  

on a reasonable scale could no t have caused the  la te  extens ion  o f the  

T ibe tan  P lateau. The weakening o f lithosphe re  may cause the  tra n s it io n  o f 

the  T ib e ta n  P lateau fro m  phase 2 to  phase 3, i f  the  s tre n g th  o f lithosphe re  

is  reduced by a fa c to r  o f 5. Increased heat conduction  fro m  the  

asthenosphere could no t have caused weakening on th is  scale in  40 Ma, b u t 

the  increased heat p roduc tion  elem ents due to  c ru s ta l th icke n in g  may have 

caused a m a jo r  rheo log ica l change in  T ib e t.

U p l i f t  o f the  T ibe tan  p la teau  is the  m ore p robab le  cause o f the  la te  

extension  o f  the  p la teau . The u p l i f t  has been a t t r ib u te d  to  the  m echanical

in s ta b il i ty  a t the  bo ttom  o f the  lithosphe re , th a t  is  the  rem ova l o f  p a r t  o f

the  th ickened lithosphe re  the mechanism o f w h ich  has been s im u la ted  by N a ta f

e t a l. (1981) and Houseman e t a l. (1981). I t  is found  th a t a 600 m ete r

u p l i f t  o f  the  p la teau  a t la te  stage o f evo lu tion  is  p robab ly  capable o f

-17 -1
causing ex tens iona l s tra in - ra te  o f the  o rd e r o f 3x10 s , w h ich  is 

com parable w ith  the  extension ra te  o f the  T ibe tan  P la teau estim a ted  by
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A rm ijo  e t a l. (1986) on the basis o f f ie ld  stud ies. These re s u lts  support 

the  suggestion th a t the  T ibe tan  P lateau has been re ce n tly  de lam inated 

(England & Houseman, 1988).

The re s u lts  also c le a r ly  dem onstra te  th a t  th e  lith o sp h e re  ro o t fo rm ed  

du rin g  lithosphe re  th icken ing  tends to  cause c o n tra c tio n  o f the  th ickened 

lithosphe re , as suggested by F le ito u t & F ro idevaux (1982). When th is  e ffe c t  

is inc luded in  the  m odelling , the  m axim um  c ru s ta l th ickness th a t  can be 

reached is  up to  15 km la rg e r than  o the rw ise . T h e re fo re  num erica l models

assum ing sim ple A iry  com pensation (e .g., England & McKenzie, 1983) should be 

used w ith  caution .
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C hapter 6. The ex tensional d e fo rm atio n  o f  continents

S ta r t in g  in  th is  chap te r, I deal w ith  ano the r fo rm  o f con tin e n ta l 

d e fo rm a tio n  —  extension. E xtens iona l fe a tu re s  a re  m ore common than  

com pressiona l ones because lithosphe re  is  w eaker under tension. In  s tudy ing  

the  Cenozoic ex tens iona l tec ton ics  in  China, Ma e t a l. (1987) grouped 

ex tens iona l s tru c tu re s  in to  th re e  s ty les : a. L in e a r r i f t  va lleys ; b. Basin

and Range s tru c tu re s ; and c. E xtens iona l s tru c tu re s  associa ted w ith  

s t r ik e -s l ip  fa u lts .

§ 6 . 1  L in e a r r i f t s

R if ts  w ere  de fined  by G regory (1921) as depressions between long 

p a ra lle l no rm a l fa u lts . In recen t years, th is  d e f in it io n  has been m o d ifie d  

so th a t r i f t s  a re now regarded as elongate depressions w here  the e n tire  

th ickness o f the  lithosphe re  has deform ed under the  in flu e n ce  o f  extens iona l 

fo rc e s  (Neumann & Ramberg, 1978; B u rc h fie l, 1980). Th is  te rm  app lies to  

m a jo r  lith o sp h e ric  fe a tu re s . S m a lle r s tru c tu re s  associa ted w ith  norm a l 

fa u lt in g  a re  no t r i f t s .  Exam ples o f p re se n tly  a c tive  r i f t s  a re  the  East 

A fr ic a n  R if t ,  the  B a ika l R if t ,  the  Rhine Graben and the  R io Grande R if t .

§ 6.1.1 C h a ra c te r is tic s  o f con tinen ta l r i f t s

The common c h a ra c te r is tic s  o f r i f t s  has been sum m arized by Neumann & 

Ramberg (1978).

135



R if ts  o fte n  con ta in  extensive vo lcan ic  rocks  (e .g ., East A fr ic a  R i f t ) ,  

a lthough  in  some cases fe w  o r no vo lcanics are developed (e .g ., Ba ika l R if t ) .

R if ts  a re  commonly s p a tia lly  associated w ith  domal u p lif ts .  They may 

fo rm  an in te r - l in k e d  n e tw o rk  appa ren tly  d iv id in g  a co n tin e n ta l p la te  (E ast 

A fr ic a  R if t ) ,  o r they  may be iso la ted  and s itu a te d  f a r  fro m  any p la te  m a rg in  

(B a ika l R if t ) .

The lo ca tio n  o f r i f t s  is  o fte n  co n tro lle d  by e x is tin g  zones o f c ru s ta l 

weakness (Sykes, 1978). These zones should be o f h igh  angle to  the  re g io n a l 

ex tens iona l s tress  system.

The am ount o f h o riz o n ta l extension re q u ire d  to  fo rm  presen t day r i f t s  

is re la t iv e ly  sm all (Logatchev 8t F lorensov, 1978), being less than  10 km  fo r  

the  B a ika l R if t ,  4 .5 -5  km fo r  the  Upper Rhine Graben and 8-10 km f o r  the  

Kenya R if t .

E arthquake fo c a l mechanisms, geo log ica l in ve s tig a tio n s  and g ra v ity  and 

se ism ic re f le c t io n  surveys have dem onstrated th a t the  bounding fa u lts  o f 

r i f t  va lleys  a re  o f  no rm a l type  (e.g., B rown e t a l., 1980).

Seism ic re f le c t io n  experim ents  have shown th a t the  c ru s t u n d e rly in g  

many r i f t s  is  s ig n if ic a n t ly  th in n e r than  beneath a d ja ce n t reg ions, and 

g ra v ity  anom alies in d ica te  th a t the  whole o f the  lith o sp h e re  is  th inned  

(Searle, 1970). Seism ologica l da ta  using bo th  n a tu ra l and a r t i f ic ia l  

sources have shown th a t  a zone o f anom alously low  se ism ic ve lo c itie s  occurs 

in  the  upper m antle  beneath m ost r i f t s  and is  com m only tw o  to  th re e  tim es 

w id e r than  the  r i f t  zone.
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§ 6.1.2 Development of r i f t s

A lthough r i f t s  have been ex tens ive ly  s tud ied  th e ir  o r ig in  is  s t i l l  the  

su b je c t o f  con trove rsy . Mechanisms o f r i f t  fo rm a tio n  g e n e ra lly  f a l l  in to  

tw o  classes: a c tive  and passive (Sengor & Burke, 1978). A c tive  and passive 

r i f t s  a re  also ca lled  m a n tle -a c tiva te d  and lith o s p h e re -a c tiv a te d  r i f t s  

re sp e c tive ly  (Condie, 1982).

A c tive  mechanisms fo r  r i f t  fo rm a tio n  associate the  su rfa ce  r i f t in g  w ith  

m an tle  convection . I t  has been suggested th a t m antle  plumes im pinge on the 

base o f the  co n tin e n ta l lithosphe re  a t r i f t - r i f t - r i f t  t r ip le  ju n c tio n s  

(Burke & Dewey, 1973). The ascending convection is  responsib le  f o r  pressure  

re lease m e ltin g  and the re s u lt in g  r i f t  vo lcanism . The plume f lo w  th in s  the 

lith o sp h e re  causing is o s ta tic  u p l i f t .  The dom ing associated w ith  u p l i f t  and 

the  tra c t io n  fo rce s  on the  base o f  the  lithosphe re  c o n tr ib u te  to  the 

tens iona l fa i lu re  o f the  lithosphe re  (Neugebauer, 1978).

The uparch ing  th ro w s  the  o ve rly in g  c ru s t in to  tens ion , bu t i f  the  whole 

c ru s t acts  e la s tic a lly  the  stresses generated w ou ld  be too  sm all to  cause 

fa u lt in g .  However, B o tt & K uszn ir (1979) have shown th a t i f  on ly  the  upper 

c ru s t behaves e la s tic a lly , w ith  the  lo w e r c ru s t a c tin g  in  a d u c tile  m anner, 

the  tens iona l stresses become confined  w ith in  the  upper c ru s t and a m p lif ie d  

to  m agnitudes a t w h ich  c ru s ta l ru p tu re  can take  place.

Many r i f t s  a re  associated w ith  broad domal u p l i f ts  as suggested by the  

Burke and Dewey model, bu t th e re  are argum ents as to  w he the r these a re  a 

consequence o r a cause o f the  r i f t in g ,  o r w he the r bo th  a re  aspects o f a m ore
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fundam enta l driving mechanism.

Passive mechanisms fo r  con tin e n ta l r i f t in g  g ene ra lly  re la te  the

tens iona l fa i lu re  o f the  lithosphe re  to  p re -e x is t in g  tens iona l s tresses 

(T u rc o tte  & O xburgh, 1973). These stresses may be generated by p la te  

boundary fo rc e s  o r by p la te  in c o m p a tib ilit ie s . They may be th e rm a l s tresses 

o r membrane stresses generated by the  e l l ip t ic i ty  o f  the  e a rth . Or they may 

be due to  the  v a r ia tio n s  in  the  th icknesses o f the  c ru s t and lithosphe re .

A ccord ing  to  the  passive hypothesis the  c ru s ta l dom ing and vo lcan ic  events 

a re  secondary processes.

There  is  no genera l consensus as to  w h ich  model is  m ore re a lis t ic .  Two

exam ples o f lin e a r r i f t s  are  g iven in  the  fo llo w in g  p a r t  o f th is  section. 

N e ith e r o f them  can be conv inc ing ly  c la ss ifie d  in to  e ith e r  m an tle -gene ra ted  

(ac tive ) o r lithosphe re -gene ra ted  (passive) types.

§ 6.1.3 Kenya R i f t

The s tru c tu re  o f th is  r i f t  is  sum m arized by Baker & W ohlenberg (1971). 

I t  is  p a r t  o f the  E aste rn  A fr ic a n  R i f t  system. I t  extends fro m  n o rth  

Tanzan ia  th rough  Kenya and E th io p ia  to  jo in  the  Red Sea and G u lf o f Aden 

r i f t s  a t the  A fa r  t r ip le  ju n c tio n . I t  crosses the  Kenya domal u p l i f t ,  w h ich  

is  e l l ip t ic a l in  p lan and about 1000 km in  leng th  along i ts  m a jo r  ax is

p a ra lle l to  the  r i f t .  The w e ll-d e fin e d  ce n tra l graben (the  G regory R if t )  

tra ve rse s  the  e ll ip t ic a l u p l i f t  and, a t i ts  n o rth e rn  and sou thern  ends, is  

rep laced by less w e ll-d e fin e d  broad depressions m arked by sp lay fa u lts .  The 

m ain graben is 60 -70  km w ide and 750 km long, and is  bounded by no rm a l 

fa u lts  (F igure  6.1.3-1). The r i f t  c lose ly  fo llo w s  the  a x is  o f  a reg iona l
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negative  Bouguer anom aly in te rp re te d  as a zone o f th in  lithosphe re  

(F igu re  6 .1 .3 -2 )). Focal mechanism so lu tions o f earthquakes along the  r i f t

in d ica te  m a in ly  WNW-ESE to  NW-SE extension (F a irhead & G ird le r , 1971).
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F igu re  6.1.3-1 S tru c tu re  o f the  Kenya r i f t  zone. The con tou rs  in d ica te  the 
am ount o f c ru s ta l u p l i f t  since the  m id -T e r t ia ry  in  fe e t. F rom  Baker & 
W ohlenberg (1971).
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F igu re  6 .1 .3 -2  a.  Bouguer g ra v ity  p ro f i le  across the  G regory  r i f t ,  o r ie n te d  
ENE-WSW. The continuous lin e  is  the  observed Bouguer g ra v ity  anom aly and 
the d o tted  line  is  the  com puted anom aly fo r  the  c ru s ta l model shown in  b. 
From  Baker & W ohlenberg (1971).
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The e a r lie s t r i f t - r e la te d  s tru c tu re  is  a m id-C enozoic (pre-M iocene) 

m onoclina l f le x u re  along the  w es te rn  r i f t  f la n k . D u ring  the  Miocene, 

extens ive  v u lc a n ic ity  occurred , and the  f i r s t  extensive  r i f t  fa u lts  

developed in  the  e a rly  Pliocene. Volum inous v u lc a n ic ity  ch a ra c te rize d  the

pe riod  fro m  the Pliocene to  the  present, accompanied by p e rio d ic  fa u l t

movements. The c ru s ta l extension  (o r sepa ra tion ) is  about 10 km (between 5 

to  25 km) in  the  c e n tra l sec to r o f  the  G regory R if t .  I f  10 km o f c ru s ta l

ex tens ion  across the  Kenya R i f t  is  assumed since the  Miocene, th is

rep resen ts  a s tra in - ra te  o f 10 15s \  In  sum m ary, i t  seems th a t the  

fo rm a tio n  o f the  Kenya r i f t  va lle y  is  the  re s u lt  o f  phases o f  epeirogenic

u p l i f t ,  vo lcanism  and fa u lt in g  since lo w e r Miocene tim es.

The Kenya R if t ,  w ith  its  abundant v u lc a n ic ity , a lthough e x h ib it in g  

ex tens iona l s tress  lo c a lly , e x is ts  w ith in  a co n tin e n ta l p la te  in  a s ta te  o f 

genera l com pression. T h e re fo re  i t  may be a good cand ida te  fo r  the  

m an tle -gen e ra ted  (o r m an tle  a c tiva te d ) ca tegory . However, the  East A fr ic a n  

R i f t  is  connected v ia  the  A fa r  t r ip le  ju n c tio n  w ith  the  Red S ea -G u lf o f Aden 

co n s tru c tive  p la te  boundary, and the  whole n e tw o rk  needs to  be considered in  

its  e n tire ty .
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§ 6.1.4 Gulf of Suez

The G u lf o f Suez is  the  n o rth w e s te rn  branch  o f  the  Red Sea 

(F igu re  6.1.4-1). The r i f t  is  60-100 km w ide and extends f o r  400 km,

se p a ra tin g  A fr ic a  fro m  the  S ina i Peninsula. R if t in g  is  post-Eocene and was 

underw ay by the  s ta r t  o f  the  Miocene (Robson, 1971; G a rfunke l & B artov , 

1977).

The e a r ly  h is to ry  o f r i f t in g  ind ica tes  th a t the  la rg e  u p l i f ts  bo rd e rin g

the  r i f t s  w ere  no t fo rm ed  as a p re cu rso ry  dom ing event, b u t developed d u rin g  

the  m ain phase o f development o f the  r i f t  (S teck le r, 1985). D u rin g  the 

Eocene, the  e n tire  G u lf o f Suez reg ion  was a sha llow  w a te r  carbonate  

p la tfo rm . When r i f t in g  commenced, w ith  the  development o f t i l te d  fa u lt  

b locks and m ino r b a sa lt a c t iv ity ,  m a jo r erosion o f the  Eocene and o lde r 

rocks  occu rred  on ly  on the  h igh ends o f  the  fa u l t  blocks. The opposing ends 

experienced deposition  o f m arine  carbonates w ith  loca l conglom erates. The 

sim ultaneous subae ria l e rosion and m arine  deposition  on the  same t i l te d

b locks a re  c le a r evidence th a t the  r i f t  was in it ia te d  near sea level.

F a u lt movements and lim ite d  t i l t in g  appear to  have taken place

th ro u g h o u t the  Miocene and continue to  the present. Th is  has been stud ied

in  d e ta il by A nge lie r (1985). F a u lt d isp lacem ents a re  p re dom ina n tly  norm a l

d ip -s lip  w ith  a sm all d e x tra l component. The fa u l t  geom etry ind ica tes  an

ex tens iona l h o riz o n ta l s tress  o rien ted  a t 045°. The am ount o f extens ion  is 

es tim a ted  a t 2 0 -3 0  percent based on fa u lt  movement, and 45 -50  percen t based 

on the  am ount o f subsidence over the e n tire  w id th  o f the  80 km r i f t  section. 

I t  is  l ik e ly  th a t the  fa u lt  re co n s tru c tio n  method underestim a tes  the 

extension . The evo lu tion  o f the  s tru c tu re  o f the  G u lf o f Suez r i f t  is

i l lu s tra te d  in  F igu re  6.1.4-2.
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F igu re  6.1.4-1 Geologica l map o f the  G u lf o f Suez reg ion . F rom  S te ck le r 
(1985).
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F igu re  6 .1 .4 -2  S tru c tu re  o f the  G u lf o f Suez r i f t .  B lock d iag ram s a -  d 
show the  evo lu tion  o f t i l te d  blocks accom m odating to  g ra d u a lly  increased 
extension : (a) la te  O ligocene-early  Miocene; (b) e a r ly  Miocene; (c)
m id-M iocene; (d) P resent. F l-3  ind ica te  successive genera tions  o f fa u lts ;  
f ,  e a r ly  con juga te  norm al fa u lt  system; t, e a r ly  tens ion  fra c tu re s ; R, 
re e fs ; E,  evapo rite  basins (v e r tic a l ru lin g  in  section ); si ,  sea leve l. 
F rom  A nge lie r (1985),
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§ 6 . 2  Basin and range s tru c tu re s

Basin and range s tru c tu re s  a re  com monly in fe r re d  to  re p re se n t e ith e r 

(a) b locks t i l te d  along d o w n w a rd -fla tte n in g  ( l is t r ic )  fa u lts  in  w h ich  the  

upslope p a r t  o f an in d iv id u a l ro ta te d  b lock f  orm s a m ounta in  and the  

downslope p a r t  a va lley  o r (b) a lte rn a tin g  downdropped b locks (grabens) th a t 

fo rm  va lleys  and re la t iv e ly  up th row n  blocks (ho rs ts ) th a t  fo rm  m ounta ins 

(S te w a rt, 1978). Basin and range s tru c tu re s  a re  som etim es taken as r i f t s  as 

w e ll (w ide r i f t ) .  The best exam ple is the  Basin and Range p rov ince  in  N o rth  

Am erica , w h ich  is in troduced  below. Th is  in tro d u c tio n  is  m os tly  based on 

the  sum m aries by S te w a rt (1978), Zoback e t a l. (1981) and Eaton (1982).

The basin  and range s tru c tu re  in  N o rth  Am erica

A long the  w este rn  C o rd ille ra  o f N o rth  Am erica , la te  Cenozoic 

ex tens iona l fa u lt in g  has produced b lo c k - fa u lte d  basin  and range s tru c tu re s  

ch a ra c te rize d  by a lte rn a tin g  e longate m ounta in  ranges and a llu v ia te d  basins. 

The s tru c tu re  extends fro m  Canada to  n o rth e rn  Mexico, w ith  a to ta l d is tance 

o f 1500 km, and is 500 to  800 km in  w id th  (F igu re  6.2-1). G enera lly , the  

s tru c tu re  is  about 500 to  3000 m eters above sea leve l, the  va lleys  are  

a p p ro x im a te ly  700 m eters low e r than  the  m ountains.

Basin and range s tru c tu re s  cons is t o f a system  o f no rm a l fa u lts  along 

w h ich  movement has re su lted  in  the  re la t iv e  u p l i f t  o f lin e a r  segments o f the  

c ru s t to  fo rm  m ounta ins and the  re la t iv e  s ink ing  o f ad jacen t segments to  

fo rm  va lleys. The m ountains are  usua lly  about 15 to  20 km across and are 

separated by a llu v ia te d  va lleys o f com parable w id th .
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Figure 6.2-1 Maps of the Basin and Range province: (a) D istribution of
grabens and other s truc tu ra l basins in the western United S tates containing 
Miocene, Pliocene, and Quaternary sedimentary rocks, as well as Quaternary 
volcanic rocks; (b) Map of physiographic subdivisions of the w estern United
States, with sections of Basin and Range province as follows  la, Great
Basin; lb, Salton Trough; lc, Sonoran Desert; Id, Mexican Highland; le, 
Sacramento; (c) Map of regions tectonophysically active in Q uaternary time, 
exclusive of coastal California.
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The fo rm a tio n  o f the  Basin and Range p rov ince  s ta r te d  a p p ro x im a te ly  17 

Ma ago, b u t the  e a r lie s t Cenozoic extens iona l d e fo rm a tio n  in  th is  re g io n  may 

have begun as e a rly  as 37 Ma ago. The am ount o f ex tens ion  is  es tim a ted  to  

be fro m  10 pe rcen t to  35 percent o f the  o r ig in a l w id th  o f  the  p rov ince  and 

as much as 100 percen t in  sp e c ific  areas. A ccord ing  to  some a u th o rs  (e .g ., 

H am ilton , 1987) extension has about doubled the  pre-O ligocene w id th  o f the  

p rov ince . The c ru s t has been th inned to  less than  no rm a l (25 km ), and heat 

f lo w  is  h igh.

Cenozoic extension  was predated by com pression. N o rth e a s t-d ire c te d  

com pression was a ligned in  a d ire c tio n  a p p ro x im a te ly  no rm a l to  the  oceanic 

tre n ch  th a t ex is ted  th rough  la te  Mesozoic and e a rly  T e r t ia r y  t im e  a t the  

w es te rn  m arg in  o f N o rth  Am erica. The Mesozoic and e a r ly  T e r t ia r y  events 

produced fo ld in g , th ru s tin g , u p l i f t ,  and the  emplacement o f p lu to n s  and 

dikes o f c a lc -a lk a lin e  magma. C rus ta l th ickness had been increased to  

p robab ly  35 -40  km, o r even 50 km, be fo re  extension.

S te w a rt (1978) grouped the e a rly  theo ries  on the  o r ig in  o f  Basin and 

Range s tru c tu re  in to  fo u r  m ain categories. In the  f i r s t ,  th e  s tru c tu re  is  

presumed to  be re la te d  to  oblique tens iona l fra g m e n ta tio n  w ith in  a b road 

b e lt o f r ig h t - la te ra l movement and d is tr ib u te d  extension a long  the  w est side 

o f the  N o rth  Am erican lith o sp h e ric  p la te . The second th e o ry  re la te s  

ex tens ion  to  spread ing caused by u p w e llin g  fro m  the  m an tle  behind an ac tive  

subduction  zone (back -a rc  spreading). The th ir d  th e o ry  re la te s  the  Basin 

and Range s tru c tu re  to  spreading th a t re su lted  fro m  presum ed subduction  o f 

the  East P a c if ic  Rise beneath p a r t  o f N o rth  Am erica. The fo u r th  th e o ry  

re la te s  the  Basin and Range s tru c tu re  to  p la te  m otion  caused by deep-m an tle  

convection  in  the  fo rm  o f n a rro w  m antle  plumes.
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L a te r  a m ore "passive" cause fo r  the  fo rm a tio n  o f Basin and Range has 

been suggested (e .g ., M olnar & Chen, 1983; Coney & Harm s, 1984; Coney, 1987; 

Sonder e t a l., 1987). Regions o f is o s ta tic a lly  compensated overth ickened 

c ru s t may be in  a s ta te  o f extens iona l d e v ia to r ic  s tre ss  ( i f  lithosphe re  

ro o t does no t e x is t below, see F le ito u t & F ro idevaux [19821) and th is  

p rov ides the  basis f  o r a lte rn a tiv e  m echanical exp lana tions  o f con tinen ta l 

ex tens ion  in  the  Basin and Range. As review ed above, the  Basin and Range 

p rov ince  had a c ru s t rang ing  fro m  35 to  50 km in  th ickness be fo re  Cenozoic 

extension . M olnar & Chen (1983) suggest th a t  extens ion  o f the  Basin and 

Range Province resu lted  fro m  such stresses in  a m anner analogous to  the  

p resen t extension  o f the  T ibe tan  P lateau. A ccord ing  to  F ro idevaux & R ica rd  

(1987), the  Basin and Range is  in  the la s t stage o f the  evo lu tion  o f a high 

p la teau .

A p la teau  w ith  th ickened c ru s t cannot co llapse w ith o u t an increase in  

the  v e r t ic a l com pressional s tress  o r a decrease in  h o r iz o n ta l compression 

(F ro idevaux & R ica rd , 1987). The re d u c tio n  in  boundary com pression in  

Cenozoic N o rth  Am erica  may have re su lted  fro m  changes in  p la te  k inem atics  in  

the  P a c if ic  rea lm , fro m  a drop in  N o rth  A m erica ’ s w e s tw a rd  m otion , a n d /o r 

f ro m  the  steepening o f the  p rev ious ly  f la t-d ip p in g  La ram ide  subducting  slab 

a f te r  the  Eocene (Coney, 1978; Coney, 1971; Coney & Reynolds, 1977). The 

Cenozoic C o rd ille ra n  te c to n ic  evo lu tion  o f the  reg ion  and possib le  fo rce s  a t 

w o rk  is il lu s tra te d  in  F igu re  6 .2 -2 . The Basin and Range m ay be an exam ple 

o f "oregen ic collapse".
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l.--‘ -'] crust I—■—> terrane *-----1 lithosphere

F ig u re  6 .2 -2 . Possible fo rce s  a t w o rk  d u ring  Cenozoic C o rd ille ra n  te c to n ic  
evo lu tion , (a) La te -M esozo ic /ea rly -C enozo ic  La ram ide  com pression. The N o rth  
A m erica  P la te  moves w es tw a rd  a t 5 cm /ye a r w h ile  the  F a ra llo n  P la te  moves 
eas tw a rd  a t 12 cm /ye a r and subducts a t a sha llow  angle. The opposed fo rce s  
produce in tra p la te  te lescop ing d u rin g  Laram ide  tim es  a t about 1 cm /ye a r, (b) 
M id -T e r t ia ry  extension. N o rth  A m erica  P la te  w e s tw a rd  m o tion  fa l ls  to  3 
c m /y e a r and F a ra llo n  P la te  eastw ard  m otion fa l ls  to  5 c m /ye a r. The c ru s ta l 
w e lt  spread w e s tw a rd  a t a ra te  o f about 1 cm /ye a r. (c) L a te -T e r t ia ry  Basin 
and Range extension. The N o rth  Am erica  P la te  continues to  move w e s tw a rd  a t 
3 c m /y e a r w h ile  the  P a c if ic  P la te  moves in  the f ig u re  and aw ay on the  o th e r 
side o f the  San Andreas F a u lt a t the  le f t .  From  Coney (1987).
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§ 6 . 3  E xtens iona l s tru c tu re s  associa ted w ith  s t r ik e -s l ip  fa u lts

S tr ik e -s l ip  fa u lts  can also accommodate extension . F o r exam ple, p a r t

o f the  n o rth w a rd  convergence o f the  Ind ian p la te  w ith  T ib e t is  taken  up by 

s t r ik e -s l ip  d isplacem ent, thus causing E-W extens ion  o f the  p la teau  (A rm ijo  

e t a l. ,  1989). S tr ik e  s lip  fa u lts  develop when the  v e r t ic a l s tress  is  cr2 ,

and a re  th e re fo re  associated w ith  com pression in  one d ire c tio n  and ex tens ion  

in  th e  o the r. E xtens iona l fe a tu re s  in  th is  case a re  no t d ea lt w ith  in  th is

thes is .

§ 6 . 4  N um erica l ana lys is  o f co n tin e n ta l extension

The processes o f  con tinen ta l extension have been s tud ied  by many 

au tho rs . I t  is  no t possible to  re v ie w  a ll the  im p o rta n t num erica l analyses

in  th is  area. Only some o f the  m ore ty p ic a l s tud ies a re  in troduced  here,

and i t  is no t my in te n tio n  to  inc lude a ll those c ite d  in  the  fo llo w in g  

chap te r.

A. S tresses responsib le  f o r  lithosphe re  fa ilu re

The te c to n ic  stresses generated by p la te  boundary fo rce s  and buoyancy

fo rce s  a re  usua lly  less than  50 MPa v e r t ic a lly  averaged across the

lithosphe re . I f  the  whole lithosphe re  behaved e la s tic a lly , fa i lu re  w ou ld  

no t occur and co n tin e n ta l extension w ould  no t be possib le. However, i f  the  

lithosphe re  is  subdivided in to  upper e la s tic  and lo w e r v is c o -e la s tic  la ye rs , 

under constan t boundary fo rce s  the s tress  decay in  the  lo w e r la ye r w i l l  lead
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to  the  a m p lif ic a tio n  o f s tress  in  the  upper la ye r to  a value w h ich  is  la rg e  

enough fo r  fa i lu re  to  occur (K uszn ir & B o tt, 1977). I t  has been shown th a t,  

th ro u g h  th is  process a compensated p la teau  w ith  2 km u p l i f t  can generate  

s u f f ic ie n t  s tress  fo r  fa i lu re  to  occur in  the  e la s tic  la y e r (B o tt & K u szn ir,

1979). T h is  process is  dependent on the  th ickness o f the  b r i t t le  la ye r and

the  v isco s ity  o f the  lo w e r laye r. A fu r th e r  s tudy  by K u szn ir & P ark (1984) 

shows th a t the  d e fo rm a tio n  o f the  lithosphe re  and the  m agnitude o f the  

app lied  s tress  re q u ire d  fo r  Whole L ithosphe re  F a ilu re  is  c r i t ic a l ly  

dependent on the  th e rm a l s tru c tu re  o f the  lithosphe re  as represen ted  by the

su rfa ce  heat f lo w . S ig n if ic a n t s tra in s  o f 1 pe rcen t o r  m ore may be produced

over tim es o f the  o rd e r o f 1 Ma by an app lied  s tress  o f 20 MPa in  

lithosphe re  w ith  an average heat f lo w  (60 mWm ). The model p re d ic ts  

extens iona l fa i lu re  fo r  areas o f m oderate heat f lo w  (e.g. C en tra l Europe, 

N o rth e rn  China) as w e ll as fo r  areas o f h igh  heat f lo w  lik e  the  B asin-and

-Range Province.

B. C o n s tra in t on and the  mode o f con tin e n ta l extension

When lithosphe re  th in n in g  occurs, a ll p o rtio n s  o f  the  lithosphe re  move 

to  sh a llo w e r depths. I f  the  th in n in g  takes place ra p id ly  enough, th is

m otion  is accom plished iso th e rm a lly  and no increase in  the  s tre n g th  o f  the  

lithosphe re  should be expected. However, i f  th in n in g  is  s low  enough,

te m p e ra tu re  w ith in  the  lithosphe re  w i l l  f a l l  and its  s tre n g th  w i l l  r is e  due 

to  the  heavy te m p e ra tu re  dependence o f the  e a rth  m a te r ia ls . Th is  pu ts  a 

l im i t  to  the  lithosphe re  extension. England (1983) considered the  extension  

o f the  co n tin e n ta l lithosphe re  in  te rm s o f the  d e fo rm a tio n  o f  a th in  viscous 

sheet w ith  a tem pera tu re -dependen t rheo logy w h ich  is  governed p r im a r i ly  by 

the  s tre n g th  o f the  upper m antle . He found  th a t the  p rogress  o f  the
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extens ion  is in fluenced by the  decrease in  s tre n g th  o f the  lithosphe re , due 

to  i ts  a tte n u a tio n , and by an increase in  s tre n g th  re s u lt in g  fro m  coo ling . 

The re la t iv e  im portance  o f these tw o  e ffe c ts  depends on tw o  param eters , a 

dim ensionless s tra in  ra te  and the  to ta l s tra in . F o r a g iven s tra in  ra te  th e  

ex tend ing  lithosphe re  goes th ro u g h  tw o  phases as the  s tra in  increases: in

the  f i r s t ,  the  e f fe c t  o f th in n in g  the lithosphe re  is  p redom inan t and the  

s tre n g th  o f the  lithosphe re  rem ains close to , and perhaps s lig h t ly  below , 

its  o r ig in a l s tre n g th ; in  th e  second, the  e f fe c t  o f  coo ling  o f the  

lith o sp h e re  leads to  ve ry  ra p id  increase in  s tre n g th  re s u lt in g  in  an 

e ffe c t iv e  l im it  on the  degree o f s tre tc h in g  th a t  the  lithosphe re  

experiences. A t s tra in - ra te  o f  10 15s *, th is  m axim um  extension  is  between 

100 pe rcen t and 150 percent, and i t  takes about 30 to  50 Ma f o r  the rm a l 

coo ling  to  cause the  s tre n g th  to  increase. Once the  s tre n g th  s ta r ts  to  

r ise , i t  rises  ra p id ly . In  th is  study, when the  s tre n g th  r ise s  to  ten  tim es 

its  in i t ia l  value, i t  is taken th a t extension  stops.

The change in  s tre n g th  d u rin g  the  extension o f co n tin e n ta l lithosphe re  

was also stud ied by K u szn ir & P a rk  (1987), in c o rp o ra tin g  the  e las tic , 

p la s tic  and b r i t t le  behaviour o f lithosphe re  m a te r ia l. I t  was found  th a t 

the  ra te  o f extension was c r i t ic a l  in  de te rm in ing  w he the r the  lithosphere  

s tre n g th  w ould  increase o r decrease d u rin g  extension. Fast s tra in  ra te s  ( > 

5x10 15s produced a weakening o f  the  lith o sp h e re  causing intense 

lo ca lize d  lith o sp h e ric  extension w ith  h igh /3 values (n a rro w  r i f t ) ,  w h ile  

s lo w e r s tra in  ra te s  led to  s treng then ing  o f the  lithosphe re , causing broader 

reg ions o f lithosphe re  extension (w ide  r i f t )  w ith  f in i te  j3 values o f the 

o rd e r o f  1.5.

The e ffe c ts  o f tem pera tu re -dependen t rheo logy o f lith o sp h e re  on
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la rg e -sca le  con tinen ta l ex tens ion  have been m odelled by Sonder & England 

(1989) in  the  Aegean area. I t  was observed in  th e ir  s im u la tio n  th a t the  

locus o f extension m ig ra te d  fro m  the  m ore de fo rm ed reg ion  to  the  less 

de fo rm ed a rea  a t a la te r  stage o f s tre tc h in g , due to  inc reas ing  s tre n g th  in  

the  m ore deform ed area. Because I have some re se rva tio n s  about th a t  w o rk , 

and because i t  makes use o f the  th in  viscous sheet model, the  w o rk  is 

in tro d u ce d  sepa ra te ly  in  the  n e x t section.

In  the  w o rk  o f England (1983) and K u szn ir & P a rk  (1987), the  mode o f 

lith o sp h e re  extension (in tense loca lized  r i f t in g  o r ex tens ion  in  a broad 

re g ion ) is  re la te d  to  changing s tre n g th  d u rin g  ex tens ion , and s tra in  ra te  is 

the  key fa c to r .  A t s low  s tra in  ra te s , deform ed reg ions ge t s tro n g e r causing 

the  s tra in  to  m ig ra te  to  the  undeform ed area. A no the r mechanism  fo r  

p roduc ing  a w ide r i f t  is  g ra v ita t io n a l collapse. In  th is  m echanism, 

g ra v ita t io n a l stresses produced by c ru s ta l th in n in g  re s is t fu r th e r  extens ion  

m ore s tro n g ly  than  lith o s p h e ric  th in n in g  prom otes i t .  T h is  is  th o u g h t to  

occur w here th ic k  c ru s t and h igh  heat f lo w  make the  lith o sp h e re  ve ry  weak. 

T h is  mechanism has been invoked to  exp la in  the  fla tn e s s  o f topog raphy across 

T ib e t (M olnar & Chen, 1983) and the  sm all g ra d ie n ts  in  c ru s ta l th ickness 

across the  Basin and Range (Sonder e t a l., 1987; H am ilton , 1987). Buck

(1991) combined the  tw o  mechanisms in  a model, and found  th a t  the  mode o f

ex tens ion  is  linked  to  the  c ru s ta l th ickness and the  th e rm a l s tru c tu re  o f

-2
the  lithosphe re . N orm al heat f lo w  (60 mWm ) corresponds to  a n a rro w  r i f t ,

_2
High heat f lo w  (80 mWm ) corresponds to  a w ide  r i f t  mode, and ve ry  h igh

_2
heat f lo w  (100 mWm ) corresponds to  a core com plex r i f t  mode. C hris tensen

(1992) reached s im ila r  conclusions using m ore developed techniques.
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C. The p rocess of r if t in g

R if t in g  is exam ined by Zuber & P a rm e n tie r (1986) in  te rm s  o f  the  g ro w th  

o f  a necking in s ta b il i ty  in  a lithosphe re  cons is ting  o f  a s tro n g  p la s tic  o r 

viscous su rfa ce  la y e r o f u n ifo rm  s tre n g th  ove rly in g  a weak sub s tra te  in  

w h ich  s tre n g th  is  e ith e r  u n ifo rm  o r decreases exp o n e n tia lly  w ith  depth. As 

the  lith o sp h e re  extends, d e fo rm a tio n  loca lizes  about a sm a ll imposed in i t ia l  

p e r tu rb a tio n  ( i.e ., a p re -e x is t in g  weakness) in  the  s tro n g  la ye r th ickness. 

A pow er la w  viscous rheo logy was used, and n=10000 was tre a te d  as p e r fe c t ly  

p la s tic . The u p l i f t  f la n k s  were argued to  be supported  dynam ica lly  by a 

p e rio d ic  d e fo rm a tio n  process. L in  & P a rm e n tie r (1990) im proved the  above 

w o rk , describ ing  the  fo rm a tio n  o f a r i f t  as the  f in i te  am p litude  necking o f 

an e la s t ic -p la s t ic  la y e r ove rly ing  a f lu id  subs tra te . The m a jo r  d if fe re n c e  

in  the  conclusion in  th is  case is due to  the  d if fe re n t  exp lana tion  f o r  th e  

f la n k  u p l i f t .  In  the  la t te r  w o rk , i t  is  found  th a t v e r t ic a l fo rc e s  due to  

the  mass d e f ic i t  o f  the  r i f t  depression w i l l  f le x  the  e la s tic  la ye r ou ts ide  

the  y ie ld  zone, c re a tin g  f la n k in g  u p l i f ts .  These analyses a re  tw o  

d im ensiona l in  the  v e r t ic a l cross section  o f the  r i f t ,  and the  buoyancy 

fo rc e  due to  the  g ra v ity  p o te n tia l has been neglected.

In  the  la s t tw o  stud ies, a p e rtu rb a tio n  in  the  th ickness o f  the  s tro n g  

la ye r a lw ays a m p lif ie s . Th is  is  a t t r ib u te d  to  the  fa s t  d e fo rm a tio n  assumed, 

and th e rm a l processes are neglected.

Necking o f the  s trong  la ye r can occur s im u ltaneously . F le tc h e r & 

Hal le t (1983) tre a te d  the lithosphe re  as a s tro n g  su rfa ce  la y e r o f  u n ifo rm  

s tre n g th  and dens ity  ove rly ing  a w eaker sub s tra te  o f  the  same d ens ity , 

show ing th a t unstab le  extension, o r boudinage, re s u lts  in  the  co n ce n tra tio n
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o f  extension  in to  reg ions w ith  a re g u la r spacing dete rm ined p r im a r ily  by the  

th ickness o f the  s trong  laye r. Zuber e t a l. (1986) assumed tw o  s tro n g  

laye rs , upper c ru s t and upper m antle , separa ted by a weak lo w e r c ru s t, in  

the  lithosphe re , and found th a t necking in s ta b il i ty  o f tw o  w aveleng ths w i l l  

a rise . They app lied  th is  to  Basin and Range, and found  th a t  the  h o riz o n ta l 

scale o f s h o rt w avelength necking is  cons is ten t w ith  th e  spacing o f 

in d iv id u a l basins and ranges, w h ile  th a t o f the  longer w ave leng th  necking is 

cons is ten t w ith  the  w id th  o f t i l t  domains.

R if t in g  is  a ffe c te d  by p re e x is tin g  weakness in  the  lithosphe re . Dunbar 

& Sawyer (1989) stud ied  the  passive r i f t in g  o f lith o sp h e re  in  w h ich  the  

p o s itio n  o f a dom inant p re e x is tin g  weakness va ries . In  th is  w o rk , 

co n tin e n ta l lithosphe re  is  viewed as a com posite m a te r ia l con s is tin g  o f tw o  

s tro n g  laye rs , one in  the  upper m antle  and one in  the  m idd le  c ru s t. 

E x tens iona l fa i lu re  a t weaknesses in  the  m antle  causes concentra ted  

extension  in  the  m antle  and d if fu s e  extension in  the  c ru s t. F a ilu re  a t 

weaknesses in  the  c ru s ta l s trong  zone causes focused ex tens ion  in  the  c ru s t 

and d if fu s e  extension  in  the m antle . When m antle  weakness and c ru s ta l 

weakness are  no t on the same v e r t ic a l line , s im ple  shear develops (a 

v e r t ic a l re fe rence  lin e  is ro ta te d  d u rin g  d e fo rm a tio n ). O therw ise  pure 

shear dom inates (a v e r t ic a l re fe rence  line  rem ains v e r t ic a l d u ring  

de fo rm a tio n ). Lynch & Morgan (1990) s tud ied  the  e f fe c t  o f th e rm a l, 

m echanica l, and com positiona l he te rogene ities , and found  th a t the rm a l 

he te rogene ities  are m ost e ffe c tiv e  in  c o n tro llin g  d e fo rm a tio n a l s ty le .
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§ 6.5 The w ork of Sonder and England (1989)

Sonder & England (1989) extended the  w o rk  o f England & McKenzie (1982, 

1983) to  s tudy the  extens ion  o f con tinen ta l lithosphe re . The assum ptions

and the  m echanical equations a re  the same as be fo re . B u t th is  tim e  the  

e f fe c t  o f tem p e ra tu re  on the  average rheo logy o f  the  lith o sp h e re  is

considered. The behaviour o f the  model depends p r in c ip a lly  on tw o  

pa ram ete rs : the  Peclet num ber, w h ich  describes the  re la t iv e  ra te s  o f

advection  and d if fu s io n  o f  heat, and a dim ensionless a c tiv a tio n  energy, 

w h ich  co n tro ls  the  te m p e ra tu re  dependence o f the  rheo logy. N um erica l

c a lc u la tio n  o f the  d e fo rm a tio n  o f such a th in  sheet sub jec ted  to  an

ex tens iona l boundary co n d itio n  shows the fo llo w in g  re s u lts : a t s h o rt tim e s

fo llo w in g  the  beginn ing o f extension, d e fo rm a tio n  occurs w ith  n e g lig ib le  

change in  tem pe ra tu re , so th a t on ly  sm all changes in  lith o s p h e ric  s tre n g th  

occur due to  a tte n u a tio n  o f the  lithosphe re , and m axim um  ra te s  o f 

d e fo rm a tio n  are  located close to  the  extens iona l boundary. However, a f te r  a 

c e r ta in  tim e  in te rv a l, th e rm a l d if fu s io n  re s u lts  in  low ered  tem pe ra tu res  in  

the  lithosphe re , s tro n g ly  increas ing  lith o sp h e ric  s tre n g th  and s low ing  the 

ra te  o f extension. T h is  c r i t ic a l tim e  depends p r in c ip a lly  on the  Peclet 

num ber and is s h o rt com pared w ith  the  th e rm a l re la x a tio n  tim e  cons tan t o f 

the  lithosphe re . The changes in  s tre n g th  cause the  locus o f h igh 

ex tens iona l s tra in  ra te s  to  s h if t  w ith  tim e  fro m  reg ions o f  h igh  s tra in  to  

reg ions o f low  s tra in . Results o f the  ca lcu la tio n s  a re  compared w ith  

observa tions  fro m  the Aegean, where m axim um  extens iona l s tra in s  a re  found in  

the  south, near C rete, bu t the  la rg e s t p resen t-da y  ex tens iona l s tra in  ra tes  

occur about 300 km fu r th e r  no rth . The com parisons sup p o rt th e  hypothesis 

th a t  the  observed sepa ra tion  o f the  loc i o f m axim um  s tra in  and maxim um 

p re se n t-d a y  s tra in  ra te s  in  the Aegean may be the  consequence o f changes in
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lith o s p h e ric  s tre n g th  a r is in g  fro m  the  tem pera tu re -dependen t m echanical 

p ro p e rtie s  o f lith o sp h e ric  m a te ria ls .

There  are , however, some problem s to  th is  w o rk :

A. The m echanical equations are adopted fro m  the  p rev ious stud ies proved 

above to  be w ro n g ly  derived.

B. The m echanical equations assume th a t com pensation is  reached w ith in  the  

lith o sp h e re  m antle . In  another w ords, the  asthenosphere and the  m antle  

lithosphe re  are  o f the  same e ffe c tiv e  dens ity , w h ich  is no t so reasonable in  

the  case o f lithosphe re  extension where the  m antle  could p lay  a t leas t a 

secondary ro le  and may p lay a p r im a ry  ro le .

C. The e f fe c t  o f g ra v ity  has no t been s ys te m a tica lly  s tud ied . I t  was 

m entioned th a t when A r > 0, g ra v ita t io n a l fo rce s  re s is t d e fo rm a tio n , and 

when A r < 0, g ra v ita t io n a l fo rce s  augment de fo rm a tio n . I t  is  ha rd  to  

understand  how A r can be negative , given its  d e fin it io n , i f  the  c ru s t is  no t 

denser than  the  m antle .

D. The Aegean area is  under w a te r. I t  is  shown in  § 3 .5  th a t th is  does no t 

in fluence  h o riz o n ta l d e fo rm a tio n  ve ry  much b u t no d iscussion is  g iven o f 

th is .

E. The m ost co n tro ve rs ia l fe a tu re  is  the  c a lc u la tio n  o f te m p e ra tu re . I t  was 

assumed th a t the  average rheo logy is  sens itive  to  the  te m p e ra tu re  o f the  

s tro n g  la ye r w h ich  is  near the  Moho su rface . To ca lcu la te  te m p e ra tu re  

v a r ia t io n  a t the  Moho s u r f  ace d u ring  the extension , an a n a ly tic  so lu tion  by
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C ars law  & Jaeger [1959, e q u a tio n (2 .4 )( l) ] was used. H ow ever, the  c ite d  

s o lu tio n  is  f o r  the  te m p e ra tu re  in  a h a lf  space w ith  zero s u rfa c e  

te m p e ra tu re  and in i t ia l  te m p e ra tu re  / ( z), w ith o u t d e fo rm a tio n . The fo rm u la  

f o r  the  change o f  Moho te m p e ra tu re  derived by Sonder & England (1989) is

2

„  T l /32 KtB e " x
27tT Z l ( Z l - Z m ) x

w here  x  =  (Z l - Z m )/0 V '2 k t l  , T l  is  the  te m p e ra tu re  a t  the  b o tto m  o f

lith o sp h e re , k is  the  th e rm a l d if fu s iv ity ,  0  is  the  am ount o f  s tra in , tB is  

th e  tim e  a f te r  a qu ick s tre tc h in g  w h ich  causes the  am ount o f  s tra in  0 , Z l 

and Z m is  the  depth o f the  bo ttom  o f lithosphe re  and o f  the  Moho s u rfa ce  

re sp e c tive ly .

I f  we te s t the  above fo rm u la , we see th a t ATM is  a lw ays negative  

w h e th e r 0 is la rg e r, equal o r  sm a lle r than  1. T h a t is  to  say, the  

te m p e ra tu re  a t the  Moho su rfa ce  is  a lw ays decreasing w h e th e r th e  lith o sp h e re  

has been s tre tched , shortened o r no t deform ed a t a ll.  Such a fo rm u la  m ig h t 

be a p ra c t ic a l ap p ro x im a tio n  in  the  case o f lith o sp h e re  s tre tc h in g , b u t i t  

c e r ta in ly  exaggera tes the coo ling  e ffe c t.  A ccord ing  to  th is  w o rk , a t an

ex tens iona l s tra in  ra te  o f 10 15s \  the  s tre n g th  s ta r ts  to  increase a f te r  

about 15-20 Ma o f extension (Sonder & England 1989, F ig .2a ). B ut accord ing

to  England (1983), th is  tim e  span is  30 to  40 Ma (England 1983, F ig .3 ). 

There  is  considerab le  d iscrepancy between these tw o  re s u lts  and I believe

the  e a r lie r  re s u lt is  more re lia b le . W ithou t the  exagge ra tion  o f the  

coo ling  process, the  m ig ra tio n  o f the  h igh extens ion  locus observed in  th is

w o rk  can p robab le  no t be repeated, and com parison w ith  Aegean becomes 

p ro b le m a tic .
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In  the  n e x t chap te r, the  viscous sheet model de rived  in  C hapter 3 is 

app lied  to  co n tin e n ta l extension and in  p a r t ic u la r  the  mode o f extension . 

I t  takes in to  account buoyancy fo rce s  and the  e f fe c t  o f  th e rm a l coo ling  on 

lithosphe re  th ickness. The model is su ita b le  f o r  p r e - r i f t in g  d e fo rm a tio n  o f 

the  lithosphe re . Compared w ith  the  w o rk  o f  Sonder & England (1989), th is  

model inc ludes the  ro le  o f the  asthenosphere m ore c le a r ly . Compared w ith  

o th e r s tud ies, th is  model is  in  the  h o riz o n ta l dom ain and th e re fo re  can 

include the  e f fe c t  o f n o n -u n ifo rm  boundary cond ition .
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C hapter 7. A pp lication  o f the model to  co n tin en ta l extension

In  th is  chap te r, I apply the  th in  viscous model to  the  s tudy o f 

co n tin e n ta l extension . I t  w ou ld  be over am b itious  to  analyze co n tin e n ta l 

ex tens ion  fu l ly  a t th is  stage, especia lly  when using such a s im ple  model. 

The purpose o f th is  s tudy is  to  add to  ou r unders tand ing  o f some o f the

physics in  co n tin e n ta l extension  processes, as many o f  the  prev ious au tho rs  

have done. The F in ite  D iffe re n ce  Method I have used makes i t  d i f f ic u l t  to  

d e fin e  the  p rob lem  in  te rm s  o f boundary fo rce s  o r stresses, and I w i l l  

th e re fo re  concen tra te  on the  d is tr ib u t io n  o f ex tens ion  under boundary 

d isp lacem ents, and t r y  to  id e n t ify  the  fa c to rs  a f fe c t in g  the  s ty le  o f 

de fo rm a tio n .

§ 7 . 1  F ac to rs  a ffe c t in g  th e  extension o f co n tin e n ta l lithosphe re

The extension  o f con tin e n ta l lithosphe re  is  a com plex process and the

development o f d e fo rm a tio n  is  a ffe c te d  by severa l fa c to rs .

A. S tre tch in g  causes lithosphe re  th in n in g , and i f  th in n in g  is  no t u n ifo rm ,

d e fo rm a tio n  w i l l  tend to  concen tra te  to  the th in n e r and hence w eaker p a r t, 

and th is  p o s itive  feedback may re s u lt in  in s ta b il i ty  ( fa ilu re ,  in  w h ich  m ost 

o f  the  d e fo rm a tio n  is  taken  up by a n a rro w  zone), w h ich  is  n a rro w  r i f t .

There may be tw o  reasons fo r  n o n -u n ifo rm  th in n in g . F irs t ,  the  

lith o sp h e re  is  no t u n ifo rm . There a re  weak b e lts  e ith e r  because o f the  

p ro p e rtie s  o f rocks o r because o f the  v a r ia t io n  o f the  lithosphe re  

th ickness. Second, the  boundary cond itions and in t ra -p la te  body fo rce s  may
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cause n o n -u n ifo rm  th in n in g  in  u n ifo rm  lithosphere .

B. On the  o th e r hand, i f  the  lithosphe re  be fo re  s tre tc h in g  is in  a th e rm a lly  

s ta t ic  s ta te , then the  s tre tc h in g  and th in n in g  w i l l  cause fa s te r  d iss ip a tio n  

o f  hea t and th is  th e rm a l process tends to  re s to re  the  th ickness to  i ts

p rev ious  s ta te . T h is  has a double e ffe c t. F ir s t ,  i t  makes up p a r t  o f  the  

th ickness  by a f f ix in g  cooled asthenosphere to  the  bo tto m  o f the  lithosphe re , 

thus  m aking up p a r t  o f the  lo s t s tre n g th  o f the  th inned  lithosphe re . 

Second, i f  the  s tre n g th  o f th e  lithosphe re  is  c o n tro lle d  by a s tro n g  la ye r, 

s ince the  th in n in g  causes th e  ascending o f th is  s tro n g  la ye r, th e rm a l

processes w i l l  cool th is  s tro n g  la ye r and th e re fo re  s treng then  the

lith o sp h e re . The f i r s t  e f fe c t  can be described by th e  th e rm a l re s to ra tio n  

fo rm u la  g iven in  § 3.1 (eq.3 .1-4  o r eq.3.1-5). The second is no t inc luded 

in  th is  model. Th is  w i l l  be ju s t i f ie d  la te r .

C. The g ra v ita t io n a l fo rc e  due to  density  v a r ia t io n  m ay have some e ffe c t  on 

the  development o f co n tin e n ta l extension. T h is  e f fe c t  has been la rg e ly  

neglected in  num erica l analyses by several au tho rs . I t  was re fe r re d  to  by 

Sonder & England (1989) who cla im ed th a t the  g ra v ita t io n a l fo rc e  e ith e r 

re s is ts  (when A r > 0) o r augm ents (when A r < 0) d e fo rm a tio n . However, g iven 

i ts  d e f in it io n , A r is  a lw ays p o s itive  as long as the  c ru s t has lo w e r dens ity  

than  the  m antle . In fa c t,  th e ir  equations co n ta in in g  A r a re  v a lid  on ly  i f  

the  e leva tion  o r subsidence o f  the  top  o f the  c ru s t is  to ta l ly  compensated 

by the  subsidence o r e leva tion  o f the Moho su rface , o r in  o th e r w ords, the  

lith o sp h e re  m antle  and the asthenosphere have the  same equ iva len t dens ity .

In  th a t  case, as we w i l l  see la te r , the  g ra v ita t io n a l fo rc e  a lw ays re s is ts  

lo c a liz a tio n  o f de fo rm a tion . The value o f the  asthenosphere dens ity  is 

c r i t ic a l  in  the  ana lys is  o f con tinen ta l r i f t in g ,  because i t  c o n tro ls  the
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elevation o r subsidence of th e  top su rface  of th inned  lithosphere  which in

tu rn  a ffe c ts  the  d is tr ib u t io n  o f the  am ount o f extension . The sed im en ta tion

process augments the  subsidence o f the  lithosphe re  and th e re fo re  is  a

p o te n tia l fa c to r  a f fe c t in g  the  g ra v ita t io n a l fo rce s , b u t as long as the 

lithosphe re  is  a in  re g io n a l s ta te  o f is o s ta tic  e q u ilib r iu m , the  in fluence  

o f sed im en ta tion  is found  to  be sm all in  respec t o f  h o r iz o n ta l d e fo rm a tio n  

o f the  lithosphe re . T h is  has been proved in  § 3 .5  by m a them a tica l a rgum ents 

and w i l l  be tes ted  by an exam ple in  th is  chap te r.

§ 7 . 2  Choice o f boundary cond itions  and param ete rs

Before  go ing in to  the  d e ta ils  o f the  ca lcu la tio n , a b r ie f  in tro d u c tio n

to  the  boundary cond ition s  and param ete rs  involved needs to  be given.

a. The boundary cond ition s  a re  c la s s ifie d  in to  tw o  k inds: p a r t ia l 

s tre tc h in g , and u n ia x ia l s tre tc h in g . W ith  p a r t ia l s tre tc h in g , a u n ifo rm  

lithosphe re  is  s tre tch e d  a t p a r t  o f i ts  boundary, w h ich  causes uneven 

th in n in g  and a tte n u a tio n . W ith  u n ia x ia l s tre tc h in g , the  lith o sp h e re  has a 

long weak b e lt, achieved by reduc ing  the lith o sp h e re  th ickness lo c a lly , and 

is s tre tch e d  u n ifo rm ly  a long i ts  boundary.

b. The p o te n tia l e f fe c t  o f buoyancy fo rce s  is ind ica te d  by the  A num ber, 

w h ich  is dependent on th e  average s tre n g th  o f the  lithosphe re . Since th e re  

a re g re a t u n c e rta in tie s  concern ing the  average s tre n g th  o f the  lithosphe re , 

A is g iven th re e  possib le  choices in  the  fo llo w in g  ana lys is : (a) low , 0, (b) 

in te rm e d ia te  30 to  50 and (c) la rge , 90 to  100. W ith  A = 0, the  lithosphe re  

is so s tro n g  th a t  th e re  is no e f fe c t  o f the  buoyancy fo rces .
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c. Two possib le  values o f c ru s ta l dens ity  are considered, 2.95 o r 2.8.

d. Two possib le  values o f equ iva len t asthenosphere dens ity  a re  considered, 

3 .3 , w h ich  is  the  same as th a t o f  the  lithosphe re  m antle , and 3.2, w h ich  

corresponds to  a ho t spot.

e. There  may o r may no t be an in i t ia l  e leva tion . When th e re  is , i t

corresponds to  ac tive  r i f t in g ,  as in i t ia l  dom ing should precede r i f t in g  in  a

c lass ica l ac tive  r i f t ;  when th e re  is  no t, i t  corresponds to  passive r i f t in g .

f .  The m axim um  ra te  o f boundary d isp lacem ent may take  a range o f  values: 0 .5  

cm /ye a r, lc m /y e a r, 2 cm /ye a r, 5 c m /ye a r and 10 c m /y e a r in  the  ca lcu la tio n .

g. There  a re  tw o  fo rm s  o f rheo logy fo rm u la tio n : th ic k n e s s -re la te d  s tre n g th , 

w h ich  p a r t ly  takes in to  account the  s tre n g th  o f  th e  b r i t t le  and b r i t t le  

-d u c tile  tra n s it io n  zone, o r constan t s treng th .

I t  is n e ith e r lo g is t ic a lly  possib le no r necessary fo r  the  purpose o f 

th is  thes is  to  consider a ll the  possible com bina tions. Here on ly the  

re su lts  o f ty p ic a l examples a re  given and discussed. They a re  pu t in to

severa l groups in  w h ich  the  m antle  p lays an in c re a s in g ly  g re a te r  ro le .

§ 7 . 3  P a r t ia l S tre tc h in g  w ith  a com ple te ly  passive m antle

Suppose no rm a l u n ifo rm  lithosphe re  is  s tre tch e d  a t p a r t  o f  i ts  

boundary. T h is  causes uneven th in n in g , and d e fo rm a tio n  may loca lize  in to  

the m ore defo rm ed p a r t. I f  the  lithosphe re  m antle  and the  asthenosphere 

have the  same equ iva len t density , as tre a te d  in  the w o rk  o f Sonder 8c England 

(1989), then the  subsidence o f the  top  su rface  is  to ta l ly  balanced by the
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e leva tion  o f the  Moho. In o th e r words, the  com pensation level is  w ith in  the  

lithosphe re . In  th is  s itu a tio n , the  m antle is com p le te ly  "passive".

The boundary cond itions  used in  th is  model a re  shown in  F igu re  7.3 

S ym m etrica l d e fo rm a tio n  is assumed so th a t  on ly the  r ig h t-h a n d  side o f  

s tre tch e d  area  is  shown.

The average s tre n g th  is  th ickness re la te d , i.e . ,  B=BoL/Lo. T h is  

the  e f fe c t  o f p rom o ting  the  e ffe c t o f th ickness d iffe re n c e s  in  

lithosphe re .

The param ete rs  are lis te d  below.

In i t ia l  th ickness o f the  lithosphe re  

V e lo c ity  sca ling  fa c to r  

D ens ity  o f c ru s t 

D ens ity  o f lo w e r lithosphe re  

D ens ity  o f asthenosphere 

T em pera tu re  a t low e r boundary 

o f lithosphe re  

T em pera tu re  a t low er boundary 

o f asthenosphere 

Power la w  exponent

in  Theological equation 

The rm a l d i f fu s iv i ty  o f the  lithosphe re

Lo=100 km 

Uo=5 cm /ye a r
3

pc=2.95 g /cm  

pm =3.30 g /cm " 

pa=3.30 g /c m 3

T l=1200 C

T a=1300 C

n =3

k  = 3 .5 4 x l0 "6m 2s '1

- 1.

the

has

the
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u = 0 v = 0  4^ -= 0
_____________________d y

u  =  0

4^=0dx
dL = o
dx

v
y\ t
0 x

u

V  =  f  ( X ) v =  0
u

dL
dy

0

0

u =  0

v =  0 
dL
dx =  0

F ig u re  7.3-1. The boundary cond itions  used in  s tu d y in g  lith o sp h e re  extension  
a re  s im ila r  to  those used in  the s tudy o f  lith o sp h e re  sh o rte n in g  (see 
F ig u re  5.1-1), except th a t  the  d ire c tio n  o f  th e  boundary v e lo c ity  is
reversed . The fu n c tio n  f ( x )  has the  fo rm :

f ( x ) = U m a x  0 ^  X  ^  8Lo

f (x )= U m a x C O S 2[—  1)] 8Lo ^  X  ^  16Lo
6  o L O

The a rea  is meshed by 32x32Lo.
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A group o f ca lcu la tio n s  have been c a rr ie d  ou t w ith  the  m axim um  boundary 

v e lo c ity  as 10 cm /ye a r, 5 cm /ye a r, 2 cm /ye a r and A as 0, 50, and 90. In  

some cases, th e  d e fo rm a tio n  acce le ra tes and re s u lts  in  in s ta b i l i ty  a f te r  a 

tim e  span Tins, w hich  is  lis te d  in  Table 7.3-1, to g e th e r w ith  the  

correspond ing  amount o f  boundary d isp lacem ent. In  some cases, the  

d e fo rm a tio n  is  s ta b iliz e d  by th e  th e rm a l re s to ra tio n  process, and the  

d e fo rm a tio n  is  s tab le  f o r  an in d e f in ite  period . A lthough  the  ca lcu la tio n  

w ith  the  m axim um  boundary ve lo c ity  o f  1 c m /ye a r is  n o t shown, i t  can be 

expected th a t  the  d e fo rm a tio n  in  th a t  case w ould  be d is tr ib u te d  and stab le .

Table 7.3-1 T im e to  ex tens iona l in s ta b il i ty  and co rrespond ing  boundary 
d isp lacem ent f o r  va rious  boundary ve lo c itie s  and A numbers.

T \  A -— ______'in s  X / '
U max

0 50 90

10cm/year 5.6 Ma 7.2 Ma 15.2 Ma

5 cm/year 10 Ma 19.2 Ma Infinite

2 cm/year Infinite Infinite Infinite

F igu re  7 .3 -2  and F ig u re  7 .3 -3  show the c ru s ta l th ickness and the

v e r t ic a l s tra in  ra te  o f  the  s tre tch e d  lithosphe re  near th e  onset o f

in s ta b il i ty  ( fa ilu re ) .  F igu re  7 .3 -4  shows the c ru s ta l th ickness and the

v e r t ic a l s tra in  ra te  o f the  s te a d ily  s tre tch e d  lith o sp h e re  a f te r  24 Ma o f 

s tre tch in g .
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351 2 . 5 B - 1 . 2

n

C 1 2 . 5 35 D - 0 . 9

E 3 2 . 5 F - 0 . 3  - 0 . 0 2 5

F igu re  7 .3 -2 . Contour 
s tra in  ra te  (B, D, F) 
in s ta b il i ty ,  w ith  Umax  

cond ition s  a re  shown in
A. A = 0. T im e is  5.6
B. A = 0. T im e is  5.6
C. A = 50. T im e is  7.6
D. A = 50. T im e is 7.6
E. A = 90. T im e is  15.2
F. A = 90. T im e is 15.2

maps o f c ru s ta l th ickness (A, C, E) and v e r t ic a l 
o f  a lithosphe re  under s tre tc h in g , near the  onset o f
= 10 cm /ye a r. B = B oL /Lo . pm = pa. Boundary
F igu re  7.3-1.

Ma. Contours a re  fro m  12.5 by 2.5 to  35 (km).
Ma. C ontours a re  fro m  -1.2 by 0 .2  to  0 .2  (U o /Lo ).
Ma. C ontours a re  fro m  12.5 by 2.5 to  35.
Ma. Contours a re  fro m  -0 .9  by 0.1 to  0.
Ma. Contours are  fro m  7.5 by 2.5 to  32.5.
Ma. Contours are fro m  -0 .3  by 0 .025 to  -0 .0 2 5 .
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A 1 2 . 5 35

n r ~ r >

3510

0 . 0 5

D 0 . 4

E 3 2 . 515 - 6 . 5 E - 2  - 5 . 0 E - 3

F igu re  7 .3 -3  C ontour maps o f c ru s ta l th ickness (A , C, E) and v e r t ic a l s tra in  
ra te  (B, D, F) o f  a lithosphe re  under s tre tch in g , w ith  Um ax = 5 cm /ye a r. B = 
B oL /Lo . pm = p a . Boundary cond ition s  are shown in  F ig u re  7.3-1.
A. A = 0. T im e is  10 Ma. C ontours a re  fro m  12.5 by 2.5 to  35.
B. A = 0. T im e is  10 Ma. Contours a re  fro m  -0 .6  by 0.1 to  0.1.
C. A = 50. T im e is  19.2 Ma. C ontours are  fro m  10 by 2.5 to  35.
D. A = 50. T im e is  19.2 Ma. C ontours a re  fro m  -0 .4  by 0 .05  to  0 .05.
E. A = 90. T im e is  24 Ma. Contours a re  fro m  15 by  2.5 to  32.5.
F. A = 90. T im e is  24 Ma. S table d e fo rm a tio n . C on tours  a re  fro m  -6 .5 E -2  by 
5 .0E -3  to  -5 .0 E -3 .
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15 3 5A

f t )  n r i  ?

F igu re  7 .3 -4 . Contour maps o f  c ru s ta l th ickness and v e r t ic a l s tra in  ra te  
a f te r  24 Ma s tre tc h in g , w ith  Umax = 2 cm /a , and A = 0. Boundary cond itions  
a re  shown in  F igu re  7.3-1. B=BoL/Lo. pm =pa. F u rth e r  s tre tc h in g  is  stab le .
A. C ru s ta l th ickness. C ontours a re  fro m  15 by 2.5 to  35.
B. V e r t ic a l s tra in  ra te . C ontours are fro m  -0 .1  by 0.01 to  0.

D iscussion

a. The ro le  o f g ra v ity  f lo w

I t  can be seen fro m  the  above re su lts  th a t  low  g ra v ity  f lo w  (s tro n g e r 

lith o sp h e re ) fa vo u rs  s tre tc h in g  in s ta b il ity  and the  lo c a liz a tio n  o f 

extension . The s tre tc h in g  causes th in n in g  and subsidence in  the  m ore 

defo rm ed areas, and the  g ra v ity  f lo w  fro m  the  less defo rm ed to  the m ore 

de fo rm ed and subsided a rea  causes the th in n in g  to  be d is tr ib u te d  to  w id e r 

areas, so th a t la rge  g ra v ita t io n a l f lo w  acts aga ins t the  co n ce n tra tio n  o f 

d e fo rm a tio n . A la rge  A num ber corresponds to  weak lithosphe re , as ind ica ted
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by high h ea t flow . T herefo re  the  d iffu se  extension  o f th e  T ibetan  P lateau

and the  Basin and Range is ve ry  lik e ly  to  be due to  a weak lithosphe re  and

high g ra v ita t io n a l f lo w  (o r collapse). Th is  has been suggested by M olnar & 

Chen (1983) and Sonder e t a l. (1987), and m odelled by Buck (1991) in  anothe r 

way. Low e r g ra v ity  f lo w  corresponds to  a s tro n g e r lithosphe re . Since i t  is 

more d i f f ic u l t  to  de fo rm  a s tro n g e r lithosphe re , i t  is  an inev itab le  

conclusion th a t  r i f t in g  occurs on ly a long a p re e x is tin g  weak b e lt in  a 

s tro n g  lith o sp h e re  under s tre tc h in g  when the m antle  p lays a com ple te ly  

passive ro le .

b. T h inn ing  and th e rm a l re s to ra tio n

G enera lly , s low  s tre tc h in g  causes w idespread th in n in g  and subsidence, 

and d e fo rm a tio n  w i l l  no t be concentra ted  in to  a weak b e lt. T h is  is  p a r t ly  

because the  th e rm a l process has the  e f fe c t  o f re s to r in g  th inned  lithosphe re  

to  its  no rm a l th ickness. However, i f  the  s tre tc h in g  and re s u lt in g  th in n in g  

in  the  weak b e lt is  qu ick enough, then the  th e rm a l th icke n in g  can no t keep 

up w ith  the  m echanical th in n in g , and the th in n e r and weakened b e lt causes 

th in n in g  to  occur even fa s te r .  F in a lly , the  d e fo rm a tio n  becomes unstable, 

and co n tin e n ta l breakup occurs. Th is  has been suggested by K u szn ir & Park 

(1987) when s tudy ing  the  changing o f rheo logy d u rin g  lith o s p h e ric  extension. 

The c r i t ic a l  value o f s tra in  ra te  de te rm in ing  s tra in -h a rd e n in g  o r s tra in

-s o fte n in g  is given as 5x10 15s 1 by these authors.

In the above num erica l analyses, a lthough the  th e rm a l re s to ra tio n

process on the  lith o sp h e ric  th ickness has been inc luded, the  possible 

rheo log ica l change d u rin g  d e fo rm a tio n  has not been considered. T h e re fo re  a 

th inned lithosphe re  is  taken to  be weaker than  a no rm a l one. T h is  is  no t
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a lw ays tru e . D u ring  s low  and s tab le  extension , i f  th e re  is  enough tim e , the 

th inned  lithosphe re  may g row  s tro n g e r than  i t  used to  be because o f  the 

subsequent coo ling  o f the  s tro n g  la ye r fo llo w in g  s tre tc h in g  (England, 1983; 

K u szn ir 8c Park, 1987), w h ich  is  sometimes ca lled  "s tra in -h a rd e n in g ". 

However, th is  is  a s low  process. A ccord ing  to  England (1983), the  d u ra tio n  

o f  ex tens ion  is  20 Ma, 15 Ma, 11 Ma and 9 Ma a t s tra in  ra te  o f 3.6x10 15s 1 

(0 .22  U o /L o ), 6 . 3x 10" 15s _1 (0 .38 U o /L o ), l . S x lO ^ V 1 (0.78 U o /L o ), and

1.7x10 14s 1 (1.02 U o /Lo ) respective ly . England (1983) took  the  d u ra tio n  o f 

ex tens ion  to  be the  tim e  be fo re  lith o sp h e ric  s tre n g th  increased to  ten  tim es 

i ts  in i t ia l  value. Since s tre n g th  increases sh a rp ly  once i t  s ta r ts  to  

increase, the  d u ra tio n  o f extension  can also be taken as the  tim e  be fo re  

s tra in -h a rd e n in g  takes place. Com paring the  above da ta  w ith  the  re s u lts  

presented in  F igures 7 .3 -2  to  7 .3 -4 , i t  can be seen th a t s tra in -h a rd e n in g  

could no t have occurred  in  any o f the  cases. T h e re fo re  I am co n fid e n t th a t 

the  om ission o f a s tra in -h a rd e n in g  mechanism does no t a f fe c t  the  re s u lts  in  

th is  section . In  fa c t  th is  is tru e  th rougho u t th is  chapter.

In  the  above ana lys is, the  average s tre n g th  is  re la te d  to  the 

lith o sp h e re  th ickness. I f  the  average s tre n g th  rem ains constan t, the 

a tte n u a tio n  o f the  lithosphe re  th ickness caused by uneven boundary 

s tre tc h in g  w ou ld  be much sm a lle r, and d e fo rm a tio n  has been found  to  be 

g e n e ra lly  in  a s tab le  and d is tr ib u te d  mode.

§ 7 . 4  U n ia x ia l s tre tc h in g  w ith  a com ple te ly  passive m antle
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In th is  case, the  lithosphe re  is s tre tched  u n ia x ia lly  anid th e re  is  a 

weak b e lt in  the  lithosphe re , transve rse  to  the  d ire c tio n  o f s tre tc h in g , as 

shown in  F igu re  7.4-1. When th is  lithosphe re  extends under s tre tc h in g , the  

th in n e r p a r t  de fo rm s m ore than  the  re s t. The c o n tra s t m ay o r  may no t 

develop to  an e x te n t th a t  the  th in n e r p a r t  accommodates m ost o f the  

extension .

0  - 

35 -

100-

(km)

0 3200(km)

F ig u re  7.4-1 The v e r t ic a l section  o f a lithosphe re  w ith  weak b e lt no rm a l to  

the  d ire c tio n  o f s tre tch in g .

Tw o sets o f ca lcu la tio n s  w ere  done concern ing th is .

A. In  the  f i r s t  ca lcu la tio n , a ll the  pa ram ete rs  a re  the  same as in  § 7.3. 

The average lithosphe re  s tre n g th  is  th ickn e ss -re la te d , i.e ., B=BoLyLo. The

boundary ve lo c ity  is 5 cm /yea r. The A num ber is 0, 30 and 100 respective ly .

Crust

Lithosphere mantle

Asthenosphere
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A ccord ing  to  the  re su lts  o f the  ca lcu la tion s , w ith  A=0, the  extension 

goes unstab le  a f te r  12.4 Ma (F igure  7 .4 -2 ) and the  to ta l d isp lacem ent be fo re  

th a t  is  620 km. W ith  A=30 and A=100, the  ex tens ion  rem ains s tab le  and 

w id e ly  d is tr ib u te d  fo r  a t leas t 24 Ma.

0.4Ma

12.4M&
8.4Ma

4.4Ma 0.4Ma
12.4M*
— 10.4M*

100 -  

(km) 0.4Ma 2.4Ma 4.4M& 6.4Ma 8.4Ma

3200(km)

0.20 -  

(-Uo/Lo)

12.4M*
0.15 -

10.4Ma

8.4Ma
0.10 -

6.4Ma

4.4Ma

0.05 -

0.0
3200(km)

B

F ig u re  7 .4 -2  The de fo rm a tio n  h is to ry  o f a u n ifo rm ly  s tre tch e d  lithosphe re  
w ith  e x is tin g  weak b e lt as shown in  F igu re  7.4-1. A=0. umax=5 cm /ye a r. B
= B oL /Lo . pm = pa.
A. The p o s itio n  o f the  th ree  laye rs  d u ring  the  extension.
B. The ra te  o f th in n in g .

B. In  the  second ca lcu la tion , a ll the  pa ram e te rs  a re  the  same as in  the

prev ious case. The d iffe re n ce  is in  the  fo rm u la tio n  o f s tre n g th : the

average s tre n g th  o f the  lithosphe re  rem ains constan t. W ith  the  boundary

ve lo c ity  no la rg e r  than  5 cm /ye a r, the  d e fo rm a tio n  is  a lw ays in  s tab le  and
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d is tr ib u te d  fo rm s . So w ith  constan t average s tre n g th , m oderate p e r tu rb a tio n

in  the  lithosphe re  th ickness does no t a m p lify  fa s t  enough to  fo rm  n a rro w

r i f t s .  To f in d  ou t under w h a t cond itions  ex tens ion  w i l l  lo ca lize  in  a

lith o sp h e re  w ith  constan t average s tre n g th , I re la x  the  cond ition s  o f  the

c a lc u la tio n  in  fa v o u r o f extens ion  lo c a liz a tio n  in  tw o  ways: f i r s t l y  the

m axim um  value o f the  d e fe c t a t the  bo ttom  o f the  lithosphe re  is  increased

fro m  107. to  20% so th a t th e re  is  a g re a te r p e r tu rb a tio n  to  a m p lify ; and

secondly, the  th e rm a l re s to ra tio n  process is  neglected so th a t  the

a tte n u a tio n  o f the  lithosphe re  th ickness is  n o t o f fs e t  by the  coo ling

process. W ith  these cond itions , r i f t in g  does occur, i f  A=0, in  a p e riod  o f

15.2 Ma (F igu re  7 .4 -3 ). However, i f  A=30, r i f t in g  does no t occur 

(F igu re  7 .4 -4 ); i f  A=100, the  p e rtu rb a tio n  can no t even a m p lify

(F igu re  7 .4 -5 ). Again the e f fe c t  o f g ra v ita t io n a l fo rc e  is  to  p reven t the

lo c a liz a tio n  o f the  de fo rm a tion .
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15.2Ma Crust

Lithosphere

100 -  

(km)
15.2Ma9.6Ma

Asthenosphere

0 3200(km)A

0.2 -
(-Uo/Lo) 15.2Ma

0.15- 12.8Ma

9.6Ma
0 .1 0 -

6.4Ma

3.2Ma
0.05-

0.0
0 3200(km)

B

F igu re  7 .4 -3 . U n ia x ia l extension w ith  A=0, B=Bo, pa=pm, and u=5cm /year. 
Therm a l re s to ra tio n  process has been neglected in  fa v o u r  o f lo c a liz in g  
d e fo rm a tio n .
A. The top  su rface , Moho su rface  and the  low e r boundary o f th e  lithosphe re .
B. The v e r t ic a l s tra in  ra te  d is tr ib u t io n  d u rin g  the extension .
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24Ma Crust

12Ma
Lithosphere

100-

(km)
24Ma12Ma

Asthenosphere

A 0 3200(km)

0.2 -
(-Uo/Lo)

0.15 -

24Ma

18Ma
0.1 0 -

12Ma

6Ma

0.05

0.0
3200(km)

F igu re  7 .4 -4 . U n ia x ia l extension w ith  A=30, B=Bo, and Umax=5crn/year. The rm a l 
re s to ra t io n  process is neglected in  fa v o u r o f lo c a liz in g  d e fo rm a tio n . p a = p m .

A. The to p  su rface , Moho su rface  and the  lo w e r boundary o f the  lithosphe re .
B. The v e r t ic a l s tra in  ra te  d is tr ib u t io n  d u rin g  the extension.
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24Ma Crust

12Ma
Lithosphere

100-

(km)
24Ma12Ma

Asthenosphere

0 3200(km)

0.2 -
(-Uo/Lo)

0 .15-

0 .1 0 -
t=0

6Ma
12Ma

0 .05- 18Ma

24Ma
0.0

3200(km)0

F igure  7 .4 -5 . U n ia x ia l extension w ith  A=100, B=Bo, and Um ax=5cm /year. T herm a l 
re s to ra tio n  process is neglected in  fa v o u r o f lo c a liz in g  d e fo rm a tio n . pa=pm.
A. The top  su rface , Moho su rface  and the  lo w e r boundary o f the  lithosphe re .
B. The v e r t ic a l s tra in  ra te  d is tr ib u t io n  d u ring  the  extension.
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Discussion

The re s u lts  in  th is  section  are  in  lin e  w ith  the  re s u lts  in  § 7.3. 

G enera lly , the  extens ion  and th in n in g  a lw ays re s u lts  in  the  subsidence o f

the  to p  su rfa ce , and as a re s u lt g ra v ita t io n a l fo rce s  a lw ays tend  to  

d is tr ib u te  ex tens ion  over w ide areas. A lthough 5 c m /y e a r and 10 cm /ye a r

s tre tc h in g  ra te s  have been used in  the  num erica l expe rim en t, they  are 

u sua lly  no t v a lid  in  geo log ica l c ircum stances. In  fa c t ,  the  ra te  o f 

ex tens ion  is  m o s tly  sm a lle r than  2 cm /ye a r over a d is tance  o f  3000  km w ith in  

a co n tin e n ta l p la te . W ith  uo^2 cm /ye a r, the  ca lcu la tio n s  show th a t the  

extens ion  and th in n in g  caused by s tre tc h in g  is  a lw ays w id e ly  d is tr ib u te d  and 

r i f t in g  is  no t possib le. A lso the  amount o f boundary d isp lacem ent re q u ire d

be fo re  loca lized  extension  takes place is too  g re a t com pared w ith  c u rre n t ly

ac tive  n a rro w  (o r lin e a r)  r i f t s .
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§ 7 . 5  P a r t ia l S tre tc h in g  w ith  the  m antle  p lay ing  secondary ro le

In  the  p rev ious tw o  sections, the  m antle  has a com p le te ly  passive ro le  

d u rin g  the  de fo rm a tio n . In  th is  and the n e x t section , the  asthenosphere 

p lays a secondary ro le . The asthenosphere has a lo w e r equ iva len t dens ity  

than  the  m an tle  lithosphe re  because o f its  h igher te m p e ra tu re . T h is

3
d iffe re n c e  is  around 0 .05 g /c m  , depending on the  v e r t ic a l th e rm a l g ra d ie n t

(see § 3 .4  and § 5.4). The ascending o f the  ho t asthenosphere under the

th in n e r p a r t  o f  the  lithosphe re  (o r, the  a n t i- ro o t  o f lithosphe re ) has a

tendency to  e levate the lithosphe re  (also the top  su rfa ce  o f the  lithosphe re

w i l l  e levate ra th e r  than  subside, i f  the  c ru s ta l th ickness o f the  s tre tch e d

lithosphe re  is  in i t ia l ly  less than  18 km, see § 3 .4  and McKenzie [1978]),

w h ich  may change the  m agnitude o r even na tu re  o f the  e f fe c t  o f the

g ra v ita t io n a l fo rc e  on h o r iz o n ta l de fo rm a tion . The value o f the

3 3asthenosphere dens ity  is g iven as 3 .2  g /cm  , 0.1 g /cm  lo w e r than  th a t o f

3
the  m antle  lithosphe re , 3.3 g /c m  . Th is d iffe re n c e  (0.1) is  d e f in ite ly  an 

upper l im it .

In the  prev ious tw o  sections, the  th in n in g  o f the  lith o sp h e re  d is tu rb s  

the  e q u ilib r iu m  o f heat t ra n s fe r  th rough  the  asthenosphere and the  

lithosphe re , and th e re fo re  the  th e rm a l d if fu s io n  tends to  re s to re  the  

th inned lithosphe re  to  i ts  no rm a l th ickness. In  th is  section  th e

asthenosphere is  no longer tre a te d  as a passive la ye r to  conduct heat; as 

m antle  rises , the  m e ltin g  te m p e ra tu re  is low ered because o f  the  decrease o f 

the  pressure , w h ich  a ffe c ts  the  th e rm a l re s to ra tio n  process. These 

processes a re  too  com plica ted to  be represented by the  th e rm a l re s to ra tio n  

equations. So in  th is  and the  fo llo w in g  sections, the  th e rm a l process is  

neglected fo r  s im p lic ity . In fa c t ,  since the  development o f r i f t in g  is  a
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re la t iv e ly  s h o rt process, the  om ission o f th e rm a l re s to ra t io n  processes on 

c ru s ta l th ickness should no t a f fe c t  the  conclusions too  much, as long as the 

Theolog ica l change due to  coo ling  does no t occur.

The value o f pa ram e te rs  used in  ca lcu la tio n  a re  lis te d  below

Thickness o f  no rm a l lithosphe re  Lo=100 km

V e lo c ity  sca ling  fa c to r  Uo=5 c m /y e a r
3

D ens ity  o f c ru s t pc=2.95 g /c m
3

D ens ity  o f lo w e r lithosphe re  pm =3.30 g /c m
3

D ens ity  o f ascending asthenosphere pa=3.20 g /cm

Power la w  exponent

in  rheo log ica l equation n =3

The boundary cond itions  a re  o f the  same fo rm  as in  F ig u re  7.3-1.

Tw o groups o f ca lcu la tio n s  w ere c a rr ie d  out. One w ith  th ickness 

re la te d  average s tre n g th  (B=BoL/Lo), another w ith  cons tan t average s tre n g th .

A. B=BoL/Lo

A range o f ana lys is  have been c a rr ie d  w ith  d if fe re n t  value o f Um ax and

A. The re s u lts  fro m  the  ana lys is  can be genera lized as lis te d  in  Table 7.5-1 

in  te rm s  o f the  tim e  and d isp lacem ent requ ired  in  each case be fo re  loca lized  

extens ion  takes place. I f  the  de fo rm a tio n  rem ains d is tr ib u te d  a f te r  24 Ma, 

loca lized  extens ion  w i l l  no t occur and the d e fo rm a tio n  rem a ins d is tr ib u te d  

fo r  an in d e fin ite  period.
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Table  7.5-1. T im e and the  boundary d isplacem ent be fo re  loca lized  extension. 
B=BoL/Lo. pa<pm.

N .  A 

U m ax^Ns.
0 30 100

5 cm/year 9.2Ma,460km 6.8Ma,340km 4.4Ma,220km

2 cm/year 22Ma,440km 15.2Ma,304Km 9.2Ma,184km

1 cm/year infinite infinite 16Ma,160km

The ca lcu la ted  re s u lts  a t the  la te r  stage o f d e fo rm a tio n  fo r  tw o  

exam ples a re  shown in  F igu re  7.5-1 and F igu re  7 .5 -2  re spec tive ly .
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22

F ig u re  7.5-1. Contour maps o f  c ru s ta l th ickness (A, C) and v e r t ic a l s tra in  
ra te  (B, D) o f a lith o sp h e re  under s tre tc h in g , a t the  la te r  stage o f 
extens ion , w ith  Umax = 5 c m /y e a r and A=100. B =B oL/Lo. p a  < pm .

A. T im e is 4.4 Ma. C ontours a re  fro m  22 by 1 to  35 (km ).
B. T im e is 4.4 Ma. Contours a re  fro m  -0 .6  by 0 .05 to  0 (U o /Lo ).
C. T im e is 5.2  Ma. Contours a re  fro m  15 by 2.5 to  35 (km ).
D. T im e is 5.2 Ma. C ontours a re  fro m  -2  by 0.25 to  0 .25 (U o /Lo ).

182



c 0.00' D

23

0.025

-0.275

F igu re  7 .5 -2 . R esults a t the  la te r  stage o f s tre tc h jn g  o f lith o sp h e re  nea r 
the onset o f in s ta b il ity ,  w ith  Um ax = 2 cm /yea r. B =B oL/Lo. p a < p m . A=100. 
T im e is  9.2  Ma.
A. Iso m e tr ic  p lo t o f the top  su rface . V e rtic a l u n its  in  km.
B. Iso m e tr ic  p lo t o f the Moho su rface . V e rtic a l u n its  in  km.
C. Iso m e tr ic  p lo t o f the base o f lithosphe re . V e rt ic a l u n its  in  km.
D. Iso m e tr ic  p lo t o f the v e r t ic a l s tra in  ra te . V e rt ic a l u n its  in  U o /Lo .
E. C ontour map o f c ru s ta l th ickness. Contours a re  f ro m  23 by 1 to  35 (km).
F. C ontour map o f v e rtic a l s tra in  ra te . Contours are  f ro m  -0 .275  by 0 .025  to  
0 .025 (U o /Lo ).
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B. B=Bo

The fo llo w in g  ca lcu la tion s  use a constant average s tre n g th . Because o f 

th is , the  re s u lt  is  less sens itive  to  the th ickness a tte n u a tio n  and r i f t i n g  

takes longe r tim e  to  develop. Umax ranges fro m  1 c m /y e a r to  5 c m /ye a r. A 

ranges fro m  0 to  100. The tim e  and boundary d isp lacem ent b e fo re  lo ca lized  

ex tens ion  a re  genera lized in  Table 7 .5 -2 .

T ab le_7 .5 -2 . T im e and the  boundary d isplacem ent be fo re  lo ca lize d  extension . 
B=Bo. pa<pm .

A
U max"SNv.

0 30 100

5 cm/year 16.4Ma,820km 10.4Ma,520km 5.6Ma,280km

2 cm/year infinite 24Ma,480km 10Ma,200km

1 cm/year infinite infinite 20Ma,200km

R esults  fro m  one o f the  ana lys is  are shown in  F igu re  7 .5 -3 .
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3515
A

0 .05

-0 .5 5B

12.5 35

0.1

-0 .7
C D

F igure  7 .5 -3 . C ontour maps o f c ru s ta l th ickness (A, C) and v e r t ic a l s tra in  
ra te  (B,_ D) o f a lithosphe re  under s tre tc h in g , w ith  Umax = 5 cm /ye a r and 
A=30. B=Bo. p a  < pm .
A. T im e is 10.4 Ma. Contours a re  fro m  15 by 2.5 to  35 (km).
B. T im e is 10.4 Ma. Contours a re  fro m  -0 .55  by 0 .05 to  0 .05  (U o /Lo).
C. T im e is 11.2 Ma. Contours a re  fro m  12.5 by 2.5 to  35 (km).
D. T im e is 11.2 Ma. Contours a re  fro m  -0 .7  by 0.1 to  0.1 (U o /Lo).
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Tab le  7.5-1 and Table 7 .5 -2  show th a t, c o n tra ry  to  the  re s u lts  in  the 

p rev ious tw o  sections (§ 7.3, § 7 .4), the  buoyancy fo rc e  augments the

co n ce n tra tio n  o f d e fo rm a tio n  to  loca l b e lt. However, in  a ll the  cases, the  

to p  su rfa ce  o f the  lithosphe re  s t i l l  subsides d u rin g  the  s tre tc h in g , and the 

e f fe c t  o f buoyancy fo rc e  is  m a in ly  the re s u lt  o f the  e leva tion  o f the  Moho 

su rface . Compared w ith  the  la s t tw o  cases in  § 7.3 and § 7.4, the  same 

am ount o f  th in n in g  o f the  lithosphe re  causes less subsidence o f  the  top  

su rfa ce  and more e leva tion  o f  the  Moho su rfa ce  because o f the  ascent o f low  

dens ity  asthenosphere below  the th inned  lithosphe re . These re s u lts  are

a p p a re n tly  dependent on the  choice o f the  dens ity  c o n tra s t between the 

asthenosphere and the  lithosphere . The ana lys is  in  § 7.3 and § 7.4 is  one

extrem e, w here  the  asthenosphere and the  lithosphe re  have the  same 

equ iva len t dens ity , and the  ana lys is in  th is  section  (and also the  nex t 

section) is  another.

As buoyancy fo rce s  augment the  lo c a liz a tio n  o f d e fo rm a tio n  the th inned  

lith o sp h e re  w i l l  tend to  generate te n s ile  s tress . T h is  has been p red ic ted  

by F le ito u t & F ro idevaux (1982) and T u rc o tte  & Emerman (1983), th rough  

s ta t ic  ra th e r  than  dynam ic analysis. But T u rc o tte  & Emerman (1983) do not 

accept lith o s p h e ric  s tre tc h in g  as a v iab le  mechanism fo r  lith o s p h e ric

th in n in g . They p re fe r  e ith e r the  p e n e tra tio n  o f  an asthenospheric  d ia p ir  

th ro u g h  the  m antle  p a r t o f the  lithosphe re  o r erosion by ho t plumes.

In th is  section, a ll the  tre a tm e n ts  are  biased in  fa v o u r o f the

lo c a liz a tio n  o f extension (e. g ., the  h igh ra te  o f boundary d isp lacem ent, 

the  om ission o f the  th e rm a l coo ling  process, the  low  value given to  the
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equ iva len t dens ity  o f the  asthenosphere). Even so, the  am ount o f extension 

re q u ire d  f o r  the  in it ia t io n  o f lin e a r r i f t s  by s tre tc h in g  is  s t i l l  too  la rge

com pared w ith  c u rre n t ly  ac tive  lin e a r r i f t s  on E a rth . A pparen tly , w ith  more

re a lis t ic  cond itions , the  p r e - r i f t in g  extension  w ou ld  be even la rg e r. Hence 

the  c u r re n t ly  a c tive  lin e a r r i f t s  could no t have been fo rm e d  by s tre tc h in g  a 

viscous lithosphe re  w ith  m oderate p e r tu rb a tio n  (e ith e r n o n -u n ifo rm  boundary 

cond ition s  o r a p re e x is tin g  weak b e lt).

So f a r  a ll the  ana lys is  has been f o r  the  case in  w h ich  the  basin  fo rm ed  

by the  subsidence o f the  su rface  o f the  lithosphe re  is  n o t f i l le d  by w a te r 

o r sedim ent. I t  is p red ic ted  in  § 3.5 by m a them atica l a rgum ents th a t  the

f i l l in g  o f a basin  by w a te r and sedim ents does no t app rec iab ly  in fluence  the 

process o f h o r iz o n ta l de f o rm a tion , a lthough the  v e r t ic a l d isp lacem ent is 

dependent on i t .  To v e r ify  th is  p re d ic tio n , one c a lc u la tio n  has been 

p e rfo rm ed . Suppose the  in i t ia l  top  su rfa ce  o f the  lithosphe re  is  a t sea 

leve l, and hence the  subsided p a r t  is  fu l ly  covered by w a te r. Th is  is  an 

exagge ra tion  because in  re a lity ,  the  top  su rfa ce  o f the  s tre tched  

lithosphe re  is  w e ll above the sea leve l and the  fo rm e d  basin is  on ly  p a r t ly  

covered by w a te r. The boundary cond itions  are the same as above. The 

m axim um  boundary d isp lacem ent ra te  is 5 cm /ye a r. The re s u lts  a re  shown in  

F igu re  7 .5 -4  and F igu re  7 .5 -5 . Compared w ith  F igu re  7 .5 -3 , the  d iffe re n c e

is neg lig ib le .
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12.5 35

0.05

-0.60

F igu re  7 .5 -4 . C ontour maps o f c ru s ta l th ickness (A) and v e r t ic a l s tra in  
ra te  (B) o f  a lithosphe re  having been s tre tched  fo r  10.8 Ma, w ith  Umax = 5 
cm /ye a r and A=30. B=Bo. pa < pm. The depression fo rm e d  by s tre tc h in g  is 
to ta l ly  covered w ith  w a te r.
A. C ontours a re  fro m  12.5 by 2.5 to  35 (km).
B. C ontours a re  fro m  -0 .6 0  by 0 .05 to  0.05 (U o /Lo ).
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(km) 10.8Ma
8 A M *  4 4Ma 0.4Ma

10.8Ma
10.4Ma

8.4Ma

100

6.4Ma 4.4Ma 2.4Ma 0.4Ma

0 3200(km)

10.8Ma
0.20 -  

(-Uo/Lo) 10.4Ma

0.15 8.4Ma

6.4Ma
0.10

4.4Ma

2.4Ma
0.05 0.4Ma

0 3200(km)

B

F ig u re  7 .5 -5 . V e rt ic a l sections on the  sym m etry  plane show ing (A) the  
p o s itio n  o f the  top  su rface , the  Moho and the  base o f  the  lithosphe re , and 
(B) th e  v e r t ic a l s tra in  ra te  o f a lithosphe re  d u rin g  d e fo rm a tio n , w ith  Umax 
= 5 c m /ye a r and A=30. B=Bo. pa < pm. The depression fo rm e d  by s tre tc h in g  
is  to ta l ly  covered w ith  w a te r.
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§ 7 . 6  U niaxial s tre tc h in g  w ith  secondary therm al anom alies

The ana lys is  in  th is  section  is  p a ra lle l w ith  the  one in  the  la s t 

section . In  th is  case we have a lithosphe re  under u n ia x ia l s tre tc h in g , w ith  

a weak b e lt (20 percen t w eaker than the  ne ighbouring  lithosphe re ) transve rse  

to  the  d ire c tio n  o f extension (F igure  7 .6-1). The weak b e lt in  the  f ig u re

is  due to  the  loca l re d u c tio n  o f  the  lithosphe re  th ickness, b u t i t  can also

be the  re s u lt  o f  weak lithosphe re  m a te ria l. The th in n in g  and extens ion  may

o r may no t lo ca lize  a t the  weak b e lt. As in  the  la s t case, the  ascending

lith o sp h e re  has low ered density . The pa ram ete rs  a re  s im ila r  to  those o f the  

la s t section , lis te d  below.

Thickness o f norm a l lithosphe re  Lo=100 km

V e lo c ity  sca ling  fa c to r  Uo=5 cm /ye a r
3

D ensity  o f c ru s t pc=2.80 g /c m
3

D ensity  o f lo w e r lithosphe re  pm =3.30 g /cm
3

D ensity  o f ascending asthenosphere pa=3.20 g /cm

Power law  exponent

in Theological equation n =3

The average s tre n g th  o f the  lithosphe re  is  taken as constan t.

Some ty p ic a l re su lts  are shown in  F igu re  7 .6 -2  to  F igu re  7 .6 -4  w ith  the 

boundary ra te  o f d isplacem ent u as 5 cm /ye a r. W ith  u = 2cm /yea r o r less, the  

d e fo rm a tio n  is a lw ays d is tr ib u te d .
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0 km 0 km
Crust

35 km 35 km

Mantle Lithosphere

80 km

100 km

Asthenosphere

0 km 3200 km

F igu re  7 .6-1 . The lith o sp h e re  w ith  a weak b e lt (20 pe rcen t w eaker) transve rse  

to  the  d ire c tio n  o f s tre tc h in g .

191



15.2Ma Crust

Lithosphere

100 -

(km)
15.2Ma9.6Ma

Asthenosphere

0 3200(km)

0.2 -
(-Uo/Lo) 15.2Ma

0.15- 12.8Ma

9.6Ma
0.10 -

6.4Ma

3.2Ma
0.05-

0.0
0 3200(km)

B
F ig u re  7 .6 -2 . The p o s itio n  o f the  top  su rface , Moho su rfa ce , and th e  base 
o f the  lith o sp h e re  (A) and the v e r t ic a l s tra in  ra te  (B) d u rin g  the  u n ia x ia l 
s tre tc h in g  o f a lithosphe re  w ith  weak b e lt as shown in  F igu re  7.6-1. u = 5 
c m /ye a r. B=Bo. pa<pm. A=0. T h is  re s u lt is  th e  same as F igu re  7 .4 -3 . 
A lthough  the  v e r t ic a l d isp lacem ent is  d if fe re n t  betw een these tw o  cases, i t  
does no t a f fe c t  h o riz o n ta l d e fo rm a tio n  because A=0.
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0.4Ma

13.6Ma

0.4Ma 4Ma 10.4Ma7.2Ma

100.
(km)

7.2Ma 10.4Ma 13.6Ma0.4Ma 4Ma

0 3200(km)

0.2 0 -
(-Uo/Lo)

13.6Ma
0.15-

10.4

0 . 1 0 -

7.2Ma

4.0Ma0.05-

0.4Ma0.0
0 3200(km)

F igu re  7 .6 -3 . The pos ition  o f the  top  surface , Moho su rfa ce , and the  base 
o f the  lith o sp h e re  (A) and the v e r t ic a l s tra in  ra te  (B) d u rin g  the  u n ia x ia l 
s tre tc h in g  o f _a  lithosphe re  w ith  weak b e lt as shown in  F igu re  7.6-1. u = 5 
cm /ye a r. B=Bo. pa<pm. A=30.
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0.4Ma

11.2Ma Crust

Lithosphere
7.6Ma 4Ma 0.4Ma

100 -

(km)
11.2Ma7.6Ma0.4Ma 4Ma

Asthenosphere

3200(km)0

0 .2 0 -
(-Uo/Lo) 11.2Ma

0.15-
7.6Ma

4Ma

0.4Ma

0.05-

0.0
0 3200(km)

F igu re  7 .6 -4 . The p o s itio n  o f the  top  su rface , Moho su rface , and the  base 
o f  the  lithosphe re  (A) and the v e r t ic a l s tra in  ra te  (B) d u rin g  the  u n ia x ia l 
s tre tc h in g  o f _ a  lithosphe re  w ith  weak b e lt as shown in  F igu re  7.6-1. u = 5 
cm /ye a r. B=Bo. pa<pm. A=100.
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The tim e  and the  amount o f d isplacem ent b e fo re  m ost d e fo rm a tio n  occurs 

a t th e  weak b e lt th rough  the  u n ia x ia l extension o f a s tre tch e d  co n tin e n t 

w ith  a secondary asthenosphere e ffe c t can be genera lized  as in  Table 7.6-1.

T ab le  7 .6-1 . T im e and the  boundary d isplacem ent b e fo re  loca lised  d e fo rm a tio n  

by u n ia x ia l s tre tc h in g . B=Bo. p a<pm.

U m a x \ ^
0 30 100

5 cm/year 15.2Ma,760km 13.2Ma,660km 11.2Ma,560km

2 cm/year infinite infinite infinite

Again , as in  § 7.5, the  amount o f boundary d isp lacem en t be fo re  the  

lo c a liz a tio n  o f d e fo rm a tio n  is  found to  be too la rg e  to  be com parable w ith  

c u r re n t ly  a c tive  lin e a r r i f t s  on E a rth . W ith  a s m a lle r ra te  o f boundary 

s tre tc h in g  a n d /o r  the  a d d itio n  o f th e rm a l coo ling  processes, n a rro w  r i f t s  

w ou ld  be even less lik e ly  to  occur. So s tre tc h in g  o f  a lith o sp h e re  w ith  a 

m odera te  weak b e lt could no t have caused the  lin e a r  r i f t s  c u rre n t ly  a c tive  

on E a rth .

In  th e  m ode lling  o f th is  section, the  d isp lacem en t d u rin g  the  

d e fo rm a tio n  is  ca lcu la ted  using the  fo rm u la  given in  § 3 .4 , so th a t isos tasy  

is  m a in ta ined  in  th a t  the w e igh t o f column over the  com pensation leve l is 

kep t cons tan t w ith  tim e . However, since the  in i t ia l  lith o sp h e re  th ickness 

is  reduced lo c a lly  to  s im u la te  the e f fe c t  o f weak b e lt and the  top  su rfa ce  

and the  Moho are  s t i l l  f l a t  (F igure  7.6-1), th e re  is  la ck  o f  com pensation a t

195



the  weak b e lt and th is  lack o f  com pensation is preserved a ll th ro u g h  the

process. I f  isostasy is m a in ta ined  fro m  the  beg inn ing, th e re  w i l l  be

in i t ia l  e leva tion  due to  the  e x tra  ho t asthenosphere a t th e  base o f the

th in n e r lithosphe re . Th is  is  s tud ied  in  the  n e x t section.

§ 7 . 7  U n ia x ia l ex tens ion  w ith  in i t ia l  dom ing

In  th is  section , the  lithosphe re  is  und e rla in  by anom alously h o t

m antle . The th e rm a l anom aly has tw o  e ffe c ts . F ir s t ly ,  i t  rem oves p a r t  o f

the  lith o sp h e re  a t i ts  bo ttom  (o r e levates the  as thenosphe re -lithosphe re

boundary). Secondly, the  th e rm a l anom aly causes the  e leva tion  (o r dom ing)

o f the  lithosphe re , w h ich  tends to  " f lo w "  la te ra lly  under g ra v ity  and

concen tra tes  the  extension to  the  elevated p a r t. F ig u re  7.7-1 shows a

lith o sp h e re  w h ich  is invaded 20 km a t the  bo ttom  by the  asthenosphere. I f

3 3the  invad ing  asthenosphere has a dens ity  o f 3 .2  g /c m  , 0.1 g /c m  lig h te r  

than  th e  lithosphe re  m antle , the  lithosphe re  w ou ld  be e levated by 625 m ete rs  

m axim um  due to  isostasy.

The value o f the  pa ram ete rs  a re  lis te d  below

Thickness o f norm a l lithosphe re  Lo=100 km

V e lo c ity  sca ling  fa c to r  Uo=5 c m /y e a r
3

D ens ity  o f c ru s t pc=2.8 g /c m
3

D ens ity  o f lo w e r lithosphe re  pm =3.30 g /c m
3D ens ity  o f invaded asthenosphere pa=3.20 g /c m

Pow er law  exponent

in  rheo log ica l equation n=3

W ith  constan t average s tre n g th , tw o  ca lcu la tio n s  have been done w ith  

the  boundary ve lo c ity  as 5 and 0 .5 cm /ye a r respec tive ly . The va lue o f A is  30

196



in  bo th  ca lcu la tio n s . F igu re  7 .7 -2  and F igu re  7 .7 -3  show the  development o f 

the  d e fo rm a tio n , and F igu re  7 .7 -4  shows the  evo lu tion  o f the  topography fo r  

bo th  cases. In bo th  cases, the  d e fo rm a tion  in  the  th in n e r p a r t  acce le ra tes 

fa s t  and in  a ve ry  s h o rt tim e  (<3.2 Ma) the  th in n e r and elevated p a r t  ( r i f t )  

accommodates m ost (when u=5cm /year) o r a ll (when u=0 .5cm /year) o f the  

ex tens ion  o f the  lithosphe re  and th e re  is  even th icke n in g  a t the  side o f  the  

r i f t  (F igu re  7 .7 -3B ). Th is  th icken ing  may be p a r t ly  a t t r ib u te d  to  the  

dom ing w h ich  causes the  m a te r ia l to  f lo w  la te ra lly  b u t i t  is  a lso observed 

in  the  cases w here th e re  is  no dom ing as in  the  ana lys is  in  the  p revious 

sections o f  th is  chap te r. Th is  th icken ing  near the  th in n in g  b e lt seems to  

be c h a ra c te r is t ic  o f a n o n -lin e a r viscous f lu id ,  and has been used by Zuber 

and P a rm e n tie r (1986) to  exp la in  the  shoulders o f r i f t  va lleys. A nother 

possib le  exp lana tion  fo r  the  r i f t  shoulders is  th a t  the  c e n tra l p a r t  o f  the  

domed weak b e lt th in s  fa s te r  (F igure  7 .7 -2  and F igu re  7 .7 -3 ) and th e re fo re  

subsides fa s te r  than  the less weak p a r t o f the  weak b e lt (F igu re  7 .7 -4 ). 

U n fo rtu n a te ly , th is  cannot be proved by f ie ld  observa tion . For exam ple, the  

r i f t  shou lders in  the  G u lf o f Suez fo rm ed  a t the  same tim e  as r i f t  fa u lt in g  

and th e re  seems to  have been no in i t ia l  dom ing p r io r  to  r i f t in g .  S teck le r 

(1985) and Buck (1986) a t t r ib u te  the u p l i f t  o f  r i f t  shou lders to  sm a ll-sca le  

convection  induced by r i f t in g .

A t the  tim e  o f r i f t in g ,  the  am ount o f boundary d isp lacem ent in  the  case 

where u = 0 .5  cm /ye a r is on ly 16 km, cons is ten t w ith  the  fa c t  th a t a ll  the  

e x is tin g  n a rro w  r i f t s  have developed w ith  a re la t iv e ly  sm a ll am ount o f 

la te ra l d isp lacem ent. A lthough a boundary ve lo c ity  o f 0 .5  cm /ye a r has been 

assumed in  the  s im u la tion , i t  can be seen fro m  F igu re  7 .7-3B  th a t the  

lith o sp h e re  is  gene ra lly  under compression and th icken ing , except a t the  

lo ca tio n  o f r i f t in g .  Th is compares w e ll w ith  the  Kenya R i f t  w h ich  is in  a
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p la te  under genera l h o r iz o n ta l com pressional stresses.

I f  the  ro le  o f the  b r i t t le  la ye r is  considered by using a th ickness  

- re la te d  average s tre n g th , the  r i f t in g  w ou ld  develop m ore q u ick ly  w ith  the  

same boundary and in i t ia l  cond itions.

Crust

Lithosphere mantle

100 -  

(km)

Asthenosphere

3200(km)0

F igu re  7.7-1. The lithosphe re  w ith  in i t ia l  dom ing due to  ho t m an tle  below.



(km) 2Ma Crust1.2Ma

0.4Ma
2.0Ma

1.2Ma Lithosphere

100-

0.4Ma

Asthenosphere

3200(km)0
A

2.0Ma
0 .2 -

(-Uo/Lo) 1.6Ma

1.2Ma

0 .1 5 - 0.8Ma

0.4Ma
0 .1 0 -

0.4Ma0 .0 5 -

2.0Ma0.0
3200(km)0

B

F igu re  7 .7 -2 . The d e fo rm a tio n  h is to ry  o f r i f t in g  w ith  in i t ia l  dom ing (see 
F igu re  7.7-1). A=30. B=Bo. u = 5 cm /ye a r, pa < pm.
A. The p o s itio n  o f the  to p  su rface , Moho and the  base o f  the  lithosphe re .
B. The v e r t ic a l s tra in - ra te .
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(km)
Crust

1.6Ma

0.4Ma
3.2Ma Lithosphere2.4Ma

1.6Ma

100 -

0.4Ma

Asthenosphere

3200(km)0
A

0.2 0 -

(-Uo/Lo)

3.2Ma

0.15- 2.8Ma

2.4Ma

2.0Ma
0 .10 -

1.6Ma

0.4Ma
0.05-

0.0
3200(km)

B

F igu re  7 .7 -3 . The de fo rm a tio n  h is to ry  o f r i f t in g  w ith  in i t ia l  dom ing (see
F igu re  7.7-1). A=30. B=Bo. u = 0.5  c m /ye a r, pa < pm.
A. The p o s itio n  o f the  top  su rface , Moho and the  base o f  th e  lithosphe re .
B. The v e r t ic a l s tra in - ra te .
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(m)
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T=0

T = 0 .4M a
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T = 1 .2M a

200

-200 T =2.0M a
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A

T=0800
(m)

600

T = 1 .6M a
400

200

0

T = 3 .2M a-200

0 3200(km)

B

F igu re  7 .7 -4 . The evo lu tion  o f the  topography_ o f r i f t s  fo rm ed by 
w ith  in i t ia l  dom ing (see F igu re  7 .7-1). A=30. B=Bo. pa < pm.
A. u = 5 cm /ye a r.
B. u = 0.5 cm /ye a r.

s tre tc h in g
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§ 7 . 8  Im plications of th e  m odelling re su lts  fo r  con tinen ta l ex tension

Tw o po in ts  have been dem onstra ted th ro u g h  the  analyses in  th is  chap te r.

F ir s t ,  the  g ra v ita t io n a l fo rce s  (o r buoyancy fo rce s ) e ith e r  re s is t o r  

augm ent the  lo c a liz a tio n  o f de fo rm a tio n , depending on the  e q u iva le n t dens ity  

c o n tra s t between the  lithosphe re  m antle  and the  asthenosphere, w h ich  is  in  

tu rn  de te rm ined  by the  geotherm . I f  th e  lithosphe re  m an tle  is  ho t, then 

th is  c o n tra s t is  sm a ll, and buoyancy fo rce s  d is tr ib u te  d e fo rm a tio n  over 

la rg e  areas in  fa v o u r o f w ide  r i f t s .  And since the  lith o sp h e re  m antle  is 

ho t, the  lithosphe re  is  weak, and the  e f fe c t  o f buoyancy fo rce s  is 

s ig n if ic a n t. T h is  mechanism may be o p e ra tin g  in  the  e vo lu tion  o f  Basin and 

Range p rov ince  in  the  U n ited  S ta tes, as suggested by M o lnar & Chen (1983). 

I f  the  lith o sp h e re  m antle  is  cold, then th is  c o n tra s t is  la rg e , and th inned  

lithosphe re  generates te n s ile  stresses as suggested by T u rc o tte  & Emerman 

(1983), augm enting  extension lo ca liza tio n . The tro u b le  is  th a t  lithosphe res 

w ith  co ld  m an tle  a re  s tro n g  and commonly re s is t d e fo rm a tio n , so th is  

mechanism is no t ve ry  re a lis t ic .

Second, fro m  the  analyses in  th is  chap te r, i t  is  c le a r th a t  s tre tc h in g  

does no t cause loca lized  d e fo rm a tio n  in  the  lithosphe re  w ith o u t la rg e  am ount 

o f d is tr ib u te d  extension , unless th e re  is  loca l in i t ia l  dom ing. The basin 

and range s tru c tu re  in  N o rth  China may be an exam ple o f  d is tr ib u te d  

extens ion  under boundary s tre tch in g . However, one should n o t jum p  in to  

conclusion th a t a ll the  c u rre n tly  ac tive  lin e a r r i f t s  have been fo rm e d  w ith  

in i t ia l  dom ing. Because a) the  e f fe c t  o f in i t ia l  dom ing in  the  above 

analyses is  a c tu a lly  to  p rov ide  a loca lized  fo rc e  o r s tress  w h ich  makes the 

loca l s ty le  o f d e fo rm a tio n  d if fe re n t  fro m  the reg iona l one. Th is  loca l
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s tress  does no t has to  be produced by in i t ia l  dom ing. I t  can be due to  the

v a r ia t io n  o f c ru s ta l th ickness, d ia p ir ic  p e n e tra tio n  o f  the  asthenosphere

m antle  in to  the  lithosphe re  (T u rco tte  & Emerman, 1983), o r  o th e r processes; 

b) in  a ll the  analyses in  th is  chap te r, p e rtu rb a tio n s  in  lithosphe re , e ith e r 

th ro u g h  n o n -u n ifo rm  th in n in g  o r fro m  in i t ia l  weak b e lt, a re  m oderate. I f

the  s tre n g th  o f the  weak b e lt is  in i t ia l ly  low ered by a fa c to r  o f  say 3, 

s tre tc h in g  should cause loca lized  d e fo rm a tio n  r ig h t  fro m , o r soon a f te r ,  the

beg inn ing  o f  s tre tc h in g . The second reason is  m ore probab le . T h e re fo re , in  

th e  absence o f in i t ia l  dom ing, a lin e a r  n a rro w  r i f t  can on ly  be caused along 

a b e lt w h ich  is s ig n if ic a n t ly  weaker than  the  su rround in g  reg ion . In  fa c t ,  

many r i f t in g  events are  predated  by th e rm a l events as ind ica te d  by volcanism  

o r magma a c t iv ity  (e .g ., Sengor & Burke, 1978) w h ich  serves to  weaken the 

lith o sp h e re  since the  rheo logy o f the  lithosphe re  is  sens itive  to  the 

geo therm  (e .g ., Morgan e t a l., 1986). Another possib le  cause o f the  weak 

b e lt is  the  c ru s ta l th ickness. W ith  the  same geotherm , the  lithosphe re  w ith  

th ic k e r  c ru s t has lo w e r s tre n g th , th e re fo re  a su tu re  zone is  a lik e ly  

lo ca tio n  f o r  r i f t in g  to  occur when under tens ion  (V ink  e t a l. ,  1984). T h a t 

r i f t s  tend to  develop along p re e x is tin g  weak b e lt is  a sensib le idea and has 

been suggested by some au thors  (e .g ., W ilson, 1968; V ink  e t a l. ,  1984). 

T h is  ana lys is  adds more suppo rt to  i t  fro m  the  p o in t v iew  o f the  

d is tr ib u t io n  o f extension.
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C hapter 8 Sum m ary, discussion and suggestions 

fo r  fu tu re  research

I have de rived  a new th in  viscous sheet model f o r  lithosphe re

d e fo rm a tio n  and app lied  i t  to  the  in ve s tig a tio n  o f  the  sho rten ing  and 

extens ion  o f co n tin e n ta l lithosphe re .

In the  case o f co n tin e n ta l shorten ing , the  s tudy has shown th a t, under 

a spec ified  set o f boundary cond itions  and pa ram ete rs , the  conclusions o f 

England & McKenzie (1982, 1983) s t i l l  ho ld desp ite  the  e r ro rs  invo lved in  

th e ir  d e riv a tio n  o f the  govern ing  equations. T h is  also suggests th a t  the  

la te r  s tud ies (e .g ., England, Houseman & Sonder, 1985, Cohen & Morgan, 1986, 

Sonder & England, 1989), w h ich  s t i l l  use the  erroneous equations, again gave 

re s u lts  w h ich  w ere  b ro a d ly  c o rre c t.

N ext 1 app lied  the  model to  inves tiga te  the  evo lu tion  o f the  T ibe tan

P lateau. In  p a r t ic u la r  I inves tiga te d  the  th ree  possib le  causes fo r  la te

extension o f the  T ibe tan  P lateau, nam ely the  decreased boundary 

d isp lacem ent, a possib le rheo log ica l change, and a possib le  detachm ent o f 

p a r t  o f the  lith o s p h e ric  m antle  in to  the  asthenosphere a t a la te  stage in

d e fo rm a tion . I t  was found  th a t a detachm ent in  the  la s t severa l m illio n  

years can ve ry  w e ll exp la in  recen t E-W  extension  and the  u p l i f t  o f  the 

T ibe tan  p la teau , as suggested by England & Houseman (1988). The detachm ent 

causes u p l i f t  o f  the  lithosphe re  and hence increases the  g ra v ity  p o te n tia l 

to  d rive  the  p la teau  to  f lo w  la te ra lly .

One possib le  p rob lem  re la t in g  to  the  detachm ent hypothesis is th a t  the
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detached lithosphe re  m antle  should s t i l l  have some e ffe c t  on the  upper 

lithosphe re . The fa c t  th a t  the  datached lithosphe re  m an tle  s inks im p lies  

th a t  i t  has lo s t the  suppo rt o f the  upper lithosphe re , w h ich  is  equ iva len t 

to  saying th a t the  upper lithosphe re  has lo s t some o f i ts  burden and w i l l  

r is e  in  consequence. In  a d d itio n  the  detached lithosphe re  m antle  m ay s ink 

ra p id ly  deep in to  m an tle , so th a t i ts  e f fe c t  on the  lith o sp h e re  is  m ino r; 

a lte rn a t iv e ly  th e  detached lithosphe re  m antle  m ig ra te s  la te ra lly ,  e x e rtin g  

i ts  w e igh t e lsewhere. L a te ra l m ig ra tio n  o f  the  detached m an tle  can be 

likened to  a sheet o f paper being dropped in  a ir  (o r a piece o f  f o i l  in  

w a te r? ). The paper does no t drop v e r t ic a lly ,  bu t moves ob lique ly . D e ta iled  

num erica l o r expe rim en ta l s im u la tions  need to  be done to  ju s t i f y  o r re je c t  

th is  specu la tion .

I t  was also c le a r ly  dem onstra ted th a t  the  lith o sp h e re  ro o t fo rm ed  

d u rin g  lithosphe re  sho rten ing  tends to  augment fu r th e r  sho rten ing , as 

p re d ic te d  by F le ito u t & F ro idevaux (1982). In  the  case o f T ib e t, when th is  

e f fe c t  is  included, the  m axim um  c ru s ta l th ickness due to  lith o sp h e re  

sho rten ing  can be up 15 km la rg e r than  o the rw ise . Thus models assum ing 

s im ple  A iry  com pensation (e .g., England & McKenzie, 1983) should be used 

w ith  cau tion .

On the basis o f th is  ana lys is and o th e r lines o f evidence, a l ik e ly  

sequence o f events is:

a. About 40 Ma ago, the  Ind ia  subcontinen t co llided  w ith  Asia.

b. Continued convergence o f the  tw o  p la tes  caused c ru s ta l th icken ing . The 

th icke n in g  re su lte d  in  the e leva tion  o f  the  top  su rfa ce , w h ich  opposed 

fu r th e r  th icken ing . The ra te  o f boundary in d e n ta tio n  decreased due to  th is  

opposition .
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c. As the  c ru s t th ickened , so d id  the lith o sp h e re  m antle . The e leva tion  o f  

the  top  s u r f  ace was balanced no t only by the  c ru s ta l ro o t b u t a lso by the  

lith o sp h e ric  ro o t. The e f fe c t  o f the  lith o s p h e ric  ro o t is  to  reduce the  

e leva tion  o f  the  top  su rfa ce  d u ring  th icken ing , and fa v o u rs  lithosphe re  

th icken ing . I f  a lithosphe re  o f 100 km th ickness w ith  a 35 km th ic k  c ru s t

3

is  th ickened by 100 pe rcen t, and the  c ru s t has a dens ity  o f 2 .95 g /c m  , the  

e leva tion  o f  the  top  su rfa ce  is  on ly 2.53 km. I f  the  dens ity  o f  the  c ru s t

3

is  2 .8  g /c m  , the  e leva tion  is  4 km.

d. F in a lly , in  the  course o f the  la s t severa l m illio n  years, detachm ent 

occurred  a t the  base o f the  lithosphe re . Replacement o f  p a r t  o f the  

re la t iv e ly  co ld  lithosphe re  m antle  by the  re la t iv e ly  ho t asthenosphere 

m antle  beneath the  p la teau  caused s w if t  u p l i f t  o f the  lith o sp h e re , by an 

am ount o f around 1 km, w h ich  is responsib le  fo r  the  la te  E-W  extens ion  o f  

the  T ibe tan  p la teau  and may also have caused fu r th e r  s lo w in g  down o f the  

boundary inden ta tion .

One o f the  prob lem s w ith  the  re s u lts  fro m  th is  ana lys is  is  th a t  c ru s ta l 

th ickness decreases fro m  the  inden ting  boundary to  the  ins ide  o f the  

con tinen t and th e re  is  no c le a r boundary w ith  the  re g io n  o f  c ru s ta l 

th icken ing , w h ile  geo log ica l and geophysica l evidence shows th a t  c ru s ta l 

th ickness in  the  N o rth e rn  T ibe tan  p la teau  is  no t less than  th a t  o f the  

Southern T ib e ta n  p la teau  and the p la teau  has a re la t iv e ly  c le a r boundary. 

Th is  is  p robab ly  because the  lithosphe re  has been assumed to  be homogeneous 

in  the ana lys is. I f  the  p la teau  is  ve ry  weak, la te ra l f lo w  under g ra v ity  

w ou ld  f la te n  bo th  the  top  su rface  and the  Moho, as suggested by M o lna r & 

Chen (1983). A nother possible cause fo r  the  f l a t  p la teau  is  the  channel 

f lo w  in  the  lo w e r c ru s t under d if fe re n t ia l p ressure , w h ich  tends to  sm ooth 

the Moho topography and also the top  su rfa ce  (e .g ., B ird , 1991).
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In the  case o f co n tin e n ta l extension, th re e  p re d ic tio n s  can be made. 

F ir s t ,  f ro m  bo th  a n a ly tic a l d iscussion and num erica l ana lys is , i t  is  found 

th a t  the  f i l l in g  o f a sed im entary  basin w ith  w a te r  and sedim ent does not 

app rec iab ly  in fluence  the  s ty le  o f h o r iz o n ta l d e fo rm a tio n  o f  the  s tre tch e d  

lithosphe re . Second, the  g ra v ita t io n a l fo rce s  (o r buoyancy fo rce s ) e ith e r 

re s is t o r  augment the  lo c a liz a tio n  o f d e fo rm a tio n , depending on the 

geotherm . I f  the  lithosphe re  m antle  is  ho t, then buoyancy fo rc e s  d is tr ib u te

d e fo rm a tio n  over la rge  areas in  fa v o u r o f w ide  r i f t s .  T h is  may be p a r t ly

responsib le  f o r  the  d is tr ib u t iv e  s ty le  o f  d e fo rm a tio n  in  the  Basin and Range 

p rov ince  in  the  U n ited  S tates, as suggested by M olnar & Chen (1983) and 

o the rs . I f  the  lithosphe re  m antle  is  cold, then th inned  lithosphe re  

generates te n s ile  stresses as suggested by T u rc o tte  & Emerm an (1983), 

augm enting extension  lo ca liza tio n . However, lithosphe res  w ith  cold m antle  

a re  s tro n g  and com monly re s is t de fo rm a tio n , so th a t th is  mechanism is  no t 

ve ry  re a lis t ic .  T h ird , w ith o u t in i t ia l  dom ing, c u rre n t ly  a c tive  n a rro w  

lin e a r r i f t s  have to  be fo rm ed  along b e lts  s ig n if ic a n t ly  weakened p r io r  to  

r i f t in g .  The weakness may be due to  prev ious geolog ic events such as 

s u tu r in g  o r due to  th e rm a l anom alies ind ica ted  by vo lcan ism  o r m agm atic

a c t iv ity .

A lthough con tin e n ta l sho rten ing  and extension have been inves tiga te d  in  

tw o  separa te  chapters , the  tw o  processes a re  a c tu a lly  re la te d  to  each o the r. 

In  bo th  the  T ibe tan  P lateau and the A ltip la n o  o f South A m erica  extension

occurs in  one d ire c tio n  w h ile  the  area is  under com pression in  another 

d ire c tio n . In  the  Basin and Range prov ince  o f the  U n ited  S ta tes, Cenozoic 

extension fo llo w s  Mesozoic and early-C enozo ic  lithosphe re  sho rten ing  and 

th icken ing , w h ich  provides a h igh g ra v ity  p o te n tia l and makes the
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lith o sp h e re  tend to  spread when boundary com pression is  reduced o r removed.

I have made some progress w ith  th is  model, bu t the  w o rk  needs

im provem ent in  severa l respects. The f i r s t  is  the  ca lc u la tio n  o f the  

th e rm a l process. I have given a fo rm u la  to  describe th is  process, based on 

some assum ptions, bu t because o f the  assum ption o f lin e a r v e r t ic a l

d is tr ib u t io n  o f tem p e ra tu re , i t  is  too  crude fo r  accu ra te  c a lc u la tio n  o f  the  

rheo log ica l change o f the  lithosphe re  d u rin g  de fo rm a tio n . An a n a ly t ic a l 

so lu tio n  has been given fo r  s tre tched  lithosphe re  (Ja rv is  & McKenzie, 1980),

bu t th e re  is  no such so lu tion  f o r  th ickened lithosphe re . A ve ry  im p o rta n t

im provem ent re q u ire d  is  the  inc lus ion  o f heat p ro d u c tio n  w ith in  the  c ru s t in  

equations describ ing  th e rm a l processes, espec ia lly  in  the  case o f

lithosphe re  shorten ing , because i t  appears th a t rh e o lo g ica l change in  the

T ibe tan  P lateau is  no t due to  heat conduction  fro m  the  asthenosphere b u t to  

the  increased h e a t-p rod uc ing  elem ents in  the th ickened c ru s t.

Another im provem ent concerns the  so lu tion  o f the  m echanica l equation.

The F in ite  D iffe re n ce  Method has been used to  solve the  prob lem  because I

was eager to  com pare the  re s u lts  fro m  the  new model w ith  those o f  England &

McKenzie (1982, 1983). Th is  took m ore than  a year to  c a r ry  ou t and th e re

was no t enough tim e  le f t  when I re a lize d  the  lim ita t io n s  o f the  FD method. 

Th is  m is take  does no t a f fe c t  the  conclusions, bu t because o f i t ,  I was 

fo rce d  to  de fine  the  boundary cond itions  in  te rm s  o f d isp lacem ent and 

concen tra te  on the  p a tte rn  o f de fo rm a tio n , and could n o t g ive enough 

a tte n tio n  to  the  boundary fo rce s  and stresses in  the  lithosphe re . Any

fu r th e r  m ode lling  w ith  th is  scheme should make use o f the  F in ite  E lem ent

Method.
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The model con ta ins some weaknesses w h ich  a re  d i f f i c u l t  to  overcome. 

The m a jo r  one is  the  th in  sheet assum ption. T h in  sheet model is  in  e f fe c t  

pu re -sh e a r model. There  is  considerab le concern th a t  s im p le -shea r ra th e r  

than  pu re -sh e a r dom inates in  some c ircum stances (e .g ., W ernicke, 1984). 

Th is  does no t pose a p rob lem  in  an ana lys is  in  the  scale o f  thousands o f 

k ilo m e te rs , b u t many analyses a re  no t c a rr ie d  ou t over such a la rg e  scale.

F in a lly , im proved num erica l ana lys is , lik e  o u r genera l unde rs tand ing  o f 

the  E a rth , depends on the  da ta  ava ilab le . No m a tte r  how re fin e d  a model is, 

w ith o u t da ta  o f equ iva len t q u a lity  to  te s t i t ,  the  e f f o r t  to  b u ild  the  model 

may no t be rew arded. In fa c t ,  one should co n s tru c t the  num erica l model 

accord ing  to  the  ava ilab le  data. A m is take  I made in  th is  w o rk  was th a t I 

made the  model be fo re  s u f f ic ie n t  da ta  had been ga thered . Th is  lesson I 

sha ll rem em ber th rougho u t my career.
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Appendix

Suppose a lithosphe re  is  s tre tched  (o r shortened) ins tan taneous ly  by a 

fa c to r  (3. The te m p e ra tu re  o f the  lithosphe re  increases lin e a r ly  w ith  depth 

b e fo re  and a f te r  the  instantaneous d e fo rm a tion . The te m p e ra tu re  o f the  

asthenosphere is constan t. The te m p e ra tu re  and pressure  o f  the  lithosphe re  

and the  asthenosphere a re  i l lu s tra te d  in  F igu re  A - l.

T e m p e ra tu re  P re s s u re  

— 0 0

T e m p e ra tu re  P r e s s u r e

~  s
T l - l

pegs

L - s

0

T l -

0

p c g l

L - s

A ' T l
s L - s

p e g ^ + p m g - ^ -

T L  p c g S + p m g (L -s )

T l p c g S + p m g (A -s ) T l P°gj3+Pmg ( A 7

(a ) (b )

F ig u re  A - l.  The te m p e ra tu re  and pressure  in  the  lith o sp h e re  and the 
asthenosphere (a) be fo re  and (b) a f te r  instantaneous d e fo rm a tio n .
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Bef o re  s tre tc h in g , th e  density  of th e  c ru s t a t  th e  top  s u rf  ace is pc, the

dens ity  o f th e  c ru s t a t the  Moho is

p =pc(l-aTm+Apcgs) 
cM

=pc( 1-aTL— + Apcgs)

in  w h ich  Tm is  the  te m p e ra tu re  a t the  Moho su rface , T l is  the  te m p e ra tu re  a t 

the  bo ttom  o f the  lithosphe re , s is  the  th ickness o f the  c ru s t, L  the  

th ickness o f  the  lithosphe re , a  the  th e rm a l expansion c o e ff ic ie n t,  A the  

c o e ff ic ie n t show ing  the  change o f dens ity  under pressure .

The dens ity  o f the  lith o sp h e re  m antle  a t the  Moho is

s
p = pm( 1-aTL— + Apcgs) 

mM L

w here pm is  the  dens ity  o f the  m an tle  m a te r ia l a t the  te m p e ra tu re  and 

p ressure  o f the  to p  o f the  lithosphe re .

And the  dens ity  o f the  lithosphe re  m antle  (and also the  dens ity  o f the  

asthenosphere) a t the  b o tto m  o f the  lithosphe re  is 

p = pm[ 1-aTL + Apcgs + Apm g(L-s)]
mL

The dens ity  o f the  asthenosphere a t the  com pensation depth is 

p = pm [1-aTL + Apcgs + Apmg(A-s)]
mA

w here A is  the  leve l o f the  su rface  re la t iv e  to  the  com pensation depth.

The mass o f the  colum n above the com pensation leve l is  then



+ — | pm(  1—<xT l^  + A pcgs) + p m (l-a T L  + Apcgs + A p m g L - A p m g s)j

+ ( A - L ) ^ p m (  1 -a T L  + Apcgs + Apm gL -  Apm gs) + p m ( l-a T L  + Apcgs + Apm gA -A p m g s)

A f te r  s tre tc h in g  by an am ount /3, the  dens ity  o f the  c ru s t a t the  Moho is 

p ' m=  p c (l-< x T L ^  + A p c g |)

The dens ity  o f the  lithosphe re  m antle  a t the  Moho is

p mM= p m (1 " a T L E  +  X p c g f )

The dens ity  o f the  lithosphe re  m antle  a t the  bo ttom  o f the  lithosphe re  (and 

a lso th a t o f the  asthenosphere) is

p '  =  pm( 1 -a T L  + A pcg§ + Apmg—3 —)
mL p p

The dens ity  o f the  asthenosphere a t the  compensation depth is

P mA=  P m ^1 -a T L  + X P cS j|  +  ^ P m g ( A ' -  j | )J

w here A ' is  the  new level o f the  top  su rface  re la t iv e  to  the  com pensation

leve l.

The mass o f the  colum n above the  same com pensation leve l is  then



The masses o f the  tw o  columns a re  equal, M = M ' , so 

| [p c  +pc(l-aTL^- + Apcgs )j 

+ t^ ^ p m d -a T L ^  + Apcgs) +pm(l-aTL + ApcgS + ApmgL- Apmgs)j 

+ (A -L )^ p tn (l-a T L  + Apcgs + ApmgL -  Apmgs) +pm(l-aTL + ApcgS + ApmgA -Apmgs)j

= I  l[pc +Pc(1_aTLi; + APcg|>]

+ t z i | p m(i-aTL^- + Apcg|) +pm(l-aTL + Apcg| + Apmgt -  Apmg|)j

+ ( A ' -  t ) ^ p m( l - aT L +Apcgj| +ApmgA' -Apmgj|) + pm(l-aTL +Apcg| +ApmgA'-Apmg|)J 

A f te r  some a lgebra , the  above equation can be re w r it te n  as

A ' - A  =

( i -  i ) s ( p c - p m ) ( l -  ^ T L ^ ) +  ^ p m L T  L + ( 1 +  ^ )^ A g S 2 (p c  -p m  ) 2+ A p m A (p c -p m )g S

p m ^ l - a T L  + ^ A p m g (A  + A ' ) + ^ A ( p c - p m ) g s j

From  th is  fo rm u la , w ith  reasonable values fo r  A, i t  can be eas ily  found 

th a t te rm s  invo lv ing  A are  o f secondary im portance  and a re  th e re fo re  

n eg lig ib le . Hence, in  ca lcu la tin g  the  v e r t ic a l d isp lacem ent due to  

s tre tc h in g  o r shorten ing , the  lithosphe re  and the asthenosphere can be 

tre a te d  as incom pressib le .

S tre tc h in g  o ccu rr in g  over a f in i te  tim e , ra th e r  than  ins tan taneously , 

can be d iv ided  in to  a num ber o f steps. In  each step instantaneous 

s tre tc h in g  is fo llo w e d  by th e rm a l c o n tra c tio n  o r expansion. Thus the  above
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conclusion s ti l l  holds.

I f  A = 0, i.e ., the  e f fe c t  o f p ressure  is  neglected, th e re  is

A ' - A  =
( i - 1 ) S ( p c - p m ) ( l -  ^ T l £ ) + ^ P m L T L

p m ( 1 -OcT l  )

w h ich  is  a c tu a lly  the  fo rm u la  given by McKenzie (1978) to  ca lcu la te  basin  

subsidence (w ith o u t w a te r  f i l l in g )  due to  s tre tch in g .
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