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ABSTRACT

An e las tic  f in ite -e lem en t an a ly sis  of th e  N orth  A m erican p la te  

p ro v id e s  a m ethod fo r ca lcu la tin g  in tra p la te  deform ation in  re sp o n se  to 

v a r io u s  tec to n ic  fo rc e s . F o rces co n sid e re d  in  th e  m odeling in c lu d e  line 

r id g e , d is tr ib u te d  r id g e , t ra n s fo rm , c o n v e rg en c e , and  b a sa l d ra g . In  

s i tu  s t r e s s ,  e a r th q u a k e , arid s t r u c tu r a l  d a ta  co n s tra in  th e  m odeling 

schem e. An in itia l g r id  w ith  328 p la n a r  t r ia n g u la r  e lem ents and  190 

nodes and  a f in e r  g r id  w ith  718 elem ents and  396 nodes w ere te s te d . 

R es is tiv e  b a sa l d ra g  was u sed  to ba lance  n e t to rq u e  on th e  p la te  due to 

b o u n d a ry  fo rc e s . C alcu la ted  s t r e s s  fo r r id g e -fo rc e  an d  d r iv in g -d ra g  

models ag re e  w ith  th e  o b se rv ed  s t r e s s  o rie n ta tio n s  in  th e  s tab le  con­

tin e n ta l in te r io r  of th e  p la te . A dditional fo rces  app lied  to  o th e r  p la te  

b o u n d a rie s  of th e  r id g e  models y ie lded  a b e t te r  f it  to  o b se rv e d  s tre s s e s  

n e a r  th e  p la te  b o u n d a r ie s . Modeling r e s u l ts  s u g g e s te d  th a t  r id g e  

fo rce s  a re  p ro b a b ly  th e  dom inant m echanism  fo r d r iv in g  and  s tre s s in g  

th e  N orth  A m erican p la te .

ix



CH APTER 1

INTRODUCTION

The E a r th 1 s lith o sp h e re  is com posed of approx im ate ly  12 major 

p la te s ,  w hich sim plistically  can b e  th o u g h t of as rig id  caps m oving w ith 

r e s p e c t  to  each o th e r  on th e  su rfa ce  of a s p h e r e » P la te  te c to n ics  is th e  

sc ience  th a t  deals w ith th e  cau ses  and  e ffe c ts  of th is  m otion , Most 

deform ation  of th e  l i th o sp h e re  is due to tec to n ic  p ro c e sse s  and  occu rs  

along p la te  b o u n d a rie s ; in  fa c t , th e se  anom alously h ig h  deform ational 

reg im es, as ev id en ced  b y  se ism ic ity , a re  d efined  as th e  b o u n d a r ie s . 

D eform ation w ith in  th e  in te r io r  of th e  p la te s  also o ccu rs  an d  can be 

re la te d  to  c e r ta in  tec to n ic  p ro c e sse s  th a t  a ffec t th e  in te rp la te  s tre s s  

reg im e. T he p re se n c e  of d iffu se  seism icity  p a t te rn s  in  th e  in te r io r  r e ­

gions of th e  p la te s  s u g g e s ts  th a t  th e  p la te s  a re  in  fac t n o t r ig id  bodies 

b u t  shou ld  p o ssib ly  b e  co n sid e red  as deform able b o d ie s . T he re la tio n ­

sh ip  be tw een  in tra p la te  deform ation and  tec to n ic  p ro c e sse s  ac ting  along 

p la te  b o u n d a rie s  is  n o t well u n d e rs to o d . T he major ob jec tiv e  of th is  

th e s is  was to  in v e s tig a te  th e  e ffec ts  of p o ten tia l pi a te -d r iv in g  mecha­

nism s on in tra p la te  s t r e s s e s  fo r th e  N orth  Am erican p la te .

A fin ite -e lem en t te ch n iq u e  was u se d  to  model th e  re sp o n se  of 

th e  N orth  A m erican p la te  to  v a rio u s  p o ten tia l p la te -d r iv in g  fo rces  th a t 

a c t along th e  p la te ’s b o u n d a rie s . V arious geom etric and  rheo log ic  p ro p ­

e r tie s  fo r th e  p la te  w ere in c o rp o ra te d  in to  th e  m odels. T h ese  p ro p ­

e r tie s  co n tro l th e  re sp o n se  of th e  p la te  to  v a rio u s  tec to n ic  loading

1
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sch em es« B o u n d ary  cond itions o r c e r ta in  p la te  motion c o n s tra in ts  also 

in flu en ce  in tra p la te  re sp o n se  to  app lied  lo ad s .

T he b asic  p ro c e d u re  u se d  in  th e  m odeling schem e is  as follows. 

T he N orth  A m erican p la te  was d iv id ed  in to  a fin ite  num ber of t r ia n g u la r  

e lem en ts , Two g r id s  w ith  328 and  718 elem ents and  190 and  396 node 

p o in ts , re s p e c tiv e ly , w ere u s e d . S tru c tu ra l  p ro p e r tie s  su ch  as c ru s ta l 

th ic k n e s s , to p o g ra p h y , b a th y m e try , and  elem ental a re a  as well as rh e o ­

logic p ro p e r tie s  su ch  as Y oungfs m odulus, P o isso n 's  ra t io , an d  d en s ity  

c o n tra s ts  w ere all in c o rp o ra te d  in to  th e  p roblem  as know n v a lu e s . The 

p la te  was t re a te d  as an e las tic  medium. P o ten tia l d riv in g  and  re s is tiv e  

tec to n ic  fo rc e s , w hich ac t along c e r ta in  b o u n d a rie s  o r on th e  b ase  of 

th e  p la te , w ere app lied  along b o u n d a ry  nodes o r to th e  b a se  of th e  

p la te . T he d irec tio n  of th e se  fo rces was b a se d  on rea so n ab le  ap p ro x i­

m ations of re la tiv e  p la te  motion v e c to rs  and  o th e r  d a ta . Almost all of 

th e  in tra p la te  s t r e s s  d a ta  availab le  to c o n s tra in  th e  m odeling co n sis ted  

of th e  o rien ta tio n s  of p r in c ip a l s t r e s s e s  . V ery  little  in form ation  e x is ts  

on th e  m ag n itudes of tec to n ic  s tr e s s e s  in  th e  p la te s , and  th u s  i t  was 

d iff icu lt to  c o n s tra in  th e  ab so lu te  m agn itu d es  of p o ten tia l fo rces  acting  

on th e  p la te s .  Some p o te n tia l fo rces  a re  rea so n ab ly  well c o n s tra in e d  in  

m ag n itu d e , p a r tic u la r ly  r id g e  fo rce s , b u t  many a re  su b je c t to  la rg e  

u n c e r ta in t ie s  in  m agn itude  and  even  occasionally  in  s ig n . T h u s , most 

of th e  models co n sid e red  will assum e a rea so n ab le  value fo r r id g e  fo rces 

and  a ttem p t to c o n stra in  th e  re la tiv e  c o n trib u tio n  of o th e r  fo rc e s , 

D iffe ren t b o u n d a ry  cond itions and  to rq u e -b a la n c in g  fo rces  w ere te s te d  

so th a t  th e  p la te  rem ains in  m echanical equ ilib rium , A com bination of 

b o u n d a ry  and  b a sa l fo rce s  was so u g h t b y  com paring p re d ic te d  s tre s s e s
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from each  model w ith  th e  ac tu a l o b se rv ed  in tra p la te  s t r e s s  s ta te s  and  

im provem ents to th e  models w ere made su ch  th a t  a b e s t - f i t  s t r e s s  sol­

u tio n  fo r th e  whole p la te  was o b ta in e d . In  ad d ition  to  te c to n ic  fo rc e s , 

to p o g rap h ic  fo rce s  in  th e  co n tin en ta l in te r io r  of th e  p la te  w ere added  to  

th e  m odeling schem e in  h o p es  of b e in g  able to  p re d ic t  any  localized 

in tra p la te  s t r e s s  fe a tu re s  due to la te ra l  d e n s ity  c o n tra s ts .

T he s t r e s s  d a ta  b a se  u se d  to  c o n s tra in  th e  p re d ic te d  s tre s s e s  

was an  e x te n s iv e  collection of in fe r r e d  p r in c ip a l s t r e s s  o r ie n ta tio n s  

b a se d  on e a r th q u a k e  focal m echanism s» in  s i tu  s t r e s s  m easu rem en ts , and  

geologic f e a tu re s . T he p la te  was d iv id ed  in to  a num ber of s t r e s s  p ro ­

v in ces  , each  of w hich is a sso c ia ted  w ith a dom inant, c h a ra c te r is tic  

s t r e s s  p a t te rn s  of e ith e r  tec to n ic  o r local o rig in . In itia l m odeling was 

co n d u c ted  in  an a ttem p t to  m atch th e  dom inant e a s t-n o r th e a s t  maximum 

com pressive  s t r e s s  t r e n d  in fe r re d  fo r th e  s tab le  co n tin en ta l in te r io r  of 

th e  p la te .

T he p o ten tia l d r iv in g  fo rces  co n sid e re d  in th e  models inc luded  

r id g e  fo rc e s , sh e a r  tra c tio n s  and  norm al fo rce s  along tra n s fo rm  b o u n d ­

a r ie s ,  b o u n d a rie s  fo rces  a t su b d u c tio n  zo n es , and  d r iv in g  and  re s is tiv e  

b a sa l d ra g  fo rc e s . T h ree  d if fe re n t p a ram ete riza tio n s  o r  form ulations 

w ere u sed  to  model r id g e  fo rc e s . Line r id g e  fo rces w ere app lied  along 

th e  r id g e  c re s t  and  d is tr ib u te d  r id g e  fo rce s  w ere ap p lied  th ro u g h o u t 

th e  young  oceanic l i th o sp h e re  b y  u s in g  b o th  a g ra v ita tio n a l s lid ing  and  

a cooling h a lf-sp a c e  fo rm ulation .

T he m odeling schem es p re s e n te d  in  th is  th e s is  a re  an ex ten sio n  

of global f in ite -e lem en t m odeling done b y  R ich ard so n  (1979b). Ad­

v an ces  to th is  p re lim in a ry  m odeling in c lu d e  s in g le -p la te  m odeling of th e
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N orth  A m erican p la te . D is tr ib u te d  r id g e  fo rce s  w ere also u sed  as a 

more a cc u ra te  re p re s e n ta tio n  of th e  r id g e  fo rce  th a n  th e  line  r id g e  ap ­

prox im ation  p re v io u s ly  u s e d . T o p o g ra p h y -re la te d  fo rces  a re  also a new 

ad d itio n .

A g eo g rap h ic  d e sc rip tio n  of th e  p la te  will b e  p re s e n te d  as well 

as a d e sc rip tio n  of th e  s t r e s s  p ro v in c e s  an d  s t r e s s  d a ta  availab le  fo r 

each  p ro v in ce  in  th e  p la te . T he m odeling m ethod will b e  d e sc r ib e d , 

in c lu d in g  sp ec ific s  on g r id  d im ensions an d  e las tic  p a ra m e te rs . Each 

ty p e  of fo rce  will be  d iscu ssed  in  d e ta il. N um erous te s t  cases will be  

p re s e n te d  th a t  w ere co n d u cted  to com pare m odeling r e s u l ts  from th e  

d if fe re n t r id g e  fo rce  fo rm ulations w ith  each  o th e r  and  w ith  analy tic  

so lu tio n s . T he v a lid ity  of th e  form ulation u sed  to model fo rce s  re la te d  

to co n tin en ta l to p o g ra p h y  was also in v e s tig a te d  in  te s t  c a se s .

F in a lly , all s ig n ific a n t fo rce  models and  th e ir  re s u lt in g  in t r a ­

p la te  s t r e s s e s  will b e  p re s e n te d  and  d is c u s s e d , s ta r t in g  w ith  th e  in itia l 

oversim plified  line  r id g e  models th a t  w ere ru n  in h opes of f it tin g  th e  

dom inant m id -p la te  s t r e s s  t r e n d . In c re a s in g ly  com plicated m odels,

w hich re a lis tic a lly  r e p r e s e n t  th e  tec to n ic  p ro c e sse s  o c c u rr in g  along all 

b o u n d a r ie s , along th e  b a se  of th e  p la te , and  w ith in  th e  co n tin en ta l p o r­

tio n s  of th e  p la te , will b e  p re s e n te d . B asica lly , im provem ents to  f it tin g  

th e  in tra p la te  s t r e s s  d a ta  w ere p ro g re s s iv e ly  made w ith  im provem ents to  

th e  models u n til w hat is b e liev ed  to b e  th e  b e s t  p o ssib le  f it  to  th e  da ta  

as allowed b y  a m odeling schem e of th is  n a tu re  was a ch iev ed . C onclu­

sions d raw n ab o u t th e  s ig n ificance  and  in flu en ce  of c e r ta in  tec ton ic  

p ro c e sse s  on th e  in tra p la te  s t r e s s  regim e of th e  N orth  A m erican p la te
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will b e  d isc u sse d  as well as th e  lim itations of th e  m odeling schem e an d  

p o ssib le  ex p lan a tio n s  fo r  some of th e  ca lcu la ted  r e s u l ts .



CH APTER 2

DESCRIPTION OF THE NORTH AMERICAN PLATE

T he N orth  A m erican p la te  is  a re la tiv e ly  la rg e  sec tio n  of lith o ­

sp h e re  w ith  a v a r ie ty  of d if fe re n t b o u n d a ry  ty p e s  and  a u n iq u e  motion 

in  th e  h o t-s p o t re fe re n c e  fram e . F ig u re  1 re v e a ls  in  a M ercator p ro je c ­

tion  th e  location  of th is  p la te  w ith  re s p e c t  to  s u rro u n d in g  p la te s . The 

p la te  is ch iefly  com posed of co n tin en ta l l i th o sp h e re  ; h o w e v e r , a su b ­

s ta n tia l p o rtio n  of oceanic li th o sp h e re  e x i s t s . F ig u re  2 is  an  il lu s tra tio n  

of th e  p la te  b o u n d a ry  on an e q u a l-a re a  L am bert p ro jec tio n ; th is  p ro je c ­

tion  was u sed  to d isp lay  m odeling r e s u l ts  so th a t  la rg e  a re a  d is to rtio n s  

n e a r  th e  geo g rap h ic  pole w ere e lim inated . T he b o u n d a ry  of th e  N orth  

A m erican p la te  is d e fin ed  b y  se ism icity ; h o w ev er, alm ost no seismic 

a c tiv ity  is re c o rd e d  th a t  would ju s tif ia b ly  define  a b o u n d a ry  betw een  

th e  N orth  and  Sou th  A m erican p la te s . I t  is  th e  d if fe re n t re la tiv e  ro ta ­

tio n s  of th e  A frican  p la te  w ith re s p e c t  to  th e  two A m erican p la te s  

(C h ase , 1977; M inster and  Jo rd a n  1978) th a t  re q u ire s  th a t  th e se  two 

p la te s  b e  t r e a te d  as s e p a ra te  e n ti t ie s . T he  b o u n d a ry  b e tw een  the  

A m erican p la te s  is b e liev ed  b y  some ( e . g . .  F unnel and  Sm ith , 1968; 

Ball and  H a rriso n , 1970) to b e  lo cated  n e a r  th e  B a rra cu d a  R id g e , along 

a le f t- la te ra l  sh e a r  zone, due to i t s  o b se rv e d  c h a ra c te r is t ic  f r a c tu re  

zone fe a tu re s . Seismic a c tiv ity  n o r th e a s t  of th e  r id g e  in  th e  B a rra cu d a  

a b y ssa l p la in  may su p p ly  f u r th e r  ev idence  fo r th e  tec to n ic  s ign ificance  

of th is  re g io n . For m odeling p u rp o s e s , a b o u n d a ry  b e tw een  th e se  two

6



F igu re  1. T ectonic  p la te s  on a M ercator p ro je c tio n . — From T u rco tte  and S ch u b e rt (1982)
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F ig u re  2. N orth  Am erican p la te  on a Lam bert p ro jec tio n
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p la te s  was ta k e n  from  th e  L e sse r A ntilles a t app rox im ate ly  la t 18° N. to  

th e  A frican  p la te  su ch  th a t  th e  b o u n d a ry  in c lu d es  th e  23 O ct. 1964 

s tr ik e - s l ip  e a r th q u a k e , w hich o c c u rre d  a t approx im ate ly  la t 20° N . , 

long 56° W. From th e  ju n c tio n  of th e  A m erican p la te s  w ith  th e  A frican  

p la te , th e  M id-A tlantic  R idge e x te n d s  n o rth w a rd  as th e  e a s te rn  b o u n d ­

a ry  of th e  N orth  A m erican p la te . T h is  sp re a d in g  c e n te r  con tinues 

th ro u g h  Ic e lan d , o v e r th e  n o r th  g eo g rap h ic  po le , and  fina lly  d ies ou t in  

th e  A rc tic  O cean as i t  ap p ro ach es  th e  co n tin en ta l sh e lf of S ib e ria . 

From th is  p o in t, i t  is  u n c e r ta in  w here  th e  b o u n d a ry  m eets th e  Pacific 

p la te , b u t  a commonly accep ted  tr e n d  fo r th e  b o u n d a ry  be tw een  th e  

N orth  A m erican an d  E u ras ian  p la te s  as i t  ap p ro ach es  th e  Pacific  p la te  is  

shown in F ig u re  1 (C h ase , 1977). T he ju n c tio n  b e tw een  th e se  th re e  

p la te s  is ta k e n  n e a r  S ak h a lin , s lig h tly  n o rth w e s t of th e  K uril T re n c h . 

From th is  p o in t th e  b o u n d a ry  co n tin u es  e as tw a rd  p a s t  th e  K am chatka 

P en in su la  a t w hich p o in t th e  A leu tian  T re n c h  b e g in s  to  m ark  th e  b o u n d ­

a ry  w here  th e  Pacific p la te  is su b d u c tin g  b e n e a th  th e  n o r th  Am erican 

p la te . Along a sh o r t  segm ent of th e  w e s te rn  b o u n d a ry  of th e  N orth

A m erican p la te , so u th  of A laska , th e  Ju an  de Fuca p la te  is su b d u c tin g
/

b e n e a th  th e  N orth  A m erican. Also along th e  w e ste rn  b o u n d a ry , th e  

San A n d reas  tra n sfo rm  fa u lt e x te n d s  from th e  Middle A m erican T ren ch  

n e a r  th e  so u th e rn  end  of Baja C alifo rn ia  n o rth w a rd  to th e  Mendocino 

f r a c tu re  zone n o r th  of San F ran c isco . Along th e  Middle American 

T re n c h , th e  Cocos p la te  su b d u c ts  b e n e a th  C en tra l A m erica . F inally , 

so u th  of th e  Y ucatan  P en in su la , th e  tra n s fo rm  b o u n d a ry  along th e  C ay­

man T ro u g h  of th e  C arib b ean  p la te  b e g in s  and  co n tin u es  to  th e  P u e rto  

Rico T re n c h . T he small segm ent of th e  C arib b ean  b o u n d a ry  betw een
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P u e rto  Rico an d  th e  L e sse r  A ntilles u n d e r  w hich th e  N orth  Am erican 

p la te  is  b e in g  s u b d u c te d  is  th e  only location  a t w hich su b d u c tio n  of th e  

N orth  A m erican p la te  o c cu rs  b e n e a th  a n o th e r  p la te .

T he in te rn a l m orphology of th e  p la te  is  q u ite  com plex . T h e re  

a re  e sse n tia lly  th re e  ty p e s  of l i th o sp h e re  fo r th e  p la tes ocean ic , con­

tin e n ta l sh e lf , and  c o n tin e n ta l. Each ty p e  h as  u n iq u e  e las tic  p ro p e r tie s

a sso c ia ted  w ith  i t .  All co n tin en ta l and  sh e lf  lith o sp h e re  was assum ed to
5h av e  a th ic k n e ss  of 1 x 10 m, w h ereas  th e  oceanic li th o sp h e re  was

4assum ed to b e  5 x 10 m th ic k . Within each  of th e se  d if fe re n t lith o ­

sp h e r ic  ty p e s ,  espec ia lly  th e  c o n tin e n ta l, th e re  a re  a v a r ie ty  of te r ra in s  

an d  reg io n s  w ith v a ry in g  rheo log ic  p ro p e r t ie s ,  to p o g rap h ic  and  geologic 

fe a tu re s ,  and  la te ra l  d e n s ity  c o n tra s ts .  H ence, c e r ta in  assum ptions and  

g en era liza tio n  u sed  in  a m odeling schem e fo r a c e r ta in  ty p e  of lith o ­

sp h e re  may no t app ly  to  w ork well fo r all reg io n s  w ith in  th e  p la te . 

C e rta in  reg io n a l p ro v in c e s  w ith in  th e  p la te s ,  d e fined  b y  th e ir  un iq u e  

s t r e s s  p a t te r n s ,  will b e  d isc u sse d  in  th e  n e x t c h a p te r .



CH APTER 3

INTRAPLATE STRESS DATA AND PROVINCES

In tra p la te  s t r e s s e s  a re  th e  r e s u l t  of th e  tec to n ic  p ro c e sse s  th a t  

ac t along p la te  b o u n d a rie s  and  th e  in te rn a l p la te  m echanism s th a t  in ­

fluence  s t r e s s  t r e n d s  on a local sca le . D elineation of reg io n a l v e rs u s  

local s t r e s s  t r e n d s  is  e s s e n tia l to b e  able to  ev a lu a te  th e  te c to n ic  fo rces  

th a t  in flu en ce  th e  in tra p la te  s t r e s s  fie ld . In  g e n e ra l, tec to n ic  s tre s s e s  

h av e  a more c o h e re n t , c o n s is te n t, an d  b ro a d -sc a le  p a t te r n  th a n  local 

phenom ena. Dom inant s t r e s s  p ro v in c e s  and  s t r e s s  in d ic a to r  te ch n iq u es  

fo r th e  N orth  A m erican p la te  will be  d is c u s se d .

S tre s s  In d ic a to rs

Seism icity  is p ro b a b ly  th e  b e s t  in d ic a to r  of ac tiv e  in tra p la te  de­

form ation (Zoback and  Zoback, 1980). F a u lt-p lan e  so lu tions p ro v id e  

inform ation  ab o u t p r in c ip a l s t r e s s  o rie n ta tio n s  a t a seism ic so u rc e ; they , 

sam ple s t r e s s  o v e r a g re a te r  volume of lith o sp h e re  an d  d e p th  over a 

g re a t  ra n g e  th a n  o th e r  in  s itu  s t r e s s  in d ic a to rs . In h e re n t  u n c e r ta in tie s  

a sso c ia ted  w ith  in fe r r e d  s t r e s s  o rie n ta tio n s  from a s in g le  fa u lt-p lan e  

so lu tion  e x is t .  H ow ever, th e se  u n c e r ta in t ie s  a re  minimized if  a num ber 

of co n s is te n t fa u lt-p la n e  so lu tions can b e  u se d  to in fe r  a c h a ra c te r is tic  

p a t te r n  of s t r e s s  o rie n ta tio n s  fo r a re g io n . H ow ever, s t r e s s  o r ie n ta ­

tio n s  in fe r re d  from fa u lt-p la n e  so lu tions may n o t u n iq u e ly  re p re s e n t  th e  

s ta te  of s t r e s s  th ro u g h o u t th e  e n tire  th ic k n e ss  of th e  lith o sp h e re

\
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b ecau se  m ost in tra p la te  e a r th q u a k e s  o ccu r a t re la tiv e ly  shallow  d e p th s  

in  th e  l i th o sp h e re .

T h e re  a re  two in  s itu  m ethods th a t  may b e  u se d  to  estim ate 

s t r e s s : s tra in  r e l ie f , o r o v e r co rin g , an d  h y d ro f ra c tu r in g . T he s t r a in -

re lie f  te ch n iq u e  is b a se d  on th e  re lax a tio n  re sp o n se  of a su rfa c e  a f te r  a 

s t r e s s  h as  b een  rem o v ed . A fte r th e  e las tic  p a ra m e te rs  of a sam ple h ave  

b een  d e te rm in ed  in  th e  la b o ra to ry , H ooke's law can b e  u sed  to  calcu late  

s t r e s s e s  from  m easu red  s t r a in s .  In  th e  h y d ro f ra c tu re  te c h n iq u e , 

s t r e s s e s  a re  m easu red  d ire c tly  b y  ap p ly ing  p re s s u re  to a c losed  b o re ­

hole sec tion  u n til  th e  b o reh o le  fa ils  (Z oback , T su k a h a ra , and  H ickm an, 

1980).

L arge  geologic fe a tu re s  may p ro v id e  add itional inform ation  on 

p r in c ip a l s t r e s s  o rie n ta tio n s . F or exam ple, in fe re n c es  ab o u t s t r e s s  

fie ld s may b e  made from  h o rizo n ta l slip  d irec tio n s  on f a u l t s . L inear 

volcanic s t r u c tu r e s  u su a lly  lie along p lan es  p e rp e n d ic u la r  to  axes of 

le a s t p r in c ip a l s t r e s s  and  h en ce  a re  a n o th e r  ty p e  of geologic s t r e s s  

in d ic a to rs  (N akam ura, Jaco b , and  D av ies, 1978). T he t r e n d s  o r o rien ­

ta tio n s  of p o s tg lac ia l b u ck led  s t r u c tu r e s  can  also b e  u se d  to  in fe r  p e r ­

p e n d ic u la r  d irec tio n s  to  maximum com pressive  s t r e s s  t r e n d s  (S b a r and 

S y k e s , 1983).

In te rp re ta t io n s  of s t r e s s  d a ta  b a se d  on th e se  m easurem ent te c h ­

n iq u e s  dep en d  on th e  te c h n iq u e (s )  u sed  and  th e  co n s is te n cy  in the  

d a ta . S ev e ra l o th e r  fa c to rs  su ch  as re s id u a l s t r a in s ,  load ing  h is to r ie s , 

th e rm ally  in d u ced  s t r e s s e s ,  and  e ffe c ts  of local to p o g ra p h y  may a ffec t 

reg io n a l s t r e s s  p a t te rn s  o r com pletely overm ask  reg iona l t r e n d s .
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S tre s s  P ro v in ces

In tra p la te  deform ation  g en e ra lly  o c c u rs  a t a low er r a te  and  in a 

m ore sp o rad ic  fash ion  th a n  in te rp la te  d e fo rm atio n « W ithin th e  in te r io r  

of th e  N orth  Am erican p la te , a s t r e s s  p ro v in c e  can be  d e fin ed  as a co­

h e re n t  p a t te rn  of s t r e s s  o r ie n ta tio n s , Node spac ing  of th e  coarse  g rid  

(F ig u re  3) c o n s tra in s  th e  am ount of re so lu tio n  a tta in ab le  in  ca lcu la ting  

in tra p la te  s t r e s s e s  o B ecause  th e  d is tan ce  be tw een  nodes ra n g e s  from a 

few h u n d re d  to  a th o u sa n d  k ilo m e te rs , s t r e s s  p ro v in c e s  a re  defined  

su ch  th a t  th e y  encom pass a s ig n ific an t num b er of e lem en ts . Some of 

th e se  la rg e -s c a le  p ro v in c e s  a re  d efined  b y  c h a ra c te r is tic  reg io n a l s t r e s s  

t r e n d s  due to  th e  tec to n ic  p ro c e sse s  d riv in g  th e  p la te ; o th e r  p ro v in ces  

r e p re s e n t  s t r e s s  s ta te s  th a t  a re  p o ssib ly  re la te d  to th e se  tec to n ic  p ro c ­

e sse s  b u t  a re  p ro b a b ly  in flu en ced  to a g re a te r  d eg ree  b y  local o r rem a­

n e n t phenom ena. Specific  s t r e s s  p ro v in c e s  of th e  p la te  w ere specified  

an d  in d iv id u a lly  in v e s t ig a te d  in  te rm s of th e  p ro c e sse s  th a t  a t t r ib u te  to 

th e ir  c h a ra c te r is t ic  s t r e s s  s ta te s .  T h ese  p ro v in c e s  a re  o u tlin ed  in 

F ig u re  4,

The ab u n d an ce  of in tra p la te  s t r e s s  d a ta  fo r co n tin en ta l N orth  

Am erica is overw helm ing . T he so u rces  of th e se  da ta  a re  q u ite  num er­

o u s , T h o ro u g h  com pilations of su ch  d a ta  a re  in c lu d ed  in  a few 

so u rc e s : Zoback and  Zoback (1980), Zoback and  o th e rs  (n , d , ) ,  and

R ich ard so n  (1 987b), By u s in g  d a ta  from th e se  so u rc e s , la rg e -sc a le  

c h a ra c te r is t ic  s t r e s s  re g io n s  w ere e s ta b lish e d  fo r th e  N o rth  American 

p la te , A d e sc rip tio n  of c h a ra c te r is tic  s t r e s s  t re n d s  and  th e  d a ta  u sed  

to  define th e se  t r e n d s  will be  d isc u sse d  fo r each p ro v in c e .



a . C oarse g rid  with 328 elem ents b .  Fine g rid  with 718 elem ents
and  190 nodes and 396 nodes

F ig u re  3. F in ite-elem ent g rid s
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F ig u re  4. N orth  A m erican p la te  s t r e s s  p ro v in ces  and  dom inant 
s t r e s s  t r e n d s
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M id-C ontinen t S tre s s  P ro v in ce

T he M id-C ontinen t s t r e s s  p ro v in ce  in  th e  s tab le  co n tin en ta l in ­

te r io r  is th e  la rg e s t  a re a  of th e  N orth  A m erican p la te  fo r w hich a r e l ­

a tiv e ly  c o n s is te n t t r e n d  fo r p rin c ip a l s t r e s s e s  e x is t s . T h is  s t r e s s  

p ro v in ce  encom passes th e  c e n tra l and  e a s te rn  p o rtio n s  of N orth  America 

e a s t of th e  Rocky M ountains, n o r th  of th e  Gulf C oastal P la in , and  w est 

of th e  A ppalach ian  fold belt* T he p ro v in ce  includes, th e  w este rn  

C anadian  b a s in  and  th e  C anadian  Shield  n o r th  to th e  A rc tic  coast* 

C h a ra c te r is tic  maximum h o rizo n ta l com pressive  p rin c ip a l s t r e s s e s  in th is  

tec to n ica lly  s tab le  reg io n  t r e n d  n o r th e a s t  to e a s t-n o r th e a s t*  The u n i­

form ity  of th is  s t r e s s  p a t te rn  o v e r su ch  a la rg e  a re a  s u g g e s ts  th a t  

th e se  in fe r r e d  s t r e s s e s  a re  p ro b a b ly  of tec to n ic  o rig in .

F a u lt-p lan e  so lu tions fo r th is  p ro v in c e  ty p ica lly  in d ica te  s tr ik e  

slip  and  th r u s t  of re v e r s e  movement along fau lt p la n e s . D eviations 

from  th is  t r e n d ,  e * g . , in  th e  New M adrid a re a  in  so u th e a s te rn  M issouri, 

a re  assum ed to b e  th e  r e s u l t  of localized e ffe c ts  and  a re  n o t in d ica tiv e  

of lith o sp h e ric  re sp o n se  to  tec to n ic  p ro c e s s e s .

C o n sis ten t w ith  th e  focal m echanism  so lu tio n s , s t r e s s e s  in fe rre d  

from in  s itu  m easurem ents p ro v id e  va lu ab le  inform ation  in  seism ically 

in ac tiv e  areas* N um erous h y d ro f ra c tu re  and  s tra in - re l ie f  m easurem ents 

w ere tak en  in th e  m id -co n tin en t reg io n  of N orth  A m erica. R eferences 

and  d e sc rip tio n s  of th e se  m easurem ents w ere tak en  from Zoback and  

Zoback (1980) and  R ich ard so n  1978b). S b a r and  S ykes (1973) found 

geologic fe a tu re s  su ch  as p o s t-g lac ia l b u c k le s  and  p o p -u p s  th a t  t re n d  

n o r th w e s t. T he t r e n d s  of th e se  fe a tu re s  su g g e s t th a t  maximum com­

p re s s iv e  s t r e s s  o rie n ta tio n s  should  be  n o r th e a s t .
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In  s i tu  w ork  done b y  G ough, F o rd ]o r an d  Bell (1983) and  

F o rd jo r, Bell and  G ough (1983) s u g g e s t th a t  th is  s tab le  co n tin en ta l in ­

te r io r  p ro v in ce  e x te n d s  to  th e  A rc tic  co ast th ro u g h  th e  w e s te rn  C ana­

d ian  sed im en ta ry  b a s in . T hey  u se d  alignm ent of f r a c tu re s  o r "b re a k ­

ou ts"  in oil w ells to  in fe r  h o rizo n ta l com pressive  s t r e s s  o r ie n ta tio n s  in  

th is  re g io n .

A tlan tic  C oast S tre s s  P ro v in ce

Zoback and  Zoback (1980) d e fin ed  th e ir  A tlan tic  C oast s t r e s s  

p ro v in c e  as th a t  reg io n  in c lu d in g  th e  A tlan tic  C oastal P la in , th e  P ied ­

m ont p ro v in ce  of th e  so u th e rn  A p p a lach ian s, and  all of th e  A ppalachian  

fold b e lt  in  th e  n o r th e a s t . E arly  in v e s tig a tio n s  b y  S b a r an d  S ykes 

(1983) re v e a le d  th e ir  s t r e s s  s ta te s  in  th e  A tlan tic  co asta l reg io n  a re  

c o n s is te n t w ith  th e  s tab le  co n tin en ta l in te r io r .  R ecen t s tu d ie s  in South  

C aro lina in d ica ted  th a t  s t r e s s  t r e n d s  in  th e  so u th e rn  A ppalach ians may 

b e  c o n s is te n t w ith  th o se  in  th e  s tab le  co n tin en ta l in te r io r  (e . g . , 

T alw ani, 1981; M. L. Zoback, .1984, p e rso n a l commun.)  T he most r e ­

cen t s t r e s s  in d ic a to r n e a r  A u b u rn , New Y o rk , is a h y d ro f ra c tu re  mea­

su rem en t in  a 1 .6 -km  deep  well (H ickm an, H ealy , and  Z oback , n . d . ) .  

From  o rie n ta tio n s  of h y d ra u lic  f r a c tu re s  a t 593-m and  919-m d e p th s , 

maximum h o rizo n ta l p rin c ip a l s t r e s s  azim uths a re  in fe r r e d  to  b e  N .

82° ± 15° E. H ow ever, Zoback and  Zoback (1980) and  Zoback and  o th ­

e r s  ( n . d . )  h av e  compiled a w ealth  of s t r e s s  d a ta  th a t  s u g g e s t  th a t  max­

imum h o rizo n ta l com pressive  s t r e s s e s  in  th is  reg io n  tr e n d  n o r th w e s t . 

T he ev idence  fo r th is  t r e n d  in  th e  so u th e rn  p o rtio n  of th e  A tlan tic  

C oast is n o t as conv incing  and  overw helm ing as th e  a b u n d a n t d a ta
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n o r th  of la t 40° N. T he o r ie n ta tio n s  in fe r r e d  fo r th e  s o u th e rn  reg ion  

b y  Zoback and  Zoback (1980) a re  b a se d  p rim arily  on fa u lt o ffse ts  in  

p o s t-E o cen e  sed im en ts . N um erous in  s itu  m easurem ents as well as focal 

m echanism s hav e  b een  g a th e re d  fo r th e  n o r th e rn  A tlan tic  co asta l reg io n . 

F a u lt-p lan e  so lu tions s u g g e s t th a t  e a r th q u a k e s  in  th is  reg io n  a re  u s u ­

ally c h a ra c te r iz e d  as th r u s t  an d  s tr ik e -s l ip  motion along th e ir  fau lt 

p la n e s . T he o rie n ta tio n s  of th e  fa u lt p lan es  s u g g e s t com pression  p e r ­

p e n d ic u la r  to th e  coastal m argin  in  a n o rth w e s t d irec tio n .

S tre s s  t r e n d s  in  th is  p ro v in ce  a re  m ost re c e n tly  believed  b y  M. 

L. Zoback (1984, p e rso n a l com m un.) to  b e  co n s is te n t w ith  th e  M id-Con­

t in e n t s t r e s s  p ro v in ce  in  th e  s o u th e rn  A ppalach ians up  to  la t 37° N. 

and  along th e  n o r th e a s te rn  seab o a rd  above Maine. H ow ever, she b e ­

lieves th a t  maximum p rin c ip a l s t r e s s  o r ie n ta tio n s  in  th e  n o r th e rn  

A ppalach ians so u th  of Maine and  e a s t of th e  A d irondacks and  th e  

A u b u rn  well t r e n d  n o r th w e s t.

The co n tin en ta l sh e lf of N orth  Am erica is also in c lu d ed  in th is  

s t r e s s  p ro v in c e . C on tin en ta l sh e lv es  m ark  th e  b o u n d a ry  be tw een  con ti­

n e n ta l and  oceanic l i th o sp h e re . T hese  p a ss iv e  m argins a re  un like  p la te  

b o u n d a rie s  in  th a t  th e y  lack  a b u n d a n t seism ic a c tiv ity . H ow ever, 

s t r e s s e s  a sso c ia ted  w ith  th e  su b sid en ce  of sed im en ta ry  m ateria l and 

la te ra l d e n s ity  inhom ogeneities along th e  sh e lf  may e x is t .

Gulf C oast S tre s s  P ro v ince

The Gulf C oast s t r e s s  p ro v in ce  in c lu d es  th e  so u th e rn  p o rtio n  of 

th e  Gulf C oastal s ta te s  and  e x ten d s  in to  th e  Gulf of Mexico. Within 

th is  re g io n , a sed im en t-load ing  phenom enon ap p ea rs  to  b e  th e  dom inant



19

p ro c e ss  a ffec tin g  th e  s t r e s s  s ta te s .  T h ro u g h o u t th e  p ro v in c e , th e  

g re a te s t  p r in c ip a l s t r e s s  is  in  th e  v e r tic a l d ire c tio n ; th e  le a s t p rin c ip a l 

s t r e s s  is o r ie n te d  p e rp e n d ic u la r  to  th e  co n tin en ta l m arg in  (Zoback and  

o th e r s » 1978)» th u s  su g g e s tin g  th a t  an  ex ten s io n a l s t r e s s  reg im e c h a r­

a c te r iz e d  b y  norm al fa u ltin g  e x is ts  fo r th is  p ro v in c e . T he s t r e s s  d a ta  

u se d  b y  Zoback and  Zoback (1980) to  in fe r  s t r e s s  o rie n ta tio n s  inc lude  

o rie n ta tio n s  of re c e n tly  ac tiv e  fa u lts  and  L ate  T e r t ia ry  norm al fa u lts . 

O th e r in  s i tu  in d ic a to rs  a re  r e s t r ic te d  to th e  shallow sed im ent la y e rs  

an d  do n o t sam ple th e  u n d e rly in g  b e d ro c k , h en ce  th e y  re v e a l s t r e s s  

cond itions fo r local, shallow  phenom ena an d  n o t reg io n a l tec to n ic  

p ro c e s s e s .

One w e ll-reco rd ed  e a r th q u a k e  o c c u rre d  in th e  Gulf of Mexico in 

1978. A focal m echanism  fo r th e  e v e n t in d ic a te s  n o r th - s o u th  com pres­

sion in s te a d  of ten sio n  as in fe r r e d  from e a r lie r  s tu d ie s  of fa u lt p lan es  

in  th a t  reg io n  (F ro h lich , 1982); h o w e v e r, th e  m agn itude  o f th is  e a r th ­

q uake  is  p ro b a b ly  too small to in d ica te  an y th in g  ab o u t th e  reg iona l 

s t r e s s  reg im e.

I

O ceanic S tre s s  P ro v in ce

B oth co n tin en ta l and  oceanic ty p e s  of lith o sp h e re  e x is t fo r th e  

N orth  A m erican p la te . T he co n tin en ta l m arg in  is  r e p re s e n te d  b y  th e  

o ffsh o re  sh e lf , w hich is  in c lu d e d  in  th e  coasta l p ro v in c e s  fo r th e  p u r ­

pose  of th is  in v e s tig a tio n . T he O ceanic s t r e s s  p ro v in ce  in c lu d es  all 

oceanic li th o sp h e re  le ss  th a n  app rox im ate ly  100 m . y .  old in th e  N orth  

A tlan tic  and  A rc tic  O cean s . T he oceanic m ateria l is le s s  su sc e p tib le  to  

focal phenom ena su ch  as g lacial b u ck lin g  and  sedim ent lo ad in g . At
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p r e s e n t ,  in v e s t ig a to rs  of th e  O ceanic s t r e s s  p ro v in ce  a re  lim ited to 

e a r th q u a k e  focal m echanism s, a lth o u g h  oceanic w ellbore b re a k o u t d a ta  

from th e  Pacific p la te  (N ew m ark, Zoback, an d  A n d e rso n , 1984) in d ica te  

th a t  o th e r  te ch n iq u es  may soon b e  availab le  fo r  in fe r r in g  s t r e s s  in  an 

oceanic p la te . With th e  p o ssib le  ex cep tio n  of therm ally  in d u ced  s tre s s e s  

cau sed  b y  cooling of th e  oceanic l i th o s p h e re , oceanic s t r e s s e s  in th e  

N orth  A m erican p la te  a re  p ro b a b ly  re la te d  to  tec to n ic  p ro c e sse s  o ccu r­

r in g  a t th e  M id-A tlantic  R id g e . Maximum h o rizo n ta l com pressive  

s t r e s s e s  a re  o rie n te d  approx im ate ly  p a ra lle l to  dow ndip o r in c re a s in g -  

age  d ire c tio n s  from th e  r id g e . T he m ag n itu d es  of th e se  com pressive 

s t r e s s e s  due to  fo rces  from  th e  e lev a ted  r id g e  a re  an a ly tica lly  d e te r ­

m ined to b e  on th e  o rd e r  of s ev e ra l te n s  of MPa ( e . g . ,  L is te r , 1975; 

R ic h a rd so n , Solom an, and  S leep , 1979; T u rc o tte  and  S c h u b e r t ,  1982; 

F le ito u t and  F ro id ev a u x , 1983). Localized norm al fa u ltin g  e v e n ts  n e a r  

th e  r id g e  c re s t  a re  p ro b a b ly  th e  r e s u l t  of local e ffec ts  re la te d  to th e  

up  w elling of m antle m ateria l a t th e  sp re a d in g  a x is . A n o th e r local e ffec t 

th a t  may dom inate tec to n ic  s t r e s s e s  o c cu rs  along th e  R eyk janes R idge in  

Ic e lan d . Haim son and  V oight (1977) claim ed th a t  th e rm o elastic  p ro c ­

e sse s  cau sed  maximum h o rizo n ta l com pressive  s t r e s s  o rie n ta tio n s  to be 

o r ie n te d  p a ra lle l in s te a d  of p e rp e n d ic u la r  to  th e  r id g e  in  Ic e la n d ,

N o rth e a s te rn  S tre s s  P ro v in ce

T he N o rth e a s te rn  s t r e s s  p ro v in ce  encom passes th e  n o rth e rn m o st 

p a r t  of N orth  A m erica, th e  B affin  B ay , an d  th e  L ab rad o r Sea , and  i t  

e x te n d s  o v e r to  G reen lan d . T he g re a te s t  co n cen tra tio n  of d a ta  fo r th is  

p ro v in ce  lie in  th e  B affin  Bay a re a . Zoback and  o th e rs  ( n . d . )  a re
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p re s e n tin g  e x te n s iv e  focal m echanism  d a ta  th ro u g h o u t th e  reg io n  • From 

th e i r  com pilation th e y  d e te rm in ed  th a t  a w ide ra n g e  of s t r e s s  s ta te s  

a p p e a rs  to  e x is t fo r th is  p ro v in c e . T hey  also in d ic a ted  th e  wide v a r i­

e ty  of local p ro c e sse s  th a t  could p o ssib le  c o n tr ib u te  to  th e  ra n g e  of 

o b se rv e d  s t r e s s  o rie n ta tio n s  an d  deform ational s ty le s . Some of th e se  

m echanism s a re  b e liev ed  to  b e  re la te d  to  p re e x is tin g  fa u lts  an d  f ra c tu re  

zones an d  sed im en ta ry  load ing  phenom ena along co n tin en ta l sh e lv e s . 

T he d a ta  a re  q u ite  d iffu se  in  th is  p ro v in c e , and  no c h a ra c te r is t ic  t r e n d  

can b e  in fe r r e d  from th e  d a ta  b a se . With th e  in c lu s io n s  of th is  p ro v ­

in c e , all reg io n s  in  th e  e a s te rn  p o rtio n  of th e  N orth  A m erican p la te  

(e a s t of th e  R ocky M ountains) hav e  b een  d efined  o r in c o rp o ra te d  in to  

some s t r e s s  p ro v in c e .

San A n d reas  S tre s s  P ro v in ce

E ast and  w est of th e  Rocky M ountains lie two seem ingly  in d e ­

p e n d e n t tec to n ic  reg im es. T ecton ic  p ro c e ss  th a t  a p p e a r  to  b e  a ffec ting  

th e  w e ste rn  reg io n  a re  p ro b a b ly  th e  r e s u l t  of Pacific and  N orth  Amer­

ican  p la te  in te ra c t io n s . T he  San A n d reas  tra n s fo rm  b o u n d a ry  betw een  

th e se  two p la te s  is th e  m ost seism ically  ac tiv e  reg io n  in  th e  N orth  

A m erican p la te  an d  is  th u s  being  co n sid e re d  as an in d iv id u a l p ro v ­

in ce— th e  same p ro v in ce  as defined  b y  Zoback and  Zoback (1980). The 

m ajor fau lt t r e n d s  n o rth w e s t w ith  co n jugate  fa u lts  s tr ik in g  a t angles 

oblique to  th is  t r e n d .  T he o rie n ta tio n  of th e  maximum h o rizo n ta l com­

p re s s iv e  s t r e s s e s  a re  app rox im ate ly  n o r th - s o u th  (Zoback and  Zoback, 

1980). The g en era l s ty le  of deform ation  is s tr ik e  s lip , th u s  th e  le a s t 

p r in c ip a l s t r e s s e s  a re  c h a ra c te r iz e d  b y  d ev ia to ric  ten s io n  in  an
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e a s t-w e s t d ire c tio n . T h is  s ty le  of deform ation  ch an g es  n e a r  th e  Big 

B end  reg io n  of th e  San A n d reas  fa u lt .  H ere th r u s t  an d  re v e r s e  fa u lt­

in g  p red o m in a te , th u s  s t r e s s  in  th e  v e r tic a l d irec tio n  is  th e  le a s t  

p r in c ip a l s t r e s s .  N ear th e  Big B end a re a , com pressional fe a tu re s  su b ­

p a ra lle l to  th e  fa u lt  s u g g e s t th a t  a norm al com ponent of com pression 

e x is ts  along th e  fau lt (Zoback an d  o th e r s ,  1978).

T he G arlock fa u lt ,  so u th  of th e  Big B en d , is  in c lu d e d  in  th e  

San A n d reas  s t r e s s  p ro v in c e . T h is  le f t- la te ra l  fau lt e x te n d s  eas tw a rd  

to  th e  b o u n d a ry  of th e  B asin  and  R ange s t r e s s  p ro v in c e . N o rth  of th e  

G arlock fa u lt ,  th e  S ie rra  N evada R ange m arks a tra n s itio n a l zone in  

w hich th e  ch iefly  s tr ik e -s l ip  deform ational s ty le  o b se rv e d  in  th e  San 

A n d reas  s t r e s s  p ro v in c e  ch an g es  to an ex ten s io n a l tec to n ic  regim e in 

th e  B asin  and  R ange s t r e s s  p ro v in c e .

B asin  an d  R ange S tre s s  P ro v in ce

T he B asin  and  R ange s t r e s s  p ro v in c e  is  b o u n d ed  b y  th e  S ie rra  

N evada in  th e  w est an d  th e  In te rm o u n ta in  Seismic B elt in  c e n tra l U tah 

an d  A rizona to th e  e a s t .  I t  e x te n d s  n o r th  in to  O regon an d  so u th  in  

C en tra l A m erica to  th e  Cocos b o u n d a ry . T he s t r e s s  p a t te r n  o b se rv ed  

in  th e  Rio G rande R ift in  New Mexico and  Colorado is sim ilar to th a t in  

th e  B asin  an d  R ange s t r e s s  p ro v in c e , so th is  a rea  to th e  e a s t  of th e  

Colorado P la teau  is  in c lu d ed  in  th e  B asin an d  R ange s t r e s s  p ro v in ce .

T he B asin  an d  R ange s t r e s s  p ro v in c e  is c h a ra c te r iz e d  b y  a r e l­

a tiv e ly  th in  c r u s t ,  h ig h  h e a t flow , and  reg io n a l u p lif t an d  ex ten sio n  

(S te w a rt, 1977; Zoback and  o th e rs ,  n . d . ) .  Normal an d  s tr ik e -s lip  

fau ltin g  is th e  c h a ra c te r is t ic  deform ation s ty le  in fe r re d  fo r th is  re g io n .



23

D eviato ric  te n s io n a ls tre s s e s  a re  g e n e ra lly  o rie n te d  w e s t-n o r th w e s t . 

C om ponents of s tr ik e -s l ip  motion on th e  norm al fa u lts  a re  o b se rv e d  in  

th e  so u th e rn  p o rtio n  of th e  p ro v in c e  (Z oback and  Zoback, 1980). 

T h ese  s t r e s s  o rie n ta tio n s  a re  c o n s tra in e d  b y  num erous focal m echanism s 

d e te rm in ed  fo r th is  re g io n . L ittle  o r  no seism ic d a ta  e x is t  fo r  Mexico, 

so n o r th e rn  Mexico is in c lu d e d  in  th is  p ro v in c e  sim ply due to lack  of 

ev id en ce  to  claim i t  an  in d iv id u a l s t r e s s  p ro v in c e . P e rp e n d ic u la r  com­

p re s s iv e  s t r e s s e s  re la te d  to  th e  su b d u c tio n  of th e  Cocos p la te  b e n ea th  

Mexico may o ccu r lan d w ard  from th is  b o u n d a ry . T he n o r th e rn  Rocky 

M ountains a re  also in c lu d ed  in th is  p ro v in c e  b ecau se  s t r e s s  s ta te s  in  

th is  reg io n  a re  c o n s is te n t w ith  th o se  in th e  B asin  an d  R ange s t r e s s  

p ro v in c e . Sm aller s t r e s s  p ro v in c e s  in  b e tw een  th e se  two a re a s , e . g . ,  

th e  Snake R iv e r p la in , a re  assum ed  to b e  due to  v e ry  localized  phenom ­

ena  and  a re  n o t in d ica tiv e  of reg io n a l p ro c e s s e s . Also a re a s  of th is  

small size a re  n o t w ith in  th e  re so lu tio n  of th e  m odels.

Colorado P la teau  S tre s s  P ro v in ce

T he Colorado P la teau  s t r e s s  p ro v in c e  is  most eas ily  d e sc rib ed  as 

th e  in te r io r  of th e  Colorado P la teau , ex c lu d in g  a few h u n d re d  k ilom eters 

on b o th  s id es  of th e  p h y s io g ra p h ic  p ro v in c e  and  in c lu d in g  th e  Wyoming 

B asin  an d  p o rtio n s  of th e  S o u th e rn  and  Middle Rocky M ountain p h y sio ­

g ra p h ic  p ro v in c e s . A 9 0 -d eg ree  ro ta tio n  of le a s t p r in c ip a l s t r e s s  axes 

o c cu rs  in  th is  p ro v in ce  from th e  B asin  a n d  R ange s t r e s s  p ro v in c e . 

Seism icity  in  th e  p ro v in ce  is  r a r e ,  ex cep t in  th e  n o r th e rn  p o rtio n  of th e  

p la te a u . T he ab sen ce  of s u b s ta n tia l seism ic ac tiv ity  may s u g g e s t re la ­

tiv e ly  small d iffe re n tia l s t r e s s e s  (Zoback an d  Zoback, 1980). H orizontal
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com pressive  s t r e s s e s  a re  g en era lly  o r ie n te d  w e s t-n o r th w e s t . Both 

s tr ik e - s l ip  and  th r u s t  fau ltin g  o ccu rs  in  th e  p ro v in c e .

S o u th e rn  G rea t P lains S tre s s  P ro v in ce

T he S o u th e rn  G rea t P lains s t r e s s  p ro v in c e  in c lu d es  n o r th -  

c e n tra l T e x a s , e a s te rn  New Mexico, an d  C olorado. T he reg io n  is a 

uniform  tra n s itio n a l zone b e tw een  th e  ex ten s io n a l tec to n ic  reg im es to th e  

w est and  th e  com pressive  tec to n ic s  o b se rv e d  to th e  e a s t .  N um erous 

re fe re n c e s  of geologic and  in  s i tu  s t r e s s  in d ic a to rs  as well as focal 

m echanism s fo r th is  p ro v in ce  a re  c ited  b y  Zoback and Zoback (1980). 

Most of th e se  in d ic a to rs  re v e a l norm al fa u ltin g  e v e n ts  th ro u g h o u t th e  

re g io n . T he le a s t p rin c ip a l h o rizo n ta l s t r e s s e s  a re  o r ie n te d  ap p ro x i­

m ately n o r th - n o r th e a s t .

Pacific  N o rth w est S tre s s  P ro v in ce

T he a rea  in c lu d ed  in  th e  Pacific N o rth w est s t r e s s  p ro v in ce  is 

s lig h tly  la rg e r  th a n  th e  Pacific N o rth w est s t r e s s  p ro v in ce  of Zoback and  

Zoback (1980). I t  in c lu d es  m ost of O reg o n , W ashington, and  so u th e rn  

B ritish  Colum bia. T he g re a te s t  h o rizo n ta l p rin c ip a l s t r e s s  d irec tio n  is  

c o n s is te n t w ith  o rie n ta tio n s  of th is  s t r e s s  com ponent in  th e  San A ndreas 

s t r e s s  p ro v in c e . B oth  s tr ik e -s l ip  and  th r u s t ,  fau ltin g  o ccu rs  as a re s u lt  

of n o r th - s o u th  com pression  in  th e  re g io n . T h ese  conclusions, a re  draw n 

from  num erous focal m echanism s g iven  b y  Zoback and  Zoback (1980).

A laska S tre s s  P rov ince

With th e  ex cep tio n  of A laska and  th e  A leutian  a rc  com plex, 

s t r e s s  d a ta  in  th e  n o r th w e s te rn  p o rtio n  of th e  N orth  A m erican p la te  is
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n o n e x is te n t. T h is  re g io n  of th e  p la te , in c lu d in g  A la sk a , th e  B ering  

Sea , an d  th e  n o rth w e s t c o rn e r  of A sia, will b e  c o n sid e red  th e  A laska 

s t r e s s  p ro v in c e . N um erous geologic an d  v o lcan ic , in  s i tu  " b re a k o u ts ,"  

and  seism ic s t r e s s  in d ic a to rs  e x is t fo r  th e  B ering  Sea an d  A laska . Most 

d a ta  c o n s is te n tly  re v e a l maximum h o rizo n ta l com pressive  s t r e s s  o r ie n ta ­

tio n s  in an  approx im ate ly  n o rth w e s t d irec tio n  (N akam ura an d  o th e r s ,  

1977; Jacob an d  P e re z , 1982). T h ese  o rie n ta tio n s  a re  approx im ate ly  

su b p a ra lle l to  th e  re la tiv e  motion v e c to rs  be tw een  th e  Pacific  and  N orth  

A m erican p la te s .



CH APTER 4

MODELING METHOD

In  u s in g  a f in ite -e lem en t te ch n iq u e  to  model th e  N orth  Am erican 

p la te , th e  p la te  is t r e a te d  as  a lin e a rly  e las tic  co n tin u u m . T he d is ­

p lacem ent m ethod of fin ite  elem ents is  u se d  in th e  m odeling schem e. 

T he fundam en tal c o n s tra in t  in  th e  m odeling is th a t  th e  e las tic  p la te  

rem ain  in  m echanical eq u ilib riu m . H ence, all e x te rn a l lo ad s  app lied  to 

th e  p la te  m ust b e  b a lan ced  b y  in te rn a l s t r a in s , In  th e  d isp lacem ent 

m ethod , th e  co n tinuous medium is d iv id ed  in to  a num ber of tr ia n g u la r  

elem ents of f in ite  a re a . T hese  elem ents a re  in te rc o n n ec te d  b y  a fin ite  

nu m b er of p o in ts  called n o d e s . When e x te rn a l loads a re  ap p lied  to th e  

medium of know  rheo log ic  and  geom etric p r o p e r t ie s , unknow n d isp lace ­

m ent of th e  in te rn a l node p o in ts  may b e  ca lcu la ted . D isplacem ent w ith in  

an elem ental a re a  may b e  ev a lu a ted  from nodal p o in t d isp lacem en ts . 

T he num ber of nodes p e r  elem ent de term in es  th e  o rd e r  of th e  polynomial 

fu n c tio n s  th a t  u n iq u e ly  define  th e  d isp lacem ent w ith in  an  elem ent in 

te rm s of th e  elem ents nodal d isp lacem en ts . B ecause d isp lacem en ts  w ith ­

in  th e  t r ia n g u la r  e lem ents v a ry  lin e a rly  in  x  and  y , th e  s t r a in  w ithin a 

g iven  elem ent is in d e p e n d e n t of location  w ith in  th e  elem ent and  has  a 

c o n s ta n t v a lu e . T he dim ension of th e  m atrix  con tain ing  th e  polynom ial 

fu n c tio n s  is  d e term in ed  b y  th e  d eg ree  of freedom  o r co o rd in a te  d ire c ­

tio n s  of d isp lacem ent fo r any  in te r io r  p o in t of an e lem en t. T he t r i ­

a n g u la r  e lem ents u sed  to  model th e  N orth  Am erican p la te  h av e  two
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d e g re e s  of freedom  a t each  node p o in t ; one in  th e  la titu d in a l and  one 

in  th e  lo n g itu d in a l d ire c tio n . T he to ta l d e g re e s  of freedom  p e r  elem ent 

is  th e re fo re  s ix . T he d e g re e s  of freedom  fo r any  in te r io r  p o in t of an 

elem ent a re  a fu n c tio n  of th e  co rre sp o n d in g  nodal d e g re e s  of freedom  

fo r th e  e lem ent. R ig id -b o d y  motion is c o n s tra in e d  b y  "p in n in g "  specific  

node p o in ts . By p in n in g  a n o d e , c e r ta in  d e g re e s  of freedom  fo r th a t  

node a re  c o n s tra in e d .

T he re la tio n sh ip s  b e tw een  d isp lacem en t w ith in  an  elem ent i and  

th e  elem ental s t r a in  is  g iven  b y :

{b> = [B.] {6}e 

w h e re : { e } = s tra in  v e c to r

{6} = nodal d isp lacem ent v e c to r

[B .] = s tra in  o p e ra to r  m atrix  co n ta in ing  d e riv a tiv e  o p e ra to rs  of 

th e  nodal d isp lacem en ts .

T he d isp lacem ent fu n c tio n s  define  th e  s tr a in  w ith in  an elem ent w hich, in  

tu r n ,  de te rm in es  th e  s ta te  of s t r e s s  th ro u g h o u t and  along th e  b o u n d a­

r ie s  of an e lem en t. T he e las tic  re la tio n sh ip s  betw een  s t r e s s  and  s tra in  

is  lin e a r  and  is g iven  b y :

{c> = [D.] {e>

w h e re : {0 } = elem ent s t r e s s  v e c to rs

[D^l = e la s tic ity  m atrix  th a t  co n ta in s  ce r ta in  m ateria l p ro p e r tie s . 

From s t r e s s - s t r a in  re la tio n sh ip s  g iven  b y  H ooke's law fo r p lan e  s t r e s s ,  

th e  e la s tic ity  m atrix  is g iven  in  th e  form :
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' 1 v 0 '

v 1 0

. 0 °  -

w h ere : E = Y oung 's  m odulus

v = P o isso n 's  r a t io .

An elem ent s tif fn e s s  m atrix  d e p en d e n t on th e  geom etry  and  th e  

e las tic  p ro p e r tie s  of th e  e lem ent is th e n  ca lcu la ted  from  th e  re la tio n  

( Z ienkiew iez, 1971):

[K 1 = /  [B ]T [D ] [B .I h  dx  dy  
• A rea

w h e re : h  = th ic k n e ss  of e lem ent,
j

Each elem ental s tif fn e s s  m atrix  in  a local coo rd in a te  system  is 

tran sfo rm ed  to  a global s t if fn e s s  m atrix  [K] re p re s e n tin g  th e  e n tire  

p la te . In  ad d itio n , a global m atrix  [U] is  e s ta b lish e d  as th e  v ec to r of 

unknow n nodal d isp lacem ents  fo r th e  whole p la te . T he m atrix  [F] is 

d e fin ed  as a v e c to r  th a t  con ta in s all e q u iv a len t nodal fo rce  inform ation 

in  th e  global co o rd in a te  sy stem . The term  11 eq u iv a len t nodal force" 

r e f e r s  to  th e  s ta tic  equ iv alen ce  of th e  nodal loads to th e  b o u n d a ry  

s tr e s s e s  and  th e  d is tr ib u te d  loads (ac tin g  on a u n it volum e w ithin  an 

elem ent in  th e  same d irec tio n  as th e  d isp lacem ents  of th e  volum e) on th e  

elem ent (Z ienkiew iez, 1971), T hese  th re e  m atrices a re  u se d  to e s tab lish  

th e  equ ilib rium  condition  fo r a fin ite -e lem en t approxim ation  to an e lastic  

medium g iven  b y  B athe  and  Wilson (1976) .:

[D.]

[K] [U] = [F] (4-1)
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E valua ting  th is  e x p re ss io n  inv o lv es  m aking reaso n ab le  assum ptions fo r 

[F ] , p ro v id in g  th e  in form ation  n e c e s sa ry  to develop [K] , and  th ro u g h  

in v e rs e  te c h n iq u e s  so lv ing  fo r [U ].

Solving fin ite -e lem en t p roblem s e n ta ils  m ultiple m atrix  o p era tio n s  

on re la tiv e ly  la rg e  lin e a r  sy s tem s . E ffic iency  in develop ing  th e  problem  

is  e sse n tia l fo r  time and  economic re a so n s . I t  is  th u s  ad v an tag eo u s  to 

u se  c o n s ta n t- s tra in  t r ia n g u la r  e lem ents to  model th e  p la te . H igher 

o rd e r  elem ents would in c re a se  th e  nu m b er of d e g re e s  of freedom  and  

h en ce  d ra s tic a lly  in c re a se  th e  size  of th e  p rob lem . A lso, tr ia n g u la r  

e lem ents of a p la te  on th e  E a r th 's  su rfa c e  b e s t  approx im ate  th e  s p h e r ­

ic ity  of th e  E a r th .

T he co arse  g r id  is com posed of 328 elem ents and  190 n o d es , 

w hich y ie ld s 380 d e g re e s  of freedom  (F ig u re  3 a ). T he f in e r  g rid  has 

718 elem ents and  396 n odes fo r w hich th e re  a re  792 d e g re e s  of freedom  

(F ig u re  3 b ) .

T he w a v e -fro n t so lu tion  te ch n iq u e  of Iro n s  (1970) is  u sed  to  

ev a lu a te  th e  equ ilib rium  condition  of eq u a tio n  (4 -1 ) . T h is  te ch n iq u e , 

b a se d  on G aussian  elim ination , re q u ire s  th e  assem blage in  in -co re  

s to ra g e  of a s t if fn e s s  m atrix  of elem ents h av in g  a p a r t ic u la r  d eg ree  of 

freedom . B ack su b s ti tu tio n  co effic ien ts  from th is  m atrix  a re  th en  

t r a n s f e r r e d  to  e x te rn a l com puter s to ra g e  as th is  d e g re e  of freedom  is 

rem oved from th e  p ro b lem . T he t r a n s f e r  of in -c o re  s t i f fn e s s  m atrix  

elem ents fo r a c e r ta in  d e g re e  of freedom  to e x te rn a l s to ra g e  is co n tin ­

u ed  u n til all d e g re e s  of freedom  hav e  b een  rem o v ed . B efore  any  one 

d e g re e  of freedom  is e lim inated , a minimal num ber m ust b e  s im ultaneous­

ly  assem bled . T h is  num ber is called th e  f ro n t w id th  of th e  p ro b lem .
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O ptim izing th e  elem ent nu m b erin g  schem e in  a problem  minimizes th is  

v a lu e  an d  in c re a se s  th e  c e n tra l p ro c e ss in g  u n it  (CPU) tim e n e c e s sa ry  to 

p e rfo rm  th e  ca lcu la tio n s .

T he f ro n t w id th  of th e  co arse  N o rth  A m erican g r id  ra n g e s  from 

35 to 38, d ep en d in g  on th e  d e g re e s  of freedom  sp ec ified  fo r  a g iven 

m odel; fo r th e  fine g r id  th e  f ro n t w id th  in c re a se s  to  90. T he CPU 

time n e c e s sa ry  to  ex ecu te  p ro g ram  SOLV, w hich p erfo rm s th e  f in ite -  

elem ent a n a ly s is , in c re a se s  from  ab o u t 10 seco n d s fo r  th e  co arse  g rid  to 

66 seco n d s fo r th e  fine g r id  on th e  U n iv e rs ity  of A rizo n a 's  CYBER 176 

c o m p u te r.

Once all d e g re e s  of freedom  h av e  b een  elim inated , b ack  s u b s t i­

tu tio n  is u se d  to ev a lu a te  th e  nodal p o in t d isp lacem ents in  an  o rd e r  th a t  

is  th e  r e v e r s e  of th e  d e g re e  of freedom  elim ination schem e. Once [K] 

h a s  b e en  c o n s tru c te d , i t  is  le f t  in  o u ts id e  s to ra g e  in o rd e r  to minimize 

com pilation tim e.

E lastic  Models

T he N orth  A m erican p la te  is t r e a te d  as an e las tic  medium fo r
4

w hich oceanic elem ents a re  a ss ig n e d  a th ic k n e ss  of 5 * 10 m and  co n ti-
5

n e n ta l elem ents a th ic k n e ss  of 1 x 10 m. A value  fo r Y oung 's  m odulus 

u se d  fo r all lith o sp h e ric  elem ents is  7 .0  x 1 0 ^  N /m 2; how ever only a 

sp a tia l c o n tra s t  in  th e  va lue  of E a ffe c ts  calcu la ted  s t r e s s e s  becau se  

fo rces  r a th e r  th a n  d isp lacem en ts  a re  a p p lied . P o isso n 's  r a t io , v, is 

ta k e n  to  be  0 .25 .

T he fin ite -e lem en t te ch n iq u e  allows fo r v a ria b le  e la s tic  param ­

e te r s  and  m ateria l p ro p e r tie s  to be  u sed  fo r d if fe re n t e lem en ts . A more
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re a lis t ic  way of m odeling th e  re la tiv e ly  warm  m antle m ateria l a t th e  

M id^A tlantic R idge would b e  to u se  a sm aller va lue  fo r Y o ung 's  m odu­

lu s . L ikew ise , c o n v e rg en t zones and  tra n s fo rm  fa u lts  may ac t as 

so ft re g io n s  as well as  some in tra p la te  re g io n s  su ch  as th e  B asin  and  

R ange s t r e s s  p ro v in c e . V ariab le  Y o ung 's  moduli may b e  a ss ig n e d  to  

th e se  re g io n s  to b e t te r  model th e ir  rheo log ic  p ro p e r t ie s .  F or th e  

p u rp o se  of th is  in v e s tig a tio n , h o w ev er, all models assum e a hom ogen­

eous e las tic  medium.



POTENTIAL PLATE DRIVING FORCES

T he fo rce s  th a t  ac t on th e  N orth  A m erican p la te  can b e  d iv ided  

in to  a t le a s t  fo u r ty p e s : (1) r id g e  fo rces  re la te d  to th e  g rav ita tio n a l

p o te n tia l of th e  e lev a ted  M id-A tlantic  R id g e , (2) fo rce s  th a t  ac t along 

sh e a rin g  o r tra n s fo rm  b o u n d a rie s  an d  p ro v id e  re s is ta n c e  to  th e  re la tiv e  

motion b e tw een  th e  N orth  A m erican an d  ad jacen t p la te s , (3) fo rces  th a t  

a c t on th e  p la te  ac ro ss  su b d u c tio n  z o n e s , an d  (4) b a sa l d ra g  fo rces 

th a t  ac t along th e  bottom  of th e  p la te , T he b asa l fo rce  ty p e s  may in ­

clude  d riv in g  d ra g  and  re s is t iv e  d ra g  b o th  of which a re  a fu n c tio n  of 

th e  re la tiv e  motion of th e  lith o sp h e ric  p la te  o v e r th e  le s s  v isco u s  a s -  

th e n o sp h e re .

CH APTER 5

R idge F o rces

T he M id-A tlantic  R idge acco u n ts  fo r about tw o - th ird s  of th e  

le n g th  of th e  b o u n d a ry  b e tw een  th e  N orth  A m erican p la te  and  s u r ­

ro u n d in g  p la te s .  R idge fo rces  th u s  s u b s ta n tia lly  dom inate any  o th e r 

b o u n d a ry  fo rce  ty p e  in  te rm s of a re a  o v e r w hich th e  fo rce  a c ts .  T his 

a rea l dom inance s u g g e s ts  a g re a t p o ten tia l fo r r id g e  fo rce  to  b e  a major 

c o n tr ib u tin g  ty p e  of fo rce  in  th e  m echanical p ro c e ss  th a t  d r iv e s  the  

N orth  A m erican p la te .

T he M id-A tlantic R idge becom es a to p o g rap h ic  fe a tu re  m arking  a 

zone of p la te  d iv e rg e n c e . T he r id g e  is e lev a ted  w hen th e  upw elling  of 

th e  h o t m antle m ateria l in c re a se s  th e  b u o y an cy  of th e  h o t t e r , th in n e r
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p la te  a t th e  r id g e  a x is . As th e  p la te  moves away from th e  r id g e , it  

cools and  th ic k e n s  and  becom es more d e n se ; hence  i t  s in k s  d e ep e r in to  

th e  m antle . L a te ra l d e n s ity  c o n tra s ts  a sso c ia ted  w ith th e  sp re ad in g  

p la te  in d u ce  a g ra v ita tio n a l p o ten tia l th ro u g h o u t th e  le n g th  of th e  p la te  

w h ereb y  a com ponent of th e  g ra v ita tio n a l fie ld  cau ses  i t  to sp re a d  away 

from th e  c re s t  b y  g ra v ity  s lid in g . The o c cu rren c e  of th e  g rav ita tio n a l 

s lid in g  phenom enon can also b e  ex p la in ed  as th e  e lev a ted  r id g e !s hav in g  

excess p o te n tia l e n e rg y  and  sp re ad in g  o u t in  o rd e r  to o b ta in  a low er 

e n e rg y  s ta te  (F o rsy th  an d  U yeda, 1975). T he r id g e  fo rce  ac ts  along 

th e  g ra d ie n t of s te e p e s t  slope o r in  th e  d irec tio n  of most ra p id  age 

in c re a se  from any  g iven  p o in t along th e  r id g e  c re s t .  By choosing a 

rea so n ab le  value  fo r th e  fo rce  e x e r te d  on th e  su rfa ce  p la te  due to 

g ra v ita tio n a l s lid in g , th e  im portance  of lith o sp h e ric  th ic k e n in g  to th e  

to ta l d riv in g  m echanism  is  d e te rm in ed . U sing simple flow m odels, H ager 

an d  0 1 C onnell (1981) show ed th a t  therm ally  in d u ced  d e n s ity  c o n tra s ts  in 

th e  lith o sp h e re  a re  su ffic ie n t to d riv e  p la te s  a few cen tim ete rs  a y e a r 

and  s t r e s s  th e  in te r io r  reg io n s  of a p la te . H ager an d  O1 Connell also 

b e liev ed  th a t  r id g e  bod y  fo rces  a re  more im p o rtan t c o n tr ib u to rs  to th e  

to ta l d riv in g  m echanism  th a n  th e  n e t b o d y  fo rces a sso c ia ted  w ith a 

s in k in g  s la b . P rev io u s  w ork done b y  A rty u sh k o v  (1978) and  R ich ard ­

son  (1976a) also s u p p o rte d  th is  h y p o th e s is . L is te r  (1975) an d  T u rco tte  

and  S c h u b e rt (1982) b e liev ed  th a t  th e  to ta l fo rce  due to  e lev a ted  r id g e s  

an d  th e  n e t fo rce  from su b d u c tin g  s lab s  a re  on th e  same o rd e r  of mag­

n itu d e ; w ithou t any  su b d u c tin g  slab a tta c h e d  to th e  N orth  Am erican 

p la te , r id g e  fo rces  a p p ea r to have  th e  g re a te s t  p o ten tia l to d riv e  th e  

p la te .
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T he fo rce s  ac tin g  on th e  p la te  due  to  th e  e lev a ted  r id g e  may be  

ev a lu a ted  b y  co n sid e rin g  th e  to ta l fo rce  ba lan ce  fo r th e  su rfa c e  p la te  

(A rty u sh k o v , 1973; L is te r ,  1975; T u rc o tte  an d  S c h u b e rt (1982). T h is 

n e t h o rizo n ta l fo rce  on th e  li th o sp h e re  is fo u n d  b y  s u b tra c t in g  th e  to ta l 

fo rce  on th e  u p p e r  su rfa c e  of th e  li th o sp h e re  and  th e  in te g ra l  of th e  

p re s s u re  in  th e  li th o sp h e re  from th e  to ta l l i th o s ta tic  p r e s s u r e  b e n ea th  

th e  r id g e  (T u rc o tte  and  S c h u b e r t ,  1982). U sing b o th  g rav ita tio n a l 

s lid in g  an d  therm al m odels, estim ates of th e  m agn itudes of r id g e  fo rces 

p e r  u n it  le n g th  of r id g e  a re  found  to  ra n g e  from 1 x 10"*"̂  to  5 % 10"*"̂  

N /m , d ep en d in g  on th e  form ulation  u sed  to  ob ta in  th e  estim ate  and  

v a lu es  chosen  fo r v a rio u s  therm al c o n s ta n ts  (L is te r , 1975; R ich ard so n , 

1976a; T u rc o tte  an d  S c h u b e r t ,  1982). As f i r s t  approx im ation  to th is  

to ta l r id g e  fo rce  ac tin g  on th e  N orth  A m erican p la te , a " lin e -rid g e"  

form ulation was u sed  to  ob ta in  an id ea  o f th e  s ig n ifican ce  of rid g e  

fo rce s  in  th e  to ta l d riv in g  m echanism .

Line R idge F o rces

P relim inary  r id g e  models w ere co n d u c ted  u s in g  a l in e -r id g e  ap ­

p rox im ation . In  th e se  m odels, a fo rce  p e r  u n it  le n g th  of r id g e  (su b -
12se q u e n tly  r e f e r r e d  to as F ^ /i) of 1 % 10 N/m is ap p lied  a t th e  rid g e

b o u n d a ry  in  th e  d irec tio n  of re la tiv e  p la te  m otion. T he N o rth  American

p la te  is m oving clockw ise w ith  re s p e c t to  th e  E u rasian  p la te  abou t a

ro ta tio n  pole a t 65° N . ,  132.4° E. a t a r a te  of 0.23 ° /m .y . (M inster and

J o rd a n , 1978). T he to ta l fo rce  ap p lied  a t any  node p o in t along th e
12r id g e  c re s t  is th e  p ro d u c t of 1 x 10 and  h a lf  of th e  d is ta n c e  betw een  

th e  two ad jacen t nodes on th e  r id g e . A fo rce  of th is  m agn itude  app lied
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o v e r a 5 .0  x 10 -m -th ic k  p la te  p ro d u c e s  a s t r e s s  ac ro ss  th e  p la te  of 20 

MPa.

T he node p o in t locations a re  c o n v e r te d  from c o n s ta n t ra d iu s  

p o la r co o rd in a tes  to  C a r te s ia n  co o rd in a tes  b y  th e  r e la t io n s :

x  = c o s( la t)  cos (long) 

y  = co s( la t)  s in  (long) 

z = s in ( la t)

w here  la t is  th e  la titu d e  and  long is th e  lo n g itu d e  of a g iven  node 

p o in t. T he a rc  cosine of th e  dot p ro d u c t of th e  p o sition  v e c to rs  in 

C arte s ian  sp ace  fo r two ad jacen t nodes to  a node in w hich a fo rce  is 

b e in g  app lied  a re  th e n  ca lcu la ted  in  o rd e r  to de term ine  th e  an g u la r  d is ­

ta n ce  be tw een  th e  n o d es . T he h a lf -a rc  d is ta n ce  fo r th e  two nodes is 

th e  a p p ro p r ia te  le n g th  of r id g e  c o rre sp o n d in g  in  th e  in te rm ed ia te  node 

b y  w hich th e  c o n sta n t l in e -r id g e  fo rce . F^ISL, is  m ultip lied  to  ob tain  a 

to ta l fo rce  to b e  app lied  a t th a t  no d e .

T he fo rce  app lied  a t any  node is in  th e  d irec tio n  of re la tiv e  

p la te  motion b e tw een  th e  N orth  A m erican p la te  and  th e  ad jacen t p la te  to 

th e  r id g e . T he re la tiv e  motion poles a re  ta k en  from M inster and  Jo rd an  

(1976). To determ ine  th e  d irec tio n  in  w hich to app ly  r id g e  fo rces at 

each node p o in t , th e  re la tiv e  motion pole co rre sp o n d in g  to  a g iven  node 

is t ra n s la te d  in to  C a rte s ia n  sp ace . T he re la tiv e  velocity  fo r each node 

p o in t is th e n  ca lcu la ted  as th e  c ro ss  p ro d u c t of th e  C a rte s ia n  position  

v e c to r  fo r th e  node and  th e  re la tiv e  motion po le .

T he re la tiv e  velocity  v e c to rs  a re  th e n  tra n s la te d  b ack  in to  con­

s ta n t  ra d iu s  p o la r co o rd in a tes  b y  th e  co n v ersio n :
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Uja t = Vx  cos (long) s in ( la t)  -  V sin  (long) s in ( la t)  

+ Vz cos (la t)

an d

Ulon = Vy cos (long) -  Vx  sin  (long)

T he v e locity  v e c to r , Uja^ ,U jon c o rre sp o n d in g  to  each  node is th e n  

norm alized and  m ultip lied  b y  th e  a rc  d is ta n c e  co rre sp o n d in g  to  th e  

n o d e . T h is  p ro d u c t y ie ld s  a v e c to r  w ith  a m agn itude  g iven  b y  th e  

le n g th  (in  ra d ia n s )  of th e  r id g e  c o rre sp o n d in g  to a node p o in t th a t  a c ts

in  a d irec tio n  p a ra lle l to  th e  re la tiv e  motion of th e  two ad jacen t p la te s .
12T his v e c to r  h a s  a m agn itude  of 1.0  x 10 N /m , w hich is equal to an

4
a v e rag e  s t r e s s  of 20 MPa a v e rag e d  ac ro ss  th e  5 x 10 -m -th ic k  p la te .

As a f i r s t  approx im ation  to m odeling r id g e  fo rc e s , th e  lin e -r id g e  

m ethod is su ff ic ie n t. T h ese  fo rces  a re  show n in F ig u re  5. Along th e  

e lev a ted  reg io n  of oceanic li th o s p h e re , h o w ev er, th e  to ta l cum ulative 

fo rce  shou ld  in c re a se  from  zero  a t th e  r id g e  to  a v a lu e  in  th e  deep 

ocean b a s in  of sim ilar m agn itude  to th e  fo rce s  u sed  in  th e  line  r id g e  

m odel. A n o th e r shortcom ing  of th e  line  r id g e  model is th a t  th e  to ta l 

r id g e  fo rce  co rre sp o n d in g  to  a c e r ta in  age of sp re ad in g  lith o sp h e re  is 

ap p lied  on th e  p la te  a t th e  sp re a d in g  c e n te r  and  n o t a t th e  d is tan ce  

away from th e  r id g e  co rre sp o n d in g  to  th is  ag e . A lso, ocean  b a th y m e try  

o r r id g e  to p o g ra p h y  is n o t a fa c to r  in  th e  line  r id g e  model even  th o u g h  

th e y  a re  e sse n tia l p a ra m e te rs  in  a g ra v ita tio n a l s lid in g  form ulation for 

r id g e  fo rc e s .

B ecause  r id g e  fo rces  a re  re la te d  to  th e  cooling an d  sin k in g  of 

th e  p la te  as it  moves from  th e  r id g e , th e  fo rce  is n o t co n s ta n t



37

F ig u re  5. Line r id g e  fo rces
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th ro u g h o u t th e  le n g th  of th e  r id g e » as assum ed  b y  th e  line  r id g e  model 

b u t  a fu n c tio n  of th e  d is ta n ce  from  th e  r id g e ,  and  so a model th a t  d is ­

t r ib u te s  r id g e  fo rce s  th ro u g h  th e  e n tire  to p o g rap h ic  e x p re ss io n  of th e  

e lev a ted  oceanic l i th o sp h e re  is  a more re a lis t ic  re p re se n ta tio n  of th e  

p o te n tia l p la te -d r iv in g  p henom enon .

D is tr ib u te d  R idge F o rces

D is tr ib u te d  r id g e  fo rce  models a re  d e sig n ed  to p ro v id e  a more 

re a lis t ic  m ethod of m odeling r id g e  fo rc e s . Inc rem en ta l fo rce s  a re  com­

p u te d  fo r each  elem ent of th e  oceanic li th o s p h e re . T he to ta l cum ulative 

r id g e  fo rce  grow s w ith  d is ta n ce  away from  th e  r id g e . B oth  a g ra v ita ­

tiona l s lid ing  and  a cooling h a lf-sp a c e  form ulation  w ere u sed  to model 

th e  d is tr ib u te d  r id g e  fo rc e s . B oth  m ethods w ere th e n  com pared and  

c o n tra s te d  in  a te s t  c a se . D escrip tio n  and p ro c e d u re  of th e  m odeling 

te c h n iq u e s  an d  th e  te s t  case  follow.

G rav ita tio n a l S lid ing  F o rm ula tion . Modeling r id g e  fo rce s  as a 

g ra v ita tio n a l s lid ing  phenom enon re q u ire s  know ledge of la te ra l  d e n s ity  

d iffe ren c es  due to  th e  co o lin g , sp re ad in g  p la te  s in k in g  d e e p e r  in to  th e  

m an tle . T he d e n s ity  c o n tra s t  a sso c ia ted  w ith a c e r ta in  column of ocean 

and  lith o sp h e re  is  a fu n c tio n  of th e  cooling h is to ry  of th e  li th o sp h e re , 

w h ich , in  t u r n ,  d ep en d s  on th e  d is tan ce  of a column from  th e  r id g e  and  

th e  am ount of su b s id e n c e  th a t  h as  o c c u rre d  fo r th e  l i th o s p h e re . T his 

w a te r  d e p th  (w) in  m ete rs  from th e  r id g e  lev e l to any  p o in t along th e  

li th o sp h e re  is  fo und  b y  th e  re la tio n  (T u rc o tte  and  S c h u b e r t ,  1982):

w = 5.80 * 10 5 t*
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w h e re : t  = age  of oceanic l i th o sp h e re  in  seconds

= X /v

X = d is ta n ce  of sp re a d in g  c e n te r ,  in  m eters  

v  = sp re a d in g  r a te  a t r id g e  .

an d  rea so n ab le  v a lu es  h av e  b een  ad o p ted  fo r therm al p ro p e r t ie s  of th e  

p la te .  A g ra v ita tio n a l s lid in g  model is p ro p o se d  th a t  d e p en d s  only on 

w a te r  d e p th  as an  unknow n p a ra m e te r .

T he g rav ita tio n a l fo rce  ac tin g  on an elem ent in  th e  v e rtic a l 

d irec tio n  is d e s ig n a te d  AF sin e  T he com ponent of AF p a ra lle l to th e
.S &

slope of an  elem ent is  AF s in 6 w here  6 is  th e  dip ang le  from h o rizo n -
JL

ta h  T h u s , th e  m agn itude  of an  in c rem en t of r id g e  fo rce  d ep en d s  on 

th e  m agn itude  of 6 fo r  a g iven  elem ent. T he  to ta l r id g e  fo rce  ac ting  on 

an elem ent of oceanic li th o sp h e re  is g iven  b y :

Ap£h s in  6 a re a

w h e re : Ap = d e n s ity  c o n tra s t  b e tw een  w a te r  and  l i th o s p h e re ,

jg = g ra v ita tio n a l acce lera tio n  

h  = lith o sp h e ric  th ic k n e ss  

a re a  = a re a  of an  e lem ent.

T h is  eq u a tio n  is in  ag reem en t w ith  a sim plification of F ra n k 's  (1972) and  

L is te r 's  (1975) fo rm ulations of th e  g ra v ita tio n a l fo rce . T he  increm ental 

fo rce  p e r  u n it  le n g th  of r id g e  is :

Apgh sin  6 (5-1)
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w here  is th e  le n g th  of th e  s id e  of an  elem ent th a t  is  in  th e  local 

down dip d ire c tio n , e sse n tia lly  p e rp e n d ic u la r  to  th e  r id g e .

B ath y m etric  inform ation  fo r each  node p o in t in  th e  oceanic lith o ­

sp h e re  is  u se d  in  th e  fin ite -e lem en t p ro g ram  to  o b ta in  th e  slope of each 

e lem ent, ang le  9. T he b a th y m e tric  d a ta  w ere ob ta in ed  from  a R and/S lO  

Global to p o g rap h ic  l i s t ,  w hich in c lu d es  a v e rag e d  b a th y m e tric  va lues for 

e v e ry  one d e g re e  sq u a re  on th e  E a r th 's  su r fa c e . B athym etric  va lues 

fo r  each  node p o in t a re  in te rp o la te d  from  th e  encom passing  1 -d eg ree  

r e c ta n g le s . Each elem ental fo rce  is  d is tr ib u te d  equally  among th e  ele­

m en t's  th re e  node p o in ts . AF is s e t  eq u a l to  zero  fo r elem ents w ith no 

n e t slope . A lso, no fo rce  is  app lied  to  p in n e d  n o d es . T h ese  fo rces 

a re  show n in  F ig u re  6.

Cooling H alf-sp ace  Form ulation

T he r id g e  fo rce s  due  to  d e n s ity  c o n tra s ts  a re  u ltim ate ly  th e  

r e s u l ts  of therm al cooling of th e  p la te . H ence, th is  fo rce  can be de­

s c r ib e d  in  te rm s of the rm al p a ra m e te rs . T he to ta l F^/Jl as a fu n c tio n  of 

age from th e  r id g e  g iven  b y  P a rso n s  and  R ic h te r  (1980) is :

V *  = £  a Pm T m k  4

w h e re : a = volume ex p an sio n  coeffic ien t

Pm = m antle d e n s ity  

k  = therm al d iffu s iv ity  

T ^  = te m p e ra tu re  of m an tle . 

t  = age of th e  l i th o s p h e re .

F or t  = 50 m .y . an d  rea so n ab le  v a lu es  fo r k  and  T ^ ,  th e  m agn itude  of



a . G rav ita tiona l slid ing  form ulation

b . Cooling h a lf-sp a ce  form ulation

F ig u re  6. D is tr ib u te d  r id g e  fo rces
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12F^/& is  2 x 10 N /m . Therm al models from  L is te r  (1972) and T u rco tte  

and  S c h u b e rt (1942) y ie ld  com parable r e s u l t s .

, As in  th e  g ra v ity  m odel, th e  cooling lith o sp h e re  model can  be 

fo rm ulated  in  te rm s of th e  know n p a ra m e te r , w a te r d e p th . U sing th e  

re la tio n sh ip  fo r w in  te rm s of t  from  T u rc o tte  and  S c h u b e r t (1982):

w 2%  ° ( T m -  V

13 m 13 w

to e x p re s s  th e  cooling lith o sp h e re  fo rm u la tion , also from T u rc o tte  and  

S c h u b e rt (1982),

= £ (Pm -  P j  (w2/2 )  + £ P m a (T m -  T n') k t

in te rm s of w, an eq u a tio n  fo r th e  to ta l F ^/Z w ith  no d ep en d en ce  on t  

r e s u l ts  and  is g iven  b y :

F /Z 
c

( Pm Pw^ [1 +
(pm " V *

2pm “ <Tm -  T o>

U sing rea so n ab le  v a lu es  to ev a lu a te  th e  above e x p re ss io n , F^/& = 3.45 x 

10^ w 2 l4/m , w ith w be in g  w a te r d e p th  below rid g e  c re s t  in  m e te rs .

An e x p re ss io n  u se d  to calcu la te  in c rem en ta l forces,A F^/% , fo r 

each elem ent is o b ta in ed  as  follows:

AFc /Z ?  F c (w1) -  F c (w2)

w h e re : F c (w^) = to ta l r id g e  fo rce  p e r  u n it  le n g th  co rre sp o n d in g  to

th e  d e ep e s t node p o in t of an elem ent a t w a te r  d ep th  

w, v
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F c (w 2 ) = to ta l r id g e  fo rce  p e r  u n it  le n g th  c o rre sp o n d in g  to 

th e  shallow est node p o in t of an  elem ent a t w a ter 

d ep th  Wg.

T h e re fo re ,

AF^/& = 3.54 x 10"*"(w^2 -  W2 2) N/m

N ex t, le ttin g  w^ = w and  w^ = w -  Aw, (w ^2 -  w^^) = 2wAw -  Aw2. 

T h e re fo re  as a f i r s t  ap p ro x im a tio n :

AF It = 7.08 x 10"*" wAw N/m c

w here  "w is th e  av e rag e  w a te r d e p th  fo r an  elem ent below th e  r id g e
3

w here  th e  r id g e  is a ss ig n e d  a c o n s ta n t d e p th  of 2.5 x 10 m. The to ta l 

fo rce  fo r each  elem ent is ca lcu la ted  b y  m ultip ly ing  AF^/& b y  some fra c ­

tion  of (a re a )^  to  ob ta in  a fo rce  in  n ew to n s. T he va lue  fo r th is  m ulti­

p lica tion  fa c to r  d ep en d s  on th e  a sp e c t ra tio  of any  g iven  elem ent. 

T h e re fo re , b y  u s in g  AF^/& x ( a r e a ) 2 as  an ex p re ss io n  fo r th e  to ta l e le­

m ental cooling fo rce , AF^/&, fo rces  fo r e lem ents w ith re la tiv e ly  long 

s id es  norm al to  th e  r id g e  will b e  u n d e re s tim a te d  and  v ice  v e r s a . T hese  

fo rces  a re  shown in  F ig u re  6.

R idge F orce  T e s t C a se . A te s t  case  was co n d u cted  to  compare 

an d  c o n tra s t  m odeling r e s u l ts  o b ta in ed  from  th e  lin e -r id g e  g rav ita tio n a l 

s lid in g  an d  cooling l ith o sp h e re  fo rm ulations p re v io u s ly  d is c u s se d . A 

f u r th e r  goal was to  choose w hich form ulation  would be  th e  b e s t  one to 

u se  in  m odeling r id g e  fo rc e s . A te s t  g r id  (g r id  1) was dev elo p ed , 

w hich is h ig h ly  re f in e d  n e a r  th e  r id g e  an d  becom es in c re a s in g ly  le ss
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re f in e d  away from th e  r id g e .  T he g r id  is  show n in  F ig u re  7. Nodes 

on th e  r ig h t  b o u n d a ry  of th e  g r id  a re  p in n e d  from motion as well as th e  

top  and  bottom  row of n o d es  b e in g  p in n ed  from  motion in  th e  la titu d in a l 

d ire c tio n s .

T he to ta l le n g th  of th e  g rid  is 18 d e g re e s , co rre sp o n d in g  to  a 

lith o sp h e ric  age of 80 m .y . fo r  a sp re a d in g  r a te  of 2 .5  c m /y r . The 

g r id  was e x te n d e d  to 80 m .y . b ecau se  b ey o n d  th is  age th e  sq u a re  ro o t 

law of r id g e  to p o g ra p h y  due  to  therm al co n trac tio n  of a un ifo rm ly  flow­

in g  m ateria l is  no lo n g e r v a lid  (L is te r , 1975). H ence, th e  cooling 

lith o sp h e re  model is  n o t an  a cc u ra te  approx im ation  fo r th e  oceanic 

li th o sp h e re  b ey o n d  th is  p o in t. B eyond th is  ag e , th e  r id g e  fo rce no 

lo n g e r in c re a se s  lin e a rly  w ith  d is ta n ce  from th e  r id g e  b u t  b e g in s  to 

asym pto tica lly  ap p ro ach  a maximum va lu e  in  a sim ilar fash ion  to th e  

r id g e  fo rce  de fin ed  b y  g ra v ita tio n a l s lid in g .

In  fo rm ulating  th e  te s t  c a se , i t  was d e s ire d  th a t  all models y ie ld  

e q u iv a len t to ta l fo rces  fo r a 8 0 -m .y .-o ld  oceanic li th o s p h e re . When a
4

lith o sp h e ric  th ic k n e ss  of 5 x 10 m was u se d  fo r th e  g ra v ity  model, th e  

to ta l r id g e  fo rce  p e r  u n it  le n g th , f W &, a t 80 m .y . fo r b o th  th e  g ra v ity  

an d  cooling models was 3 x 1(P N /m . T he lin e -r id g e  fo rc e s , be ing  a 

c o n s ta n t w ith d is ta n ce  from th e  r id g e , was se t equal to  th is  v a lu e .

F in a lly , to ta l F^/& va lu es  a t e v e ry  10 -d eg ree  in c rem en t away 

from th e  r id g e  w ere an a ly tica lly  ca lcu la ted  u s in g  th e  following eq u a­

tio n s :



RIDGE

DISTANCE FROM RIDGE (degrees)

b . T es t g rid  2

F ig u re  7. T e s t g rid s 4̂
in
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F^/& = 3 x 1012 N /m , fo r th e  line  r id g e  model.

F^/& = 3.54 x 10"*" w 2 N/m fo r th e  cooling lith o sp h e re  model 

F / =  &p_ghw fo r th e  g ra v ita tio n a l s lid in g  m odel. -
M.

T h ese  so lu tions a re  p lo tte d  in  F ig u re  8.

T he g ra v ity  equ atio n  u sed  to calcu la te  th e  an a ly tica l so lu tion  

was o b ta in ed  from th e  p re v io u s ly  d e riv e d  equ atio n  (5-1) fo r th e  in c re ­

m ental fo rce  p e r  u n it  le n g th  b y  s u b s t i tu t in g  w fo r s in 0 . B ecause 

sin6 = w /X , w here  w an d  X a re  th e  to ta l w a te r d e p th  and  d is ta n ce  from 

th e  r id g e  fo r a c e r ta in  a g e , Z.x s in 6 = SLX (w /X ), w hich is  approx im ate ly  

eq u a l to  w fo r small 0.

In  F ig u re  8, th e  lin e a r  d ep en d en ce  of th e  cooling fo rce  on th e

age of th e  li th o sp h e re  is show n. T he ch an g e  in  w ith  X o r t  is a

c o n s ta n t. T he g ra v ita tio n a l s lid ing  p lo t in d ica te s  th a t  F is  p ro p o r-
1 ^

tio n a l to  X. T h ese  r e s u l ts  also in d ica te  th a t  X d ep en d en ce  of w a ter 

d ep th  w ith d is ta n ce  from th e  r id g e  th a t  s u g g e s ts  a p a rab o lic  sh ap e  fo r 

th e  ocean—lith o sp h e re  in te r fa c e .

S tre s s  is  equal to fo rc e /a re a . H ow ever, to de term ine  th e  

re s u lt in g  s t r e s s e s  from th e  n o n co n stan t analy tic  g ra v ita tio n a l, and  

cooling fo rce  so lu tions in  th e  te s t  case , th e  change in  F^/& w ith 

d is ta n ce  fo r b o th  models h ad  to b e  in te g ra te d  over th e  nodal d is tan ce . 

T he s t r e s s e s  w ere ca lcu la ted  u s in g  th e  e x p re s s io n :
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LINE-RIDGEE 3.0

=> 1.0

40MA

DISTANCE FROM RIDGE

F ig u re  8. T otal cum ulative fo rces  and  s tr e s s e s  from rid g e  force 
te s t  case
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o(x) = ^ / ((3Fr/£)8x)3x
o

T he s tr e s s e s  fo r all th re e  fo rce  models w ere found  to in c re a se  w ith d is ­

ta n ce  away from th e  r id g e  in  th e  same fash io n  as th e  fo rce s  (F ig u re  8 ) .

T he same te s t  was co n d u c ted  u s in g  th e  com puter algorithm s 

p re v io u s ly  d is c u s se d . T he  re s u l ts  fo r  b o th  th e  cooling a n d  g ra v ity  

models show th a t  th e  co m p u te r-ca lcu la ted  fo rce s  w hen summed to g e th e r , 

a c c u ra te ly  m atch th e  an a ly tica l so lu tion  w ith  only one s tip u la tio n . In ­

crem enta l fo rce s  fo r an  elem ent a re  ca lcu la ted  as fu n c tio n s  of a re a  and  

th e  to ta l ch an g e  in  w a te r d e p th  ac ro ss  th e  e lem ent. A lthough  th e  

ca lcu la ted  elem ental fo rce s  may b e s t  b e  a ss ig n e d  to th e  elem ent 

c e n tro id , th e  b e s t  ag reem en t of th e  an a ly tic  w ith th e  calcu la ted  

so lu tions is  o b ta in ed  w hen th e  fo rces  a re  p lo tte d  a t th e  age o r d is tan ce  

co rre sp o n d in g  to  th e  d e e p e s t node p o in t. T he co m p u te r-ca lcu la ted  ele­

m ental s t r e s s e s  fo r all th re e  models fo r an  elem ent a re  th e n  p lo tted  a t 

th e  d is tan ce  c o rre sp o n d in g  to  th e  elem ent c en tro id  (F ig u re  8 ) . T hese 

s t r e s s  v a lu es  re a so n a b ly  approx im ate  th e  an aly tica lly  determ ined  

s t r e s s e s .

In  co n d u ctin g  th is  te s t  case , th e  ac tu a l va lues fo r  SL w ere in ­

c lu d ed  in s te a d  of u s in g  th e  approx im ation  fo r of ( a r e a ) 2 . A second 

te s t  g r id  (F ig u re  7) w ith  elem ents of com parable dim ensions to th e  

co arse  g rid  (F ig u re  4) r id g e  elem ent was u se d  to te s t  w h e th e r th e se  

elem ents could su ffic ie n tly  approx im ate  th e  c u rv a tu re  of th e  lith o sp h e re  

n e a r  th e  r id g e . T he approx im ation  of in  te rm s of a re a  an d  th e  la rg e  

elem ent sizes n e a r  th e  r id g e  w ere found  to  b e  su ffic ien t to  y ie ld  force

x
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and  s t r e s s  r e s u l ts  fo r all th re e  fo rce  models approx im ate ly  eq u al to b o th  

th e  an aly tica l an d  com puter so lu tions from th e  f i r s t  te s t  case .

C o n tin en ta l T o p o g rap h y  F orces

In  ad d ition  to r id g e  fo rc e s , fo rces  ac ting  on th e  l i th o sp h e re , 

a rise  from d e n s ity  h e te ro g e n e itie s  in  th e  con tin en ta l c ru s t  and  u p p e r  

m an tle . As to th e  case  fo r th e  e lev a ted  r id g e , p o ten tia l e n e rg y  is 

s to re d  in  e lev a ted  co n tin en ta l re g io n s  as well as in com pensating  ro o t 

sy stem s o T h is g ra v ita tio n a l p o ten tia l a sso c ia ted  w ith c ru s ta l  th ic k n e ss  

v a ria tio n s  y ie ld s a h o rizo n ta l fo rce  th a t  a c ts  to re d u c e  th e  th ic k n e ss  

h e te ro g e n e itie s  in  th e  co n tin en ta l c ru s t  „ A ccording  to  A rty u sh k o v  

(1978) , th e  s t r e s s e s  re la te d  to v a ry in g  c ru s ta l  th ic k n e s s e s , and  conse­

q u e n tly  la te ra l  d e n s ity  inhom ogeneities, ra n g e  from a few te n s  to a 

h u n d re d  MPa. In  a d d itio n , th e  com pressive  s tr e s s e s  in d u ced  b y  th e  

cold ro o t of a m ountain  a re  alone able to su s ta in  m oun ta in -b u ild in g  

p ro c e sse s  in d e p e n d e n t of tra n sm itte d  fo rces  from a g re a t d is ta n c e , i . e . ,  

from th e  r id g e « S tre s s  o rien ta tio n s  in  th e  n o r th e rn  A ppalach ian  and 

Rocky M ountains a re  in c o n s is te n t w ith th e  b ro ad  e a s t-n o r th e a s t  

com pressive  s t r e s s  t r e n d s  of th e  s tab le  co n tin en ta l in te r io r  (Zoback and 

Z oback, 1980) an d  in d ica te  th a t  in  ad d ition  to  th e  r id g e  fo rce  a force o r 

fo rces  re la te d  to m ountain  system s is p o ss ib ly  acting  on th e  con tinen tal 

l ith o sp h e re  •

A nalysis  of in tra c o n tin e n ta l s t r e s s  s ta te s  due to  to p o g rap h y  

re q u ire s  co n sid e ra tio n  of la te ra l v a ria tio n s  in  th e  m echanical p ro p e r t ie s ,  

d e n s ity  c o n tra s ts ,  and  geom etrical c o n s tra in ts  fo r th e  lith o sp h e re  

(F le ito u t and  F ro id ev a u x , 1982) • A form ulation d e p en d e n t on unknow n
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p a ra m e te rs  sim ilar to  th o se  in  th e  g ra v ita tio n a l s lid in g  r id g e  fo rce  

form ulation  was so u g h t th a t  would e x p re s s  h o rizo n ta l s t r e s s  in  th e  con­

tin e n t as a fu n c tio n  of co n tin en ta l to p o g ra p h y  and  la te ra l  d e n s ity  d if­

fe re n c e s .

T he h o rizo n ta l fo rce  p e r  u n it  le n g th  due to la te ra l  d iffe ren c es  

in  d e n s ity  is th e  in te g ra l  ev a lu a ted  from th e  to p o g rap h ic  v a lu es  to th e  

com pensation d e p th , d , of th e  d iffe ren ce  be tw een  th e  l i th o s ta tic  p r e s ­

s u re s  fo r  a lith o sp h e ric  column an d  a re fe re n c e  colum n. T h is  fo rce  

e x p re ss io n  is g iven  b y  (R ich a rd so n , 1978b):

d
F = /  P R (z) -  PL (z) dz (5-2)

topo

w here  P R = p r e s s u r e  in  th e  re fe re n c e  column

PR = p r e s s u r e  in  an  a rb i t r a ry  li th o sp h e ric  colum n.

T h is p r e s s u r e , P (z ) , re la te d  to th e  w eigh t of o v e rly in g  m ateria l a t a 

g iven  d e p th  z can b e  e x p re s s e d  as:

z
P (z ) = /  £ p ( z ') d z l (5-3)

topo

w here  p(z) is  th e  d e n s ity  a t d e p th  z. S im ilarly , th e  av e rag e  v e rtic a l 

s t r e s s  in  a column of l i th o sp h e re  is re la te d  to  th e  d iffe ren c e  in th e  

li th o s ta tic  p re s s u re  in  th e  column and  a re fe re n c e  column and  is ex ­

p re s s e d  as:

d

topo
£Ap(z) zdzazz
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w h ere  p(z) is ta k en  to b e  <Pre fe re n c e  '  Pcolum n) in  o rd e r  to comply 

w ith  th e  conven tion  u se d  in  th e  g ra v ity  s lid in g  m odeling fo r a r id g e  in  

w hich a fo rce  im p ressed  on an oceanic column from a r id g e  re fe re n c e  

column h as  a p o s itiv e  s ig n . I f  is  p o s itiv e  in  a g iven  colum n, th e  

column is  e x e r tin g  a rad ia lly  ou tw ard  fo rce , w hich a c ts  to  com press 

su rro u n d in g  lith o sp h e re  an d  c re a te  a s ta te  of d ev ia to ric  ten sio n  w ith 

r e s p e c t  to  th e  re fe re n c e  column in  th e  column i ts e lf .

A p h y s ica l q u a n tity  know n as d e n s ity  moment h a s  a va lue  th a t  

is  a fu n c tio n  of c ru s ta l  th ic k n e ss  and  to p o g ra p h y . C ru s ta l th ic k n e ss  

and  to p o g ra p h y  a re  ideal model p a ra m e te rs  w ith  w hich to  form ulate an 

ex p re ss io n  fo r h o rizo n ta l s t r e s s e s  due to c ru s ta l  th ic k n e ss  inhom ogen­

e itie s  fo r th e  co n tin en ta l and  sh e lf  p o rtio n s  of th e  p la te . An e x p re s ­

sion fo r azz in  te rm s of th e se  two p a ra m e te rs  th u s  y ie ld s an e x p re ss io n

of a in  te rm s of moment M. F le itou t and  F ro id ev au x  (1982) re la ted  zz

azz and  M b y  th e  eq u a tio n s :

L
M = /  Ap(z)zdz (5-4)

topo

T he p h y s ica l s ig n ifican ce  of th e  d e n s ity  moment is a p p a re n t b y  com par­

ing  eq u a tio n s  (5-2) and  (5 -4 ) . The q u a n tity  (Mj?) is th u s  a ho rizon ta l 

fo rce  p e r  u n it  le n g th  e q u iv a len t to th e  fo rce  ex p ress io n  in  term s of 

p re s s u re  d iffe ren c es  (eq u a tio n  5 -2 ) .

To model th e se  fo rces  re la te d  to th e  d en s ity  moment fo r con ti­

n e n ta l l i th o sp h e re , c ru s ta l  th ic k n e ss  v a lu es  fo r each node p o in t a re  

in te rp o la te d  from a global th ic k n e ss  map (S e lle r, R o y , and  B row n, 

1983) . T h is map is a co n to u red  com pilation of v a rio u s  c ru s ta l  th ic k n e ss
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d e term in a tio n s  from su rfa c e  wave re fra c tio n  s tu d ie s . C o n to u red  c ru s ta l 

th ic k n e sse s  a re  shown fo r th e  N orth  A m erican p la te  in  F ig u re  9„ In  

ad d itio n , to p o g rap h ic  v a lu es  fo r th e  same nodes w ere o b ta in ed  from th e  

same global d a ta  se t and  w ere in te rp o la te d  in th e  same fash ion  as th e  

b a th y m e tric  d a ta  fo r th e  oceanic l i th o s p h e re , A th ree -d im en sio n a l p lo t 

of to p o g rap h ic  and  b a th y m e tric  v a lu es  fo r th e  p la te  was g e n e ra te d  to 

v isu a lize  th e  re la tiv e  d iffe ren c es  in e leva tion  th ro u g h o u t th e  p la te  th a t  

c o n tr ib u te  to  some form  of g ra v ita tio n a l slid ing  fo rc e s « T he p lo t

(F ig u re  10) is on a M ercator p ro je c tio n , an d  th e re fo re  a re as  n e a r  th e  

n o r th  g eo g rap h ic  pole (top  of f ig u re )  a re  h ig h ly  d is to r te d .

In  th e  m odeling schem e developed  to  ev a lu a te  th e se  fo rce s , th e  

d e n s ity  moments fo r each  elem ent w ere ca lcu la ted  u s in g  equ atio n  (5-4) . 

T he av e rag e  to p o g rap h ic  and  c ru s ta l  th ic k n e ss  va lu es  fo r each elem ent 

w ere f i r s t  ev a lu a ted  from th e  th re e  nodal p o in t p a ra m e te rs . Each e le­

m ent can b e  th o u g h t of as a v e r tic a l column hav in g  a c e r ta in  elevation  

above o r below sea  lev e l, a c e r ta in  c ru s ta l  th ic k n e s s , w hich inc ludes 

to p o g ra p h y  and  a re s u l ta n t  m antle th ic k n e ss  equal to  th e  com pensation 

d e p th  m inus th e  c ru s ta l  th ic k n e ss  below sea  lev e l. A re fe re n c e  column 

o r elem ent re p re s e n tin g  th e  v e rtic a l d e n s ity  s t ru c tu re  of th e  Mid-

A tlan tic  R idge was u sed  in  th e  m odeling schem e. The re fe re n c e  column 
3 3in c lu d es  2 .5  x 10 m of w a te r of d e n s ity  1.03 x 10 km /m 3 , no c ru s ta l

3m ate ria l, and  a co n s ta n t m antle d e n s ity  of 3.23 x 10 k g /m 3 fo r a to ta l

5th ic k n e ss  of 1 x 10 m fo r th e  colum n. T he m antle d e n s ity  value was 

chosen  so th a t  th e  re fe re n c e  column would have  th e  same w eigh t as th e  

r id g e  re fe re n c e  columns of Hess (1972) and  F le itou t and  F ro id ev au x  

(1983).
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F ig u re  9. C o n to u red  c ru s ta l th ic k n e sse s  fo r N orth  American 
p la te . — From S eller and  o th e rs  (1982).



LONGITUDE

F ig u re  10. T hree-d im ensional to p o g rap h y  of th e  N orth American p la te  on a 
M ercator p ro jec tion
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By assum ing  an oversim plified  c ru s ta l  d e n s ity  s t r u c tu r e —a con­

s ta n t  d e n s ity  of 2.76 % 10^ k g /m 3 fo r all co n tin en ta l c r u s t—an av erag e  

m antle d e n s ity  fo r  each  elem ental column can  b e  ca lcu la ted  b y  eq u a tin g  

th e  av e rag e  d e n s ity  fo r th e  whole column w ith th a t  of th e  re fe re n c e . 

T h u s , in  th is  approx im ate  model of th e  v e r tic a l d e n s ity  s t r u c tu r e  fo r 

th e  co n tin en ta l p o rtio n  of th e  p la te , a c o n s ta n t d e n s ity  fo r  all c ru s t  was 

assum ed  and  a v a ria b le  m antle d e n s ity  was e s ta b lish e d  th a t  en ab les all 

elem ental colum ns to  b e  in  iso s ta tic  equ ilib rium  w ith th e  re fe re n c e  col­

umn an d  h en ce  w ith  each  o th e r .

Once a h o rizo n ta l fo rce  p e r  u n it  le n g th  equal to  (Mg) is  calcu ­

la te d  fo r an  elem ent, i t  is  ap p lied  in  th e  d irec tio n  norm al to  th e  th re e  

elem ental fa c e s . T he fo rce  p e r  u n it  le n g th  ac ting  in  th e  d irec tio n s  of 

th e  th re e  u n it  v e c to rs  norm al to  th e  faces  is c o n v e rted  to  a to ta l fo rce  

b y  m ultip ly ing  th e  th re e  ra d ia l fo rce s  b y  th e  le n g th  of th e i r  c o rre sp o n ­

d ing  s id e . T he norm al u n it  v e c to rs  and  th e  v e c to rs  b e tw een  node p o in ts  

fo r  each  elem ent a re  d e term ined  in a local X ,Y  p lane  b y  ig n o rin g  any 

com ponent in  th e  Z d ire c tio n , b ecau se  th e  h o rizo n ta l fo rce  fo r an ele­

m ent c o rre sp o n d s  to  a c o n s ta n t av e rag e  e leva tion  and  c ru s ta l  th ic k n e ss  

in  th e  Z d ire c tio n . T he sum of th e  th re e  ra d ia l fo rce s  fo r  an elem ent 

in  i t s  local co o rd in a te  system  should  eq u a l zero  in  o rd e r  fo r  th e  column 

to b e  in  eq u ilib riu m . T h ese  fo rce  com ponents a re  th e n  tra n s fo rm e d  in to  

th e  global co o rd in a te  sy stem  fo r th e  p la te . I t  is  th e  ad d ition  and  su b ­

tra c tio n  of ra d ia l fo rce s  from  ad jacen t e lem ents th a t  p ro d u c e s  n e t fo rces 

th a t  ac t in  g ra d ie n t d irec tio n s  to minimize p o ten tia l e n e rg y  asso c ia ted  

w ith  c ru s ta l  th ic k n e ss  inhom ogeneities of th e  co n tin en ta l l i th o sp h e re .
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C o n tin en ta l T o p o g rap h y  F orce  T e s t C ase

B efore  m odeling co n tin en ta l fo rces  due to d e n s ity  h e te ro g e n e i­

tie s  was done, a te s t  case  was co n d u cted  th a t  u sed  th e  d e n s ity  moment 

form ulation  to approx im ate  r id g e  fo rc e s « As in th e  g rav ita tio n s!s lid in g

and  cooling h a lf-sp a c e  fo rm u la tio n s, th e  moment eq uation  d ep en d s  on
4b a th y m e try . Also a c o n s ta n t th ic k n e ss  of 5 x 10 m was u se d  fo r th e

4oceanic l i th o sp h e re ; th e  com pensation d e p th  was also a t 5 x 10 m= The
3rid g e  re fe re n c e  column in c lu d ed  2 ,3  x 1 0  m of ocean w ith  th e  r e s t  of

4 3

th e  column down to  5 x 1 0  m be in g  a c o n s ta n t d e n s ity , 3 ,1  x 10 

k g /m 3 , m antle m ateria l. T h is  av e rag e  m antle d en s ity  fo r a 5  x 10^-m- 

th ic k  column was also a sc e r ta in e d  from v a rio u s  c ited  d e n s ity  models of a 

r id g e  ( e .g .  , H ess , 1972; F le itou t and  F ro id ev a u x , 1983). H ow ever, th e  

moment eq u a tio n  is an in te g ra l  of v e r tic a l d e n s ity  c o n tra s ts  betw een  an 

oceanic column and  th e  r id g e  re fe re n c e , u n lik e  th a t g ra v ita tio n a l s lid ing  

fo rm ulation , w hich assum es a c o n s ta n t d e n s ity  fo r all oceanic lith o sp h e re  

and  u se s  only  th e  c o n tra s t  be tw een  th is  d e n s ity  and  th a t  of th e  ocean 

to determ ine  th e  g ra v ita tio n a lly  in d u ced  fo rce  due to ch ange  in  w ater 

d e p th  from th e  r id g e  to any  oceanic lith o sp h e re  elem ent. S u b s tan tia l 

d iffe ren c es  in  th e se  two app rox im ations fo r r id g e  fo rces  e x is t ,  b u t it  is  

d iff icu lt to de term ine  w hich approx im ation  allows fo r a more accu ra te  

an d  re a lis tic  m ethod of m odeling r id g e  fo rc e s .

A to ta l cum ulative fo rce a t 80 m .y . was de term in ed  from calcu­

la ted  d e n s ity  moments fo r th e  te s t  g r id  elem ents of F ig u re  7 to  com pare
12th e  m agn itude  of th is  to ta l fo rce  w ith th e  p re s e n tly  d e te rm in ed  3  x 1 0  

N/m to ta l fo rce  value fo r th a t  age (see  r id g e  fo rce  te s t  case) . In  th is  

te s t  case , h o rizo n ta l d e n s ity  c o n tra s ts  an d  hence  h o rizo n ta l fo rces fo r
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th e  oceanic li th o sp h e re  w ere fo und  to b e  h ig h ly  d e p en d e n t on th e  d en ­

s ity  p ro file  u se d  fo r th e  elem ental colum ns. T he d e n s ity  moment

schem e, w hich p ro d u c e d  to ta l cum ulative fo rce s  away from  th e  r id g e  of
12app rox im ate ly  9 x 10. N /m , h ad  a c o n s ta n t oceanic c ru s ta l  th ic k n e ss  of

37 km w ith a 2.76 x  10 k g /m 3 d e n s ity . T he  m antle m ateria l was d e te r ­

m ined to  sa tis fy  is o s ta s y . T h is  to ta l fo rce  m agn itude  is  th re e  tim es 

la rg e r  th a n  th a t  p re d ic te d  b y  a cooling h a lf-sp a c e ; th e r e f o r e , th e  a s ­

sum ptions made ab o u t th e  d e n s ity  s t r u c tu r e  of th e  oceanic lith o sp h e re  

w ere n o t a c c u ra te .

All of th e  ca lcu la ted  moments fo r oceanic l i th o sp h e re  h ad  a 

n e g a tiv e  s ig n . T h is s ig n  was d ep en d e n t on th e  conven tion  chosen to 

calcu la te  Ap, i . e . , Pr e f “ Pco] “ T he sign  conven tion  is re la te d  to th e  

moment v e c to r  ab o u t some o rig in  p o in t b u t  is a rb i tra r i ly  chosen  to s a t­

is fy  th e  d irec tio n  of fo rce s  ac tin g  on oceanic lith o sp h e re  from  th e  

r id g e . All colum ns w ith asso c ia ted  n e g a tiv e  moments a re  modeled to 

h av e  rad ia lly  in w ard  fo rces  ac tin g  on th e  column th a t  com presses th e  

colum n. P o sitive  moments y ield  rad ia lly  o u tw ard  fo rc e s , w hich p ro d u ce  

ten sio n  in  a colum n, F ig u re  11 is an  il lu s tra tio n  of an a r b i t r a r y  oceanic 

column and  th e  r id g e  re fe re n c e  colum n. Also shown is a p lo t of th e  

d e n s ity  moment fo r th e  oceanic column as a fu nc tion  of d e p th  z . As 

th e  g ra p h  i l lu s t r a te s ,  th e  r id g e  is ap p ly in g  a rad ia lly  o u tw ard  force 

p ro p o rtio n a l to  th e  m om ent, M, w hich a c ts  to  com press th e  oceanic col­

umn th ro u g h  th e  e n tire  th ic k n e ss  of th e  colum n. T h is  fo rce  in c rease s  

u n til  i t  re a c h e s  a d e p th  w here  M is  maximum; th e n  th e  r id g e  force 

d e c rea se s  u n til  th e re  is  no  fo rce  a t th e  b a se  of th e  oceanic column from
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OCEANIC COLUMN RIDGE REFERENCE

DENSI TY MOMENT (kg/m)

-------- Z4

0 m
2 0 0 0

4
5»10

22 Z3 Z4

Mavg=  JAp,ydy + | Ap2yc)y+}Ap3ydy
Z1 Z2 Z3 '

WHERE Apj = p r id g e  ~ f3o c e a n

F ig u re  11. S chem atic  of th e  d e n s i t y  moment fo r  an  ocean ic
column
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th e  r id g e  an d  b o th  colum ns a re  in  iso s ta tic  eq u ilib riu m « ^ aVg *s

v a lu e  of th e  d e n s ity  moment fo r th e  oceanic column w ith r e s p e c t  to  th e

r id g e  column 0 A n um ber of t e s t  cases w ere  developed  to  te s t  th e  ro les

of c ru s ta l  th ic k n e ss  and  to p o g ra p h y  on d e n s ity  moments o In  one te s t

case , co n tin en ta l l i th o sp h e re  was a ss ig n e d  a c o n s ta n t c ru s ta l  d e n s ity  of 
3

2.76 x 10 k g /m 3. T he co n tin en ta l m antle m ateria l was also a ss ig n ed  a

c o n s ta n t d e n s ity  th a t  s a tis f ied  is o s ta s y . T he co n tin en ta l lith o sp h e re
5was chosen  to b e  1 x 10 m th ic k . T he r id g e  re fe re n c e  column was

5e x ten d e d  to  1 x 10 m a lso . T he te s t  was co n d u cted  to sim ulate th e  

s itu a tio n  of a p o in t o r elem ent mass h av in g  a p o s itiv e  e levation  w ith 

r e s p e c t  to  s u rro u n d in g  re fe re n c e  e lem en ts; th e  h o rizo n ta l fo rce  and  

re s u lt in g  s t r e s s e s  in d u ced  b y  th e  e lev a ted  to p o g ra p h y  w ere an a lyzed . 

The e lev a ted  reg io n  was found  to b e  in  a s ta te  of d ev ia to ric  te n s io n , 

b ecau se  th e  d e n s ity  moment fo r th is  column was p o s itiv e , w hich re s u lte d  

in  rad ia lly  ou tw ard  h o rizo n ta l fo rces  fo r th e  e lem ent. C o n seq u en tly , 

su rro u n d in g  elem ents w ere in a s lig h t s ta te  of com pression , and  ele­

m ents f a r th e r  from th e  e lev a ted  ones becam e more com pressional in 

o rd e r  to ba lan ce  th e  loads im p ressed  on th e  su rro u n d in g  elem ents due 

to  th e  p o te n tia l th a t  th e  e lev a ted  to p o g ra p h y  had  to sp re a d  o u t. This 

t e s t  also re v e a le d  th a t  th e  add ition  and  cancellation  of ra d ia l ho rizon ta l 

fo rce  com ponents re s u lte d  in  n e t fo rce  d irec tio n s  along d e n s ity  inhomo­

g en e ity  g ra d ie n ts .  So, u n lik e  oceanic li th o s p h e re , w hich a p p ea rs  to be  

in  a s ta te  of com pression  due  to  th e  r id g e , co n tin en ta l h ig h s  ap p ea r to 

h av e  a p o ten tia l to sp re a d  o u t.

The r e s u l ts  from th e se  d e n s ity  moment te s t  cases re v e a le d  th e  

g e n e ra l, oversim plified  e ffe c ts  of p o s itiv e  an d  n eg a tiv e  re lie f  w ith
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re s p e c t  to  th e  r id g e  on d e n s ity  moments an d  re s u lt in g  h o rizo n ta l fo rce s .

In  b o th  te s t s ,  th e  e ffe c t of v a ry in g  c ru s ta l  th ic k n e sse s  was ig n o re d  b u t

w as in v e s t ig a te d  in  a th i r d  te s t  c a se . T h is  te s t  was d e s ig n e d  su ch  th a t
4 5ad jacen t e lem ents in c re a se d  in  th ic k n e ss  from  5 * 10 m to  1 % 10 m in  

41 x 10 m in c re m e n ts . T o p o g rap h y  was h e ld  c o n s ta n t a t sea  level fo r 

each  e lem en t. T he r e s u l t  from th is  te s t  re v e a le d  th a t  th e  th in n e r  c ru s ­

ta l colum ns in d u ced  an in c re a s in g ly  g re a te r  fo rce  on th e  th ic k e r  col­

um ns so th a t  th e  s t r e s s  s ta te s  in  th e  te s t  g r id  v a rie d  from  ex ten sio n a l 

te c to n ic s  in  th e  th in n e r  c ru s ta l  colum ns to  com pressional fe a tu re s  in  th e  

th in n e r  co lum ns. In  fa c t ,  th e  in flu en ce  of v a ry in g  c ru s ta l  th ic k n e ss  on 

th e  moment m ag n itu d es  in  g en e ra l a p p e a rs  to  outw eigh  th e  e ffec ts  of 

to p o g rap h ic  v a ria tio n s  fo r th e  N orth  A m erican p la te . I t  can be ob­

se rv e d  on F ig u re  12 th a t  th e  s t r e s s e s  in re g io n s  in  w hich c ru s ta l  th ic k ­

n e ss  v a lu es  a re  c o n s ta n t a re  a fu n c tio n  of d e n s ity  v a r ia tio n s  due to 

to p o g ra p h y  c h an g es ; h o w ev er, in  a re a s  w here  c ru s ta l  th ic k n e sse s  a re  

c h an g in g , h o rizo n ta l fo rce s  te n d  to  b e  o r ie n te d  along g ra d ie n ts  of th e  

th ic k n e ss  c o n tra s ts  an d  in  th e  d irec tio n  of th e  a re as  w ith  g re a te s t 

c ru s ta l  th ic k n e s s . T h u s , even  th o u g h  to p o g rap h ic  h ig h s  a p p ea r to  

h av e  a te n d e n c y  to  e x p a n d , as was i l lu s tra te d  in  th e  seco n d  te s t  case , 

th e  la rg e  c ru s ta l  th ic k n e sse s  u su a lly  a sso c ia ted  w ith  h ig h  to p o g rap h ic  

re lie f  r e s u l t  in  com pressions! in s te a d  of ten sio n a l s t r e s s  s ta te s  fo r h ig h  

re g io n s  of th e  c o n tin e n t. T h is e ffec t p o ss ib ly  ex p la in s  w hy n o t all 

m ountainous o r  e lev a ted  reg io n s  on th e  co n tin en t a re  c h a ra c te r iz e d  b y  

ex ten s io n a l te c to n ic s .

Elem ental colum ns fo r th e  co n tin en ta l lith o sp h e re  w ere modified 

su ch  th a t  m antle d en s itie s  a t th e  b a se  of th e  lith o sp h e re  w ere  equal to
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F ig u re  12. Geoid u n d u la tio n s  re fe r re d  to th e  h y d ro s ta tic  
fla tte n in g  of 1 /299.638. — A fte r N akiboglu  (1982). P o ten tia l coef­
fic ien ts  com plete to d e g re e  180. C o n tou r in te rv a l of 5 m b ased  on 
2° x 2° g r id .
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th e  re la tiv e ly  low m antle d e n s ity  of th e  r id g e  re fe re n c e  colum n, o r 3.23 

x 10 k g /m 3. As was d isco v e re d  w hen co n d u c tin g  th e  te s t  c a se s , th e  

d e ep e r m ass anom alies a re  c o n c e n tra te d  in  a lith o sp h e ric  colum n, th e  

la rg e r  th e  a sso c ia ted  d e n s ity  moment. D ecreasin g  th e  m antle d e n s ity  

w ith  d e p th , h o w ev er, ra is e s  th e  c e n te r  of th e  mass anom aly , and 

b e ca u se  d e n s ity  moment is  a fu n c tio n  of d e p th  s q u a re d , th is  d ec rea se  

re d u c e s  th e  r e s u l ta n t  s t r e s s  m ag n itu d es  b y  a t le a s t h a lf  an  o rd e r  of 

m ag n itu d e . I t  is  b ecau se  of th is  d ram atic  e ffe c t of d e n s ity  anomalies a t 

d e p th  and  th e  su p p o sitio n  th a t  co n tin en ta l ro o t sy stem s a re  com pensated 

b y  v e ry  h ig h , shallow u p p e r  m antle d e n s itie s  th a t  th e  m antle la y e r  in 

co n tin en ta l columris is d iv id ed  in to  two la y e r s .  As a f i r s t  approxim ation  

to m odeling th e  q u estio n ab le  m antle d e n s ity  s t ru c tu re  u n d e r  co n tin en ta l 

c r u s t ,  th e  low er h a lf  of th e  m antle li th o sp h e re  was a ss ig n e d  th e  

c o n s ta n t d e n s ity  of 3.23 x 10 k g /m 3 and  th e  d en s ity  fo r  th e  u p p e r  h a lf 

was chosen  to  s a tis fy  is o s ta s y .

C o n tin en ta l T o p o g rap h y  R ela ted  to  th e  Geoid

I t  is a p p a re n t th a t  in  u s in g  a d e n s ity  moment schem e to model 

th e  e ffe c ts  of co n tin en ta l to p o g ra p h y  on th e  tec ton ic  s t r e s s  regim e of 

th e  N orth  A m erican p la te , bold  assu m p tio n s  and  g en era liza tio n s  m ust be  

made as to  th e  d e n s ity  s t r u c tu r e  of th e  li th o s p h e re . T he models a re  

h ig h ly  d e p e n d e n t on th e  re fe re n c e  p ro f ile , com pensation d e p th , c ru s ta l 

th ic k n e s s e s , and  th e  n a tu re  of th e  m antle geotherm  assum ed for th e  

p la te . F or th e  co n tin en ta l p o rtio n  of th e  p la te , rea so n ab le  a ttem p ts  to 

model th e  e ffe c ts  of d e n s ity  h e te ro g e n e itie s  w ere te s te d .  T he only
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c o n s tra in t  to th e se  moment m ag n itu d es  fo r  th e  co n tin en ta l l i th o sp h e re  

can  b e  o b ta in ed  from in form ation  ab o u t th e  geo id .

Geoid anom alies h av e  b een  show n to b e  a fu n c tio n  of dipole 

moments of d e n s ity  d is tr ib u tio n s  in  th e  c r u s t  and  u p p e r  m antle (H axby 

and  T u rc o tte , 1978; P a rso n s  and  R ic h te r , 1980; T u rc o tte  an d  S c h u b e r t, 

1982). F ig u re  13 is  a co n to u red  map of u n d u la tio n s  in^ th e  geoid . 

N um erous fa c to rs  su ch  as therm al s t r u c tu r e  of th e  li th o sp h e re  an d  

glacial phenom ena c o n tr ib u te  to th e  n a tu re  of th e se  c o n to u rs . Deep 

lo n g -w av e len g th  fe a tu re s  g en e ra lly  co n tro l u n d u la tio n s  in  th e  g eo id . 

H ow ever, sh o r t-w a v e le n g th  shallow fe a tu re s  in  th e  l i th o sp h e re  su ch  as 

th ic k n e ss  inhom ogeneities can  cause  s lig h t dev ia tio n s  in  th e  t r e n d s  of 

th e  lo n g -w av e len g th  c o n to u rs . T h ese  deflec tio n s  ac ro ss  co n tin en ta l 

m arg ins can b e  u sed  to  determ ine  now th e  geoid ch an g es  along t r a v ­

e rs e s  norm al to  co n tin en ta l m arg ins and  h en ce  how moment m agn itudes 

along th e se  t r a v e r s e s  shou ld  d if fe r .

In  f ig . 13, c o n to u rs  due to  lo n g -w av e len g th  fe a tu re s  fo r tu i­

to u s ly  t r a v e r s e  th e  A u stra lian  co n tin en t norm al to i ts  e a s te rn  and 

w e s te rn  co n tin en ta l m a rg in s . D eflections on th e  o rd e r  of 10 m can be  

o b se rv e d . U n fo rtu n a te ly  n o t all d ev ia tio n s  of co n to u rs  can b e  o b se rv ed  

fo r co n tin en ta l m arg ins of all c o n tin e n ts , especially  th e  A tlan tic  coastal 

m argin  of N orth  A m erica. H ow ever, 10 ± 5 m is a ccep ted  as a good 

estim ate  fo r a ch an g e  in  th e  geoid anomaly acro ss  alm ost all con ti­

n e n ta l m arg ins (C h ase , 1984, p e rso n a l com m un .). T he d iffe re n c e  in  th e  

moment m agn itudes be tw een  a c h a ra c te r is t ic  con tin en ta l sh e lf  column an d  

a coasta l p la in  column was com puted and  com pared to  th e  d iffe ren ce  in
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th e  d e n s ity  moments e x p ec te d  b y  an assum ed 10-m geoid anom aly b e ­

tw een th e  two co lum ns.

From P a rso n s  and  R ich te r (1980), an e x p re ss io n  th a t  ap p ro x i­

m ates th e  geoid anomaly re la tiv e  to th e  r id g e  c ru s t  is g iven  b y :

N = f k A p(x ,z) dz = J i lP  M' (5-5).Sl ® M.

w h e re : G = g ra v ita tio n a l c o n sta n t

A p(x,z) = d iffe ren c e  in  th e  v e r tic a l d e n s ity  p ro file  fo r  a column a t 

a d is ta n ce  x  from  a r id g e  re fe re n c e  colum n.

From equ atio n  (5-5) and  ca lcu la ted  v a lu es  fo r th e  d e n s ity  mo­

m ents of a c h a ra c te r is t ic  coasta l p la in  column and a co n tin en ta l shelf 

colum n, a va lue  fo r th e  geoid anomaly ex p ec te d  b e tw een  th e se  two col­

um ns was d e te rm in ed . An anomaly of 7 ± 2 m was ca lcu la ted  and  found  

to re a so n ab ly  ag ree  w ith  o b se rv ed  anom alies th a t  occu r o v e r th e  a rea  

b e tw een  th e  coastal p la in  and  sh e lf  re g io n s  of th e  A tlan tic  coastal 

m argin  of N orth  Am erica (F ig u re  13).

As a r e s u l t  of th is  conclusive  e v id en ce , th e  d e n s ity  moment 

form ulation u sed  to model to p o g ra p h y  fo rces  due to la te ra l  d e n s ity  in ­

hom ogeneities in  th e  co n tin en ta l c ru s t  is  b e lieved  to  y ie ld  d en s ity  

moments of re la tiv e ly  a c c u ra te  m ag n itu d e . T hese  fo rces  a re  shown in 

F ig u re  12.

T ran sfo rm  B o u n d ary  F o rces

A s u b s ta n tia l p o rtio n  of th e  N orth  A m erican p la te  is b o u n d ed  b y  

tra n s fo rm  f a u l t s . Along th e se  tra n sfo rm  b o u n d a r ie s , th e  re la tiv e  motion
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b e tw een  ad jacen t p la te s  is  r e s is te d .  T he re la tiv e  motion v e c to rs  a t most 

tra n s fo rm  b o u n d a rie s  a re  e sse n tia lly  p a ra lle l to  th e  b o u n d a ry , as th e y  

a re  fo r  th e  San A n d reas  tra n s fo rm  b o u n d a ry  and  th e  b o u n d a ry  betw een  

th e  C arib b ean  and  N orth  A m erican p la te s . T he m agn itu d es  of sh e a r  

s t r e s s e s  along th e  tra n s fo rm  b o u n d a ry  seg m en ts  of th e  p la te  a re  u n c e r­

ta in  . T h ese  m ag n itu d es  a re  in flu en ced  b y  a com bination of ro c k  p ro ­

p e r t ie s  and  am bient s t r e s s  co n d itio n s . T ran sfo rm  b o u n d a r ie s , especially  

th e  C arib b ean  tra n s fo rm » p o ss ib ly  p ro v id e  ba lan c in g  re s is ta n c e  to th e  

r id g e  fo rc e s .

T ran sfo rm  fo rce s  w ere ap p lied  along th e  C arib b ean  and San 

A n d reas  b o u n d a r ie s » an tip a ra lle l to  th e  re la tiv e  motion v e c to rs  of th e  

N orth  A m erican p la te  w ith  th e  C arib b ean  and  Pacific p la te s ,  re sp e c tiv e ­

ly . T h ese  fo rces  a re  show n in  F ig u re  14. A co n stan t a r b i t r a r y  fo rce  

p e r  u n it  le n g th  was ap p lied  a t each  node p o in t along th e  tran sfo rm  

b o u n d a ry . T otal fo rce s  w ere com puted as  a fo rce  p e r  u n it  le n g th  

m ultip lied  b y  th e  le n g th  of th e  b o u n d a ry  o v e r w hich th e  fo rce  a c ts . 

T he m agn itude  of th e  fo rce  p e r  u n it  le n g th  d ep en d s  on assum ptions 

made ab o u t th e  m agn itude  of s h e a r  s t r e s s e s  along th e  b o u n d a ry .

C arib b ean  T ran sfo rm  B o u n d ary

T he re la tiv e  r a te  an d  d irec tio n  of movement of th e  C aribbean  

p la te  w ith  re s p e c t  to  th e  N orth  A m erican p la te  can b e  d e term ined  from 

th e  slip v e c to rs  of shallow e a r th q u a k e s  th a t  occu r along th e  tran sfo rm  

b o u n d a ry . In  g e n e ra l, th e  N orth  A m erican p la te  is m oving in  a wester^- 

ly  d irec tio n  w ith  re s p e c t  to  th e  C arib b ean  p la te . T he C arib b ean  p la te  

is  a small b u ffe r lik e  p la te  be tw een  th e  N orth  and  S ou th  Am erican



a. San A n d reas  and C arib b ean  tran sfo rm  fo rces

b .  A leutian  and Cocos co n v erg en ce  fo rces

F ig u re  14. B o u n d a ry  fo rc e s  fo r  th e  N o rth  A m erican  p la te
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p la te s , and  i ts  m otion is e sse n tia lly  co n tro lled  b y  th e  motion of th e se  

two s u rro u n d in g  p la te s .  T he tec to n ic  p ro c e sse s  o c c u rr in g  along th e  

b o u n d a rie s  of th e  C arib b ean  p la te  a re  q u ite  com plicated an d  n o t well 

u n d e rs to o d . N um erous a n g u la r  v e lo c itie s  and  ro ta tio n  po les h av e  b een

p ro p o se d  fo r th e  p la te . One of th e  m ajor d iff icu ltie s  in  de term in ing
/

th e se  p a ra m e te rs  is  th a t ,  w ith  re s p e c t  to  N orth  A m erica, th e  C arib b ean  

b o u n d a ry  ch an g es  from tra n s fo rm  a t th e  M id-Caym an sp re a d in g  c e n te r  

so u th  of C uba to  a tra n s it io n a l ty p e  of b o u n d a ry  n e a r  P u e r to  Rico and 

fina lly  to  a su b d u c tio n  zone com plex along th e  L e sse r A n tille s . For 

sim plicity  in  m odeling and  b ecau se  th e  le n g th  of th e  segm ent of th e  

su b d u c tio n  b o u n d a ry  is re la tiv e ly  in s ig n if ic a n t, fo rces  re la te d  to th is  

su b d u c tio n  p ro c e ss  a re  n o t c o n sid e red  in  th e  m odeling.

Motion along th e  n o r th e rn  s ide  of th e  C arib b ean  p la te  ap p ea rs  

to  b e  d is tr ib u te d  along more th a n  one m ajor fau lt sy stem  (S y k es , 

M cCann, and  K afka, 1982). D isc rep an c ies  in  estim ated  a n g u la r  veloci­

tie s  an d  ro ta tio n  po les a re  due to th e  v a rio u s  m otions of d iffe re n t 

segm ents  of th e  n o r th e rn  b o u n d a ry . M inster and  Jo rd a n  (1978) u sed  

m agnetic  p ro file  d a ta  a c ro ss  th e  M id-Caym an r is e  to  d e term ine  a re la tiv e  

motion pole and  ro ta tio n  ra te  fo r th e  C arib b ean —N orth  A m erican p la te  

p a i r .  T hey  do n o t c o n sid e r slip  v e c to rs  from th e  P u e r to  Rico tre n c h  

an d  H ispanola reg io n s  w here  th e y  b e liev ed  th e  s t r e s s  an d  s tr a in  fie lds 

a re  complex and  th a t  d a ta  show in te rn a l s c a t te r .  S y k es  and  o th e rs  

(1982) b e liev ed  th a t  M inster and  J o rd a n 's  r a te  and  ro ta tio n  pole r e p re ­

s e n t only a p o rtio n  of th e  re la tiv e  m otion betw een  th e  two p la te s . 

S ykes an d  o th e rs  claim ed to hav e  o b ta in ed  a more a c c u ra te  estim ate  of 

th e  fu ll r a te  of motion along th e  n o r th e rn  C aribbean  b o u n d a ry . T hey
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d em o n stra ted  th a t  th e  N orth  A m erican p la te  is moving in  a w e s t- so u th ­

w est d irec tio n  along th e  P u e rto  Rico t re n c h  a t a r a te  of 0,36 ° /m .y .  

clockw ise ab o u t a c e n te r  of ro ta tio n  a t 66° N . , 132° W. A ccord ing  to 

M inster and  Jo rd a n  (1981), th e  N orth  A m erican p la te  is  m oving c o u n te r­

clockw ise w ith  re s p e c t  to  th e  C arib b ean  p la te  abou t a t po le  a t -3 3 .8 °  

W ., -7 0 .5 °  E. a t a r a te  of 0.29 ° /m .y .

T he re la tiv e  p la te  motion in form ation  of M inster an d  Jo rd a n  

(1981) was u se d  in m odeling s h e a r  tra c tio n s  along th e  C arib b ean —N orth  

A m erican b o u n d a ry  b ecau se  a more sim plified  re la tiv e  motion m odel, as 

u se d  in  th is  m odeling schem e, was assum ed to  a r r iv e  a t th e  motion p a ­

ra m e te rs  and  b ecau se  th e  re la tiv e  p la te  ve locity  o b ta in ed  from u s in g  

M inster an d  J o rd a n 's  pole a re  app rox im ate ly  p a ra lle l to  th e  tra n sfo rm  

b o u n d a ry .

San  A n d reas  T ran sfo rm  F au lt

A n o th er major tra n sfo rm  b o u n d a ry  of th e  N orth  A m erican p la te  

is  th e  San A n d reas  fa u lt ,  w hich m arks th e  so u th e rn  p o rtio n  of th e  

b o u n d a ry  b e tw een  th e  Pacific  and  N orth  A m erican p la te s .  Along th is  

fa u lt  sy stem , th e  N orth  A m erican p la te  is  moving in  a so u th e r ly  d ire c ­

tio n s  w ith r e s p e c t  to th e  Pacific p la te . With re s p e c t  to th e  Pacific 

p la te , th e  N orth  A m erican p la te  is moving coun terclockw ise  a t a ra te  of 

0 .5  ° /m .y .  ab o u t a pole of ro ta tio n  a t 48 .8° N, -7 3 .9 °  E .

Some estim ates of th e  m agn itudes of th e  sh e a r  s t r e s s e s  along 

th e  San A n d reas  fau lt h av e  b een  m ade. H eat-flow  m easu rem en ts  ac ro ss  

th e  fa u lt ,  along w ith a model of sh e a r  h e a tin g , in d ica te  th a t  a maximum 

s h e a r  s t r e s s  of a few te n d s  of MPa is ac tin g  on th e  fa u lt (B ru n e ,
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H e n y ey , an d  R oy, 1969; L ack en b ru ch  an d  S a ss , 1980). Zoback and  

o th e rs  (1980) s u g g e s te d  th a t  th e  mean s h e a r  s t r e s s  on th e  fa u lt  exceeds 

se v e ra l te n s  of MPa a t seism ogenic d e p th s .

T he Ju an  de F uca p la te , w est of th e  S ta te  of W ashington , is a 

small p la te le t b e tw een  th e  Pacific and  N orth  A m erican p la te s .  I t  is b e ­

lieved  to  b e  sp re a d in g  away from th e  Pacific p la te  and  su b d u c tin g  b e ­

n e a th  th e  N orth  A m erican p la te ; h o w ev er, re c e n t  coupling  of th e  p la te  

w ith  th e  N orth  A m erican p la te  is also p o ssib le  (A tw a te r, 1970). B e­

cau se  of th e  small s ize  of th e  Ju an  de F uca p la te  and  i ts  q u estio n ab le  

tec to n ic  re la tio n  to th e  N orth  A m erican p la te ,  no b o u n d a ry  fo rces  w ere 

in c lu d ed  along th is  segm ent of b o u n d a ry .

Even th o u g h  s ig n ific an t re la tiv e  motion e x is ts  be tw een  N orth  

and  South  Am erica acco rd in g  to M inster and  Jo rd a n  (1978) , o b se rv a tio n ­

al e v id en ce , i . e . ,  seism ic a c tiv ity , is  minimal. For th is  re a so n  no 

fo rce s  w ere app lied  along th e  segm ent of th e  N orth  A m erican b o u n d a ry  

m ark ing  th e  d is tin c tio n  b e tw een  th e  two A m erican p la te s .

Normal F o rces

A major shortcom ing  in s in g le -p la te  m odeling is  th a t  tec ton ic  

fo rces  ac tin g  on a p la te  from o u ts id e  th e  p la te 's  b o u n d a rie s  a re  not 

in c o rp o ra te d  in to  a m odeling schem e th a t  approx im ates th e  tecton ic  

fo rce s  due to  tec to n ic  m echanism s a sso c ia ted  w ith th e  p la te  alone and  

a c t w ith in  and  on th e  p e r ip h e ry  of th e  p la te . Some p o te n tia lly  su b ­

s ta n tia l fo rce s  tra n sm itte d  from n e ig h b o rin g  p la te s , w hich may b e  acting  

on th e  N orth  A m erican p la te , a re  norm al fo rce s  a t tra n s fo rm  b o u n d a rie s  

an d  fo rces  re la te d  to th e  su b d u c tio n  of ad jacen t p la te s  b e n e a th  th e
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N orth  A m erican p la te . S pecification  of th e se  fo rce s  is n o t s t r a ig h tfo r ­

w a rd ; th e se  tra n sm itte d  fo rces  d ep en d  n o t only on b o u n d a ry  ty p e  b u t  

on global s t r e s s  p a t te rn s  (R ic h a rd so n , Solom an, and  S le e p , 1976).

For fo rce s  norm al to  tra n s fo rm  b o u n d a r ie s , F o rsy th  and  U yeda 

(1975) s u g g e s te d  th a t  th e  s ig n  of th e se  b o u n d a ry  fo rce s  can n o t be  a s ­

s e s se d  w ith o u t p r io r  know ledge of th e  o th e r  s t r e s s e s  ac tin g  on th e  

p la te . T hey  also b e liev ed  th a t  la rg e  norm al fo rces  could  n o t e x is t 

w ithou t cau s in g  a su b s ta n tia l  re a d ju s tm en t to  th e  re la tiv e  motion of th e  

p la te . H ow ever, in  m odeling th e  N orth  A m erican p la te , th e  in c o rp o ra ­

tion  of some sem blance of th e se  tra n sm itte d  fo rces  from n e ig h b o rin g  

p la te s  a p p e a rs  to b e  a n e c e s sa ry  b o u n d a ry  condition  in  o rd e r  to re a lis ­

tica lly  r e p re s e n t  th e  te c to n ic s  of th e  p la te . F orces norm al to  th e  San 

A n d reas  and  C arib b ean  tra n s fo rm s  w ere ap p lied  a t each  node p o in t p e r ­

p e n d ic u la r  to  th e  tra n s fo rm  fo rce  fo r th a t  node su ch  th a t  th e  norm al 

fo rce  v e c to rs  p o in ted  in w ard  on th e  N o rth  A m erican p la te . For an 

in itia l ap p ro x im a tio n , th e  m agnitude of th e  norm al fo rce  a t a node p o in t 

was s e t  eq u a l to  th e  co rre sp o n d in g  tra n s fo rm  fo rce .

C o n v erg en ce  F orces a t S u b d u c tio n  Zones

A second  ty p e  of fo rce  tra n sm itte d  from an ad jacen t p la te  to th e  

N orth  A m erican p la te  o ccu rs  along su b d u c tio n  zones. Along th e  A leu­

tia n  a rc  complex and  th e  Cocos b o u n d a ry , p o rtio n s  of th e  N orth  Ameri­

can  p la te  a re  o v e rr id in g  th e  Pacific and  Cocos p la te s , re sp e c tiv e ly . 

W hether th e  su b d u c tin g  s lab s  a tta ch e d  to th e  Pacific an d  Cocos p la te s  

a re  tra n sm ittin g  com pressive  s t r e s s e s  to  th e  o v e rrid in g  N orth  Am erican 

p la te  o r w h e th e r th e  u p p e r  p la te  is b e in g  pu lled  tow ard  th e  t re n c h .
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fo rce s  app rox im ate ly  p a ra lle l to  th e  re la tiv e  motion b e tw een  th e  s u b ­

d u c tin g  p la te  and  th e  N orth  Am erica p la te  p ro b a b ly  e x i s t . T he  m echan­

ics of p la te  collision a t a su b d u c tio n  zone would s u g g e s t th a t  some s o r t  

of su c tio n  fo rce  on th e  o v e rr id in g  p la te  may ex is t from  th e  tre n c h  due 

to  th e  vo id  of m ateria l cau sed  b y  th e  su b d u c tin g  slab  (F o rsy th  and  

U yeda, 1975). H ow ever, b ecau se  th is  is a zone of c o n v e rg en c e , each 

p la te  is e sse n tia lly  p u sh in g  on th e  o th e r  so a n e t com pressive  fo rce  on 

th e  o v e rr id in g  p la te  could r e s u l t .  Or th e  pu ll of th e  N orth  Am erican 

p la te  in to  th e  t r e n c h  could sim ply b e  due to  th e  r id g e  fo rce  p u sh in g  

th e  p la te  in to  th e  t re n c h  from th e  r id g e . B asically , re g a rd le s s  of 

w h e th e r  th e  o v e rr id in g  p la te  is be%ng p u lled  tow ard  o r p u sh e d  away 

from th e  t r e n c h , i t  is  p ro b a b ly  th e  n e t  e ffec t of th is  unknow n 

co n v erg en ce  fo rce  w ith  th e  r id g e  fo rce  a c ro ss  th e  p la te  th a t  p ro d u ces  

th e  o b se rv ed  s t r e s s  s ta te s  in  th e  n o r th  and  so u th w est c o rn e rs  of th e  

N orth  A m erican p la te .

A leu tian  C o n v erg en ce  F o rces

D esp ite  th e  localized  ten sio n a l c h a ra c te r  of e a r th q u a k e  foci ob­

se rv e d  b e n e a th  th e  A leu tian  t re n c h  (S ta u d e r , 1968) , w hich a re  p ro b ab ly  

lo ca ted  in  th e  su b d u c tin g  p la te , th e  g e n e ra l tec to n ic  s t r e s s  s ta te s  ob­

se rv e d  f a r th e r  in lan d  from th e  t re n c h  a re  com pressional w ith  maximum 

com pressive  s t r e s s e s  o r ie n te d  app rox im ate ly  p a ra lle l to  th e  re la tiv e  

velocity  v e c to rs  of th e  Pacific and  N orth  Am erica p la te s  (N akam ura an d  

o th e r s , 1977; Jacob and  P e re z , 1982). In itia l models of th e  fo rces  a c t­

ing  along th e  A leu tians due to Pacific p la te  su b d u c tio n  h av e  fo rces 

p o in tin g  tow ard  th e  in te r io r  of th e  N orth  Am erican p la te  p a ra lle l to  th e
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re la tiv e  motion b e tw een  th e  p la te s .  T he  m agn itude  of th e se  fo rces  is  

a r b i t r a r y  b u t  was in itia lly  chosen  to  h av e  th e  same m agn itude  p e r  u n it  

le n g th  of b o u n d a ry  as th e  tra n s fo rm  fo rc e s . T he re la tiv e  motion pole 

and  coun terclockw ise  r a te  of ro ta tio n  of th e  N orth  A m erican p la te  w ith 

r e s p e c t  to  th e  Pacific p la te  a re  48 .8° N.» -7 8 .9 °  E. an d  0.85 ° /m .y . ,  

re sp e c tiv e ly  (M inister and  J o rd a n , 1978).

Cocos C o n v erg en ce  F o rces

T he Cocos p la te  is su b d u c tin g  b e n e a th  th e  N orth  A m erican p la te  

along Mexico in  a re la tiv e  d irec tio n  app rox im ate ly  N. 58° E . (C hael and  

S te w a rt, 1982). C om pressional te c to n ic s  a re  also o b se rv e d  in lan d  from 

th e  Cocos—N orth  A m erican p la te  co n v erg en ce  b o u n d a ry . T h e re fo re , 

tra n sm itte d  com pressional fo rces  from th e  Cocos p la te  w ere in c o rp o ra te d  

in to  th e  m odeling schem e. T h ese  fo rces  w ere app lied  in  a d irec tio n  

away from th e  Middle A m erican t re n c h  in  d irec tio n s  p a ra lle l to re la tiv e  

motion v e c to r s .  T he  re la tiv e  ro ta tio n  pole and  ra te s  of th e  Cocos p la te  

w ith  re s p e c t  to  th e  N o rth  A m erican p la te  w ere g iven  b y  M inster and  

Jo rd a n  (1978) as  29 .8° N . , -1 2 1 .3 °  E. an d  1.49 ° /m .y . ,  re sp e c tiv e ly . 

T he co n v erg en ce  fo rces  a t th e  A leu tian  and  Cocos su b d u c tio n  com plexes 

a re  show n in  F ig u re  14.

D rag  F o rces

T he flow p a t te rn  of a s th e n o sp h e r ic  m ateria l is th e  most c rucial 

phenom enon to u n d e rs ta n d  to  be  able to  a cc u ra te ly  a s s e s s  and  u n d e r­

s ta n d  th e  d r iv in g  m echanism  fo r p la te  te c to n ic s . U n fo rtu n a te ly , th is  

phenom enon is poo rly  know n and  th e  su b je c t of much d e b a te . A con­

t r a s t  in  th e  v isco s ity  of th e se  two la y e rs  r e s u lts  in  th e  ex is ten c e  of
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v isco u s  sh e a r  fo rce s  a t th e  b a se  of th e  p la te s ,  if  in  fa c t th e  p la te s  a re  

moving w ith  r e s p e c t  to  th e  a s th e n o s p h e re . T hese  s h e a r  fo rce s  may 

e ith e r  c o n tr ib u te  to  th e  p la te -d r iv in g  m echanism , o r  th e y  may ac t to 

r e s is t  su ch  a p ro c e s s . T he  d irec tio n  of th e se  fo rces  d e p en d s  on th e  

re la tiv e  ve lo c ity  b e tw een  th e  su rfa c e  p la te s  and  sub  lith o sp h e ric  m antle 

flow . T he m agn itude  of th e  fo rces  d ep en d s  on p la te  ve locity  and  a re a  

and  th e  v isco s ity  of th e  a s th e n o sp h e re .

D riv in g  D rag

Flow of m ass in  th e  a s th e n o sp h e re  is e sse n tia l to  b a lance  th e  

m ass t r a n s p o r t  of th e  N orth  A m erican p la te  as i t  moves from  th e  r id g e . 

T h is  m antle counterflow  is  obv iously  n o t sim ple and  un ifo rm  as ev i­

den ced  b y  th e  v a riab le  r a te s ,  s iz e s , an d  b o u n d a ry  ty p e s  o f th e  su rfa ce  

p la te s . Mantle convection  is  one p o ssib le  mechanism  to  d riv e  th e  

p la te s | h o w ev er, a ch ief a rg u m en t a g a in s t convec tive  s h e a r  be in g  a 

m ajor p la te -d r iv in g  fo rce  is th e  am ount of tim e re q u ire d  fo r th e  flow 

p a t te r n  to  ch an g e  (R ic h te r , 1973). D irec tional and  r a te  ch an g es  of th e  

p la te s  occu r on a m uch s h o r te r  time sca le . A rty u sh k o v  (1973) a rg u e d  

th a t  th e  low v isco s ity  of th e  a s th e n o sp h e re  is  no t su ffic ie n tly  su b s ta n ­

tia l to  p ro d u c e  enough  s h e a r  s t r e s s  on th e  b a se  of th e  p la te s  to  d riv e  

th e m , p ro v id e d  convection  c u r re n ts  e x is t  in  th e  m antle .

A d riv in g  d ra g  model was p ro p o se d  in w hich fo rce s  p ro p o rtio n a l 

to  th e  ab so lu te  a n g u la r  v e locity  of th e  p la te , 0.247 ° /m .y .  (M inster and  

J o rd a n , 1978) w ere app lied  in  a d irec tio n  coun terclockw ise  abou t an 

ab so lu te  pole of ro ta tio n  a t -5 8 .3 °  N . , -4 0 .7 °  E. T he ab so lu te  motion 

p a ra m e te rs  w ere o b ta in ed  from th e  h o t-s p o t re fe re n c e  fram e. A lin e a r
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d ra g  law was u se d  to  o b ta in  a f i r s t - o r d e r  estim ate  fo r  th e se  d ra g  

fo rc e s . T he d riv in g  d ra g  fo rc e s , F ^ ,  a re  p ro p o rtio n a l to  a n d  ac t in  

th e  same d irec tio n  as th e  ab so lu te  v e lo c ity  of th e  p la te  su ch  th a t :

c V c W x r (5-6)

w h e re : c = an  a r b i t r a r y  c o n sta n t d e te rm in ed  su ch  th a t  a p la te

ve lo c ity  of 1 c m /y r p ro d u c e s  a sh e a r  s t r e s s  of 0 .1  MPa 

V abs = th e  ab so lu te  v e locity  a t an y  p o in t on th e  p la te  w ith 

ra d iu s  r

Wabs -  ab so lu te  ro ta tio n  pole fo r  th e  p la te  d e te rm in ed  from th e  

to rq u e  pole of th e  n o n d ra g  fo rc e s .

R es is tiv e  D rag

T he N orth  A m erican p la te  is  assum ed  fo r m odeling to b e  moving 

a t a c o n s ta n t v e lo c ity ; th u s  i t  is  n o t a c c e le ra tin g . R idge fo rces 

d r iv in g  th e  p la te  from i ts  e a s te rn  b o u n d a ry  w ould su p p ly  a su b s ta n tia l 

to rq u e  on th e  p la te . T h is  to rq u e  m ust b e  balanced  fo r th e  p la te  to be 

in  m echanical eq u ilib riu m . T ran sfo rm  fo rce s  and  norm al fo rce s  su p p lied  

from ad jacen t p la te s  may p ro v id e  some of th is  b a lanc ing  re s is ta n c e  to 

th e  r id g e  fo rce ; h o w ev er, th is  re s is ta n c e  may no t b e  g re a t  enough  o r 

be  su p p lie d  in  th e  a p p ro p r ia te  d ire c tio n s  to  com pletely b a lan ce  th e  r id g e  

to r q u e . T h e re fo re , s h e a r  s t r e s s  on th e  b a se  of th e  p la te  may be 

ap pea led  to as a f re e  p a ra m e te r b a lan c in g  fo rce  to  th is  n e t to rq u e . 

T he re s is ta n c e  d ra g  fo rces  a re  p ro p o rtio n a l b u t  opposite  in  s ign  to an 

ab so lu te  v e locity  d efined  fo r th e  p la te  due to  th e  n e t to rq u e  ac ting  on 

th e  p la te  from  o th e r  fo rc e s . T he pole of ro ta tio n  ab o u t w hich th e se
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d ra g  fo rce s  a re  ap p lied  is  a fu n c tio n  of th e  n e t to rq u e  pole of th e  o th e r  

tec to n ic  fo rce s  ac tin g  on th e  p la te . T he same lin e a r  d ra g  law , equation  

(5 -6 ) , was u sed  fo r re s is t iv e  d ra g  as  fo r d riv in g  d ra g  e x ce p t th a t  th e  

re s is t iv e  fo rce s  a re  a n tip a ra lle l to th e  v e c to r s . S h ea r tra c tio n s

e q u iv a len t to  th e  ca lcu la ted  d ra g  fo rce  ac tin g  on a u n it  a re a  w ere ap ­

p lied  a t all node p o in ts .

V ariab le  D rag

T he a s th e n o sp h e re  u n d e rly in g  co n tin en ta l l i th o sp h e re  is more 

v isco u s th a n  oceanic a s th e n o sp h e re  (A r ty u s h k o v , 1973). T h e re fo re , 

th e  sh e a r  tra c tio n s  on th e  b ase  of th e  co n tin en ta l l i th o sp h e re  should  be 

g re a te r  th a n  th o se  fo r oceanic l i th o s p h e re . V ariab le d ra g  models in 

w hich g re a te r  sh e a r  tra c tio n s  along th e  b a se  of co n tin en ta l lith o sp h e re  

a re  assum ed may il lu s tra te  th e  e ffe c t of th is  v a riab le  v is c o s ity . D rag 

fo rce s  may also v a ry  w ith in  th e  co n tin en ta l and  oceanic a s th e n o s p h e re s . 

F or sim plicity  and  lack  of d a ta  to p ro v id e  a cc u ra te  estim ations of th e se  

d if fe re n c e s , on ly  c o n s ta n t d ra g  fo rces  w ere  u sed  in  th is  modeling

schem e.



CHAPTER 6

MODELING RESULTS

N um erous tec to n ic  fo rce  models w ere te s te d  to analyze  th e  e f­

fe c ts  of d if fe re n t lo ad ing  schem es on N o rth  A m erican in tra p la te  

s t r e s s e s .  Models a re  c lass ified  acco rd in g  to  th e  b o u n d a ry  and  in te rn a l 

fo rce  ty p e s  app lied  to  th e  p la te . T he c lass ifica tio n  schem e u sed  to 

sp ec ify  model ty p e  is  g iven  in  T able  1. A d e sc rip tio n  of th e  models 

an d  r e s u l ts  will b e  d isc u sse d  below . T able  2 is  a l is t  of to rq u e  and  

ro ta tio n  r a te  poles and  m agn itudes fo r each  fo rce  model.

R idge Models

R idge fo rces  may be  one of th e  m ost s ig n ific an t tec to n ic  fo rces 

ac tin g  on th e  N orth  A m erican p la te . T hey  a re  also th e  b e s t  u n d e rs to o d  

fo rce s  in  te rm s of m agn itude  and  d ire c tio n . In  in itia l m odels, th e  e f­

fe c ts  of th e se  fo rces  on th e  in tra p la te  s t r e s s  regim e w ere an a ly zed .

Line R idge Model

In  th e  lin e  r id g e  m odel, line r id g e  fo rces  w ere ap p lied  along th e  

le n g th  of th e  r id g e  (F ig u re  5) and  th e  w e s te rn  b o u n d a ry  of th e  p la te  

(24 nodes) was p in n ed  from  motion in th e  la titu d in a l a n d  lo n g itu d in a l
4

d ire c tio n s . T he p la te  h ad  a c o n sta n t th ic k n e ss  of 5 x 10 m. P inning  

th e  w e s te rn  b o u n d a ry  is a sim plistic  m eans of c o n stra in in g  th e  p la te  so 

th a t  i t  will deform  in te rn a lly  and  n o t a c c e le ra te . I t  is  e q u iv a len t to a s ­

sum ing th a t  th e re  a re  fo rces  ac tin g  on th e  N orth  A m erican p la te  from

77
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T able 1. D esc rip tio n  of fo rce  models

F orce P a ra m e te rsa

Model
f l r f g r f c r Fp Fs f n f t f r d f d d F ig u re

LR 1 0 0 0 0 0 0 0 0 5

DR1 0 1 0 0 0 0 0 0 0 6a

DR2 0 0 1 0 0 0 0 0 0 6b

DRD1 0 1 0 0 0 0 0 1 0 16

DRD2 0 0 1 0 0 0 0 1 0 17

DRD3 0 1 0 0 0 0 0 1 0 18

DD 0 0 0 0 0 0 0 0 1 19

DP 0 1 0 1 0 0 0 1 0 20

DPS 0 1 0 • 1 1 0 0 1 0 21

DPSN 0 1 0 1 1 1 0 1 0 22

TD 0 0 0 0 0 0 1 1 0 25

BT 0 1 0 1 1 1 1 1 0 24

12a. M agnitude fo r is  3 x 10 N /m , w hich is e q u iv a len t to a
s t r e s s  of 60 MPa ac ro ss  a 5 x 10 -m -th ic k  p la te ,

4M agnitudes fo r F p , F g , and  F ^  a re  5 % 10 N /m , w hich is 
eq u iv a len t to  a s t r e s s  of 5 MPa ac ro ss  a  1 x 10^-m -th ick  p la te ,

M agnitudes fo r F ^ p  a re  g iven  in  T able  2,

M agnitude fo r F ^ p  p ro d u c e s  0 ,1  MPa sh e a r  s t r e s s  fo r an abso­

lu te  p la te  ve locity  of 1.0  c m /y r .



T able . 2. T o rque  p a ram en te rs  fo r fo rce  models

N ondrag  T o rq u e  B alancing D rag a

M agnitude L a titu d e L ongitude R ate L atitude L ongitude
Model N °m d e g re es d eg rees ° / y r d eg rees d eg rees F ig u re

LR 9.03 x 1025 33.13 S. 41.07 W. — — — 5
DR1 5.40 51.25 S . 57.20 W. — —-- — - 6a
DR2 4.23 57.95 S . 66.16 W. — — — 6b
DRD1 5.40 51.25 S . 57.20 W. 2.73 x l ( f 7 77.84 S. 3.07 W. 16
DRD2 4.23 57.95 S. 66.16 W. 2.43 81.93 S. 33.07 W. 17
DRD3 5.84 48.14 S. 58.96 W. 2.7 75.66 S. 20.22 W. 18

DD 2.72 38.48 S. 53.99 W. 1.0 58.31 N .b 40.67 W. 19
DP 6.28 73.42 S . 109.46 W. 4.86 74.68 N. 98.17 E. 20
DPS 3.95 60.92 S. 156.56 W. 2.95 69.91 S. 120.96 E. 21

DPSN 5.19 33.02 S. 172.86 W. 2.77 56.95 S. 147.07 E. 22
TD 4.87 8.89 N. 13.57 W. 2.02 32.99 S. 34.54 E. 23
BT 2.68 50.48 S. 77.93 W. 1.24 81.33 S. 47.62 W. 25

a. R ate d ep en d s  on choice of c in equation (5-6)» b u t  pole lo cated  is in d ep en d en t of c as long
as c is co n stan t o v e r th e  p la te .

b . A bsolute ro ta tio n pole from M inster and Jo rd an  (1978).
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th e  Pacific p la te  th a t  keep  th e  b o u n d a ry  nod es  fix e d . T h is  is n o t a 

re a lis t ic  model from w hich to  o b ta in  a c c u ra te  s t r e s s  m a g n itu d e s , b u t 

re s u lt in g  s t r e s s  o rie n ta tio n s  a re  in approx im ate  ag reem en t w ith  th e  ob­

se rv e d  s t r e s s  t r e n d s  in  th e  M id-C ontinen t s t r e s s  p ro v in c e . The r e ­

su ltin g  s t r e s s e s  from th is  model a re  show n in  F ig u re  15,

C o a rse -g r id  D is tr ib u te d  R idge Model

D is tr ib u te d  r id g e  fo rces  w ere app lied  to  th e  p la te  b y  u s in g  b o th  

th e  g ra v ita tio n a l s lid in g  an d  cooling h a lf-sp a c e  fo rm u la tio n s . T hese

fo rces  a re  shown in  F ig u re  6, As d isco v e red  in  th e  r id g e -fo rc e  te s t  

case  d isc u sse d  in  C h ap te r  5, th e  g rav ita tio n a l slid ing  fo rces  in c re a se  a t 

a more ra p id  ra te  n e a r  th e  r id g e  th a n  cooling h a lf-sp a ce  fo rc e s . Be­

cause  th e  am ount of oceanic li th o sp h e re  fo r th e  N orth  A m erican p la te  

away from th e  r id g e  d e c rea se s  n o r th w a rd , so does th e  cum ulative d is ­

t r ib u te d  r id g e  fo rce . In  fa c t , th e  am ount of oceanic lith o sp h e re  norm al 

to  th e  r id g e  above la t 50° N. is  so small th a t  r id g e  fo rces  d e riv ed  from 

th e  cooling h a lf-sp a ce  form ulation a re  e sse n tia lly  n o n e x is te n t. Also, th e  

m agn itudes of cooling h a lf-sp a c e  fo rces  may n o t be  approx im ated  v e ry  

a cc u ra te ly  fo r elem ents in  w hich ( a r e a ) 2 is  n o t a good approxim ation  fo r 

. T he n e t fo rce  d ire c tio n s  fo r bo th  r id g e -fo rc e  models a re  ap p ro x i­

m ately p a ra lle l to  th e  in c re a s in g -a g e  g ra d ie n ts  fo r th e  oceanic litho ­

sp h e re  .

F or th e  coarse  g r id , nodes above 60° N . v w ere sp aced  so fa r 

a p a r t  th a t  r id g e  fo rces  n e a r  G reen land  an d  th e  N orth  Pole actually  

p o in ted  tow ard  th e  r id g e . For th e se  e lem en ts , one node was located  on 

th e  r id g e , w h ereas  th e  n e x t node was a t a h ig h e r  e leva tion  b ecau se  it
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50 MPa

Force model LR

50 MPa

b . Force model DR1

F ig u re  15. R e s u l t in g  s t r e s s e s  from r id g e  fo rc e  models
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was lo ca ted  n e a r  G reen lan d  o r on th e  co n tin en ta l sh e lf  of N orth  

A m erica, T h u s , r id g e  fo rce s  fo r th e se  e lem ents w ere e lim inated  from 

th e  c o a r s e -g r id  t e s t s .

F or b o th  of th e se  m odels, th e  w e s te rn  b o u n d a ry  was p in n ed  as 

in  th e  line  r id g e  m odel. T he only s u b s ta n tia l  d iffe ren ce  in  th e  s t r e s s  

r e s u l ts  from th e  line  r id g e  m odel, LR (T ab le  1 ), and  th e  d is t r ib u te d -  

r id g e  m odels, DR1 and  DR2 (T able  1 ) , o c cu rs  n e a r  th e  r id g e . A lso, 

th e  g e n e ra l t r e n d  of th e  line  r id g e  s t r e s s e s  in  th e  M id-C ontinen t s t r e s s  

p ro v in c e  is N. 70° E. fo r  model LR and  N. 80° E. fo r model DR1 (F ig­

u re  15). A com parison of th e  to rq u e  po les and  m ag n itu d es  fo r th e se  

two models can b e  made b y  re f e r r in g  to  T ab le  2.

A dditional d is tr ib u te d  r id g e  m odels, DRD1 and  DRD2 (T able 1) 

w ith d if fe re n t b o u n d a ry  cond itions w ere also te s te d .  In  th e se  m odels, 

th re e  d e g re e s  of freedom  w ere c o n s tra in e d . Node 184, n e a r  th e  N orth  

Pole a t 80° N . , 110° W ., was c o n s tra in e d  in th e  la titu d in a l an d  lo n g i­

tu d in a l d ire c tio n s , and  node 7, along th e  so u th e rn  p la te  b o u n d a ry  at 

19° N . , 183° W ., was c o n s tra in e d  in th e  lo n g itu d in a l d irec tio n  to p re ­

v e n t th e  p la te  from sp in n in g  ab o u t node 184. R es is tiv e  d ra g  fo rces 

w ere called  upon  to b a lance  th e  to rq u e  due  to  r id g e  fo r c e s . A conse­

q u en ce  of th e  la rg e  elem ent size above 60° N. is th e  a p p a re n t la rg e  

m agn itude  of th e  d ra g  fo rc e s . T h is  is an  a r tifa c t of elem ental a re a , 

b ecau se  d ra g  fo rces  p e r  u n it  a re a  a re  c o n s ta n t.

T he g rav ita tio n a l s lid ing  d is tr ib u te d  r id g e  fo rces  and  ba lancing  

d ra g  fo rces  fo r model DRD1 a re  shown in  F ig u re  16. T he s t r e s s e s  from 

th is  model a re  also shown in F ig u re  16. L ikew ise, th e  cooling h a lf-  

space  fo rces  and  s t r e s s e s  of model DRD2 a re  shown in  F ig u re  17. The
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S tre s s e s

F ig u re  16. F o rce  model DRD1 and  r e s u l t in g  s t r e s s e s
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F orces

50 MPa

S tre s s e s

F ig u r e  17. F o rc e  model DRD2 a n d  r e s u l t in g  s t r e s s e s
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O C
to ta l to rq u e  on th e  p la te  due to fo rce s  in  model DRD1 is  5 .4  % 10 N°m

(N-m = new tons tim es m e te r s ) , w hich is  s lig h tly  la rg e r  th a n  th e  value
25fo r th e  to ta l to r q u e , 4 023 x 10 N°m due to fo rces  in  model DRD20

S ligh t d iffe ren c es  in  s t r e s s  m ag n itu d es  and  o rie n ta tio n s  w ere 

o b se rv ed  n e a r  th e  r id g e . A few d iffe ren c es  shou ld  be  n o ted  in  com par­

in g  th e  s t r e s s e s  from b o th  of th e se  d is tr ib u te d  r id g e  models w ith d rag  

to th o se  from model DR w ithou t d ra g  (T ab le  1 ) . T he p r in c ip a l s t r e s s  

o rie n ta tio n s  away from th e  r id g e  rem ain re la tiv e ly  c o n s ta n t fo r th e  DR 

model (F ig u re s  15). H ow ever, fo r th e  DRD models (F ig u re s  16 and 

17), th e  s t r e s s  o r ie n ta tio n s  from  th e  m id -p la te  reg io n s  w estw ard  v a ry  

from e a s t-w e s t in  th e  so u th e rn  p o rtio n  to e a s t- s o u th e a s t  in  th e  n o r th e rn  

p o rtio n . T he rea so n  fo r th is  change  in s t r e s s  t r e n d s  away from th e  

r id g e  is obv iously  re la te d  to th e  d ra g  fo rces  in  th e  m odel. R idge 

fo rces  a p p ea r to co n tro l th e  s t r e s s  t r e n d s  in  th e  e a s te rn  p o rtio n  of th e  

p la te ; h o w ev er, in  th e  w e st, d ra g  fo rces  a p p ea r to dom inate th e  e ffec t 

of r id g e  fo rces  and  h en ce  s tr e s s e s  in  th is  reg io n  a re  approx im ate ly  

su b p a ra lle l to  th e  d ra g  fo rc e s . The d ep en d en ce  of s t r e s s e s  on d rag  

fo rces  could b e  re d u c e d  b y  in c o rp o ra tin g  o th e r  to rq u e -b a la n c in g  fo rces 

in  th e  m odeling schem e. In  all s u b se q u e n t models th a t  in c lu d e  o th e r 

p la te  b o u n d a ry  fo rc e s , h o w e v e r, re s is t iv e  d ra g  fo rces w ere called upon 

to ba lance  n e t to rq u e s  ac tin g  on th e  p la te .

F in e -g r id  D is tr ib u te d  R idge Model

B ecause of th e  in h e re n t p roblem s a sso c ia ted  w ith  coarse^-grid 

m odeling su ch  as the- lim ited re so lu tio n  of s tr e s s e s  and  th e  in ab ility  to 

a cc u ra te ly  model fo rces  th a t  v a ry  sp a tia lly  in  o r along th e  b o u n d a rie s  of
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th e  p la te , a f in e r  g r id  was c o n s tru c te d . All in itia l m odels w ere con­

d u c te d  u s in g  th e  co arse  g r id ,  w hich allowed fo r econom ical te s t s  of each  

m odel. T he g ra v ita tio n a l s lid in g  d is t r ib u te d  r id g e  fo rce s  ca lcu la ted  

u s in g  th e  fine  g r id  a re  show n in  F ig u re  18. F o rces above la t 60° N. 

re v e a l th e  to p o g rap h ic  e ffe c ts  of Ice lan d  an d  G reen lan d . T he re s u lta n t  

s t r e s s e s  from th is  m odel, DRD3 (T ab le  1 ) , a re  shown in  F ig u re  18. 

T he only s ig n ific a n t d iffe ren c es  in  th e  s t r e s s e s  of th e  c o a r s e -g r id  model 

DRD1 and  th e  f in e -g r id  model DRD3 a re  th e  p re se n c e  of s t r e s s e s  in  th e  

n o rth e rn m o s t p o rtio n  of th e  p la te  fo r DRD3 and  a s lig h tly  n o r th  of e a s t 

o rien ta tio n  fo r m id -la titu d e  DRD3 s tr e s s e s  n e a r  th e  r id g e . Maximum 

p rin c ip a l s t r e s s  o rie n ta tio n s  in  th e  M id-C ontinen t s t r e s s  p ro v in ce  a re  

o rie n te d  approx im ate ly  e a s t-w e s t , an o rien ta tio n  th a t  d iffe rs  b y  ap p ro x ­

im ately 23 d e g re e s  in  a clockw ise d irec tio n  from o b se rv ed  o rie n ta tio n s . 

T he fo rces  from model DRD3 re s u l t  in  a s lig h tly  la rg e r  n o n d ra g  to rq u e  

m agn itude  of 5 .84 x 1 0 ^  N°m th a n  th e  4 .5  x 1 0 ^  N°m m agn itude  fo r 

model DRD1. T he to rq u e  po les (T ab le  2) fo r  b o th  of th e se  models a re  

how ever v e ry  sim ilar.

All s u b se q u e n t m odeling r e s u l ts  a re  p re s e n te d  from  f in e -g r id  

m odels; all models th a t  in c o rp o ra te  r id g e  fo rces  have  r id g e  fo rces  ac­

co rd in g  to  th e  g rav ita tio n a l s lid ing  fo rm u la tio n .

D riv in g -d ra g  Model

In  ad d itio n  to  th e  p in n ed  r id g e -fo rc e  m odels, a d r iv in g -d ra g  

m odel, DD (T ab le  1) was found  to also f it  th e  dom inant e a s t-n o r th e a s t  

M id-C ontinen t s t r e s s  t r e n d . In  th is  model th e  N orth  A m erican p la te  is  

d r iv e n  b y  v isco u s  d ra g  fo rce s  th a t  ac t in  th e  d irec tio n  of ab so lu te  p la te
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50  MPa

S tre s se s

F ig u r e  18. F o rce  model DRD3 a n d  r e s u l t in g  s t r e s s e s
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motion a t an  ab so lu te  ro ta tio n  ra te  of 0.247 ° /m .y .  (M inster and  

J o rd a n , 1978). The w e s te rn  p la te  b o u n d a ry  was p in n e d  from  m otion. 

T h ese  d ra g  fo rce s  a re  show n on F ig u re  19a, T hese  fo rce s  ac t in 

app rox im ate ly  th e  same d irec tio n  as th e  r id g e  fo rce s ; th e re fo re , th e  

o rie n ta tio n s  of th e  s t r e s s e s  (F ig u re  19b) a re  sim ilar to  th o se  of th e  

s t r e s s e s  from th e  LR and  DR m odels. T he major d iffe ren c e  betw een  

model DRD an d  model DD is  th a t  th e  DD s tre s s e s  in c re a se  from  null 

va lues n e a r  th e  r id g e  to  v e ry  la rg e  v a lu es  in  th e  w e s te rn  p o rtio n  of th e  

p la te  in  c o n tra s t  to  s t r e s s e s  from th e  DRD 1 m odel, w hich d e c rea se  in 

m agn itude  from e a s t to  w e st. H ence ,, if  d r iv in g  d ra g  fo rce s  had  b een  

u se d  in s te a d  of r id g e  fo rce s  to  f it  th e  e a s t-n o r th e a s t  com pressive  s t r e s s  

t r e n d s  in  th e  M id-C ontinen t s t r e s s  p ro v in c e , models th a t  in c lu d ed  all 

o th e r  b o u n d a ry  fo rces  w ould hav e  re s u lte d  in  la rg e  s t r e s s e s  in  th e  

w e ste rn  p o rtio n  of th e  p la te  and  re la tiv e ly  in s ig n ific a n t s t r e s s e s  in  th e  

e a s te rn  p o rtio n . A lso, re s is t iv e  d ra g  fo rces  could n o t b e  u sed  as a 

f re e  b a lan c in g  fo rce  to  a s s u re  m echanical equ ilib rium  fo r t h e ' p la te .

P acific-B oundary  Model

In  model DP (T ab le  1 ), fo rces  w ere  app lied  along th e  San 

A n d reas  an d  A leutian  segm en ts  of th e  Pacific—N orth  A m erican p la te  

b o u n d a ry . T h ese  fo rce s  a re  d e sc r ib e d  in  d e ta il in  C h a p te r  5. V arious 

m agn itudes fo r th e se  b o u n d a ry  fo rces  w ere te s te d .  A s h e a r  s t r e s s  of 5 

MPa app lied  ac ro ss  th e  1 x 10^-m p la te  th ic k n e ss  along th e  San A n d reas  

tra n s fo rm  was found  to  b e  su ffic ie n t fo r th e  b o u n d a ry  fo rce s  to  con tro l 

s t r e s s  t r e n d s  in  th e  San A n d reas  s t r e s s  p ro v in c e . I t  is  u n lik e ly  th a t 

m ost of th is  s h e a r  s t r e s s  along th e  fa u lt is su p p o rte d  eq ually  ac ro ss  th e
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F ig u re  19. F o rce  model DD a n d  r e s u l t in g  s t r e s s e s
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e n tire  1 x 10 -m th ic k n e ss  of th e  p la te . I t  is  more lik e ly  th a t  most of 

th e  s t r e s s  in  th e  l i th o sp h e re  is c o n c e n tra te d  in th e  u p p e r  1 0  km; 

th e re fo re , s t r e s s  m agn itu d es  as la rg e  as 50 MPa o r more could ex is t 

n e a r  th e  su rfa c e  of th e  p la te  along th e  San A n d reas  tra n s fo rm , A few 

h u n d re d  k ilom eters away from th e  fa u lt ,  h o w ev er, u n le ss  decoupling  

e x is ts  in  th e  c r u s t ,  ac tu a l p a r tit io n in g  of th e  sh e a r  tra c tio n s  over 

d e p th  along th e  San A n d reas  tra n sfo rm  is  p ro b a b ly  a v e ra g e d  ou t so 

th a t  th e se  fo rces  could a p p e a r  as if  th e y  a re  e q u iv a len t to  5 MPa
5

th ro u g h o u t th e  e n tire  1  x 1 0  -m p la te  th ic k n e s s .

I t  was only in th is  p ro v in ce  and  in  th e  so u th e rn  B asin  and

R ange s t r e s s  p ro v in ce  th a t  s t r e s s e s  a p p ea r to be  a ffec ted  b y  th e se

tra n s fo rm  fo rc e s , T he fo rces  app lied  along th e  A leu tian  a rc  complex

w ere scaled  su ch  th a t  an av e rag e  com pressive  s t r e s s  m agn itude  of 5
5

MPa fo r th e  a 1  x 1 0  -m p la te  th ic k n e ss  re s u lte d  n e a r  th e  tre n c h . 

T h ese  Pacific b o u n d a ry  fo rces  along w ith th e  r id g e  and. re s is t iv e  d rag  

fo rces  a re  shown in  F ig u re  20.

L andw ard  from th e  A leu tian s , th e  ca lcu la ted  maximum p rin c ip a l 

s t r e s s e s  t r e n d  approx im ate ly  p e rp e n d ic u la r  to  th e  p la te  b o u n d a ry  and  

a g re e  w ith  o b se rv ed  s t r e s s  s ta te s ,  a lth o u g h  th e re  is now an ind ica tion  

th a t  s t r e s s e s  in  A laska may b e  more com plex th a n  can b e  exp la ined  b y  

model DP ( Cook and  o th e r s , 1984). (See T able 2 ). In  th e  San 

A n d reas  s t r e s s  p ro v in c e , p rin c ip a l s t r e s s  t r e n d s  f it th e  d a ta  qu ite  

a c c u ra te ly . Maximum p rin c ip a l s tr e s s e s  a re  o rie n te d  approx im ate ly  

n o r th - s o u th  to n o r th - n o r th e a s t .  E a s t-w e st d ev ia to ric  ten sio n a l s tre s s e s  

in  th e  San A n d reas  s t r e s s  p ro v in ce  become th e  le a s t p r in c ip a l s tre s s e s  

in  th e  S o u th e rn  B asin  an d  R ange s t r e s s  p ro v in c e ; w hen sh e a r  s t r e s s
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m agn itu d es  g re a te r  th a n  5 MPa a re  ap p lied  along th e  San  A n d reas

tra n s fo rm , la rg e  n o r th - s o u th  p r in c ip a l com pressive  s t r e s s e s  in c re a se  in

th e  n o r th e a s t  Pacific s t r e s s  p ro v in c e . F or sh e a r  s t r e s s e s  as  la rg e  as

10 MPa, s t r e s s  s ta te s  in  th e  e n tire  w e s te rn  reg io n  of th e  p la te  ap p ea r

to  b e  m ost g re a tly  affected, b y  th e  tra n s fo rm  fo rc e s . I t  is  u n like ly  th a t

s h e a r  s t r e s s e s  along th e  San A n d reas  tra n sfo rm  could b e  tra n sm itte d

w est of th e  th in ,  so ft B asin  and  R ange s t r e s s  p ro v in ce  (R ich a rd so n ,

1974) j th e re fo re , models fo r w hich s h e a r  tra c tio n s  ap p lied  along th e

San A n d reas  tran sfo rm  a re  g re a te r  th a n  6  MPa a v e rag e d  o v e r th e  1 x
5

1 0  -m -th ic k  p la te  r e s u l t  in  u n re a lis t ic  s t r e s s  m agn itudes an d  o r ie n ta ­

tio n s  e a s t of th e  B asin  and  R ange s t r e s s  p ro v in c e .

T he m ag n itu d es  of b a lanc ing  d ra g  fo rces  fo r model DP a re  even  

la rg e r  th a n  th o se  in  model DRD 3 (T ab le  2 ) . T h is r e s u l t  is  due  to th e  

e ffe c t of r id g e  and  Pacific fo rces  b o th  ac tin g  in  d irec tions th a t  cause  th e  

p la te  to  ro ta te  clockw ise ab o u t th e  to rq u e  po le . A dditional fo rces  along 

th e  so u th e rn  b o u n d a ry  w ould ac t to oppose th is  ro ta tio n  and  p a rtia lly  

ba lan ce  th e  n e t to rq u e  due to th e se  o th e r  fo rc e s .

S o u th e rn  B oundary  Model

In  ad d ition  to  tec to n ic  fo rces  ac tin g  along th e  e a s te rn  and 

Pacific b o u n d a r ie s , fo rces  due to p la te  in te ra c tio n s  along th e  so u th e rn  

b o u n d a ry  of th e  N orth  A m erican p la te  shou ld  also b e  co n sid e re d  in th e  

m odeling schem e. C om pressional fo rces  re la te d  to  th e  su b d u c tio n  of 

th e  Cocos p la te  b e n ea th  Mexico and  sh e a r  tra c tio n s  along th e  C aribbean  

tran sfo rm  w ere d isc u sse d  in  C h ap te r 5 an d  shown in F ig s . 14. The 

m agn itudes of th e se  fo rces  a re  unknow n and  poorly  c o n s tra in e d  by
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in fe r re d  s t r e s s  m a g n itu d e s . T h e re fo re , a c o n s is te n t sca ling  fa c to r was 

u se d  fo r so u th e rn  an d  w e s te rn  b o u n d a ry  forceso T he m odel, DPS 

(T able  1 ) , w hich in c o rp o ra te s  r id g e s , s u b d u c tio n -re la te d , tra n s fo rm , 

an d  re s is t iv e  d ra g  fo rc e s , is i l lu s tra te d  in F ig u re  21a„ R esu ltin g  

s t r e s s e s  from  th is  model a re  show n in  F ig u re  21b. T he m agn itudes of 

th e  n o n d rag  to rq u e  and  th e  ba lan c in g  d ra g  r a te  a re  su b s ta n tia lly  r e ­

d u ced  from th o se  of DP model (T ab le  2 ) .

T he maximum p rin c ip a l s t r e s s e s  a p p ea r to hav e  rea so n ab ly  ac­

cep tab le  o r ie n ta tio n s . In  th e  M id-C ontinen t s t r e s s  p ro v in c e , th e se  

s t r e s s  o r ie n ta tio n s  tr e n d  approx im ate ly  No 70° E, I t  shou ld  b e  no ted  

th a t  v e ry  little  d a ta  e x is ts  in th is  so u th e rn  reg io n  to  c o n s tra in  th e  

r e s u l ts .  Normal to th e se  maximum p rin c ip a l s t r e s s e s ,  h o w ev er, d ev ia - 

to ric  ten sio n a l s tr e s s e s  a p p ea r to be  too la rg e  and  too w id esp read  as 

ev idence  b y  th e  la rg e  so u th -w e s t d ev ia to ric  ten sio n al s t r e s s e s  in th e  

San A n d reas  s t r e s s  p ro v in c e , w hich a re  la rg e r  th a n  th e  n o r th - s o u th  

maximum com pressive  p r in c ip a l s t r e s s e s .  T hese  ten sio n a l fe a tu re s  

a p p ea r to b e  th e  d ire c t r e s u l t  of th e  San A n d reas  and  C arib b ean  sh ea r 

tra c tio n s  e sse n tia lly  p u llin g  th e  p la te  a p a r t  abou t i ts  so u th w est c o rn e r . 

T he n e c e ss ity  of fo rces  ac tin g  norm al to  th e  tran sfo rm  b o u n d a rie s  was 

rea lized  from o b se rv in g  th is  e ffe c t.

F o rces  norm al to  b o th  tra n sfo rm  b o u n d a rie s  w ere app lied  at 

each node along th e  tra n s fo rm s . The norm al fo rces w ere  in itia lly  g iven 

th e  same m agn itudes as th e ir  co rre sp o n d in g  tran sfo rm  fo rc e s . The r e ­

su ltin g  tra n s fo rm  fo rces  a re  equal to th e  v e c to r sum of th e  norm al
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F ig u re  21. F o rce  model DPS a n d  r e s u l t in g  s t r e s s e s
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fo rces  and  th e  sh e a r  t r a c t io n s . T hey  a re  shown in  F ig u re  22 along 

w ith  th e  o th e r  fo rce s  u sed  in  th is  m odel, DPSN (T ab le  1) .

To th is  e n d , th is  model seem s to b e  th e  most r e a l is t ic ,  and  i t  

p ro d u c e s  s t r e s s e s  th a t  b e s t  f it  th e  d a ta  (F ig u re  22). C alcu la ted  

s t r e s s e s  th ro u g h o u t th e  e n tire  M id-C ontinen t ^.stress p ro v in c e  co n sis­

te n tly  f it  th e  d a ta . P re d ic te d  s t r e s s e s  in w ard  from all b o u n d a rie s  a re  

also in  ag reem en t w ith o b se rv e d  s t r e s s e s .  P ossib ly  th e  only  reg io n s  in  

w hich s t r e s s  o rie n ta tio n s  a re  n o t in  ag reem en t w ith  th e  o b se rv ed  

s t r e s s e s  in c lu d e  th o se  p ro v in c e s  fo r w hich s t r e s s e s  a re  b e lieved  to be 

due  to localized e f fe c ts . T h ese  re g io n s  in c lu d e  th e  A tlan tic  C oast 

s t r e s s  p ro v in ce  in  th e  e a s t an d  th e  B asin  and  R ange , C olorado P la te a u , 

an d  S o u th e rn  G rea t P lains s t r e s s  p ro v in c e s . A ttem pts to f it  th e  s t r e s s  

d a ta  in  th e se  reg io n s  w ere done b y  in c o rp o ra tin g  fo rces  due  to con ti­

n e n ta l to p o g ra p h y  in to  th e  model schem e.

C o n tin en ta l T o p o g rap h y  Model

T o p o g rap h ic  fo rce s  b a se d  on th e  d e n s ity  moment form ulation 

d isc u sse d  in  C h ap te r  5 w ere in c o rp o ra te d  in to  th e  m odeling schem e in  

hope of b e t te r  f it t in g  s t r e s s  t r e n d s  in  th e  w e ste rn  and  co n tin en ta l shelf 

p o rtio n s  of th e  N orth  A m erican p la te . T h ese  to p o g rap h ic  fo rces  a re  

show n in  F ig u re  12. A few p a t te rn s  shou ld  b e  n o te d . One is  th e  con­

s is te n t  dow ndip alignm ent of fo rces  on th e  co n tin en ta l sh e lv e s . F orces 

em anating from th e  B asin  and  R ange s t r e s s  p ro v in ce  a re  gen era lly  

p o in tin g  tow ard  th e  e a s t ,  c o n s is te n t w ith th e  idea th a t  th e  B asin  and  

R ange a c ts  like  a m id-ocean r id g e  due to  th e  g ra v ita tio n a l p o ten tia l 

a sso c ia ted  w ith i ts  e lev a tio n . I t  shou ld  also b e  no ted  th a t  th e  a p p a re n t
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F ig u r e  22. F o rce  model DPSN a n d  r e s u l t in g  s t r e s s e s
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m ag n itu d es  of fo rces  h e a r  th e  N orth  Pole a re  la rg e  b e ca u se  o f th e  la rg e  

elem ental a re a s . In  g e n e ra l, fo rces  a p p e a r  to  ag re e  w ith  th e  re s u lts  

o b ta in ed  in  th e  to p o g rap h ic  te s t  case  in  w hich fo rces  p o in t away from 

h ig h e r  e lev a tio n s  fo r  re g io n s  of c o n s ta n t c ru s ta l  th ic k n e ss  and  po in t 

to w ard  th ic k e r  c ru s t  fo r re g io n s  of c o n s ta n t to p o g ra p h y .

Model TD (T ab le  1) con ta in s only  co n tin en ta l to p o g ra p h y  fo rces 

and  ba lan c in g  d ra g  fo rce s  (F ig u re  2 3 a ) . T he re s u l ta n t  s t r e s s e s  (F ig u re  

23b) do n o t a p p ea r to f i t  th e  o b se rv e d  d a ta  w ell. T h is  p o o r f it  to  th e  

d a ta  could p o ssib ly  b e  ex p la in ed  b y  th e  b a lan c in g  d ra g  fo rces  co n tro ll­

ing  th e  s t r e s s  t r e n d s  in  th e  co n tin en ta l p o rtio n  of th e  p la te . A no ther 

ex p lan a tio n  could b e  th a t  co n tin en ta l to p o g ra p h y  does n o t a ffec t th e  

in tra p la te  s t r e s s  regim e o r th a t  to p o g ra p h y  only a ffec ts  s t r e s s  t re n d s  

on a local b a s is .  A n o th e r p o ssib le  ex p lan a tio n  may b e  th a t  a combina­

tion  of tec to n ic  and  to p o g ra p h y  fo rces  is re sp o n s ib le  fo r  th e  n a tu re  of 

th e  in tra p la te  s t r e s s e s .  T h ese  fo rce s  w ere ad d ed  to th e  DPSN model to  

ob ta in  a more re a lis t ic  approx im ation  of th e  tec ton ic  and  in tra p la te  

fo rce s  ac tin g  on th e  N o rth  A m erican p la te . S tre s s e s  from  th is  m odel, 

BT (T able  1) a re  shown in  F ig u re  24. T h ese  r e s u lts  a re  n o t s ig n ifi­

can tly  d if fe re n t from th o se  from th e  DSPN model. T he fo rce  p lot 

(F ig u re  25) re v e a ls  th e  s ig n ific an tly  sm aller m agnitude of th e  con ti­

n e n ta l to p o g ra p h y  fo rces  as com pared to th e  o th e r b o u n d a ry  fo rce s .

As d isc u sse d  e a r l ie r , th e  d e n s ity  moment form ulation u se d  to  model th e  

to p o g ra p h y  fo rce s  is b a se d  on poo rly  know n su b su rfa c e  d e n s ity  s t r u c ­

tu re s  in  th e  li th o s p h e re . T h is  model p ro d u c e s  th e  sm allest n o n d rag
25to rq u e  on th e  p la te  of 2.68 x 10 N°m and  a re la tiv e ly  small ba lanc ing  

d ra g  ra te  of 1.24 x 10^ ° / y r .
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F ig u re  23. F o rce  model TD a n d  r e s u l t in g
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F ig u re  24. R esu ltin g  s t r e s s e s  from force model BT



1 0 0

F ig u re  25. Model BT fo rces



CHAPTER 7

DISCUSSION AND CONCLUSIONS

I t  h a d  b een  th e  p u rp o se  of th is  th e s is  to  model fe a tu re s  of th e  in t r a -  

p la te  s t r e s s  fie ld  fo r N orth  Am erica in  te rm s of th e  p o ten tia l p la te ­

d r iv in g  an d  re s is t in g  fo rces  th a t  ac t along th e  edge and  on th e  b ase  of 

th e  p la te . An a ttem p t was also made to  in v e s tig a te  th e  p o ssib le  e ffec ts  

of in tra p la te  fo rce s  re la te d  to  co n tin en ta l to p o g ra p h y  on localized s t r e s s  

p a t te r n s .

A lthough  th e  d e ta ils  of th e  d r iv in g  mechanism  of p la te  tec to n ics  

a re  u n c e r ta in , some form of therm al convection  due to e x ce ss  h e a t 

e n e rg y  in  th e  e a r th  is p ro b a b ly  re sp o n s ib le  fo r motion and  deform ation 

of th e  p la te s .  R idge fo rce s  a re  one su ch  fo rce  th a t  may b e  d irec tly  

re la te d  to  th e  u p  w elling of h o t m antle m ateria l a t p la te  d iv e rg en ce  

zo n es . D rag  fo rces  ac tin g  on th e  b a se  of th e  li th o sp h e re  a re  an o th e r 

ty p e  of fo rce  th a t  is a d ire c t  e ffe c t of m antle flow on th e  b a se  of th e  

l i th o sp h e re .

T h ese  tec to n ic  fo rce s  a ffe c t n o t only th e  in te rp la te  s tre s s  

reg im e b u t  th e  in tra p la te  s t r e s s  fie ld  as w ell. In tra p la te  s t r e s s e s  may 

also b e  re la te d  to re s id u a l e ffe c ts  of p a s t  a c tiv ity  along tran sfo rm  and  

su b d u c tio n  b o u n d a r ie s . T he com plexity  of th e  w e ste rn  s t r e s s  field  of 

N orth  Am erica can b e  a t tr ib u te d  to p re s e n t  p la te  in te ra c tio n s  along th e  

Pacific b o u n d a ry  (Zoback and  Zoback, 1980) and  to re s id u a l e ffec ts  of 

p a s t  su b d u c tio n  of th e  p la te  along i t s  w e s te rn  edge (A tw a te r, 1970).

1 0 1
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In  th is  m odeling schem e, only b o u n d a ry  an d  b asa l fo rce s  re la te d  to 

p re s e n t  p la te  te c to n ic s  a re  m odeled fo r th e  N orth  A m erican p la te . In ­

te rn a l p la te  m echanism s re la te d  to th e  v a ry in g  rheo log ic  an d  geologic 

p ro p e r tie s  of d if fe re n t p h y s io g ra p h ic  p ro v in c e s  also a ffe c t in tra p la te  

s t r e s s e s .

A lthough  a ttem p ts  to model in tr a p la te  s t r e s s e s  in  th e  w este rn  

p o rtio n  of th e  p la te  a re  made in  th is  m odeling schem e b y  inc lu d in g  

to p o g ra p h y -re la te d  fo rc e s , n o t all of th e  fa c to rs  w hich c o n tr ib u te  to 

in tra p la te  deform ation  h av e  b een  m odeled su ch  as rheo log ic  changes 

a sso c ia ted  w ith  th e  anom alously ho t u p p e r  m antle m ateria l cau sed  by  

cessa tio n  of su b d u c tio n  in  th e  w est (Zoback and  Zoback, 1980), O th er 

dynam ic e ffec ts  re la te d  to in itia tio n  of tra n s fo rm  fau ltin g  in th e  w est 

and  se c o n d -o rd e r  e ffe c ts  re la te d  to ac tiv e  k inem atics fo r su rro u n d in g  

reg io n s  of th e  C olorado P la teau  and G reat P lains a reas  seem to  compli­

ca te  th e  s t r e s s e s  in  th e se  a re as  (Zoback and  Zoback, 1980) and  w ere 

n o t co n sid e red  in  th is  m odeling schem e.

T he so u rce  of s t r e s s  cau sin g  a ro ta tio n  of p r in c ip a l s tre s s e s  

along th e  A tlan tic  C oast n o r th  of V irg in ia  and  so u th  of Maine is also 

u n c e r ta in , T he p o ssib le  o rien ta tio n  in  th is  a re a  of p rin c ip a l s tre s s e s  

app rox im ate ly  norm al to th e  in fe r re d  s t r e s s e s  of th e  m id -co n tin en ta l and 

oceanic reg io n s  could be  re la te d  to  localized  e ffec ts  su p erim posed  on th e  

e ffe c t of r id g e  fo rces  th a t  a re  b e liev ed  to  p o ssib ly  co n tro l th e  o rien ­

ta tio n s  of s t r e s s e s  in  su rro u n d in g  re g io n s . S ed im ent-load ing  phenom ena 

and  la te ra l d e n s ity  ch an g es  norm al to  th e  co n tin en ta l m arg in  may ac­

coun t fo r some of th e se  in fe r r e d  o rie n ta tio n s  norm al to  th e  m arg in . 

S tre s s  o r ie n ta tio n s  may also b e  re la te d  to  th e  p a t te rn  of g ra v ity
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anom alies in  th e  re g io n , w hich can b e  ex p la in ed  b y  su rfa c e  an d  s u b s u r ­

face loads along th e  le n g th  of th e  A ppalach ian  fold b e lt  (K a rn e r and  

W atts, 1983). T h ese  loads a re  p ro b a b ly  re la te d  to  fold and  th r u s t  

b lo ck s; th e re fo re , d if fe re n t tec to n ic  s t r u c tu r e s  in  th e  n o r th e rn  and  

s o u th e rn  A ppalach ians may acco u n t fo r th e  d if fe re n t s t r e s s  o rien ta tio n s  

in  th e se  two re g io n s  of th e  A tlan tic  co asta l s t r e s s  p ro v in c e . L itho­

sp h e r ic  f le x u re  and  la te ra l  d e n s ity  c o n tra s ts  a sso c ia ted  w ith  a con ti­

n e n ta l m arg in  p re d ic t  ex ten s io n a l fe a tu re s  fo r sh e lf re g io n s  (B o tt and  

D ean , 1982; Zoback an d  Zoback, 1980). H ow ever, th e  in fe r r e d  s tre s s e s  

fo r th e  A tlan tic  coasta l m arg in  a re  com pressional.

T he ex ten s io n a l te c to n ic s  p re d ic te d  fo r th e  co n tin en ta l m argin  

b y  B o tt and  D ean among o th e rs  is th e  r e s u l t  of oversim plified  models 

th a t  co n sid e r only ch an g es  in  th e  m echanical p ro p e r tie s  of th e  sh e lf , 

e . g . ,  la te ra l d e n s ity  c o n tra s ts ;  th e  "p u sh in g "  e ffec t of th e  r id g e  on 

th e  sh e lf is n o t c o n s id e re d . Modeling th e  sh e lf  acco rd in g  to a d e n s ity  

moment schem e, as show n in  th is  th e s is ,  in c o rp o ra te s  th e  re la tiv e  e ffec t 

of d e n s ity  moment ch an g es  a sso c ia ted  w ith  th e  sh e lf su p erim p o sed  on 

th e  e ffe c t of th e  r id g e  p u sh in g  on th e  sh e lf . T he sh e lf  e ffe c t , as 

m odeled w ith  d e n s ity  m om ents, p re d ic ts  a d ecrea se  in  com pressive 

s t r e s s e s  norm al to th e  sh e lf .

Even th o u g h  a ttem p ts  w ere made to f it  local f e a tu re s  of th e  

in tra p la te  s t r e s s  field  of N orth  Am erica b y  m odeling la te ra l  d en s ity  d if­

fe re n c e s  w ith in  th e  p la te  and  re fin in g  th e  fin ite -e lem en t g r id s  to in ­

c rease  th e  de tail of th e  load ing  schem es an d  in c re a se  re s u lt in g  s t r e s s  

re so lu tio n , m any s t r e s s  fe a tu re s  a re  n o t re so lv ed  and  a re  b e liev ed  to be  

due  to complex localized  p a s t  and  p re s e n t  p ro c e sse s  ac tin g  w ith in  th e
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p la te , H ow ever 5, m odeling of th e  b o u n d a ry  and  b a sa l fo rces  ac ting  on 

th e  p la te  is  q u ite  conclusive* An ou tline  of th e  m odeling re s u l ts  is 

p re s e n te d  an d  major conclusions th a t  h av e  b een  draw n co n cern in g  th e  

v a lid ity  and  v e rs a ti l i ty  of th is  m odeling schem e will b e  p re sen ted *

1* D is tr ib u tin g  r id g e  fo rce s  th ro u g h o u t th e  e n tire  to p o g rap h ic  e x ­

p re s s io n  of th e  oceanic p o rtio n  of th e  N orth  Am erica p la te  is a more 

re a lis t ic  and  a cc u ra te  way to  approx im ate  fo rces  due to  th e  g rav ita tio n a l 

p o ten tia l of th e  e lev a ted  M id-A tlantic R idge th a n  th e  p re v io u s ly  u sed  

line  r id g e  approx im ation  m ethod of R ich ard so n  (1978b) * H ow ever, th e  

line  r id g e  model was found  to b e  a good f i r s t  approxim ation  to th e  d is ­

t r ib u te d  r id g e  models w ith th e  ex cep tio n  of th e  re s u l ta n t  s t r e s s e s  n e a r 

th e  ridge* For th e  line  r id g e  m odel, th e  n e a r - r id g e  s t r e s s  m agn itudes 

rem ain  alm ost c o n s ta n t, un like  th o se  fo r th e  DRD m odels, w hich de­

c re a se s  as th e  to ta l cum ulative fo rce  d e c rea se s  tow ard  th e  ridge*

2* I t  was d e term in ed  th a t  e x p re ss io n s  th a t  q u a n tify  r id g e  fo rces as 

a fu n c tio n  of d is tan ce  from th e  r id g e  could b e  fo rm ulated  accord ing  to 

e ith e r  a cooling h a lf-sp a c e  phenom enon o r acco rd ing  to  th e  g rav ita tio n a l 

p o ten tia l a sso c ia ted  w ith  th e  la te ra l ch an g es  in  d e n s ity  asso c ia ted  w ith 

th e  cooling s in k in g  lith o sp h ere*  E x p re ss io n s  of b o th  ty p e s  w ere form u­

la te d  and  found  to  y ie ld  com parable r e s u l ts  in  b o th  m agn itude  and 

d irection* H ow ever, b ecau se  th e  cooling form ulation d e p en d s  on know l­

edge  abou t th e  p a s t  cooling h is to ry  of an y  p o in t along th e  lith o sp h e re  

an d  an approx im ation  h a s  to be  u sed  to estim ate  th e  le n g th  norm al to 

th e  r id g e  fo r any  elem en t, th e  g ra v ita tio n a l slid ing  fo rm ulation  was 

chosen  fo r u se  in  all s u b se q u e n t models th a t  had  r id g e  fo rc e s . All 

. r id g e  models approx im ate ly  f it th e  dom inant e a s t-n o r th e a s t
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m id -co n tin en ta l com pressive  s t r e s s  t r e n d « H ow ever, th e re  w ere s ig n i­

fic an t d iffe ren c es  in th o se  models in  w hich re s is t iv e  d ra g  fo rces  k e p t 

th e  p la te  in  m echanical e q u ilib riu m « Models in  w hich d ra g  fo rces  w ere 

app lied  seem ed to in d ica te  th a t  d ra g  fo rce s  along w ere p ro b a b ly  no t a 

v iab le  b a lan c in g  fo rce  b ecau se  th e y  te n d e d  to  co n tro l th e  in tra p la te  

s t r e s s  t r e n d s  in  th e  w est as much a s , i f  n o t more th a n , th e  r id g e  

fo r c e s •

3» Even th o u g h  m id -p la te  s t r e s s e s  w ere f it w ith  a d r iv in g -d ra g

model, o th e r  shortcom ings in  th is  model le f t  th e  r id g e  models as more

re a lis t ic  models of th e  tec to n ic  p ro c e sse s  ac ting  on th e  N orth  Am erican 

p la te .

4. T he only s ig n ific an t d iffe ren ce  be tw een  co a rse - and  f in e -g r id

m odeling re s u l ts  is th a t  r id g e  fo rces w ere in c lu d ed  above la t 60° N. fo r 

f in e -g r id  m odels and  n o t fo r c o a rse -g r id  m odels« T h u s , th e  s tr e s s  

s ta te s  in  th is  n o r th e rn  reg io n  w ere m odeled more a cc u ra te ly  in  th e  fin e - 

g rid  m odels. In tra p la te  to p o g rap h ic  and  c ru s ta l  th ic k n e ss  fe a tu re s  w ere

modeled more acc u ra te ly  w ith  th e  sm aller elem ent s ize s . T he major con­

c lusions d raw n from b o th  g r id  models a re  th e  sam e.

5. A ddition of Pacific b o u n d a ry  fo rces  along th e  San A ndreas

tra n sfo rm  and  A leutian  a rc  complex to  th e  modeling schem e re s u lte d  in

good f its  to  th e  s t r e s s  d a ta  in  th e se  w e s te rn  re g io n s . T he m agnitudes

of th e se  fo rces  a re  only w eakly c o n s tra in e d , b u t  m ag n itu d es  th a t
5

y ie lded  s t r e s s e s  on th e  o rd e r  of 5 MPa a v e rag e d  o v er th e  1 x 10 -m - 

th ic k  lith o sp h e re  r e s u lte d  in  th e  m ost accep tab le  s t r e s s  r e s u l t s .

6 . When norm al fo rces  due to  th e  Cocos p la te  and  s h e a r  fo rces  due 

to th e  C arib b ean  p la te  w ere a d d e d , le ss  re s is t iv e  d ra g  was re q u ire d  to
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ba lan ce  r id g e  fo rc e s . H ow ever, th e  in c o rp o ra tio n  of th e se  fo rces  r e ­

su lte d  in la rg e  ex ten s io n a l s t r e s s e s  in  th e  so u th w e s te rn  p o rtio n  of th e  

N orth  A m erican p la te .

7. Normal fo rce s  a c ro ss  tra n s fo rm  b o u n d a rie s  w ere fo und  to be 

e sse n tia l to  o b ta in  re a so n a b ly  a c c u ra te  in tra p la te  s t r e s s  o r ie n ta tio n s .

8 . T he d e n s ity  moment form ulation  b a se d  on co n tin en ta l to p o g rap h y  

an d  c ru s ta l  th ic k n e sse s  was fo und  to b e  v e ry  d ep en d e n t on assum ptions 

made ab o u t th e  d e n s ity  s t r u c tu r e  in  th e  li th o sp h e re  and  th e  com pensa­

tion  m echanism  c h a ra c te r is t ic  of c e r ta in  re g io n s  of th e  p la te . Evidence 

b a se d  on geoid anom alies a g re ed  w ith  moment m agn itudes ca lcu la ted  fo r 

th e  c o n tin e n t. T he r e s u l ta n t  to p o g ra p h y  fo rces  w ere fo u n d  to be al­

most in s ig n ific a n t re la tiv e  to th e  o th e r  b o u n d a ry  fo rc e s . T he topog­

ra p h y  fo rces  alone d id  n o t seem to p ro d u c e  s tr e s s e s  th a t  a ccu ra te ly  

m atched  th o se  in  th e  w e ste rn  and  coasta l re g io n s  of th e  N orth  Am erican 

p la te .
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