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PLATE TECTONIC EVOLUTION OF SEDII"GNTARY BASINS

by

Wi l l iam R.  Dick inson,  Geology D.epartment
S t a n f o r d  U n i v e r s i t y ,  S L a n f o r d ,  C a l i f o r n i a  9 4 3 0 5

ABSTRACT

The  ve r t i ca l  t ec ton i cs  i nhe ren t  i n  t he  scheme o f  l a te ra l  mo t i ons  o f
p la tes  o f  l i t hosphe re  a f f o rds  a  cohe ren t  l og i c  f o r  t he  ana l ys i s  o f  sed i - -

men ta ry  bas ins .  Subs idence  may  s tem f rom c rus ta l  a t t enua t i on ,  t hq rmo tec -

Lon i cs ,  f l exu re  o f  l i t hosphe re ,  o r  comb ina t i ons  o f  t hese  i n f l uence l s  i n

space  o r  t ime .  Key  face ts  o f  bas in  evo lu t i on  i nc lude  geomet r i c  con f i g -

u r a t i o n ,  t h e  n a t u r e  o f  t h e  s t r a t i g r a p h i c  f i l l ,  t h e  t y p e s  o f  s t r u c E u r a l

f ea tu res ,  and  the  l oca t i on  o f  f l u i d  hyd roca rbons  i n  space  and  t ime .

Cr i t i ca l  a t t r i bu tes  f avo rab le  t o  hyd roca rbon  occu r rence  i nc lude  the
p resence  o f  o rgan i c - r i ch  sou rce  beds ,  a  h i s to ry  o f  t he rma l  f l ux  apPro -
p r i a te  f o r  t he rma l  ma tu ra t i on ,  e f f ec t i ve  m ig ra t i on  pa ths  t o  a1 low  con -

cen t ra t i on ,  and  adequa te  rese rvo i r  capac i t y  w i t h i n  su i t ab le  t r aPs .

Bo th  d i ve rgen t  and  conve rgen t  p la te  mo t i ons  embody  ve r t i ca l  t ec ton -

i cs  w j - t h i n  t he  zone  o f  p l a te  i nLe rac t i on ,  bu t  pu re  t r ans fo rms  do  no t .  A t

d i ve rgen t  p la te  j unc tu res ,  wh i ch  a re  assoc ia ted  w i th  t he  gene ra t i on  o f

new ocean i c  l i t hosphe re ,  c rus ta l  a t t enua t i on  causes  even tua l  subs idence

tha t  i s  de layed  by  t he rmo tec ton i c  e f f ec t s  bu t  may  l a te r  be  enhanced  by
p la te  f l exu re  unde r  sed imen ta ry  l oad ing  tha t  f o r ces  i sos ta t i c  ad jus tmen t .
A t  conve rgen t  p la te  j unc tu res ,  wh i ch  a re  assoc ia ted  w i th  t he  consumpt ion
o f  o l d  o c e a n i c  l i r h o s p h e r e ,  c r u s t a l  t h i c k e n i n g  c a u s e s  u p l i f t  o f  s u b d u c -
t i o n  c o m p l e x e s  a n d  o f  a r c  o r  c o l l i s i o n  o r o g e n s ,  b u t  p l a t e  f l e x u r e  a s s o -
c ia ted  \ ^ / i t h  p la te  subduc t i on  and  rq i t h  t ec ton i c  o r  sed imen ta rv  l oad ing
induces  subs idence  i n  bas ins  t ha t  l i e  a long  the  f l anks  o f  o rogen i c  be l t s .
Mos t  sed imen ta ry  bas ins  can  thus  be  g rouped  gene ra l l y  i n to  t hose  i n

r i f t e d  s e t t i n g s  a n d  t h o s e  i n  o r o g e n i c  s e t t i n g s ,  A  g i v e n  b a s i n  m a y
occupy  seve ra l  se t t i ngs  o f  e i t he r  k i nd  sequen t i a | l y  i n  t ime ,  and  g rada -

t i ona l  examp les  a l so  occu r .
B a s i n s  i n  r i f t e d  s e t t i n g s  i n c l u d e  ( f )  i n f r a c r a t o n i c  b a s i n s  a n d

(2 )  marg j . na l  au lacogens  where  con t i nen ta l  sepa ra t i on  i s  i ncomp le te ;
(3 )  p ro tocean i c  r i f t s  whe re  the  i n i t i a l  emp lacemen t  o f  f r esh  ocean i c
c r u s t  o c c u r s ;  ( 4 )  m i o g e o c l i n a l  p r i s m s  o f  t e r r a c e ,  s l o p e ,  a n d  r i s e
assemb lages  tha t  mask  r i f t ed  con t i nen ta l  marg ins  and  (5 )  con t i nen ta l
embankmen ts  whe re  sed imen ta ry  p rog rada t i on  o f  t he  con t i nen ta l  edge  i s
impor tan t ;  ( 6 )  nascen t  ocean  bas ins  i n  wh i ch  expans ion  by  acc re t i on  o f
new l i t hosphe re  a t  m idocean i c  r i se  c res t s  i s  dominan t ;  ( 7 )  t r ans ten -

s iona l  bas ins  a long  comp lex  t r ans fo rm sys tems  where  pu l l - apa r t  o r
f au lE -wedge  fea tu res  occu r ;  and  (8 )  i n te ra rc  bas ins  f o rmed  as  marg ina l

seas behind in t ra-oceanic arc- t rench systems f rom which remnant  arc
s t ruccu res  have  been  ca l ved .

Bas ins  i n  o rogen i c  se t t i ngs  i nc lude  (9 )  ocean l c  t r enches  where
p la te  consumpt ion  occu rs ,  ( 10 )  s l ope  bas ins  f o r roed  above  acc re t i ona ry
subduc t i on  comp lexes ,  and  (11 )  f o rea rc  bas ins  i n  t he  a rc - t rench  g "p

re la ted  to  subduc t i on  zones ;  pe r i c ra ton i c  bas ins  o f  ( 12 )  pe r i phe ra l
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: : r e l a n d s  a d j a c e n t  t o  c o l l i s i o n  o r o g e n s ,  ( 1 3 )  r e t r o a r c  f o r e l a n d s  a d j a c e n t

i o  d rC  o rogens ,  and  (14 )  b roken  fo re lands  where  d i f f e ren t i a l  basemen t

:e fo rna t i on  i - s  s i gn i f i can t ;  ( 15 )  t r ansp ress iona l  bas ins  a long  comp lex

: rans fo rn  sys tems  where  w rench  o r  f au l t -wa rp  f ea tu res  occu r ;  and  (16 )

re :nan t  ocean  bas ins  i n  wh i ch  sh r i nkage  by  consumpt ion  o f  o1d  l i t ho -

sphe re  a t  bound ing  a rc - t rench  sysEems  i s  dominan t .

Use fu l  f o r  compara t i ve  bas in  ana l ys i s  a re  p lo t s  o f  f he  f o l l ow ing
n r r r n e t e r s  a s a i n s t  f i m e :  p a l e o l a t i t u d e ,  s u b s i d e n c e  r a t e  ( m a x i m a l  o r
r  J  r  e u r e

i , c l une t r i c ) ,  ne t  cumu la t i ve  subs idence  ( rnax ima l  o r  vo lume t r i c ) ,  hea t

f1u :< ,  geo the rma l  g rad ien t ,  and  tempera tu le  a t  key  sou rce  ho r i xons .

INTRODUCTION

T h e s e  s h o r t - c o u r s e  n o t e s  a r e  b a s e d  o n

t e c t o n i c s  a f f o r d s  a  c o h e r e n t  l o g i c  f o r  t h e

T h e  l i n e  o f  t h o u g h t  r u n s  a s  f o l l o w s :
(a )  The  deve lopmen l  o f  a  sed imen ta ry  bas in ,  i n  t he  sense  o f  an

a c c u m u l a t e d  p r i s m  o f  s t r a t a ,  r e q u i r e s  s u b s i d e n c e  o f  t h e  b a s i n  f l o o r ,

o r  u p l i f t  o f  c o n f i n i n g  b a s i n  m a r g i n s .
(b )  A l t hough  rhe  f c rma l  pos tu la tes  o f  p l a te  t ec ton i c  t heo ry  f ocus

e s p e c i a l l y  o n  t h e  l a t e r a l  m o t i o n s  o f  t h e  p l a t e s '  v e r E i c a l  m o t i o n s  o f

magn i tudes  su f f i c i en t  t o  f o rm  sed imen ta ry  bas ins  a re  equa l l y  i nhe ren t

i n  t he  scheme.  P la te  i n te rac t i ons  a l so  i nduce  the  up l i f t  o f  moun ta inous

be l t s  f r om wh ich  mos t  c l as t i c  sed imen t  i s  de r i ved .
( c )  The re fo re ,  va luab ie  i ns igh ts  i n to  ove ra l l  p rocesses  o f  bas in

evo lu t i on  can  be  ga ined  f rom a  gene ra l  cons ide ra t i on  o f  va r i ous  p la te

t e c t o n i c  s e t t i n g s .
O f  cou rse ,  each  i nd i r z i dua l  bas in  has  i t s  own  un iq l re  h i s to ry  t ha t  i s

dependen t  upon  a  pa r t i cu la r  sequence  and  comb ina t i on  o f  p l a te  i n te rac t i ons

and  depos i t i ona l  cond i t i ons .  The  emphas i s  he re  i s  no t  upon  sPec i f i c  h i s -

t o r i e s  o f  t h i s  k i n d ,  b u t  r a t h e r  u p o n  g e n e r a l  i n s i g h t s  t h a t  c a n  b e  p e r -

c e i v e d  t h r o u g h  w e b s  o f  l o c a l  d e t a i l .
I  t h i nk  o f  Lhese  no tes ,  t he re fo re ,  as  an  a id  t o  i nqu i r y  by  t he

reade r ,  r a the r  t han  as  an  exhaus t i ve  ca ta logue  o f  bas in  t ypes .  I  have
p repa red  them in  an  i n fo rma l  s t y l e ,  w i t hou t  re fe renc ing  each  though t  o r

sugges t i on  i n  t he  f o rma l  manner .  The  a t t ached  b ib l i og raphy  i s  a  gu ide

to  f u r t he r  i nqu i r y .  I
I n  t he  pas t  f ew  yea rs ,  many  bes ides  myse l f  have  taken  a  t u rn  a t

t ry ing to c lass i fy  sedimentary basins wi th in a p late tectonic f ramer. rork.

I  have  read  a l l  t he  pe r t i nen t  pape rs  and  hea rd  a l l  t he  re levan t  t a l ks

tha t  I  cou ld ,  A l t hough  I  make  no  a t t emp t  he re  t o  f o l l ow  any  scheme o the r

t i ran the one that  comes most  forcefu l ly  fo  my own mind,  the ins ights I

have  ga ined  f rom the  work  o f  o the rs  a re  l eg ion .  I n  pa r t i cu la r ,  I  g ra te -

fu l l y  acknow ledge  the  oppo r tun i t y  t o  pe ruse  two  unpub l i shed  manusc r i p t s

by  A .  W.  Ba l l y  and  L .  L .  S loss ,  wh i ch  I  am unab le  t o  l i s t  i n  t he  b ib l i o -

graphy.  I  owe many of  my ideas about  subduct ion systems and fore land

sys tems  to  t he  f ru i t s  o f  ex tended  d i scuss ions  w i th  Pe te r  Coney  and

Warren Hami l ton over  the years.  I  have a lso been the benef ic iary of  many

ranb l i ng  d i scuss ions  abou t  t he  t ec ton i c  se t t i ng  o f  sed imen ta ry  bas ins

w i th  C la rk  Bu rch f i e l ,  G reg  Dav i s ,  Ray  F le t che r ,  S teve  Graham,  Ray  Inge r -

so l l ,  Dan  Ka r i g ,  Casey  Moore ,  Don  See l y ,  E l i  S i l ve r ,  and  George  V ie le .
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BASIN EVOLUTION

The  evo luL ion  o f  a  sed imen ta ry  bas in  has  fou r  i n te rdependen t  f ace ts

o :  p r i r ne  i n te res t  t o  pe t ro leun  geo logy :

1 .  The  geomet r i c  shape  and  s i ze  o f  t he  bas in  as  a  who le  i s  con -

s r ra ined  by  t he  evo l v i ng  con f i gu ra t i on  o f  t he  bound ing  basemen t  rocks

tha t  f o rm  the  f l oo r  and .  f l anks  o f  t he  bas in .  The  pa tce rn  and  t im ing  o f

changes  i n  t he  g ross  shape  o f  t he  bas in  l a rge l y  con t ro l  r eg iona l  t i l t s  o f

s t ra ta  and  o the r  s t ruc tu ra l  f ea tu res  t ha t  s t rong l y  i n f l uence  m ig ra t i on

anC en t rapmen t  o f  f l u i ds  w i t h i n  t he  bas in .  I n  gene ra l ,  bas in  con f i gu ra -

t i o n s  d i r e c t l y  r e f l e c t  t e c t o n i c  s e t t i n g .
2 .  The  na tu re  o f  t he  s t ra t i g raph i c  f i l l  o f  t he  bas j -n  i s  t he  p roduc t

o f  t he  depos i t i ona l  sys tems  4c t i ve  du r i ng  bas in  evo lu t i on .  The  na tu re

o f  t hese  depos i t i ona l  sys tems  i s  pa r t l y  a  resu l t an t  o f  t he  i n te rp lay

be tween  ra tes  o f  sub6 idence  and  ra tes  o f  sed imen ta t i on  t ha t  p reva i l  a t

va r i ous  t imes  du r i ng  bas in  evo lu t i on .  A t  one  ex t reme ,  i n i t i a l  subs idence

to  f o rm  a  deep  ho le  i s  f o l l owed  by  f i l l i ng  t ha t  i nduces  fu r the r  i sos ta t i c

subs idence  unde r  t he  sed imen t  l oad .  A t  t he  o the r  ex t reme ,  sed imen ta t i on

keeps  pace  w i th  subs idence  and  no  emp ty  ho le  i s  eve r  P resen t .  Depos i -

t i ona l  sys tems  a re  a l so  i n f l uenced  s t rong l y  by  pa leog raph i c  f ac to rs ,

i n c l u d i n g  p a l e o l a t i t u d e  ( f i g .  1 ) .
3 .  The  t ypes  o f  s t ruc tu res  t ha t  deve lop  as  f o l ds  and  fau l t s  w i t h i n

the  bas in  a re  cond i t i oned  pa r t l y  by  i t s  t ec ton i c  evo lu t i on  and  pa r t l y

by  i t s  sed imen ta ry  evo lu t i on .  Ex tens iona l  de fo rma t i on  co rmnon ly  p roduces

no rma l  f au l t s  and  t i l t ed  b locks ,  whe reas  con t rac t i ona l  de fo rma t i on  com-

mon ly  p roduces  fo lds  and  th rus t  f au l r s .  On  the  o the r  hand ,  t he  p resence

o r  absence  o f  d i ap i r i c  f o l ds  and  g row th  fau l t s  i s  l a rge l y  a  f unc t i on

o f  t he  p rope r t i es  o f  t he  sed imen ta ry  f i J - I .

4 .  T h e  a m o u n t ,  n a t u r e ,  a n d  l o c a t i o n  o f  f l u i d  h y d r o c a r b o n s  w i t h i n

Ehe  bas in  i s  gove rned  i n  pa r t  by  t he  th ree  p rev ious  face ts  o f  bas in

e v o l u t i o n ,  b u t  p e r h a p s  m o s t  c r i t i c a l l y  b y  t h e  t h e r m a l  h i s t o r y  o f  t h e

b a s i i r  ( f i g .  2 ) .  B a s i n s  i n  d i f f e r e n t  p l a t e  t e c t o n i c  s e t t i n g s  m a y  b e

exposec l  t o  marked l y  d i f f e ren t  hea t  f l uxes .  Moreove r ,  t he  sa rne  bas in

may  expe r i ence  d i f f e ren t  hea t  f l uxes  a t  d i f f e ren t  t imes  du r i ng  i t s

e v o l u t i o n .
The  d i ve rs i t y  o f  s t y l es  o f  bas in  evo lu t i on  t ha t  can  be  obse rved

in  l he  geo log i c  reco rd  s tems  i n  good  pa r t  f r om the  va r i - e t y  o f  Pa t te rns
t t r r bugh  t ime  fo l l owed  by  t hese  i n te r re la ted  p rocesses  o f  subs idence ,

sed imen ta t i on ,  s t ruc tu r j - ng ,  and  hea t i ng .  I n  examin ing  the  p la te  t ec ton i c

se t t l ng  o f  bas ins .  we  need  to  f ocus  on  the  imp l i ca t i ons  o f  t he  se t t i ngs

cons ide red  fo r  each  o f  t hese  face ts  o f  bas in  evo lu t i on .  The  manner

in  wh i ch  the  d i f f e ren t  aspec ts  o f  evo lu t i on  may  be  comb ined  i n  d i f f e ren t

i ns tances  i s  t he  key  i ns igh t  t o  seek .

HYDROCARBON OCCURRENCE

Sta ted  mos t  s imp ly ,  t he  occu r rence  o f  f l u i d  hyd roca rbons  depends

upon  fou r  c r i t i ca l  a t t r i bu tes  o f  a  sed imen ta ry  bas in :

1 .  As  an  essen t i a l  r equ i remen t ,  t he re  mus t  be  o rgan i c - r i ch  sou rce

beds  w i th in  t he  sed imen ta ry  sequence .  Sou rce  beds  a re  gene ra l l y  f i ne -
g ra ined  sed j - rnen t  depos i t ed  i n  b lack -bo t tom a reas  l r he re  c l as t i c  d i l u t i on

o f  o rgan i c  cons t i t uen ts  i s  l ow ,  w innow ing  o f  f i nes  t ha t  i nc lude  o rgan i c

debr is  is  minor ,  and oxidat io-n by aerobic decay dur ing ear ly  d iagenesis

i s  l im i t ed .  Rap id  bu r i a l  o f  t he  o rgan i c  deb r i s  enhances  i t s  chances

-3-



0
z
a

m

O
UJ
F
(J
IJ
J
r!
a

LL
o

UJ
O
:f

L
F

J
o
r!
J

o_

No 90

45

30

t 5

o

t 5

30

45

60

75

So go

ii!iii
i:i::i
i : i V

P E R S I A N
GU LF

tfU'A).4

A R T E S I A N

n roo 200
T I M  E  I N

300 400

M Y B P

F igu re  1 .  App rox ima te  pa leo la t i t udes  o f  se lec ted
th rough  Phane rozo i c  t i ne .  Da ta  f r om Br iden ,
and  A .G .  Smi th ,  L974 ,  phane rozo i c  equa l -a rea
G e o l o g y ,  v .  8 2 ,  p .  5 5 5 - 5 7 4 .

sedimentary basins
J . C . ,  G . E .  D r e w r y ,
wor ld  maps:  Jour .

GUL F
COAST

f f i  APPALACHIAN

ffi coRDrr-LERAN
(WEST N O. AM )

N O R T H
S E A

500

KARROO

-4 -



f o r  p rese rva t i on .  Favo rab le  s i t es  o f  depos i t i on  i nc lude  oxygen -m in imum
zones on open mar ine s lopes,  low-oxygen zones wi th in s i l led mar ine
basins,  and sal ine non-mar j -ne or  marginal - rnar ine envi ronments.  Basins
whose  sed imen ta ry  f i l l  i nc ludes  w idesp read  fac ies  o f  t hese  k inds  p re -
sumab ly  ha rbo r  t he  l a rges t  sou rces  o f  po ten t i a l  hyd roca rbons .

2 .  Fo r  gene ra t i on  o f  f l u i d  hyd roca rbons ,  t he re  mus t  be  app rop r i a te
heat  for  thermal  maturat ion of  l iqu id hydrocarbons or  therura l  gas.  Rela-
t ions of  t ime and temperature requi red to achieve a g iven degree of
ma tu ra t i on  a re  comp lex ,  bu t  t he  gu id ing  p r i nc ip les  a re  c l ea r .  I dea l l y ,
sou rce  beds  shou ld  unde rgo  ma tu ra t i on  du r i ng  a  t ime  span  i n  t he  evo lu t i on
o f  t he  bas in  when  m ig ra t i on  o f  f l u i d  hyd roca rbons  i n to  t r aps  i s  f eas ib le
w i thou t  escape  to  t he  su r face .  As  e i t he r  unde rhea t i ng  o r  ove rhea t i ng  can
spo i l  po ten t i a l  sou rces  fo r  l i qu id  hyd roca rbons ,  spec ia l  a t t en t i on  i s
drawn to L ime-dependent  var iat i -ons in  the heat  f lux exper ienced by a
bas in  i n  re la t i on  t o  t imes  o f  subs idence ,  sed imen ta t i on  and  s t ruc tu r i ng .

3 .  Fo r  concen t ra t i on  o f  f l u i d  hyd roca rbons ,  t he re  mus t  be  pe rneab le
n ig ra t i on  pa ths  t o  ga the r  any  hyd roca rbons  p roduced .  The  mos t  e f f ec t i ve
ca r r i e r s  a re  t i l t ed  condu i t  beds  o f  we l l - so r ted  sandy  s t ra ta  con ta i -ned
benea th  impermeab le  sea l i ng  beds  o f  f i ne r  g ra ined  rock .  Poss ib i l i t i es
fo r  concen t ra t i ona te  t hus  enhanced  where  po rous  s t ra ta l  connec t i ons  a re
con t i nuous  l a te ra1 l y  f r om sou rce  beds  to  rese rvo i r  beds  and  have  an
unb roken  reg iona l  d i p .  Sa t i s fac t i ono f  t hese  cond i t i ons  f o r  condu i t  beds
j - s  more  c r i t i ca l  t han  s imp le  d i s tance  a lone  fo r  t he  m ig ra t i on  o f  f l u i d
hyd roca rbons .

4 .  Fo r  con ta inmen t  o f  f l u i d  hyd roca rbons ,  t he re  mus t  be  po rous
rese rvo i r  beds  con f i ned  w i th in  some  t rapp ing  con f i gu ra t i on  by  impermeab le
capp ing  beds .  Rese rvo i r  beds  a re  t yp i ca l l y  we l l - so r ted  sandy  s t ra ta ,
w h e t h e r  c l a s t i c  o r  c a r b o n a L e ,  F a v o r a b l e  s i t e s  o f  d e p o s i t i o n  a r e  m o s t
abundant  in  shal low-mar ine or  marginal -mar ine envi ronments near  basin
marg ins  and  w i th in  p rox ima l  t u rb id i t e  assemb lages  a long  bas in  marg ins .
T raps  may  be  fo rmed  e i t he r  by  s t ra t i g raph i c  enc losu re  o r  by  s t ruc tu ra l
f ea tu res  o f  t ec ton i c  o r  sed i rnen ta r : y  o r i g i n .

Ana l ys i s  o f  t he  p la te  t ec ton i cs  o f  sed imen ta ry  bas ins  shou ld  t hus
seek  to  i den t i f y  s t y l es  o f  bas in  evo lu t i on  and  t imes  du r i ng  bas in  evo lu -
t i on  t ha t  embody  favo rab le  comb ina t i ons  o f  t hese  fou r  c r i t i ca l  a t t r i bu tes
f o r  h y d r o c a r b o n  o c c u r r e n c e  ( f i g .  3 ) .  C o n c e i v a b l y ,  p l a t e  t e c t o n i c s  m a y
po in t  t he  way  toward  a  comprehens i ve  t heo ry  o f  hyd roca rbon  genes i s .
Unde rs tand ing  p la te  i n te rac t i ons  f u l l y  imp l i es  unde rs tand ing  o f  t he
causes  o f  subs idence ,  t he  sequenc ing  o f  depos i t i ona l  even ts ,  t he  deve lop -
men t  o f  sE ruc tu ra l  f ea tu res ,  and  the  t im ing  o f  t he rma l  f 1ux .  Pe rhaps
w i th  adequa te  ana l ys i s  we  can  now spec i f y  t he  mos t  f avo rab le  comb ina t i ons
o f  subs idence ,  sed imen ta t i on ,  and  de fo rma t i on  requ i red  to  c rea te  des i rab le
jux tapos i t i ons  o f  sou rces ,  m ig ra t i on  pa ths ,  and  rese rvo i r s  upon  wh ich  the
requ i s i t e  t he rma l  f l ux  i s  supe r imposed .  I f  so ,  we  can  the r r  seek  these
cond i t i ons  i n  t he  geo log i c  reco rd  o f  sed imen ta ry  bas ins .

PLATE INIEMCTIO}'IS

The  p la tes  o f  p l a te  t ec ton i cs  a re  sphe r i ca l  caps ,  o r  a rcua t .e  s l abs ,
o f  t he  ea r th t s  l i t hosphe re  o r  t ec tosphe re ,  wh i ch  i s  t h i cke r  t han  Ehe
crusL as def ined by M and extends dor .m to the so-cal led 1ow-veloc i ty  zone
o f  t he  uppe r  man t l e .  To  a  su rp r i s i ng  deg ree ,  t he  p la tes  a re  r i g i d  b locks .
Al rhough some internal  deformat ion does occur ,  i t  is  much less s igni f icant
i n  t e rms  o f  nagn i cude  o r  ra te  t han  the  re la t i ve  mo t i ons  o f  t he  p la tes .  The
p la tes  appa ren t l y  res t  upon  a  mob i l e  l aye r  ca l l - ed  t he  as thenosphe rew iEh ln



O C E A N I C

zo 40

S C A L E

60

S E A L I N G B E D S

M.Y. B. P

too r20

a
:
z
l

3
o
J
LL

I
F

t-rJ
I

F igu re  2 .  Gene ra l  l oga r i t l im i c  decay  o f  hea t

J .  G .  and  . i  .  F ranche te : ru  ' ( ( Je -ophys  '  ' Jou r  '

p . 5 0 9 - 5 4 2 ,  1 9 7 0 ) .

C E N O Z O I C  R I F T S

PRECAM BRIAN
PLATFORMS
AND SHIELDS

MESOZOIC OROGENS
t t

PALEOZOIC OROGENS

O C E A N I C

%_lnr_

o 200 400 600 800 looo t200

C O N T I N E N T A L  S  C A L E I N  M  Y  B  P

f 1 u x .  D a t a  a f t e r  S c l a t e r ,

R o y .  A s t r o .  S o c - ,  v .  2 O '

2.5

2.O

/-
,/1'

\
\\

\ ----
///
,/z

F_T RA P ___+-l

----:- .x-\

\

R E S E R V O I R
BE DS

M IG RATION
S C H E M E

F igu re  3 .  I dea l i zed
accumulat ion.

.z'.2 SOURC E
B EDS

CON DUCT
BEDS

HE AT

scheme for  hydrocarbon generat ion,  migrat ion,

-6 -

or r .3 l  l l ] 1



wh ich  rhe  geo the rma l  g rad ienE  i s  p robab l y  ad iaba t i c .  The  geo the rma l

g rad ien t  ac ross  t he  p la tes  i s  con t ro l l ed  ma in l y  by  conduc t i v i t y  be tween

the  basa l  t empera tu re ,  t ha t  o f  t he  as thenosphe re ,  and  the  su r f i c i a l  t em-

pe ra ru re ,  t ha t  o f  t he  a tmosphe re  and  hyd rosphe re .  I n  gene ra l ,  p l a te

bounda r i es  do  no t  co inc ide  w i th  bounda r i es  be t r . r een  con t i nen ta l  b l ocks

and  ocean i c  bas ins .  Bo th  t ypes  o f  c rus ta l  e l emen ts  can  be  j o i ned

t o g e t h e r  a s  p a r t s  o f  r h e  s a m e  p l a L e .
F r o m  a  k i n e m a t i c  s t a n d p o i n t ,  t h e r e  a r e  t h r e e  k i n d s  o f  p l a t e  j u n c -

t u r e s  ( f i g . 4 ) ,  a n d  t h e s e  a r e  a n a l o g o u s  t o  t h e  t h r e e  c l a s s e s  o f  f a u l t s

a s  d e f i n e d  b y  r e l a t i v e  d i s p l a c e m e n t s .  A t  d i v e r g e n t  p l a t e  j u n c t u r e s ,

ana logous  to  no rma l  f au l t s ,  sepa ra t i on  o f  t r vo  p la tes  occu rs .  A t  conve rg -

e n t  p l a t e  j u n c t u r e s ,  a n a l o g o u s  t o  t h r u s t  f a u l t s ,  o n e  p l a t e  d e s c e n d s  a t

an  ang le  benea [h  t he  o the r ,  and  d i ves  dgwn  i n to  t he  man t l e .  A t  t r ans fo rm

p l a t e  j u n c t u r e s ,  a n a l o g o u s  t o  s t r i k e - s l l p  f a u l r s ,  o n e  p l a t e  s l i d e s  l a t e r -
a l l y  p a s t  t h e  o t h e r .

I nc ip ien t  d i ve rgen t  j unc tu res  i nvo l ve  rup tu re  o f  i n tac r  o ld  l i t ho -

sphe re .  ! { he re  an  i nc ip ien t  r i f t  c rosses  a  con t i nen ta l  b l ock ,  i n t racon -

t i n e n L a l  r i f t i n g  o c c u r s .  I f  a r r e s t e d  a t  a n  e a r l y  s t a g e ,  a n  i n c i p i e n t

r i f t  may  t | us  f o rm  a  comp lex  g raben  r ^ r i f h l n  a  con t i nen ta l  b l ock .  I f

a l l owed  to  p roceed ,  t he  i nc ip ien t  r i f t  can  deve lop  i n to  a  new ocean i c

bas in .  The  ocean i c  l i t hosphe re  v r i t h  i t s  t h i n  c rus t  o f  ma f i c  i gneous

rocks  i s  t hen  cons t ruc ted  by  comb ined  p rocesses  o f  magmat i sm f rom up -

we l l i ng  as thenosphe re  and  ch i l l i ng  o f  dep le ted  as thenosphe re  a long

midocean i c  r i se  c res f s .  The  new l i t hosphe re  thus  fo rmed  i s  emp laced

inc remen ta l l y  be tween  the  reced ing  pa i r  o f  sepa ra t i ng  con t i nen ta l  b l ocks ,

and  i s  acc re ted  to  bo th  reced ing  p la te  edges .  Con [ i nen ta l  sepa ra t i on  o f

t h i s  k i nd  i s  no rma l l y  ach ieved  by  t he  l ong i t ud ina l  ex tens ion  o f  b ranches

o f  t he  wo r ld  m idocean i c  r i f t  sys tem,  ra the r  rhan  by  random in i r i a t i on  o f

a  who l l y  new d i ve rgen t  p la te  j unc tu re .

C o n v e r g e n t  p l a t e  j u n c t u r e s  a r e  s i t e s  o f  p l a t e  c o n s u m P t i o n  w h e r e
ocean i c  l i t hosphe re  fo rmed  p rev ious l y  a t  a  d i ve rgen t  p la te  j unc tu re

descends  i n to  t he  man t l e .  Jus t  as  a  m idocean i c  r i se  c res t  i s  t he
m o r p h o l o g i c  s i g n a t u r e  o f  a  f u l l y  d e v e l o p e d  d i v e r g e n t  p l a t e  j u n c t u r e ,  a n
a rc -c rench  sys tem i s  t he  morpho log i c  s i gna tu re  o f  a  f u l l y  deve loped  con -
ve rgen t  p la te  j unc tu re .  The  t rench  marks  t he  subduc t i on  zone  where

ocean i c  l i t hosphe re  i s ] consumed .  The  pa ra l l e l  magmat i c  a rc ,  wh i ch  may

s tand  upon  e i t he r  ocean i c  o r  con t i nen ta l  c rus ta l  e l emen ts ,  marks  t he  l i ne
a long  the  su r face  above  the  p lace  where  descen t  o f  l i t hosphe re  i n to  t he
man t l e  t r i gge rs  magmat i sm o f  o rogen i c  t ype .  Ow ing  to  t he  buoyancy  o f

con t i nen ta l  c rus t ,  con t i nen ta l  l i t hosphe re  canno t  descend  i n to  t he  man t l e ,
The  a r r i va l  o f  a  con t i nen ta l  b l ock  a t  a  subduc t i on  zone  i ns tead  causes
a  c rus ta l  co l l i s i on  be tween  i t  and  the  a rc  s t ruc tu re .  Conve rgen t  p la te
junc tu re -s  a re  t hus  the  s i t es  o f  a r c  o rogens  where  ocean i c  l i t hosphe re
may  be  con t i nuous l y  consumed  o r  co l l i s i on  o rgens  where  p la te  consumpt ion
i s  a r res ted  by  c rus ta l  co l l i s i on .

Cont inenta l  crust  is  probably bui l t  anel r  in  tvro ways at  convergent
p l a t e  j u n c t u r e s :  ( a )  b y  t h e  t e c t o n i c  s t a c k i n g  o f  c r u s t a l  e l e m e n t s  i n
subduct ion zones \^rhere sedimentary layers are scraped of f  the top of

descend ing  s labs  o f  ocean i c  l i t hosphe re ,  and  (b )  by  t he  magmat i c  emp lace -
ment .  of  igneous cruscal  e lements added as p lutons and volcanogenic p i les
to  t he  a rc  s t ruc tu res  assoc ia ted  w i th  t r enches .  Some anc ien t  con t i nen ta l
crust  rnay a lso be inher i ted f rorn unfami l iar  processes operat ive deep in
the  P recambr ian .  l n  any  case ,  con t i nen ta l  c rus t  and  l i t hosphe re
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apparen t l y  conse rved  wh i l e  ocean i c  c rusE  and  l i r hosphe re  a re  con t i nua l l y

recyc led  .
A grand scheme of  crusta l  development  is  thus involved in the

funcE ion ing  o f  d i ve rgen t  and  conve rgen t  p la te  j unc tu res .  Concep tua l l y '

r up tu re  o f  con t i nen t  a t  i nc ip ien t  r i f t  l eads  to  genes i s  o f  nascen t  ocean

a t  rn idocean i c  r i se ;  consump l i on  o f  such  ocean  a t  a r c - t rench  sys tem leads

f i r s t  t o  bu i l d i ng  o f  new  con t i nen t  i n  a rc  o rogen ,  and  f i na l l y  t o  rewe ld -

i ng  o f  con t i nen ts  t oge the r  a t  co l l i s i on  o rogen  as  i n te rven ing  ocean  i s

o e s t r o y e d .
By  con t ras t ,  t r ans fo rm p la te  j unc tu res  a re  neu t ra l  w i t h  resPec l

t o  t he  mass  ba lance  o f  c rus t  and  l i t hosphe re .  I dea l l y ,  p l a tes  s l i de

la te ra l l y  pas t  one  ano the r  w i t hou t  acc re t l on  o r  consumpt i -on .  Howeve r ,
j u s t  a s  o b l i q u e - s l i p  f a u l f s  o c c u r ,  h y b r i d  p l a t e  b o u n d a r i e s  a l s o  o c c u r  i n

sone  a reas .  Where  some componen t  o f  ex tens iona l  o r  con t rac t i ona l  mo t i on

occurs a long a t ransform, the terms t ranstensicn and t tansptession ate

c c n v e n i e n t  t o  d e s c r i b e  t h e  i n t e r a c t i o n .

VERTICAL TECTONICS

A l l  p l a te  i n te rac t i ons  t ha t  i nvo l ve  cons t ruc t i on  o f  new  l i t hosphe re
o r  consumpt lon  o f  o l d  l i t hosphe re  as  a  resu l t  o f  l a rge  ho r i zon ta l  mo t i ons

o f  p la tes  a l so  i nvo l ve  s i gn i f i can t  ve r t i ca l  r no t i ons  o f  l i t hosphe re .  Ve r -

t i ca l  t ec ton i cs  o f  t he  gene ra l  so r t  needed  to  exp la in  t he  o r i g i n  o f  sed i -

men ta ry  bas ins  a re  t hus  i nhe ren t  i n  t he  bas i c  concep ts  o f  p l a te  t ec ton i cs .

T h e r e  a r e  t h r e e  r o o t  c a u s e s  o f  s u b s i d e n c e  o r  u p l i f t  a s  a  r e s u l t  o f  p l a t e

in te rac t i ons :  c t ranges  i n  c rus ta l  t h i ckness ,  t he rma l  expans ion  o r  con -

t rac t i on  o f  l i t hosphe re ,  and  b road  f l exu re  o f  p l a tes  o f  l i t hosphe re  i n

r e s p o n s e  t o  l o c a l  t e c t o n i c  o r  s e d i m e n t a r y  l o a d i n g .

C r u s t a l  T h i c k n e s s  ( f i g .  5 ) .

The  con t ras t i ng  e leva t i ons  o f  t he  su r faces  o f  t he  con t i nen ta l  b l ocks

and  the  ocean  f l oo rs  a re  we l l  known .  The  rup tu re  o f  a  con t i nen ta l  b l ock

and subsequent  developmerpt  of  a ne\^ /  oceanic basin a long a d ivergent  Plate
junc tu re  f hus  fo rms  a  f r esh  recep tac le  f o r  sed imen t  be tween  the  two  sePar -

a t i ng  con t i nen ta l  f r agmen ts .  The  g rea t  con t ras t s  i n  t h i ckness  and  compo-

s i t i on  be tween  con t i nen ta l  and  s tanda rd  ocean i c  c rus t  a l so  imp ly  t ha t

be l t s  o f  t r ans i t i ona l  c rus t  w iLh  some in te rmed ia te  t h i ckness  w i l l  f o rm

a long  the  edges  o f  r i f t ed  con t i nen ta l  b l ocks .  The  reg ion  o f  t he  con t i nen t -

ocean  i n te r face  a long  r i f t ed  con t i nen ta l  marg ins  w i l l  t hus  s tand ,  i n  t he
absence  o f  sed imen ta t i on ,  a t  e l eva t i ons  i n te rmed ia te  be tween  those  o f
con t i nen ta l  b l ocks  and  ocean  f l oo rs .

The t ransi t ional  crust  that  br idges betveen the two domains may have

e i t he r  o f  two  cha rac te rs ,  depend ing  on  de ra i l s  o f  t he  p rocess  o f  con t i n -

en ta l  sepa ra t i on ,  On  Lhe  one  hand ,  i t  may  be  a t t enua ted  con t i nen ta l

c rus t ,  w i t h  t he  same compos i t i on  bu t  w i t h  l esse r  nec  th i ckness  than  con -
t inenta l  basement .  On the other  hand,  i t  may be composed of  oceanic naf ic
i gneous  rocks  m ixed  as  f l ows ,  d i kes ,  and  s i l l s  w i t h  sed imen ts  o f  con t i n -
en ta l  de r i va t i on .  Comp lex  m ix tu res  o f  t he  quas i con t i nen ta l  and  quas i -

oceanic types of  t ransi t ional  crusE also seem 1ike1y to form f rour  calv ing
o f  m ic rocon t i nen ta l  f r agmen ts  o f f  t he  edges  o f  r i f t ed  con t i nen ta l  marg fns .
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The  cons t ruc t i on  o f  new  l i f hosphe re  a t  r i ve rgen t  p la te  j unc tu res
thus  fo r ros  c rus ta l  p ro f i l es  t ha t  a re  t h i nne r  t han .  t hose  p resen t  l oca l f y
be fo re ,  and  the reby  i nduces  w l i o l esa le  subs idence  i n  be l t s  a long  con t i n -
en ta l  marg ins .  On  the  oEher  hand ,  p rocesses  re la ted  to  p la te  consumpt lon
a t  a rc - t rench  sys tems  a long  conve rgen t  p la te  j unc tu res  cons t ruc t  c rus ta l
p ro f i l es  t ha t  a re  t h i cke r  t han  those  p resen t  l oca11y  be fo re ,  and  the reby
induce  up l i f t  w i t h i n  a rc  and  co l l i s i on  o rogens .  Such  up l i f t s  comrnon l y
fo rm new sed imen t  sou rces  and  l oca l l y  f o rm  the  s i1 l s  o r  f l anks  o f  ad jacen t
res idua l  sed imen ta ry  bas ins .

The  p rocesses  tha t  f o rm  c rus t  o f  anoma lous  th i ckness  a t  conve rgen t
p la te  j unc tu res  may  se rve  to  t h i cken  p ro f i l es  t ha t  r ^ /e re  p rev ious l y  e i t he r
ocean i c  o r  con t i nen ta l .  Th i cken ing  p rocesses  i nc lude  (a )  t he  add i t i on  o f
t ec ton i c  i nc remen ts  o f  ocean i c  e le rnen ts  t o  g row ing  subduc t i on  comp lexes ,
(b )  t he  add i t i on  o f  magmat i c  i nc remen ts  t o  e i t he r  ocean i c  o r  con t i nen ta l
p ro f i l es  o f  magmat i c  a rcs ,  wh i ch  occu r  i n  bo th  j - n t ra -ocean i c  and
con t i nen ta l -marg in  se t f i ngs ,  and  ( c )  t he  t ec ton i c  ove r l app ing  o r  t e l e -
s c o p i n g  o f  c o n t i n e n t a l  e l e m e n t s  a l o n g  t h e  s t u r e  b e l t s  o f  c o l l i s i o n
o rogens .  Where  the  resu l t i ng  t h i ckness  o f  pa raocean i c  o r  pa racon t i nen ta l
c r u s t  i n i t i a l l y  e x c e e d s  t h a t  o f  n o r m a l  c o n t i n e n t a l  c r u s t ,  i s o s t a t i c
up l i f L  and  accompany ing  e ros ion  w i l l  t end  to  reduce  i t  t o  no rma l  va lues
w i t h  t h e  p a s s a g e  o f  t i m e .

The rma l  E f fec t s ( f i e . 6 )

Thermo tec ton i c  up l i f t  and  e ros ion  a re  d i sp layed  mos t  c l ea r l y  i n
ocean i c  bas ins  whe re  new l i t hosphe re  i s  f o rmed .  Nea r  m idocean i c  r i se
c resLs ,  t he  l i t hosphe re  i s  t h i n ,  hea t -  f l ux  i s  h igh ,  t he  geo the r rna l  g rad -
i en t  nea r  t he  su r face  i s  s teep ,  and  \n ra te r  dep ths  a re  compara t i ve l y  sha l l ow .
As  l i t hosphe re  passes  fa r the r  away  f rom the  r i ses ,  i t  f i r s t  t h i ckens
rap id l y  and  then  con t rac t s  s l ow ly  as  i t  coo l s .  As  seve ra l  have  no ted ,
t h e  n e t  e f f e c t  a t  t h e  s u r f a c e  i s  g r a d u a l  s u b s i d e n c e  o f  t h e  o c e a n  f l o o r
a t  a  ra te  t i r a t  i s  r emarkab l y  regu la r  on  a  l oga r i t hm ic  t ime  sca le .  A
s i m p l e  l i n e a r  e q u a t i o n  c a n  b e  w r i t t e n  r e l a t i n g  d e p t h  o f  w a t e r  t o  t h e
squa re  roo t  o f  t he  age  o f  t he  i gneous  ocean i c  subs t ra tu rn .  The  equa t i on
ho lds  t o  an  age  be tween  75  and  100  m i l l i on  yea rs ,  beyond  wh ich  a  s teady -
s ta te  hea t  f l ux  and  s tab le  geo the rma l  g rad ien t  a re  appa ren t l y  a t t a i ned .

Where  con t , i nen ta l  sepa ra t i ons  occu r  a t  d i ve rgen t  p la te  j unc tu res ,
ana logous  the rmo tec ton i c  up l i f t  and  subs idence  can  be  expec ted  to  occu r .
up l i f t s  a long  i nc ip ien t  and  j uven i , l e  r i f t s  occu r  p r i o r  t o  and  du r i ng
sePara t i on  even rs  when  the  e f f ec t s  o f  h i gh  l oca l  hea t  f l ux  can  o f f se t
t h e  o p p o s i n g  e f f e c t s  o f  c r u s t a l  t h i n n i n g .  E r o s i o n a l  t r u n c a t i o n  o f
up l i f t ed  dom.es  and  a rches  a t  t h i s  t i r ne  may  con t r i bu te  t o  c rus ta l  t h i nn ing
du r i ng  r i f t i ng .  Fo l l ow ing  co rnp le t i on  o f  r i f L  sepa ra t i on ,  subs idence
occu rs  as  Ehe  d i s tance  be tween  m idocean i c  r i se  c res f  and  r i f t ed  con t i n -
en ta l  marg in  i nc reases .  A l t hough  the  i sos ta t i c  subs idence  o f  t r ans j - t i ona l
c rus t  i n  response  to  c rus ta l  t h i nn ing  may  cause  an  app rop r i a te  amoun t  o f
rap id  subs idence ,  f u r t he r  s l ow  subs idence  i n  response  to  t he rma l  decay
o f  p rev ious l y  heaEed  l i t hosphe re  w i l l  be  p ro longed  fo r  pe rhaps  100  rn i l l i on
yea rs  i f  t he  behav io r  i n  ocean i c  reg ions  a f f o rds  a  p rope r  ana logy .

The  h igh  hea t  f l ux  i n  magrna t i c  a rcs  can  a l so  be  expec ted  to  i nduce
t h e r m o t e c t o n i c  u p l i f t  o f  p a r t s  o f  o r o g e n i c  b e l t s .  B e h a v i o r  o f  t h i s  k i n d
i s  no t  we l l  documen ted  and  fu l1  unde rs tand ing  w i l l  no t .  come  eas i l y ,  f o r
t he  gove rn ing  cond i t i ons  a re  much  more  comp lex .  A l so  c l ea r l y  re la ted  i n
some manner to the arc heat  f lux are the rnarg inal  seas in  which some form
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o f  sp read ing  occu rs .  A l t hough  th i s  t ype  o f  ocean i c

the  ma in  beh ind  magmat i c  a rcs '  t he  ea r l i es t  s tep  i n

s p l i t t i n g  o f  a n  a r c  s t r u c t u r e  a l o n g  a  r l - f t  b e l t  i n

v iewed  as  a  sDec ia l  case  o f  c rus ta l  sepa ra t i on .

basin develops in
i t s  evo lu t i on  i s  t he

a manner that  can be

F l e x u r a l  B e n d i n g  ( f i g .  l )

The  p resence  o f  ho t  and  re la t i ve l y  weak  as thenosphe re  benea th  t he

p la tes  o f  coo le r  and  s t ronge r  l i t hosphe re  makes  the  f l exu re  o f  l i t ho -

sphere an i :npor tant  phenomenon.  The mobi le  asthenosphere is  readi ly

ab l -e  t o  mo ld  i t s  uppe r  su r face  to  t he  shape  adop ted  by  t he  base  o f  t he

l i t hosphe re .  Because  o f  b road  f l exu res  o f  t he  l i t hosphe re '  de fo rma t i ons

assoc ia ted  w i th  ve r t i ca l  t ec ton i cs  can  exe r t  e f f ec t s  f o r  l a rge  l a te ra l

d i s  t a n c e s  .
The  mos t  aDDaren t  l oc i  o f  bend ing  o f  s l abs  o f  l i t hosphe re  a re  t he

! r r e  ^ r , v v  e  _ r t

f lexures where consume<l  p lates turn downward at  an angle to begin thei r

descen t  i n to  t he  man t l e .  The  g rea t  dep ths  o f  ocean i c  t r enches ,  whose

f l oo rs  s tand  we l l  be low  the  o rd ina ry  l eve l  o f  t he  open  ocean  f l oo r '  a re

no t  reached  by  c rus ta l  t h i nn ing  o r  by  t he rma l  decay ,  bu t  as  t he  resu l t  o f

p la te  f l exu re .  C rus ta l  p ro f i l es  and  hea t  f l ow  i n  t r enches  a re  s im i l a r  t o

those  o f  t he  ocean  f l oo rs  excep t  f o r  t he  i n f l uence  o f  ponded  t rench  sed i -

O the r  impor tan t  f l exu res  o f  p l a tes  a re  caused  by  t he  impos i t i on  o f

1oca1 loads that  induce broad dovrnbowing as a means to balance the load.

C lass i c  examp les  a re  t he  annu la r  j - sos ta t i c  moa ts  t ha t  su r round  some

vo lcan i c  i s l ands  and  the i r  a r ch ipe lag i c  ap rons  o f  sed imen t  f a r  ou t  i n

the  oceans .  More  s ign i f i can t  cases  o f  1oca l  l oads  a re  t he  vas t  sed imen t

p r | sms  tha t  a re  dumped  i n to  t he  edges  o f  ocean i c  bas ins  as  con l i nen ta l

r i ses  a long  r i f t ed  con t i nen ta l  marg ins .  As  th i s  sed imen t  d i sp laces

wa te r ,  i t s  l oac l  can  i nduce  i sos ta t i c  subs idence  beyond  tha t  resu l t i ng

f rom c r t t s ta l  t h i nn ing  and  the rmo tec ton i cs .  By  f l exu r i ng  ra the r  t han

fa i l i ng  t h rough  1oca l  f r ac tu re ,  t he  l i t hosphe re  i s  ab le  t o  de fo rm in to

a  b road  reg iona l  downwarp .  No t  on l y  does  the  basemen t  benea th  t he  con -

t i nen ta l  r i se  subs ide ,  bu t  t he  edge  o f  t he  nea rby  con t i nen ta l  b l ock  may

also t i l t  dov,rnward as wel l .
Tec ton i c  l oads  fo rmed  by  t he  s t ruc tu ra l  s tack ing  o f  t h rusE  shee ts  I  i

or  nappes can induce s imi lar  downwarps.  Wherever  deformat ion involves

d6co l l emen t  t ha t  pee l s  cove r  rocks  o f f  basemen t  and  mounds  them in to  a

te lescoped  we l t ,  t he  resu l t i ng  l oad  can  dep ress  the  unde r th rus t  s l ab  o f

l i t hosphe re  ove r  b road  a reas  beyond  the  s t ruc tu ra l l y  d i s tu rbed  be l t -

Se t t i ngs  whe re  th i s  mechan i s tn  can  ope ra te  i nc lude  subduc t i on  comp lexes

tha t  p i l e  up  above  mov ing  s labs  o f  ocean i c  l i t t r osphe re ,  and  fo ld - th rus t

be l t s  t ha t  p i l e  uD  above  fo re land  s labs  o f  con t i nen ta l  l i t hosphe re .

BASIN TYPES

Cons ide ra t j - on  o f  t he  causes  o f  subs idence  i nd i ca tes  t ha t  sed imen ta ry

bas ins  can  occu r  i n  two  gene ra l  k i nds  o f  geodynamic  seE t i ngs :
1 .  R i f t ed  se t t i ngs  whe re  d i ve rgen t  p la te  mo t i ons  and  ex tens iona l

s l r uc tu res  a re  dominan t ;  subs idence  occu rs  i n i t i a l l y  i n  response  to

a t tenua t i ona l  t h i nn ing  o f  c rus t ,  i s  l a te r  enhanced  by  t he rma l  decay  as

t ime passes,  and may be augmented eventual ly  by f lexure in  response to

sed imen ta ry  l oad ing .
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INFRACRATONIC
BASIN

MARGINAL
AULACOGEN

PROTOCEANIC
RIFT

I' lIOGEOCLINAL
PRISM

CONTINENTAL
EMBANKMENT

NASCENT
OCEAN

TRANSTENSIONAL
BASIN

INTERARC
BASIN

Tab le  1 :  Types  o f  R i f t ed  Se t t i ngs

In t racon t i nen ta l  r i f t  bas in  f l oo red  bv  a t t enua ted
con t i nen ta l  basemen t

Ri f t  t rough e longate inward loward cont inenta l
i n te r i o r  f r om re -en t ran t  i n  ad jacen t  con t i nen ta l
margin

f tnc ip ienJt  oceanic basin f lanked by upl i f ts  a long
nea rby  r i f t ed  con l i nen ta l  marg ins

Con t i nen ta l  t e r race ,  s1ope ,  and  r i se  assoc ia t i on
deve loped  a long  con t i nen t -ocean  i n te r face

Prog rada t i ona l  sed imen t  p i l e  cons t ruc ted  o f f  t he
edge  o f  a  r i f t ed  con t i nen ta l  marg i -n

Grow ing  ocean i c  bas in  w i t h  a  m idocean i c  r i se
sys tem bu i l d i ng  new l i t hosphe re

Loca l  pu l l - apa r t  and  fau l t -wedge  fea tu res  a long
a  comp lex  t r ans fo rm sys tem

Oceanic basin formed by backarc spreading behind
a  m ig ra to ry  i n t ra -ocean i c  i s l and  a rc

Tab le  2 :  Tvpes  o f  O rogen i c  Se t t i ngs

Deep  t rough  fo rmed  by  p la te  descen t  a t  a
subduct ion zone re lated to p late consumpt ion

Loca l  s t ruc tu ra l  dep ress ion  deve loped  be tween
t rench  ax i s  and  t rench  s lope  b reak

Bas in  l oca ted  w i th in  a rc - t rench  gap  be tween
t rench  s lope  b reak  and  magmat i c  o r  vo l can i c
f ron t

Fo re land  bas in  ad jacen t  t o  f o l d - th rus t  be l t
assoc ia ted  w i th  su tu re  be l t  o f  co l l i s i on  o rogen

Fore land  bas in  ad jacen t  t o  f o l d - th rus t  be l t
assoc ia ted  v i t h  i n f ras t ruc tu re  o f  a r c  o rogen

Loca l  s t ruc tu ra l  dep ress ions  i so la ted  by  base -
ment  deformat ion wi th in orogenic fore land region

Local  wrench and faul t -warp features a long a
complex t ransform system

Shr ink ing oceanj .e basin undergoing p late con-
sumpt ion a long f lanking arc-Erench sysEems

-  L.+-

OCEANIC
TRENCH

SLOPE I
I

BASIN

FOREARC
BAS IN

PERIPHERAL
BASIN

RETROARC
BASIN

BROKEN
FORELAND

TRANSPRESSIONAI
BASIN

REMNANT
OCEAN



2 , O r o g e n i c s e t t i n g s w h e r e c o n v e r g e n t p l a t e m o t i o n s t " d " o t ' t t a c t i o n a l
s t ruc tu res  a re  dominan t ;  subs idence  occu rs  i n i t i a l l y  by  p la te  f l exu re  re -

l a ted  e i t he r  t o  p la te  consumpt ion  o r  t o  1oca l  t ec ton i c  t h i cken ing  o f

c rus ta l  p ro f i l es ,  r . y  a l so  be  augmen ted  by  sed imen ta ry  l oad ing ,  and  i s

sub jec t  l o  i n f l uence  by  more  va r i ed  t he rmo tec ton i c  e f f ec t s .

Grouping sedimentary basins in to t .s to such gross categor ies repre-

sen ts  a  de l i be ra te  a t t emp t  t o  seek  the  b roades t  poss ib le  cou rnon  g round

and  masks  a  g rea t  dea l  o f  va r i ab i l i t y .  My  pu rpose  i n  do ing  so  i s  t o  f ocus

a t ten t i on  on  ce r ta in  key  t hemes  o f  bas in  evo lu t i on .  Any  g roup ing  o f  sed -

imen ta ry  bas ins  r i sks  t he  unwar ran ted  assumpt ion  tha t  t he  d i f f e ren t  t ypes

a re  who l l y  d i s t i nc t  en t i t i es  i n  space  as  we l l  as  i n  t ime .  I n  t r u th ,  how-

eve r ,  t he  same p i -ece  o f  l i t hosphe re  may  a t  one  t ime  be  l oca ted  i n  a  r i f t ed

se t t i ng  and  a t  a  l a te r  t ime  i n  an  o rogen i c  se t t i ng ,  o r  v i ce  ve rsa '  Thus '

d i f f e ren t  k i nds  o f  sed imen ta ry  bas ins  may  be  supe r imposed ,  one  a top  the

o the r .  To  use  a  be t te r  emphas i s ,  i nd i v i dua l  sed imen ta ry  bas ins  may  be

and  cou rnon l y  a re  compos i t e  bas ins  i n  t e rms  o f  p l a te  t ec ton i c  se t t i ng .  The

pace  o f  p l a te  i n te rac t i ons  i s  rap id  i n  geo log i c  t e rms  and  the  na tu re  o f

t he  i n te rac t i ons  t ha t  a f f ec t  t he  evo lu t i on  o f  a  g i ven  bas in  may  change

seve ra l  t imes  du r i ng  i t s  l i f e .

R i f t ed Se t t i ngs  ( f aU te  t )

Bas ins  whose  tec ton i c  evo lu t i on  i s  domina ted  by  ex tens iona l  p l a te

mo t i ons  and  c rus ta l  r i f t i ng  i nc lude  th ree  i dea l i zed  subg roups  (g rada -

t i ona l  exan rp les  a l so  ex i s t ) :

A .  Bas ins  whe re  ruP tu re  o f  con t i nen ta l  b l ocks  a long  i nc ip ien t

d i ve rgen t  p la te  j unc tu res  i s  i ncomp le te ;  t hese  i nc lude  two  re la ted  t ypes :
-  

( 1 )  I n f r a c r a t o n i c  b a s i n s  w h e r e  c l e a r c u t  s t r u c t u r a l

connec t i ons  t o  ocean  bas ins  a re  doub t fu l ;  t he  subs t ra tum

is  a t t enua ted  t rans i t i ona l  c rus t  bu t  i s  no t  r ru l y  ocean i c

i n  na tu re .
( 2 ) M a r g i n a l a u l a c o g e n s f o r m e d a t r e - e n t r a n t s i n t h e

t rends  o f  con t i nen ta l  marg ins  as  e longa te  o r  wedge -shaped

gashes  f l oo red  by  ocean i c  o r  t r ans i t i ona l  c rus t ;  t he  au la -

c o g e n r e P r e s e n t s t h e f a i l e d a r m o f a t r i p l e j u n c t i o n .
B .  Bas ins  whe re  rup tu re  o f  con t i nen ta l  b l ocks  i s  comp le te  a long

d i ve rgen t  p la te  j unc tu res ,  hence  con t i nen ta l  sepa ra t i on  i s  pch ieved  and

t rue  ocean i c  c rus t  i s  f o r rned  i n  t he  i n te rven ing  a rea ;  t hese l  i nc lude  fou r

t ypes  wh ich  can  be  fo rmed  i n  sequence  by  t he  ope ra t i on  o f  t he  same p la te

j u n c t u r e :
(3 )  P ro tocean i c  r i f t s  whe re  a  na r row  be l t  o f  i n i t i a l l y

ho f  ocean i c  l i t hosphe re  fo rms  be tween  two  con t i nen ta l  f t ag -

men ts ;  sed imen ta t i on  ac ross  t he  r i f t  can  s t i l l  be  i n f l uenced

by  bo th  f l ank ing  con t i nen ta l  b l ocks '
(4 )  M iogeoc l i na l  p r i sms  depos i t ed  a long  r i f t ed  con t i n -

en ta l  marg ins  bes ide  oPen  ocean i c  bas ins ;  t hese  i nc lude

conE inen ta l  t e r race  depos i t s  a long  the  edge  o f  t he  con t i n -

en ta l  b l ock  and  con t i nen ta l  r i se  depos i t s  a long  the  edge  o f

t he  ocean i c  bas in  w i t h  t he  s ta rved  con t i nen ta l  s l ope  be tween .

(5)  Cont inenta l  embankrnents where sedimentary accret ion

to  t he  edge  o f  a  r i f t ed  con t i nen ta l  marg in  has  p rog raded  the

con t i nen ta l  s l ope  ou t  i n to  t he  ad jacen t  ocean i c  bas in ;  as  t he

toe of  the embankment  advances,  the s lope break can reach a

point  that  was in i t ia l ly  l i i th in the oceanic basin '
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F i g u r e B . S c h e m a t i c d i a g r a m s ( v e r t i c a l e x a g g e r a t i o n l 0 X ) t o i l l u s t r a t e
gene ra l  evo lu t i on  o f  r i f t ed - - " rg r " -p r i s i - a l ong  

r i f t ed  con t i nen ta l

m a r g i n : ( A ) i n c i p i e n t o " " a ' ' i " " I " g " ' s h o w i n g p i t - o " " " t t i c d e p o s i t i o n a l
phases;  (B)  end of  narrow-oc""" - " Iugt  when therrnal  subsidence is

comp le te ;  (C )  con t i nen t . f  t . i t . " . - " I op . - t i se  con f i gu ra t i on  du r i ng

open ocean stage;  (D)  orogrr j f ig  .orra i . r "nta1 ernbankment  at  a la ter

state of  growtt  not  reached unless sediment  del ivery is  u l t imate ly

voluminous enough'
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(6 )  Nascen t  ocean i c  bas ins  whe re  g radua l  subs idence
o f  t he  ocean i c  l i t hosphe re  be tween  a  m idocean i c  r i se  c res t
and  the  t ra i l i ng  edge  o f  a  con t i nen ta l  b l ock  f o rms  a  b road ,
e longa te  dep ress ion  i n  wh i ch  abyssa l  p l a ins  o f  t u rb id i t es
can  fo rm above  ocean i c  c rus t ;  seamoun ts  and  a rch ipe lag i c
ap rons  may  occupy  pa r t s  o f  such  a  bas in .
C .  Bas ins  whe re  r i f t i ng  occu rs  i n  assoc ia t i on  w i t h  t r ans fo rm o r

conve rgen t  p la te  j unc tu res ;  examp les  o f  each  case  can  be  i den t i f i ed :
(7)  Pul l -apar t  and faul t -wedge basins a long t ransten-

s iona l  f au l t  sys tems  where  l oca1  a t t enua t i on  o f  c rus t  occu rs
to  f o rm  dep ress ions  be tween  subpa ra l l e l  b ranches  o f  a  t r ans -
fo rm sys tem;  such  bas ins  may  be  assoc ia ted  w i th  yoked  up l i f t s .

(8 )  I n te ra rc  bas ins  whe re  sp l i t t i ng  apa r t  o f  a  magmat i c
arc leads to development  of  oceanic crust  between an inact ive
remnant  arc and a f ronta l  arc w[rere act ive magmat ism cont inues;
in terarc basins mav have thei r  i incept ion as downdropped graben
w i th in  a rc  s t ruc tu res .

Orogen i c  Se t t i ngs  (Tab le  2 )

Bas ins  whose  tec ton i c  evo lu t i on  i s  domina ted  by  con t rac t i ona l  p l a te
mot ions and orogenic deformat ion inc lude three ideal ized subgroups (gra-
da t i ona l  examp les  a l so  ex i s t ) :

A.  Basj -ns re lated to the development  of  subduct ion complexes a long
the  t rench  f l ank  o f  a r c  o rogens ;  t hese  a re  t he  th ree  ma in  sed imen ta ry
componen ts  o f  a r c - t rench  sys tems :

(9 )  Ocean i c  t r enches  whose  subs t ra tum i s  t he  descend ing
ocean i c  l i t hosphe re  o f  a  p la te  be ing  consumed ;  t he  i nne r  f l ank
of  the t rench is  marked by the defornat ion f ront  of  the sub-
duc t i on  comp lex .

(10 )  S lope  bas ins  f o rmed  as  f au l t - bounded  dep ress ions  on
the deforming submar ine s lopes between t rench axes and t rench
s lope  b reaks ;  sed imen ts  o f  t hese  bas ins  a re  even tua l l y  i nco r -
po ra ted  i n to  subduc t i on  comp lexes  a long  w i th  t r ench  sed imen ts .

(1 f )  Fo rea rc  bas ins  f o rmed  w i th in  t he  a rc - t rench  gap  be -
tv /een the t rench s lope break and the magmat ic  arc;  the t rench
s lope  b reak  mark ing  the  edge  o f  t he  ac t i ve  subduc t i on  zone
s e r v e s  a s  t h e l s i l l  f o r  s u c h  a  b a s i n .
B .  Bas ins  f o rmed  i n  pe r i c ra ton i c  f o re land  se t t i ngs  ad jacen t  t o  t he

deforming f lanks of  orogenic bel ts ;  these basins are systemat ica l ly  asym-
me t r i c ,  w i t h  t he i r  deepes t  kee l s  ad jacen t  t o  f o l d - th rus t  be l t s  a t  t he
f l anks  o f  t he  ad jacen t  o rogens ,  bu t  t h ree  d i s t i nc t  t ypes  occu r :

(L2)  Per ipheral  basins formed where the sur face of  a
cont inenta l  b lock is  drawn dovmward against  the suture bel t
o f  a  co l l i s i on  o rogen ;  t he  po la r i t y  o f  che  ad jacen t  o rogen
faces  th i s  t ype  o f  f o re land  bas in ,  hence  the  oph io l i t i c
su tu re  be l t  l i es  c l ose r  t o  t he  bas in  t han  the  magmat i c
be l t  o f  ba tho l i t hs  and  vo l canogen i c  rocks .

(13 )  Re t roa rc  bas ins  f o rmed  where  the  su r face  o f  a
cont inenta l  b lock is  drawn downward against  the rear  f lank
o f  an  a rc  o rogen ;  t he  po la r i t y  o f  t he  ad jacen t  o rogen  faces
away f rom th is  type of  fore land basin ( real ly  a h inter land
bas in ! ) ,  hence  the  oph io l i t i c  subduc t i on  comp lex  l i es  f a r -
ther  f rom the basin than the magmat ic  bel t  o f  bathol i ths
and volcanogenic rocks.
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F igu re  10 .  Schemat i c  d iag rams  ( ve r t i ca l  exagge ra t i on  10X)  t o  i l l us t ra te  sed i -

men ta ry  bas ins  assoc ia ted  w i th  c rus ta l  co l l i s i on  t o  f o rm  i n te rcon t i nen ta l

s u t u r e b e l c w i t h  c o l l i s i o n  o r b g e n .  S y m b o l s :  T R ,  t r e n c h ;  S Z ,  s u b d u c t i o n

zone ;  FAB,  f o rea rc  bas in :  RAB,  re t roa rc  bas in ;  FTB ,  f o re land  fo ld * th rus t

be1 t .  D iag rams  A -B -C  rep resen t  a  sequence  o f  even ts  i n  t ime  a t  one  p lace

a long  a  co l l i s i on  o rogen  marked  by  d iach ronous  c losu re ;  hence ,  e ros ion  i n
one  segmen t  (C )  o f  t he  o rogen  where  the  su tu red  i n te rcon t i nen ta l  j o i n  i s

comp le te  cou ld  d i spe rse  sed imen t  l ong i t ud ina l l y  pas t  a  m ig ra t i ng  t ecEon ic

t rans i t i on  po in t  (S )  t o  f eed  subsea  tu rb id i t e  f ans  o f  f l y sch  i n  a  remnan t

ocean  bas in  (A )  a long  tec ton i c  s t r i ke .

+
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(14)  Broken-fore land basins formed where basement  is

involved in fore land deformat ion Eo cause b lock upl i f ts

and  basemen t - co red  fo lds  sepa ra t i ng  i so la ted  bas ina l  de -

p ress ions ;  t h i s  s t y l e  o f  de fo rma t i on  may  occu r  i n  e i t he r

pe r i phe ra l  o r  r e t roa rc  se t t i ngs .

C .  Bas ins  whe re  con t rac t i ona l  e f f ec t s  con t ro l  bas ina l  evo lu t i on

ou ts ide  a rc  o r  co l l j - s i on  o rogens :
(15)  Downwarped basins a long t ranspressional  faul t

systems where wrench fo lds and other  faul t -warp st ructures

cause  tec ton i c  t h i cken ing  and  reg iona l  f l exu re ;  f ea tu res

of  th is  k ind may occur  as ev idence of  inc ip ient  deforma-

t i on  i n  t he  absence  o f  f u1 l y  deve loped  t rans fo rm fau l t s .

(16)  Remnant  ocean basins in to which c last ics shed

long i t ud ina l l y  f r om the  ends  o f  p ropaga t i ng  co l l i s i on

o rogens  rnay  bu i l d  subsea  fans  and  de l t as ;  t hese  depos i t s
'are probably the typ ical  f lysch and molasse of  c lass ic

te rm ino logy .

BASIN COMPARISONS

The  l og i c  o f  p l a te  t ec ton i cs  i nd i ca tes  t ha t  ce r ta in  sequences  o f

bas ina l  se t t i ngs  shou ld  recu r  f r equen t l y  i n  t he  geo log i c  reco rd .  I n  t he

s imp les t  case ,  t he  gove rn ing  cyc le  o f  open ing  and  c los ing  oceans  d i c ta tes

that  oceanic basins must  evolve regular ly  f rom nascent  phases dominated

by extensional  tectonics to remnant  phases dominated by contract ional

t ec ton i cs .  S im i l a r l y ,  t he  sed imen ta ry  assemb lages  a long  r i f t ed  con t i n -

en ta l  marg ins  ( f i g .  B )  mus t  i nc lude  phases  depos i t ed  w i th in  p ro tocean i c

r i f t s  unde r l y i ng  t he  younge r  m iogeoc l i na l  p r i sm,  wh i ch  may  i n  t u rn  be

covered and f lanked by the deposi ts  of  a progradat ional  cont i -nenta l  em-

bankmen t .  These  r i f t ed -marg in  sed imen ta ry  assoc ia t i ons  may  l a te r  be

cove red  i n  pa r t ,  w i t h  t he  onse t  o f  o rogenY ,  bY  the  fo re land  depos i t s  o f

r e t r o a r c  o r  p e r i p h e r a l  b a s i n s  a s  a r c  ( f i g .  9 )  o r  c o l l i s i o n  ( f f g . 1 0 )

o rogens  deve lop  a long  the  de fo rmed  con t i nen ta l  marg in .  Spec ia l  va r i an t s

o f  t he  gp id ing  p la te  i n te rac t i ons  can  l ead  to  o the r  success ions  o f

basinal  development .
The inference that  d l f ferent  mechanisms of  subsidence must  operate

in  t he  va r i ous  r i f t ed  and  o rogen i c  se t t i ngs  sugges ts  t ha t  t he  pa t te rn  o f

subsidence may vary in  d i f ferent  types of  basi -ns.  One d i f ference in

pa t te rn  i s  appa ren t  i n  t he  con t ras t i ng  c ross -sec t i ona l  shapes  o f  t he

va r j - ous  t ypes  o f  bas ins .  D i f f e rences  may  a l so  ex i s t  i n  t he  t im ing  o f

subs idence  du r i ng  the  h i s to ry  o f  t he  bas ins .  Fo r  bas ins  whe re  wa te r

dep ths  a re  cons i s ten t l y  sha l l ow  th roughou t  t he  depos i t i ona l  h i s to ry ,

subs idence  ra tes  and  ne t  subs idence  can  be  es t ima ted  c lose l y  on  e i - t he r

a maximal  or  vo lumetr ic  basis  f rom columnar sect ions or  isopach maps.

Fo r  bas ins  whe re  wa te r  dep ths  va ry  g rea t l y  du r i ng  t he  depos i t i ona l  h i s -

tory,  est imates of  changing bathymetry must  be incorporated in to an

ana l ys i s  o f  subs idence .  Max imum subs j -dence  ra tes  ( f i g .  11 )  and  ne t

maximum subsidence integrated through t i rne ( f ig .  12)  have been p lot ted

for  a number of  basins represent ing many of  the types d is t inguished here.

A  e lea rcu t  d i f f e rence  i s  sugges ted  be tween  r i f t ed  bas i -ns ,  whe re  rap id
ea r l y  subs idence  ra tes  dec l i ne  w i t h  t ime ,  and  o rogen i c  bas ins ,  whe re

subsidence rates tend to bui ld  toward a f ina l  c l imax.  The former pat tern

p robab l y  re f l ec t s  t he  dominance  o f  t he rmo tec ton i c  e f f ec t s  f o l l ow ing  i n i -

t i a l  c rus ta l  a t t enua t i on ,  whe reas  the  l a t t e r  may  re f l ec t  p rog ress i ve l y
more in tense f lexur ing unt i l  contract ional  movements cease.

-20 -
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F igu re  13 .  P lo t  o f  "0 i1  Concen t ra t i on r "  exp ressed  as  o i l  vo lume  i n
ba r re l s  pe r  cub i c  k i l ome te r  o f  t o ta l  sed imenL ,  as  a  f unc t i on  o f
d i s tance  i nward  f rom c ra ton  marg in  as  de f i ned  by  d i s tance  f rom
neares t  f o l d - t h rus t  be l t  (Appa lach ian ,  Ouach i t an ,  o r  Co rd i l l e ran ) .
Da ta  f r on  es t ima tes  o f  u l t ima te  po ten t i a l  f o r  20  U .S .  i n te r i - o r
b a s i n s  f r o m  M P G  M e m o i r  1 5  ( I . H .  C r a m ,  e d i t o r ) .

- 2 3 -



'-

I t  would be especia l ly  in format ive to p lot  changing geothermal  gra-

d ients and temperatures at  key source hor izons against  t ime for  examples

of  var j -ous types of  basins.  I  am unable to do so wi th avai lable data '

I  have inc luded one specia l  p lot  ( f ig .  13)  of  vo lume of  petro leum

per volume of  fo ta l  sediment  for  var ious basins in  the present  cont in-

enta l  in ter ior .  The data are taken f rom the MPG Craur Volumes on Future

u .S .  Pe t ro leum Prov inces .  The  bas ins  a re  a r ranged  acco rd ing  to  d i s tance

from the nearest  orogenic bel t  as measured f rom the center  of  the basin

to  t he  c loses t  f o re land  fo ld - th rus t  be l t .  Measu remen ts  a re  necessa r i l y

rough values.  The basins j -nvolved inc lude supracratonic sags of  uncer-

t a i n  o r i g i n ,  i n f rac ra ton i - c  bas ins ,  au lacogens ,  and  va r i ous  fo re land

bas ins ,  some  o f  compos i t e  o r i g i n .  The  p lo t  i s  i n te rp re ted  to  suppo r t

the concept  that  migrat i -on of  o i l  updip toward the craton f rom the de-

pressed orogenic f lanks of  fore land regions j -s  an important  phenomenon'

As d i -s tance f rom the orogenic f ronts increases,  the overal l  concentrat ion

o f  pe t ro le t rm  appea rs  t o  dec l i ne  l oga r i t hm ica l l y '

INCIPIENT RIFTS

Basins re lated to inc ip ient  r i f t ing of  cont inenta l  b locks have

seve ra l  aspec ts  i n  common :  (a )  c rus ta l  a t t enua t i on  o f  t he  subs t ra tum
j - s  cha rac te r i s t i c  and  i s  t he  p r ime  t r i gge r  o f  subs idence ;  (b )  h igh  hea t

f l ux  i s  assoc ia ted  w i th  t he rmo tec ton i c  doming  p r i o r  t o  subs idence  and

con t i nues  du r i ng  the  ea r l y  s tages  o f  subs idence ;  ( c )  t he  ove ra l l  t r ans -

ve rse  p ro f i l es  o f  t he  bas ins  a re  gene ra l l y  symmet r i c ;  and  (d )  o rogen i c

deformat ion is  not  in tense.  Two major  features of  the basins are in-

he ren t l y  d i f f i cu l t  t o  eva lua te :  ( a )  t he  a tEenua ted  c rus ta l  p ro f i l e  o f

the substratum is  ent j - re ly  covered by sediment '  hence i ts  nature can be

es tab l i shed  on l y  by  geophys i ca l  me thods ;  and  (b )  t he  geo the rma l  g rad ien ts

that  prevai led ear ly  in  basin evolut ion must  be h indcast  f rom inferences

of  the magni- tude of  the in i t ia l  heat  f lux and of  the in f luence of  the

growing sedimentary b lanket  dur ing thermal  decay '

Inf racratonic B a s i n s  ( f i g . 1 4 )

The i -nference that  major  in t racont inenta l  basins represent  in f ra-

cratonic s t ructures r^rhere par t ia l  cont inenta l  separat ion occurred pr ior

t o  subs idence  rema ins  l a rge l y  an  unsubs tan t i a ted  hypo thes i s .  Pe rhaps

the  bes t  documen ta t i on  pe r ta ins  t o  t he  No r th  Sea  bas in ,  whe re  geophys i ca l

s tudies have establ ished that  the crust  is  th inner  than normal  beneath

the  ma jo r  g raben  t rends  tha t  rep resen t  t he  deepe r  po r t i ons  o f  t he  bas in '

Simi lar  pat terns of  basal  grabens in t l -e  West  Siber ian basin suggest  s im-

i l a r  be l t s  o f  c rus ta l  a t t enua t i on .  The  p resence  o f  unusua l l y  dense  rocks

local ly  in  the substratum beneath the Michigan and I l l ino is  basi -ns h ints

a t  ana logous  p rocesses  o f  c rus ta l  a t t enua t i on ,  b t i t  d i r ec t  s t ruc tu ra l  con -

f i rma t i on  i s  gene ra l lY  l ack ing .
F rom the  su r face ,  t yp i ca l  i n f rac ra ton i c  bas ins  appea r  t o  be  b road ,

roughly equant  downbows;  f lanks are typ ical ly  gent le and merge wi th sur-

rorrndi . rg p lat forms wi thout  sharp st ructura l  margins.  In  the subsurface,

ab rup t  changes  i n  t he  s t ra ta l  t h i ckness  o f  l ower  ho r i zons  may  re f l ec t

g raben  3 t ruc tu res  con t ro l l ed  by  no rma l  f au l t i ng  du r i ng  the  ea r l y  s tages

of  subsidence.  Bur ied graben t rends corrnonly d isp lay branching t r i le te

pa t te rns  t ha t .  sugges t  i n i t i a t i on  as  b ranch ing  r i f t s  on  the rmo tec ton i c

domes  tha t  deve loped  i n  assoc ia t i on  w i t h  t he  p rocesses  respons ib le  f o r

crusta l  at tenuat ion.  The importance of  thermal  gas in  the North Sea and
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Figure 14.  Schemat ic  d iagrams to
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v lew .  T ime  runs  top  to  bo t tom.

- 2 5 -

U P W E L L I N G



West Siber ian basins may ref lect  a corresponding h igh heat  f lux ear ly  in

bas in  evo lu t i on .  La te r  t ec ton i c  s t ruc tu res  t end  to  be  gen t l e  f o l ds  and

fau l t s  w i t h  modes t  o f f se t  t ha t  p robab l y  re f l ec t  e i t he r  m ino r  con t rac t i ona l

deformat ion or  isostat ic  adjustments to the growing sedimentary load.

The sedi rnent  f i l ls  of  in f racratonic basins are typ ical ly  shal low-

mar ine st rata wi th non-mar ine beds present  in  the lowermost  and uPpermosf

parrs of  the column as wel l  as local ly  in  marginal  areas.  Contrasts wi th

adjacent  p lat form regions are main ly  in  th ickness and not  in  fac ies.  The

easy access Eo sediment  sources on nearby cont inenta l  b locks coupled wi th

modes t  ra tes  o f  subs idence  appa ren t l y  a l l ow  comb ined  p roeesses  o f  c l as t i c

and carbonate deposi t ion to keep i -nf racratonic basins f i l led wi th sediment

du r i ng  subs idence .  She l f  depos i t s  o f  we l l  so r ted  ma tu re  sands  and  va r i ous

carbonate types are thus connon.  Per iods of  temporary starvat ion wi th

s i l led condi t ions a lso a1low, however,  for  the development  of  s tagnant

basins in  which organic-r ich source beds can accumulate in  the basin

in te r i o r  o r  w i t h i n  l oca l  g rabens .  De l t a i c  comp lexes  o r  ca rbona te  bu i l dups

may form on adjacent  shelves or  horst  b locks.  At t ract ive reservoi rs  and

t raps  o f  comb ined  s t ruc tu ra l  and  s t ra t i g raph i c  o r i g i n  t hus  tend  to  c l us te r

around basin margins or  a long internal  tectonic  t rends.  Geometr ic  pat terns

of  subsidence contro l led by i r regular  amounts of  crusta l  at tenuat ion may

be complex,  but  the subsequent  sedi -ment  load tends to induce centr ipeta l

downf lexure of  the l i thosphere beneath the basin as a whole.  Updip migra-

t i on  pa ths  t hus  tend  to  be  cen t r i f uga l  t oward  marg ina l  pa r t s  o f  t he  bas ins .

Marg ina l  Au lacogens  ( f i g .  15 )

The term aulacogen or ig inated in  the Soviet  l i terature to descr ibe

long - l i ved ,  f au l t - bounded  t roughs  d i sposed  i n  a  gene ra l l y  rad ia l  pa t t e rn

as wedge-shaped f laws in the marginal  areas of  cratons.  The features

d i f f e r  f r om geosync l i nes  i n  l ack ing  oph io l i t i c  sequences  o r  o rogen i c  mag-

mat ism, and do not  exper ience ord inary orogenesis of  the same sty le.

P la te  t ec ton i c  i n te rp re ta t i ons  v i ew  au lacogens  as  abo r ted  oceans ;  t ha t  i s t

as the fa i led arms of  branching r i f t  systems whose other  rnembers cont inued

to  evo l ve  i n to  f u l l - f l edged  ocean i c  bas ins .  The  marg ins  o f  t hose  ocean

basins then def ine the edges of  the cratons in to which the aulacogens
ex tend .  The  c ra ton  marg ins  t o  e i t he r  s i de  o f  t he  mou th  o f  an  au lacogen
are thus r i f ted cont inenta l  margins ear ly  in  thei r  h is tory,  and eventual ly

become orogenic bel ts  when the adjacent  oceanj-c  l i thosphere is  la ter  con-

sumed .  The  Benue  t rough  o f  N ige r i a  i s  a  Mesozo i c  au lacogen  re la ted  to  t he

At lant ic  Ocean,  and the Anadarko-Ardmore basin of  Oklahoma j -s  a Paleozoic

au lacogen  re la ted  to  t he  Ouach i t a  o rogen i - c  be1 t .
The  s t ruc tu re  o f  au lacogens  i s  i n te rmed ia te  be tween  those  o f  i n f ra -

c ra ton i c  bas ins  and  ocean i c  bas ins ,  t o  each  o f  wh i ch  au lacogens  a re  g rada -

t i ona l  a t  t he i r  con t i nen ta l  and  ocean i c  ends ,  respec t i ve l y .  The  na tu re  o f

t he  c rus t  benea th  t he  f l oo r  o f  au lacogens  i s  t r ans i t i ona l  t o  ocean ie ,  and
may inc lude several  k i lometers of  igneous rocks emplaced at  the t ime the
au lacogen  f i r s t  deve loped .  Un l i ke  t yp i ca l  i n f rac ra ton i c  bas ins ,  au lacogens
a re  marked l y  e longa te ,  a l t hough  rough l y  symmet r i ca l  i n  t r ansve rse  p ro f i l e .
Their  f lanks commonly are prominent  faul t -contro l led h inge l ines where
in te rm i t t en t l y  ac t i ve  f au l t  sca rps  se rve  as  1oca1  sed imen t  sou rces .  Ac t i -
v i t y  on  these  bound ing  fau l t  t r ends  i s  mos t  s i gn i f i can t  ea r l y  i n  t he  h i s to ry
o f  t he  au lacogen  when  rap id  subs idence  o f  t he  f l oo r  accmpan ies  i n i t i a l
t he rmo tec ton i c  subs idence .  A  second  pe r i od  o f  ma jo r  ac t i v i t y  may  occu r
l a te  i - n  t he  h i s to ry  o f  t he  au lacogen  when  de fo rma t i on  re la ted  to  o rogenes i s
along the associated geosyncl inal  t rend causes react ivat ion of  t .he f racture

- 2 6 -
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T ime  runs  top  to  bo t tom.
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S y s t e m s . T h e e a r l i e r f a u l t s t e n d E o b e n o r m a l b l o c k - f a u l E s , w h e r e a s t h e
l a t e r f a u l t s t e n d t o b e r e v e r s e f a u l E s a s s o c i a t e d w i t h b a s e m e n t _ c o r e d
f o l d s a n d b l o c k - u p l i f t s . B o t h s e t s o f f a u l t s t e n d t o b r e a k t h e a u l a c o -
g e n i n t o s u b p a r a l l . l " . t " o f l i n e a r , f a u l t - c o n t r o l l e d S t r u c t u r a l e l e m e n t s .
Dur ing the in tervening rn iddle per iod of  aulacogen evolut ion '  th ick sedi -

mentat ion forms an e longate dovrnf lexure wiLh i ts  ax is  a long Ehe keel  of

the aulacogen wher.  
" r r , , i t  

is  th in.  This enhanced subsidence t i l ts  the

edges of  the bounding p lat forms.downward toward the aulacogen st ructure '

U n d e r t h e s e c o n d i t i o n s , d e p o s i t i o n t e n d s t o m a s k t h e S t r u c t u r a l m a r g i n s
ot tn;n:"131?3!l; 

f ir ls of auracosens are mainly sharrow-marine shelf

strata s imi lar  to  but  several  t i t l "  th icker  than the nearby p lar form

S e q u e n c e s . P r o m i n e n t s e d i m e n t a r y c o m p o n e n t s m a y i n c l u d e m a t u r e c l a s t i c
sediment  dravrn preferent ia l ly  in to the aulacogen,  which acts as a dra in

f o r t h e a d j a c e n t c o n t i n e n t a l b l o c k , o r c a r b o n a t e s e d i m e n t d e p o s i t e d
d u r i n g g r a d u a l s u b s j - d e n c e . A d d i t i o n a l c o m p o n e n t s a r e a l s o i m p o r t a n t .
L a v a s a s s o c i a t e d w i t h t h e e x t e n s i v e r i f t i n g r h a t e s r a b l i s h e s t h e S t r u c -
t u r e m a y b e i n t e r b e d d e d a t l o w e r h o r i z o n s . C o a r s e , i m m a t u r e c l a s t i c s
t h a t a r e n o n - m a r i n e i n p a r t m a y b e a s s o c i a t e d w i t h a c t i v i t y o n l o c a l
marginal  faul t  scarps.  Mar ine or  non-mar ine c last ics may be shed up the

a u l a c o g e n f r o m t h e o r o g e n i c b e l t t h a t e v e n t u a l l y c l o s e s i t s m o u t h . T h i s
di rect ion of  sediment  del ivery is  opposi te to t i ra t  prevalent  dur ing the

t ime that  the mouth of  the aulacogen is  open to an oceanic basin '  Con-

cu r ren t  w i t h  t he  a r r i va l  o f  such  J rogen i c ' c l as t i cs ,  t he  seaward  t i l t  o f

t h e a u l a c o g e n a x i s m a y b e e n h a n c e d b y f l e x u r e o f t h e c o n t i n e n t a l m a r g i n
downward beneath th"  i l " t 'k  of  the developing orogenic bel t '

Upd ip  m ig ra t i on  pa ths  f r om sou rce  beds  w i th in  an  au lacogen  o r

b e y o n d i t s m o u t h l i e a l o n g t h e t r e n d o f t h e f e a t u r e a n d o u t w a r d t o r ^ l a r d
i r s f l a n k s . R e s e r v o i r s i n s u i t a b l e t r a p s m a y b e a s s o c i a t e d e i t h e r w i t h
the st ructura l ly  def ined h inges a long the margins of  the aulacogen'  or

wi th in the aulacogen where tectonic - rumpl ing may occur  toward the c lose

o f  i t s  evo lu t i on .

P r o t o c e a n i c  R i f t s  ( f i g '  f 6 )

D e e p r i f t v a l l e y s a n d p r o t o c e a n i c g u l f s t h a t f o r m d u r i n g t h e e a r l y
stages of  cont in. r ,a" i  separat io l  * .y  fo i rn pers is tenE symmetr ic  r i f t

bas ins  i f  sepa ra t i on  i s  a r res red  a t  an  ea r l y  s tage .  A l t e rna te l y ,  i f  t he

ocean i c  bas in  con t i nues  to  b roaden ,  depos i t s  o f  t he  p ro tocean i c  S tage  a re

p r e s e n t a s a u n i q u e a s s e m b l a g e . o f S t r a t a f o r m i n g t h e l o w e r h o r i z o n s o f
t h e r e s u l t i n g r i f t e d _ m a r g i n s e d i m e n t p r i s m . C h a r a c t e r i s t i c f e a t u r e s o f
protoceanic sedimentary issernblages inc lude interst rat i f ied lavas and

sediments formed as deposi t ion a id the bui ld ing of  igneous oceanic crust

p roceed  concu r ren t l y ,  Lx tens i ve  p iedmon t  c l as t i cs  assoc ia ted  w i th  l a rge

bu r i ed  fau l t  sca rps  bound ing  t i l l ed  f au l t  b l ocks ,  and  mass i ve  evapo r i t es

fo rmed  unde r  cond i t i ons  o f  r es t r i c ted  c i r cu la t i on  and  des i cca t i on  t ha t

commonly develop in  the narrow seaways that  occupy the basins '

Because  o f  t he  i n tense  the rmo te t t on i c  e f f ec t s  t ha t  con t ro l  t he

e l e v a t i o n o f t h e s u b s t r a t u m , t r u e s a b k h a e v a p o r i t e s m a y r e s t d i r e c t l y
on st rongly at tenuated or  even t ru ly  oceanic crusL that  la ter  undergoes

dramat ic  subsidence capable of  carry ing the evapor i tes dovmward beneath

great  depths of  water  or  immense th icknesses of  younger sediment '  Ther-

m o t e c t o n i c u p l i f t o f t h e e d g e s o f t h e c o n t i n e n t a l b l o c k s b o r d e r i n g a
p ro tocean i c  r i f t  f o rms  bound ing  up lands  tha t  ac t  as  p ro tecE ive  shou lde rs

t o s c r e e n m a j o r r i v e r s a w a y f r o m t h e c r u s t a l c l e f t , a n d t h u s t o h e l p
-28 -
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promote  cond i t i ons  su i t ab le  f o r  evapo r i t e  depos i t on .  Such  cond i t i ons

rppu"r  to  reach ideal  expresion in  the modern Red Sea where th ick Neo-

gene evapor i tes were la id down essent ia l ly  at  sea 1eve1 upon th in crust '

Wh"t"  protoceanic evapor i tes are th ick a long the f lanks of  rnajor  ocean

basins,  they may cause at t ract ive d iapi r ic  s t ructur ing wi th in subsequent

cont inenta l  terraces or  embankments.

In a case l ike the Gul f  o f  Cal i forn ia,  however,  the Colorado River

is  able to enter  a protoceanic r i f t  through a breach in the bounding

h igh lands  nea r  one  end  o f  t he  s t ruc tu re .  Ma jo r  evapo r i t e  depos i t s  a re

lack ing.  A progradat ional  del ta ic  complex has advanced longi tudinal ly

dor^m the protoceanic r i f t  and c last ic  sediments shed of f  the f ront  of

the del ta have t ravel led even far ther  as turb id i ty  currenfs in to deep

\ , / a te r .  W i th in  t he  reach  o f  t h i s  c l as t i c  d i spe rsa l  sys tem '  sp read ing

centers where igneous oceanic crust  is  forming are covered wi th a b lanket

o f  sed imen t .  A  t r ans i t i ona l  c rus t  o f  m ing led  l avas ,  d i kes ,  s i 1 l s '  and

sediments is  thus being formed beneath the protoceanic r i f t .

O the r  t r ans i t i ona l  c rus t  1n  p ro tocean i c  r i f t s  i s  composed  o f

great ly  at tenuated and faul t - f ragmented cont inenta l  basement  rocks '

Subpa ra l l e l  a r rays  o f  no rma l  f au l t s  sca l l op  bo th  f l anks  o f  t he  r i f t ,

s tepping down the broken f lanks of  adjacent  upl i f ted p lat forms and calv ing

horst  b locks away into the growing c lef t .  F issure volcanism, 1ocal  sh ie ld

volcanoes,  and broad a l luv ia l  fan complexes are associated wi th the

deformat ion.  As thermal  decay causes founder ing of  the t ransi t ional

c rus t ,  ca rbona te  bu i l dups  may  deve lop  on  ho rs t  b l ocks  o r  on  the  h igh

shou lde rs  o f  t i l t ed  f au l t  b l ocks .  I n  t ime ,  t h i s  s t ruc tu ra l l y  comp lex

terrane wi th var ied local  sediment  types is  bur ied by t ransgressive

mar ine  depos i t s .  sed imen ta ry  l oad ing  o f  t he  deep  r i f t , o r  o f  t he  edges

o f  t he  ocean  bas in  t ha t  deve lops  f rom i t ,  even tua l l y  t i l t s  t he  edges  o f

the adjacent  cont inenta l  p lat forms dovmward toward the r i f t  be l t '  The

structura l ly  broken terrane is  then masked beneath a smoothly  draped

sediment  cover .
Protoceanic source beds may inc lude organic-r ich a lgal  sabkha

sediments,  but  the l ike l ihood 1s uncer ta in.  Carbonate bui ldups and

loca l  sho re l i ne  sand  fac ies  may  fo rm su i t ab le  rese rvo i r s ,  bu t  t he  g rea t

depths to which they are ord inar i ly  bur ied beneath younger mar ine sedi -

ments makes them unat t ract ive targets in  many instances.  Subordj -nate

redbed basins that  occur  as e longate grabens and t i l ted faul t  b locks

in  t he  ou te r  pa r t s  o f  p ro tocean i c  r i f t  be l t s  a re  l ess  deep l y  bu r i ed  bu t

are unl i -ke ly  to harbor  important  hydrocarbon occurrences.  The Tr iass ic

and  Ju rass i c  redbed  bas ins  o f  eas te rn  No r th  Amer i ca  a re  ap t  examp les .

CONTI}IENTAL SEPAMTIONS

Basins formed by cont inenta l  separat ion that  f ragments cont inenta l

b locks inc lude those developed a long the margins of  the cont inenta l

f r agmen ts  and  those  w i th in  t he  ad jacen t  ocean  bas in  i t se l f .  Bas ins  i n

both areas have several  aspects in  common: (a)  in i t ia l  subsidence of

t h i n  c rus t  s tems  f rom the rma l  decay  o f  hea ted  l i t hosphe re ;  (b )  add i t i ona l

f lexura l  subsidence is  caused by the accumulat ion of  th ick sediment  loads;

( c )  t he  depos i t i ona l  sys tems  a re  asymmet r i c  o r  one -s ided ;  and  (d )  o ro -

gen i c  de fo rma t i on  can  u l t ima te l y  d i s rup t  g ross  s t ra ta l  con t i nu i t y  t o  a

remarkab le  deg ree .  Two  ma jo r  f ea tu res  o f  t he  bas ins  a re  i nhe ren t l y  d i f -

f icu l t  to  evaluate;  (a)  the t ransi t ional  crust  a long the cont inent-ocean

inter face is  masked by th ick sediment  cover ,  hence i ts  nature can be

es tab l i shed  on l y  by  geophys i ca l  r ne thods ;  and  (b )  a f t e r  o rogenes i s  has

occu r red ,  t he  o r i g i na l  f ac ies  re la t i onsh ips  o f  t he  s t ra ta  mus t  be  h indcas t

by pal inspast ic  reconstruct ions for  which adequate constra ints  must  be

inferred f rorn l iur i ted contro l .
-30 -
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Miogeoc l i na l P r i s m s  ( f i g . 1 7 )

The  c lass i c  m iogeosync l i na l  sequences  o f  pas t  usage  a re  rega rded

now as miogeocl inal  pr isms deposi ted a long r i f ted cont j ,nenta l  margins

in set t ings open to a neighbor ing ocean.  Modern analogues inc lude the

Mesozo i c  and  Cenozo i c  sequences  a long  the  eas te rn  edge  o f  t he  Amer i cas ,

whe re  the  uppe r  pa r t  o f  t he  sed imen t  p i l e  i s  we l l  unde rs tood  bu t  t he

de ta i l s  o f  t he  l ower  pa r t s  a re  obscu re .  Pa leozo i c  ana logues  i nc lude

the Appalachi -an and Cordi l leran miogeocl ines as developed pr ior  to  the
Tacon i c  and  An t l e r  o rogen ies ,  r espec t i ve l y .  W i th in  t hese  success ions ,
l oca l  sequences  can  be  obse rved  i n  de ta i l  t h roughou t ,  bu t  f ac ies  re la -
t i ons  on  a  l a rge  sca le  a re  s t ruc tu ra l l y  d i s rup ted  by  ma jo r  t h rus t s ,  hence

the  i n i t i a l  ove ra l l  con f i gu ra t i ons  o f  bo th  a re  known  by  i n fe rence  on1y .
M iogeoc l i na l  p r i sms  ex tend  as  con t i nuous  e longa te  be l t s  f o r  l ong

d i s tances  a long  r i f t ed  con t i nen ta l  marg ins ,  a l t hough  c ross -sec t i ona l
volumes may vary markedly f rom place to p lace wi th the vagar les of  sedi -
ment  del ivery and bypass.  Their  cont inui ty  may be broken at  in tervals
by  t he  p resence  o f  marg ina l  o f f se t s  i n  t he  edge  o f  t he  con t i nen t ,  whe re

an  ea r l y  h i s to ry  o f  t r ans fo rm ra the r  t han  r i f t  sepa ra t i on  l eads  to  a

d i f f e ren t  subsequen t  h i s to ry  o f  sed imen ta t i on .  A long  marg ina l  o f f se t s ,

c rus ta l  a t t enua t i on  i s  supp ressed  to  some  deg ree ,  and  vo l canogen i c
marg ina l  f r ac tu re  r i dges  may  fo rm.  These  l ong - l i ved  pos i t i ve  f ea tu res
the rea f te r  de f l ec t  c l as t i c  sed imen t  t o  deepe r  s i t es  e l sewhere  and  may

se rve  i ns tead  as  l oc i  o f  o rganogen i c  ca rbona te  depos i t i on .
I n  t r ansve rse  sec t i on ,  m iogeoc l i na l  p r i sms  have  an  ove ra l l  l enso id

fo rm,  bu t  t he  depos i t i ona l  r e l i e f  spans  the  d i f f e rence  i n  e leva t i on  be -
tween  the  con t i nen ta l  su r face  and  the  ocean  f l oo r .  The  ou r te r  pa r t  o f
t he  l ens  i s  composed  o f  t u rb id i t es  benea th  t he  con t l nen ta l  r i se .  The
coa lesced  subsea  fans  o f  t h i s  reg ion  g rade  to  t he  abyssa l  p l a ins  o f  t he
ocean i c  bas in  beyond .  The  i nne r  pa r t  o f  t he  l ens  i s  composed  o f  she l f
and  pa ra l i c  depos i t s  o f  t he  con t i nen ta l  t e r race .  These  s t ra ta  g rade
la te ra l l y  t o  non -mar ine  depos i t s  o f  t he  coas ta l  p1a in .  Be tween  con t l n -
en ta l  r i se  and  con t i nen ta l  t e r race  i s  t he  con t i nen ta l  s l ope ,  l oca ted
rough l y  a long  the  con t i nen t -ocean  i n te r face .  Reduced  sed imen ta t i on  on
typ i ca l  s ta rved ,  sha l y  s l opes  l ends  an  hou rg lass  shape  to  t he  p r i sm as
a  who le .  Te r race  and  r i se  depos i t s  f o rm  the  bu l k  o f  t he  p r i sm.

The  con t i nen ta l  t e r race  has  two  ma jo r  componen ts .  The  l ower  pa r t
i s  common ly  a  rap id l y  depos i t ed  basa l  c l as t i c  phase  whose  accumu la t i on
p robab l y  re f l ec t s  t he  i n i t i a l  qu i ck  subs idence  o f  a t t enua ted  basemen t
a long  the  r i f t ed  con t i nen ta l  marg in  du r i ng  t he  ea r l y  pe r i od  o f  deve lop -
ment  when thermal  decay was a dominant  in f luence.  Dur ing th is  phase,
the  s t r i pp ing  o f  r es idua l  h i gh lands  a long  the  edge  o f  t he  con t i nenca l
b l o c k  m a y  c o n t r i b u t e  t o  h i g h  s e d i m e n t a t i o n  r a t e s .  T h i s  p h a s e  i s  b r o u g h t
to  a  c l ose  when  l oca l  i sos ta t i c  ba lance  o f  t he  t r ans i - t i ona l  c rus t  and
i t s  ove r l y i ng  con t i nen ta l  t e r race  i s  ach ieved .

Subsequen t  s l ower  depos i t i on  o f  she l f  sed imen ts  t ha t  may  i nc lude
abundan t  ca rbona tes  as  we l l  as  c l as t i cs  p robab l y  on l y  p roceeds  as
f l exu ra l  downwarp ing  o f  t he  con t i nen ta l  b l ock  occu rs  i n  response  to
the  sed imen ta ry  l oad  o f  t he  con t i nen ta l  r i se  o f f sho re .  Wedge-shaped
b o d i e s  o f  s e d i m e n t  d e p o s i t e d  a s  p a r t  o f  t h e  c o n t i n e n t a l  t e r r a c e  d u r i n g
th i s  t ime  may  i - nc lude  success i ve l y  p rog raded  reg ress i ve  cyc les  o f
de l t a i c  c l as t i cs  o r  a1ga1 -bank  ca rbona tes  as  we l l  as  mar ine  she l f
d e p o s i t s .  D i s c o n f o r m i t i e s  m a y  s e p a r a t e  s u c c e s s i v e  w e d g e s  o f  s e d i m e n t .
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F igu re  17 .  Schemat i c  d iag rams  to  i l l usL ra te  deve lopmen t  o f  m iogeoc l i na l
p r i sm f rom basa l  c l as t i c  phase  (above )  du r i - ng  ea r l y  t he rmo tec ton i c
subsidence of  t ransi - t ional  crust  to  mature phase (be1ow) vrhen f lexura l
subs idence  i s  dominan t .

-32 -

ffia
t 3 )$ t$(D f J..l-i + +,+1+1 +l+
))'V2l,}5ili;iit:-{,
J'>D<AiZSl'V



r : ronate bui ldups may form near the shel f  break.  The inner  l i rn i t

:  ;he downwarped cont inenta l  terrace may come to stand wel l  wi th in

: -e cont inenta l  b lock where no crusta l  at tenuat ion occurred dur ing

r : r t i nen ta l  sepa ra t i on .
S t ruc tu ra l  f ea tu res  o f  m iogeoc l i na l  p r i sms  i nc lude  d iap i r i c  f o l ds

; : .ose development  depends upon the presence of  under ly ing protoceanic

= ' . - apo r i t es .  Fau l t s  Eha t  cu t  t he  p ro tocean i c  f ac ies  shou ld  be  ove r l apped
-- . -  over ly ing miogeocl inal  s t rata,  but  some growth faul t ing may cont inue,
: spec ia l l y  du r i ng  rap id  depos i t i on  o f  t he  basa l  c l as t i c  phase .  Moreove r ,
: :  s t ruc tu ra l  coup l i ng  ac ross  t he  con t i nen t -ocean  i n te r face  i s  imper fec t ,
: r e  sed imen ta ry  l oad  o f  t he  con t i nen ta l  r i se  may  cause  reac t i va t i on  o f
: l de r  f r ac tu res ,  i nc lud ing  those  o f  marg ina l  o f f se t s ,  as  we l l  as  s imp le
: l exu re  o f  l i t hosphe re .  Con t i nen ta l  t e r races  unde r l a i n  by  p ro tocean i c
rorst -and-graben st ructures at  depth may even develop const i tuent  basins
and  a rches  v r i t h  s t ruc tu ra l  c l osu re  a t  h i ghe r  s t ra t i g raph i c  ho r i zons  as
' * ' e11 .  Orogenes i s  b r i ngs  m iogeoc l i na l  evo lu t i on  t o  a  c l ose  by  f o rm ing
ra jo r  f o l d - t h rus t  be l t s  composed  o f  c rump led  and  imbr i ca ted  m iogeoc l i na l
s  t r a t a .

Several  k inds of  organic-r ich source beds rn ight  occur  wi th in mio-
geocl i -nal  pr isms:  (a)  shaly cont inenta l  s lope deposi ts  la id down wi th in
the oxygen minimum zone,  (b)  carbonate or  shale beds of  the cont inenta l
t e r race  depos i t ed  i n  s i 11ed  dep ress ions  on  the  she l f ;  and  ( c )  phospho r -

i t es  depos i t ed  on  she l ves  whe re  upwe l l i ng  o f  nu t r i en t - r i ch  wa te r  i s
st rong.  Reservoi - rs  may be abundant  in  both st rat igraphic and gent le
s t ruc tu ra l  t r aps  w i th in  t he  con t i nen ta l  t e r race .  Howeve r ,  t he  t o ta l
vo lume of  source beds may be 1ow, and ef fect ive migrat ion paths updip
f rom s lope  sou rces  to  t e r race  rese rvo i r s  may  be  ra re  ow ing  to  t he  l ack
o f  con t i nuous  s t ra ta l  connec t i ons  t h rough  s ta rved  fac ies .

Cont inenta l  Embankments (F ig.  18)

In areas where massive sedimentary progradat ion of  the edge of  the
con t i nen t  occu rs ,  t he  con f i gu ra t i on  o f  t he  r j - f t ed -marg in  sed imen t  p r i sm
changes  f rom tha t  o f  t he  con t i nen ta l  t e r race -s lope - r i se  t r i ad  t o  t ha t  o f
a cont inenta l  embankment .  The shel f  break advances f rom the or ig inal
con t i nen t -ocean  i n te r face  un t i l  i t  r eaches  a  pos i t i on  above  ocean i c
basemen t .  The  l a t t e r  i s  t hen  bu r j - ed ,  o f  cou rse ,  benea th  an  immense
sed imen t  p i l e ,  p robab l y  t he  t h i ckes t  k i nd  o f  s t ra ta l  success ion  poss ib le .
The embankment  is  an immense unstable 1ens,  extending f rom sea level  to
oceanic depths and havj -ng a deep keel  made possib le by isostat j -c  down-
f l exu re  o f  t he  l i t hosphe re .  The  Gu l f  Coas t  and  the  N ige r  De l t a  a re
outstanding modern examples.  Both have restr ic ted extent  a long thei r
respec t i ve  con t i nen ta l  marg ins .

Internal  s t rucfur ing of  an embankment  is  in t r icate and re lated
main ly  to loading processes.  Overal l  grav i tat ional  fa i lure may produce
pseudo tec ton i c  f o l ds  and  th rus t s  nea r  t he  t oe .  L i s t r i c  g row th  f au l t s
and associated fo lds may scar  many par ts  of  the p i le  but  commonly are
concen t ra ted  nea r  p rom inen t  de l t a  l obes .  Sa l t  d i ap i r s  f ed  by  unde r l y i ng
protoceanic fac ies are a lso cof i t rnon.

Sediment  associ -at ions wi th in an embankment  consist  of  a ser ies of
over lapping lenses,  each wi th s t rata l  cont inui ty  la tera l ly  f rom shal low-
es t  t o  deepes t  f ac ies .  F luv io -de l t a i c  and  sho re l i ne  assemb lages  w i th
numerous potent ia l  reservoi r  sand bodies grade of fshore to organic-r ich
p rode l t a  and  s lope  fac ies  t ha t  i n  t . u rn  g rade  to  t u rb id i t e  assoc ia t i ons .
As progradat ional  growth of  the embankment  occurs,  each successive
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increment  of  s t rata is  progressively  loaded by more and more over ly i -ng
beds and progressively  t i l ted to h igher  and h igher  d ips by the f lexure

o f  l i t hosphe re  assoc ia ted  w i th  sed imen ta ry  l oad ing  fa r the r  o f f sho re .

These act ions combine to pump any hydrocarbons generated cont inual ly

upd ip  t oward  favo rab le  rese rvo l r s  i n  sho re l i ne  assoc ia t i ons ,  wh i ch  fo rm

a  d iach ronous  s t ra t i g raph i c  1 id  ac ross  t he  top  o f  t he  embankmen t .  D ia -
p i r i c  and  g row th  s t ruc tu res  comb ine  to  p roduce  abundan t  a t t r ac t i ve  t r aps .
S t ra t i g raph i c  t r aps  a re  a l so  common  i n  f l uv io -de l t a i c  and  sho re l i ne
assemblages where sand bodies have l j -mi ted indiv idual  extent .

Du r i ng  the  l a te r  phases  o f  g row th  o f  r i f t ed -marg in  sed imen t  p r i sms '

heat  f lux is  low to normal .  In  cont inenta l  embankments,  adequate matur-

a t i on  can  s t i l l  be  ach ieved  because  o f  t he  g rea t  dep ths  i nvo l ved .  F lu id

ove rp ressu res  a re  cha rac te r i s t i c  because  o f  t he  rap id  sed imen ta t i on .

Nascent  Oceans

The sedi rnent  cover  in  nascent  oceanic basins \ , r i th  midoceanic r ises

va r i es  i n  na tu re  and  th i ckness  fo r  d i f f e ren t  e leva t i ons  o f  t he  ocean
f l oo r  co r respond ing  to  d i f f e ren t  ages .  The  cha rac te r i s t i c  ocean i c  l aye rs

bu i l d  d iach ronous  fac ies  added  success i ve l y  t o  each  i nc remen t  o f  ocean i c

l i t hosphe re  as  i t  i s  f o rmed  and  moves  away  f rom the  r i se  c res t .

The  i - gneous  ocean i c  c rus t  f o rms  a t  t he  r i se  c res t  as  an  oph io l i t e
sequence.  Pi l low lavas near the top pass dovmward in to a l tered and meta-
rnorphosed lavas cut  by s! , /arms of  doler i te  d ikes and s i l ls .  The lat ter
are fed f rom under ly ing crusta l  magma chambers that  so l id i fy  to  form
bod ies  o f  mass j - ve  gabb ro ,  1oca11y  conve r ted  to  amph ibo l i t e .  I gneous
deposi t ion wi th in the magma chambers forms cumulus gabbros and per ido-

t i t es  nea r  t he i r  base .  Unde rnea th  a re  u l t r ama f i c  t ec ton i t es  o f  t he
mant le.  The emplacement  of  a l l  these rocks obviously  takes p lace in  an
envi ronment  of  h igh heat  f lux and pervasive hydrotherrnal  act iv i ty .

Sed imen t  cove r  a t  t he  r i se  c res t  i s  spa rse ,  bu t  on  the  uppe r  f l anks
o f  t he  r i se ,  accumu la t i on  o f  ca rbona te  sed imen t ,  ma in l y  pe lag i t es ,  can
be  rap id  above  the  CCD.  Fa r the r  dov , rn  t he  f l anks  o f  t he  r i se ,  s i l i ceous
pe lag i t es  and  a rg i l l aceous  hemipe lag i t es  a re  added  to  t he  g row ing  suc -
cess ion .  F ina l l y ,  t he  t e r r i genous  tu rb id i t es  o f  abyssa l  p l a ins  may  cove r
o r  j - n te r f i nge r  w i t h  pe lag i c  and  hemipe lag i c  sed imen t  i n  t he  b road  ocean i c
bas ins  be tween  m idocean i c  r i ses  and  con t i nen ta l  marg ins .  Spec ia l  f ac ies
deve loped  l oca l l y  i nc lude  l avas  o f  seamoun ts  and  vo l can i c  i s l ands ,  t o -
gether  wi th the reef  carbonates that  may surmount  them and the archi -
pe lag i c  ap rons  o f  t u rb id i t es  t ha t  may  su r round  them.

Dur ing  o rogenes i s ,  sc raps  o r  s l i ces  o f  t he  oph io l i t i c  assemb lage
o f  t he  ocean  f l oo r  may  be  ca r r i ed  by  t h rus t s  ac ross  t he  con t ras t i ng  f ac ies
o f  r i f t ed -marg in  sed imen t  p r i sms .  f n  f avo rab le  i ns tances ,  as  i n  Oman ,
an  i n tac t  oph io l i t i c  s l ab  may  be  th rus t  ac ross  s l ope  assemb lages  tha t
i n  t u rn  a re  t h rus t  ac ross  she l f  assemb lages .  Where  o rogen i c  d i s rup t i on
o f  a  con t i nen ta l  marg in  i s  seve re ,  ca re  mus t  be  taken  w i th  de ta i l ed
in te rp re ta t i ons  o f  t he  na tu re  o f  basemen t  benea th  va r i ous  success ions ,
fo r  even  the  th i ck  con t i nen ta l  r i se  sequences  res t  on  an  ocean i c  and
p resumab ly  oph io l i t i c  basemen t .

HYBRID RIFTS

Loca l  p l a te  d i ve rgence  a long  o r  nea r  comp lex  p la te  j unc tu res  whe re
transform mot i -ons or  convergence are dominant  regional ly  a lso g ive r ise
loca l l y  t o  r i f t ed  bas ins .  T rans tens iona l  bas ins  a long  comp lex  t r ans fo rms
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3 r e  a  v a r i e t y  o f  i n c i p i e n t  r i f t ,
conve rgen t  p la te  j unc tu res  a re  a
c rus ta l  sepa ra t i on  i - s  comp le te .

i r ans tens iona l  Bas ins  ( f i g .  f 9 )

T rans tens iona l  bas ins  may  occu r  a long  the  t rend  o f  t r ans fo rm sys -
tems  whereve r  en  eche lon  fau l t  segmen ts ,  cu rv ing  fau l t s ,  o r  b ranch ing
fau l t s  a re  a r ranged  i n  a  re leas ing ,  ra the r  t han  a  cons t ra in ing ,  o r i en -

ta t i on  w i t h  respec t  t o  t he  d i rec t i on  o f  r e l a t i ve  p la te  mo t i on .  App rox i -

r rate ly  equant  pu1l -apar t  basins between en echelon t ransform segments
a re  pe rhaps  mos t  t yp i ca l .  l l o re  e longa te  f au l t -wedge  bas ins  be tween

branch ing  fau l t s  o r  bes ide  cu rv ing  fau l t s  a re  va r i an t s  o f  t he  same
essen t i a l  behav io r .

Pu l l  apa r t  bas ins  may  occu r  i n  a  va r i e t y  o f  ove ra l l  t ec ton i c
se t t i ngs .  Some dep ress ions  a long  i n t ra -ocean i c  r i se - to - r i se  t r ans fo rms
probab l y  have  th i s  bas i c  o r i g i n .  Sp read ing  cen te rs  a long  the  Cayman
trend in the Car ibbean a lso apparent ly  l ie  between en echelon t ransform

segmen ts .  Where  con t i nen ta l  co l l i s i ons  occu r ,  con t i nued  l a te ra l  s l i ppage
a f te r  subduc t i on  has  s topped  may  fo rm loca l  pos t -o rogen i c  pu11 -apa r t

bas ins ,  as  was  appa ren t l y  t he  case  fo r  Ca rbon i f e rous  redbed  bas ins  i n

the  mar j - t ime  Appa lach ians .  Pe rhaps  the  mos t -d i scussed  t rans tens iona l
bas ins ,  howeve r ,  a re  t he  Te r t i a r y  bas ins  o f  Ca l i f o rn la  re la ted  to  deve lop -
men t  o f  bo th  Pa leogene  and  Neogene  con t i nen ta l  bo rde r l ands .  The  deep
bas ins  w i t h in  t he  Gu l f  o f  Ca l i f o rn ia  and  the  fu l1y  f i l 1ed  bas in  o f  t he
Sa l ton  Depress ion  a t  i t s  no r the rn  end  a re  modern  members  o f  t he  same g roup

o f  b a s i n s .
M iocene  t rans tens iona l  bas ins  re la ted  to  t he  i ncep t i on  o f  t he  l a te

Cenozoic San Andreas sysLem subsided rapid ly  to form deep water  in to which
tu rb id i t es  we re  shed  f rom nea rby  basemen t  up l i f t s  t o  f o rm  coa rse  subsea
fan complexes.  Contemporaneous volcanj -sm formed par t ly  vo lcanic f loors
w i th in  some  bas ins .  Sha l l ow  s i11s  marked  by  s ta rved ,  abb rev ia ted  s t ra t i -
g raph i c  sec t i ons  l ed  t o  s tagnan t  cond i t i ons  and  o rganogen i c  depos i t s  ove r
l a rge  pa r t s  o f  some  bas ins .  H igh  hea t  f l ux  t ha t  f avo red  rap id  ma tu ra t i on
was  p robab l y  cha rac te r i s t i c .  Such  cond i t i ons  seem espec ia l l y  conduc i ve
to the concentrat lon of  hydrocarbons r .^r i th in prox imal  turb id i te  reservoi rs
i n  t r aps  de l i nea ted  by  s t ra t i g raph i c  p inchou ts  o r  1oca l  s t ruc tu res  nea r
bas in  marg ins .  La te r  de fo rma t i on  o f  t he  who le  bas in  i n te r i o r  by  w rench
s t ruc tu res  re la ted  to  con t i nued  t rans fo rm mo t i ons  can  a l so  be  expec ted .

In te ra rc  Bas ins  ( f i g .  20 )

In te ra rc  bas ins  a re  one  o f  t he  mos t  puzz l i ng  t ypes  because  they
rep resen t  c l ea r l y  ex tens iona l  t ec ton i cs  re la ted  to  a rc - t rench  sys tems
where the dominant  p late mot ion is  convergent .  The key to understanding
thei r  or ig in is  to  appreciate that  the h igh heat  f lux j -n magmat ic  arcs
spo i l s  t he  i n teg r i t y  o f  t he  l i t hosphe re  ac ross  a rc  s t ruc tu res .  H igh
tempera tu re  a t  sha l l ow  dep ths  be low  the  magmat i c  a rc  so f t ens  the  r i g i d
l i thosphere and a l lorvs l i thosphere in  the region behind the arc to move
independen t l y  o f  l i t hosphe re  i n  t he  a rc - t rench  gap .  I n  e f f ec t ,  a  t he rma l
cur ta in a long the bel t  o f  magmat ism saws the l i thosphere in to two separate
s labs .  Once  th i s  de tachmen t  i s  ach ieved ,  va r i ous  re la t i ve  mo l i ons  a re
poss i -b le .  I n  Sumat ra ,  f o r  examp le ,  t r ans fo rm-1 i ke  s t r i ke -s1 ip  mo t i on
occurs a long the Semangko faul t  system that  extends r ight  dovrn the length
o f  t he  Ba r i san  vo l can i c  cha in .  Even  1oca l  pu l l - apa r t  s t ruc tu res  occu r
as  unusua l l y  l a rge  vo l cano - tec ton i c  dep ress ions  a long  the  t rend  o f  t he
magmat ic  arc.

whereas in terarc basins formed near
va r i e t y  o f  t r u l y  ocean i c  bas in  whe re
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Elsewhere,  d ivergence occurs betrveen l i thosphere j -n the backarc
. rea  and  tha t  i n  t he  a rc - t rench  gap .  The  geodynamic  f o r ces  i nvo l ved
3 re  no t  we l l  unde rs tood ,  bu t  t he  k i nemat i cs  a re  c1ea r .  Young ,  ba re
: cean i c  c rus t  occu rs  i n  t he  Lau  Bas in  wes t  o f  Tonga ,  and  a l so  wes t  o f
: he  ac t i ve  Mar ianas  a rc .  The  Sea  o f  Japan  con ta ins  two  ma in  r i f t
s t ruc tu res  w i t h  t he  m ic rocon t i nen ta l  b l ock  o f  t he  Yamato  Bank  sand -
i ; i ched  be tween .  The  s t y l e  o f  sea - f1oo r  sp read ing  i n  t hese  i n te ra r : c
r a s i n s  s e e m s  l e s s  r e g u l a r  t h a n  a t  m i d o c e a n i c  r i s e  c r e s t s ,  f o r  m a g n e t i c
,noma l i es  caused  by  magne t i c  reve rsa l s  canno t  be  i den t i f i ed  c l ea r l y .
S t i 1 l ,  t he  s t ruc tu re  o f  t he  ocean i c  c rus t  seems  f rom p resen t  da ta  t o
:e  t he  same as  tha t  i n  t he  open  oceans ,  and  i s  t hus  p resumed  to  be  an
oph io l i t e  sequence .

In te ra rc  bas ins  p robab l y  beg in  t he i r  evo lu t i on  as  comp lex  g rabens
a l o n g  t h e  v o l c a n i c  c h a i n ,  a n d  m a y  a t  t h a t  i n t r a - a r c  s t a g e  r e s e m b l e  t h e
N ica raguan  dep ress ion  a long  the  a rc  t r end  i n  Cen t ra l  Amer i ca .  M ixed
vo l can i c  and  vo l can i c l as t i c  f i l l  o f  e i t he r  non -mar ine  o r  mar ine  o r i g l n
r vou ld  be  expec ted  i n i t i a l l y .  A  l a te r  phase  o f  sepa ra t i on  may  be  rep re -
sen ted  i n  t he  New Hebr ides  where  a  deep  mar j -ne  t rough  has  deve loped  f rom
wh ich  l a rge  vo l canoes  emerge  as  i s l ands  l oca11y .  When  the  f ron ta l  a r c
and  remnan t  a rc  have  sepa ra ted  fu11y ,  t he  f l anks  o f  each  face  the  i n te r -
a rc  bas in  as  compound  no rma l  f au l t  sca rps .  Vo l can i c l as t i c  deb r i s  shed
backward f rom the f ronta l  arc where magmat ism cont inues wi l l  in  t ime
mask  one  f l ank  o f  t he  bas in  w i t h  a  rh i ck  sed imen t  cove r ,  bu t  i n  gene ra l
on l y  pe lag i c  sed imen t  can  be  d raped  ove r  t he  remnan t  a rc .  The  i n te r i o r
o f  t he  i n te ra rc  bas in  w i l l  unde rgo  pe lag i c  sed imen ta t l on  s im i l a r  t o  t ha t
o f  t he  open  ocean  un less  t u rb id i t e  wedges  ex tend ing  backward  f rom the
a c t i v e  f r o n t a l  a r c  e v e n t u a l l y  c r o s s  i t .

Spec ia l  cond i t i ons  ex i s t  whe re  one  s ide  o f  an  i n te ra rc  bas in  i s  a
con t i nen ta l  marg in ,  as  i s  t he  case  a long  the  S i kho te -A1 in  coas t  o f  t he
Sea  o f  Japan .  The  evo lu t i on  o f  such  a  bas in  marg in  shou ld  resemb le  t ha t
o f  a  more  no rma l  r i f t ed  con t i nen ta l  marg in .  One  s ign i f i can t  de ta i l  o f
geo log i c  h i s to ry  shou ld  d i f f e r ;  name ly ,  o rogen i c  a rc  magmat i sm shou ld
p reva i l  a l ong  the  s i t e  o f  t he  con t i nen ta l  marg in  un t i l  j us t  be fo re  i t s
fo rma t i on .  Such  i s  t he  case  fo r  S i kho te -A l i n .

Even  the  eas te rn  f l ank  o f  t he  Sea  o f  Japan  bea rs  some  resemb lance
to  a  r i f t ed  con t i nen ta l  marg in  because  the  Japanese  a rc  i s  such  a  mass i ve
c rus ta l  e l emen t .  Fau l t ed  Neogene  bas ins  o f  cons ide rab le  ex ten t  a re
deve loped  Lhe re  on  c rus t  o f  con t i nen ta l  o r  t r ans i t i ona l  t h i ckness .  Un -
l i ke  t hose  a long  r i f t ed  con t i nen ta l  marg ins ,  ho rveve r ,  t hese  bas ins  have
unde rgone  p ronounced  l oca l  con t rac t i ona l  de fo rma t i on  qu i t e  ea r l y  i - n
t h p i  r  h i  c f  n r r z

I n  summary ,  t he  i n te r i o r  pa r t s  o f  i n te ra rc  bas ins  a re  s im i l a r  t o
o the r  nascen t  ocean i c  bas ins ,  excep t  pe rhaps  fo r  re la t i ve  p rox im i t y  t o
sou rces  o f  a i r bo rne  ash .  The  f l anks  a re  s t ruc tu ra l l y  s im i l a r  t o  r i , f t ed
cont inenta l  margins but  commonly receive much less sediment  except  in
spec ia l  cases .  The  c las t i c  sed imen t  o rd ina r i l y  i s  marked l y  l ess  ma tu re .
The re  i s  p robab l y  a  h igbe r  hea t  f l ux  i n i t i a l l y ,  as  t he  a rc  sp l i t s ,  and
a  l i ke l i hood  o f  p ro longed  h igh  hea t  f l ux  a long  the  rea r  f l ank  o f  t he
f ron ta l  a r c  r .+he re  con t i nued  de fo rma t i on  may  a l so  occu r .  The  fu l1  imp l i -
ca t i ons  o f  t hese  cond i t i ons  f o r  hyd roca rbon  genes i s  a re  no t  c l ea r rbu t
rap id  ma tu ra t i on  m igh t  be  expec ted .  Howeve r ,  w idesp read  sou rce  beds  and
adequa te  rese rvo i r s  seem un l i ke l y  i n  mos t  cases .  Du r i - ng  o rogenes i s  t ha t
resu l t s  i n  ocean j - c  c l osu re ,  i n te ra rc  bas ins  and  i n t ra -ocean i c  a rcs  a re
seve re l y  de fo rmed  and  me tamorphosed  toge the r  as  i n teg ra l  pa r t s  o f  so -
ca l l ed  eugeosync l i na l  t e r ranes ,  and  the reby  become who11y  una t t rac t i ve
fo r  exp lo ra t i on .
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Where  i s l and  a rcs  a re  i n iE ia ted  ac ross  ocean i c  a reas ,  as  i n  t he

Aleut ians,  the oceanic basin behind the arc is  a marginal  sea but  not

an  i n te ra rc  bas in ;  Vo l can i c l as t i c  t u rb id i t es  shed  f rom the  new a re  may

cover o lder  oceanic sediment  wi th in the basi ,n rouch as archipelagic  aprons

a re  sP read  f rom basa l t i c  seamoun t  cha ins .

SUBDUCTION PRISMS ( f ig .  2L)

Depos i t i ona l  se t t i ngs  re la ted  to  t he  acc re t i on  o f  subduc t i on  com-

plexes have several  aspects in  cormon:  (a)  crusta l  th ickening f rom

tec ton i c  t e l escop ing  tends  to  coun te rac t  subs idence  re la ted  to  P la te

consumpt ion  and  sed imen ta ry  l oad ing ;  (b )  l ow  hea t  f l ux  t ha t  i s  assoc ia ted

w i th  subduc t i on  o f  coo l  l i t hosphe re  p reva i l s  du r i ng  bas in  evo lu t i on ;

( c )  t he  ove ra l l  t r ansve rse  p ro f i l es  o f  t he  bas ins  a re  asymmet r i c ;  and

(d )  f l exu ra l  subs idence  o f  l i t hosphe re  i s  s i gn i f i can t .  Two  ma jo r

fea t i r r es  o f  t he  bas in  a re  i nhe ren t l y  d i f f i cu l t  t o  eva lua te :  ( a )  t he

nature of  the substratum in the bel t  between t renches and magmat ic  arcs

i s  h idden  benea th  t h i ck  sed imen ta ry  and  tec ton i c  l oads ,  and  i s  con -

s tan t l y  chang ing  i n  pa r t  wh i l e  ac t i ve  subduc t i on  con t i nues ;  and  (b )  t he

o r i g i na l  geomet ry  o f  t he  bas ins  i s  con t i nua l l y  mod i f i ed  du r i ng  the i r

evo lu t i on  by  concu r ren t  t ec ton i sm,  and  i s  f u r t he r  mod i f i ed  be fo re  t he i r

exposu re  t o  v i ew  on  l and  by  add i t i ona l  de fo rma t i on  assoc ia ted  w i th  up l i f t

a f t e r  subduc t i on  has  ceased .

Oceanic Trenches

The  sed imen ta ry  f i l l s  o f  t r enches  where  p la te  consumpt ion  occu rs

a re  no t  p rese rved  i n tac t ,  bu t  i ns tead  a re  i nco rpo ra ted  as  seve re l y  de -

fo rmed  s t ra ta  w i t h i n  subduc t i on  comp lexes .  The  morpho log i c  c res t  o f

f he  t ec ton i ca l l y  t h i ckened  and  i sos ta t i ca l l y  up l i f t ed  subduc t i on  comp lex

i s  l oca ted  a t  t he  t r ench  s lope  b reak .  The  s teep  i nne r  s l ope  o f  t he

t rench  thus  rep resen ts  t he  ac t i ve  subduc t i on  zone  and  the  L rench  ax i s  i s

the  de fo rma t i on  f ron t .  Sed imen t  ponded  a long  the  t rench  f l oo r  a t  any

g i ven  t j -me  i s  a  s teady -s ta te  vo lume  [ l i a t  r ep resen ts  a  dynamic  ba lance

be tween  ra te  o f  sed imen ta t i on  and  ra te  o f  subduc t i on .

The  deep  wa te r  o f  t he  t r ench  i s  f o rmed  p r imar i l y  by  f l exu re  assoc i -

a fed  w i th  p la te  consuu rp t i on .  A  compensa to ry  b road  upbow o f  t he  ocean

f l oo r  occu rs  as  an  ou te r  a rch  o r  ou te r  swe l l  i n  f r on t  o f  t he  t r ench .

Norma l  f au l t i ng  assoc ia ted  w i th  t h i s  f ea tu re  conmon ly  o f f se t s  oc lan i c

sed imen t  l aye rs  and  the  unde r l y i ng  su r face  o f  r na f i c  i gneous  c rus t  j us t

p r i o r  t o  i nse r t i on  o f  l i t hosphe re  i n to  t he  subduc t i on  zone .  Fau l t

sca rps  p resen t  l oca l l y  on  the  gen t l e  ou te r  s l ope  o f  t he  t r ench  re f l ec t

t h i s  de fo rma t i on .  A long  the  f l oo r  o f  t he  t r ench ,  t u rb id i t es  d i spe rsed

long i t ud ina l l y  do r , rn  t he  ax i s  o f  t he  t r ench  a re  depos i t ed  on  toP  o f

ocean i - c  pe lag i t es  o r  o the r  sed imen ts  o f  t he  ocean i c  c rus t  t ha t  i s

ca r r i ed  i n to  t he  t rench  by  p laCe  mo t i on .  As  ocean i c  l i t hosphe re  passes

benea th  t he  i nne r  s l ope  o f  t he  t r ench ,  t he  sed imen t  l aye rs  t ha t  have

accumu la ted  on  i t  t end  to  be  unde r th rus t  benea th  o lde r  componen ts  o f

t he  subduc t i on  comp lex ,  and  s imu l taneous l y  t o  be  sc raped  o f f  t he

descend ing  s lab  o f  l i t hosphe re .
The :subduc t i on  comp lex  i s  t hus  an  acc re t i ona ry  t ec ton i c  f ea tu re

o f  immense  s t ruc tu ra l  comp lex i t y .  Revea l i ng  re f l ec t i on  p ro f i l es  o f

t he  Lesse r  An t i l l es ,  M idd le  Amer i ca ,  A leu t i an ,  Japanese ,  and  Sunda

Lrenches have been publ ished.  The gross in ternal  geometry appears to

be dominated by a ser ies of  under lapping wedges of  in tensely deforrned

strata separated by imbr icate thrust  zones that  merge downward in to a

su r face  o f  d6co l l emen t  a t  t he  t op  o f  t he  descend ing  s lab  o f  l i t hosphe re .

The d6col lement  sur face is  apparent ly  near  the in ter face between igneous
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and  sed imen ta ry  componen ts  o f  Lhe  oph io l i t e  sequence  a t  t he  t op  o f

ocean i c  l i t hosphe re .  Loca l l y ,  howeve r ,  i t  r nay  f o rm  be tween  pe lag i t es

and  ove r l y i ng  c l asE ics ,  o r  may  pene t ra te  t he  i gneous  l aye r i ng .  The

in te rna l  imb r i ca t i on  o f  t he  subduc t i on  comp lex  i s  pa r r l y  i nhe r i t ed

f rom tecEon ic  bounda r i es  i n i t i a l l y  es tab l i shed  be tween  success i ve l y

unde r th rusE  componen ts  o f  t he  subduc t i on  comp lex .  A l so  i n  pa r t ,  howeve r ,

Lhe  i n te r :na l  imb r i ca t i on  i s  gene ra ted  by  l a te r  s t ruc tu la l  f a i l u re  o f  t he

g row ing  mass  by  g rav i t a t i ona l  sp read ing ,  As  tec ton i c  t h i cken ing  up l i f t s

de fo rmed  mare r i a l s  benea th  t he  i nne r  s l ope  o f  t he  t r ench ,  t he  d rag  o f

t he  descend ing  l i t hosphe re  a t  t he  t oe  o f  t he  s l ope  tends  to  ove rs teePen

the  s lope .  The  e leva t i on  o f  t he  t r ench  s lope  b reak  and  the  ang le  o f

t he  i nne r  s l ope  o f  t he  t r ench  a re  con t ro l l ed ,  t he re fo re ,  bY  i n te rna l

imbr i ca t i on  t ha t  ad jus t s  t he  ove ra l l  geo rne t r y  t o  a  g rav i t { t i ona l l y

s tab le  con f i gu ra t i on .  The  tec ton i c  l oad  o f  t he  subduc t i on  comp lex  may

a l so  tend  to  deepen  the  t rench  by  p la te  f l exu re '

The  ma te r i a l s  o f  t he  subduc t i on  comp lex  can  be  va r i ed .  Tn  s t ruc -

tu ra l  s t y l e ,  t hey  may  i nc lude  i n tac t  Lh rus t  s l abs ,  i soc l i na l l y  c rump led

packe ts  o f  s t ra ta ,  *61 " .9 "  be l t s  o f  t ho rough l y  d i s rup ted  s t ra ta ,  and

metamorphosed  b luesch i s t  t ec ton i t es .  P ro to l i t hs  o f  t hese  un i t s  i nc lude

n o t  o n l y  t r e n c h  s e d i m e n t s ,  b u t  a l s o  o c e a n i c  p e l a g i t e s ,  a b y s s a l  t u r b i d i t e s '

and  p ieces  o f  oph io l i t e  sequences .  The  subduc t i on  comp lex  i s  mos t

mass i ve  and  the  t rench  s lope  b reak  s tands  h ighes t  whe re  the  mos t  sed imen t

i s  p resen t  on  the  ocean i c  p la te  be ing  consumed .  Thus ,  pa radox i ca l l y ,  t he

subduc t i on  comp lex  i s  mos t  p rom inen t  whe re  the  t rench  i s  t opog raph i ca l l y

mos t  subdued .  The  ocean i c  p la te  mus t  ca r r y  t h i ck  t u rb id i t e  sequences

o r  sed imen ta t i on  ra tes  mus t  keep  the  t rench  fu l l  i f  t he  geo log i c  reco rd

o f  t he  subduc t i on  zone  as  p rese rved  i n  t he  subduc t i on  comp lex  i s  t o  be

i m p r e s s i v e .  E m p t y  t r e n c h e s  l e a v e  1 i t t l e  r e c o r d '

.Sf_ry_q Basins

W i t t r i n  t h e  a c t i v e  s u b d u c t i o n  z o n e  a l o n g  t h e  i n n e r  s l o p e  o f  a  t r e n c h ,

t h e  p r e s e n c e  o f  o u t c r o p p i n g  t h r u s t  f a u l t s  o r  g r o w i n g  f o l d s  m a y  g i v e  r i s e

t o  s m a l l  d e p r e s s i o n s  w t r e r e  m o d e s t  [ h i c k n e s s e s  o f  s l o p e  s t r a t a  c a n  a c c u m u -

la te  l oca l l y .  The  subs t ra tum i s  de fo rmed  subduc t i on  comp lex  ra the r  t han

the  oph io l i t e  sequence  upon  r , r h i ch  t r ench  sed imen ts  a re  depos i t ed '  I f  t he

t r e n c h  s l o p e  i s  r e g a r d e d  a s  a n  i m p e r f e c t  e s c a l a t o r  t r y i n g  t o  u p l i f t  d e -

fo rmed  sed imen t  f r om the  t rench  ax i s  t o  t he  t r ench  s lope  b reak ,  t hen  the

s lope  bas ins  can  be  v iewed  as  sed imen t  added  pa r t  way  uP '

The  h i s to ry  o f  s l ope  bas ins  i s  no t  r ve l l  unde rs tood ,  bu t  con t i nued

de fo rma t i on  p robab l y  de fo rms  them qu i ck l y  and  adds  them to  f he  subduc t i on

comp lex .  A l t hough  bounded  by  t ec ton i c  con tac t s  w i t h i n  t he  comp lex ,  t hey

may  we l l  show less  i n te rna l  de fo rma t i on  by  i soc l i na l  f o l d i ng  o r  m6 lange

shea r i ng  than  t rench  depos i t s  t ha t  a re  added  more  i nc remen ta l l y  t o  t he

subduc t i on  comp lex  w i l h  acco rd ing l y  no re  oppo rCun i t y  f o r  pe rvas i ve  de fo r -

ma t i on .  Cases  appa ren t l y  ex i s t ,  howeve r ,  as  o f f  t he  Pac i f i c  No r thwes t

today ,  whe re  sed imen ta f i on  ra tes  a re  so  h igh  i n  re la t i on  t o  subduc t i on

ra tes  t ha t  subsea  fan  comp lexes  and  assoc ia ted  s lope  depos i t s  can  bu i l d

s tead i l y  ac ross  t he  su r face  o f  t he  subduc t i on  comp lex  and  ex tend  r i gh t

ac ross  t he  subduc t i on  zone ,  The  t rench  does  no t  t hen  ex i s t  o r ,  i f  you

w i l l ,  t he  t r ench  i s  t hen  ove r f i l l ed .  I n  such  cases ,  anY  d i s t i nc t i on

be tween  t rench  f i l l  and  s lope  depos i t s  w i t h i n  t he  resu l t i ng  subduc t i on

comp lex  wou ld  be  a lmos t  mean ing less .  The  ove ra l l  deg ree  o f  s t ruc tu ra l

d is locat ion presumably would be less than in rnore ord inary instances.
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Regard less  o f  de ta i l s  o f  evo lu t i on ,  subduc t i on  comp lexes  wou ld

appea r  t o  be  una tL rac t i ve  bas ins  f o r  hyd roca rbon  exp lo ra t i on .  A l t houg t r
o rgan i c - r i ch  sou rce  beds  may  occu r  w i t h i n  s l ope  depos i t s ,  t he  comb ina t i on
o f  i n tense  de fo r rna t i on ,  poo r  i ese rvo i r  cond i t i ons ,  d i s rup t i on  o f  m ig ra -
t i on  pa ths  by  s t ruc tu ra l  d i s l oca t i on ,  and  l ow  hea t  f l ux  a re  d i scou rag ing
f a c t o r s .

Forearc Basins

Fo rea rc  bas ins  can  be  rega rded  as  a  va r i e t y  o f  s l ope  bas in ,  bu t  a re
t rea ted  sepa ra te l y  he re  because  they  occu r  w i t h i n  t he  a rc - t rench  gap
be tween  the  t rench  s lope  b reak  and  the  magmat i c  f r on t  o f  t he  a rc .  They
a re  t hus  depos i t ed  ou ts ide  the  ac t i ve  subduc t i on  zone  and  do  no t  unde rgo
the  i n tens i ve  and  pe rvas i ve  de fo rma t i on  cha rac te r i s t i c  o f  t he  subduc t i on
comp lex .  No r  do  they  expe r i ence  the  magmat i sm and  me tamorph i sm cha rac te r -
i s t i c  o f  t he  magmat i c  a rc  t e r rane .  The  l a te  Mesozo i c  Grea t  Va1 ley  Sequence
depos i t ed  i n  Ca l i f o rn ia  be tween  the  coeva l  F ranc i scan  subduc t i on  comp lex
and  the  S ie r ra  Nevada  ba tho l i t h  be l t ,  i s  a  good  examp le .

On  the  a rc  s i de  o f  a  f o rea rc  bas in ,  sed imen ts  1ap  depos i t i ona l l y
upon  e roded  i gneous  and  me tamorph i c  rocks  a long  the  f l ank  o f  t he  magmat i c
a rc .  Du r i ng  the  evo lu t i on  o f  a  f o rea rc  bas in ,  t he re  i s  common ly  a  p ro -
g ress i ve  t r ansg ress i ve  en roachmen t  o f  depos i t i on  ac ross  t he  e roded  a rc
te r rane  because  the  s i t e  o f  t he  magmat i c  be l t  t ends  to  rea t rea t  w i t h  t ime .
Th i s  e f f ec t  i s  pa r t l y  coun te rac ted ,  howeve r ,  by  movemen fs  on  a  f au l t  sys -
tem tha t  common ly  l i es  a long  the  f l ank  o f  t he  a rc  s t ruc tu re  and  se ts  t he
bas in  s i de  do r .m .

On  the  t rench  s ide  o f  a  f o rea rc  bas in ,  t he  edge  o f  t he  bas in  a l so
tends  to  sh i f t  g radua l l y  away  f rom i - t s  cen te r  as  t he  acc re t i ona ry  sub -
duc t i on  comp lex  b roadens ,  and  the  pos i t i on  o f  t he  t r ench  s lope  b reak
acco rd ing l y  rn ig ra tes .  The  f l ank  o f  t he  bas in  a t  t he  t r ench  s lope  b reak
i s  e s s e n t i a l l y  d e f i n e d  t e c t o n i c a l l y  a s  t h e  e d g e  o f  t h e  a c t i v e  s u b d u c t i o n
z o n e .  S e d i m e n t  d e p o s i t e d  b e y o n d  t h e  t r e n c h  s l o p e  b r e a k  i s  i n c o r p o r a t e d
w i th in  t he  subduc t i on  comp lex  by  de fo rmar ion  tha t  i s  essen t i a l l y  concu r -
r e n t  w i t h  s e d i m e n t a t i o n .  A s  t h e  f l a n k  o f  t h e  i o r e a r c  b a s i n  t r a n s g r e s s e s
a c r o s s  t h e  g r o w i n g  s u b d u c l i o n  c o m p l e x ,  t h e  b a s a l  c o n t a c t  o f  t h e  u n d e f o r m e d
sequence  w i th  t he  subduc t i on  comp lex  t hus  mav  no t  deve lop  as  a  s imp le
u n c o n f o r m i t y ,  b u t  r a f h e r  a s  a  t i m e - t r a n s g r e s s i v e  z o n e  o f  t e c t o n i c  d i s l o -
c a t i o n  m a p p a b l e  a s  a  t h r u s f  z o n e  a t  a n y  g i v e n  p l a c e  o n  t h e  o u t c r o p .

1  The  subs t ra tum benea th  t he  cen te r  o f  a  f o rea rc  bas in  l s  composed
o f  rock  o lde r  t han  e i t he r  t he  subduc r i on  comp lex  o r  t he  magmat i c  a rc .  I n
t yp i ca l  cases ,  t he  f l oo r  o f  t he  f o rea rc  bas in  spans  a  con t i nen t -ocean
in te r face  and  hence  masks  the  t rans i t i on  f r om con t i nen ta l  t o  ocean i c
basemen t  i nhe r i r ed  f rom a  t ime  p r i o r  t o  es tab l i shmen t  o f  t he  a rc - t rench
sys tem.  I ^ l he re  f o rea rc  bas ins  a re  t h i ckes t ,  t he  subs t ra tum i s  p robab l y
ocean i c  c rus t .  A  Pa leozo i c  f o rea rc  bas in  i n  New Zea Iand ,  a  Mesozo i c
fo rea rc  bas in  i n  Ca l i f o rn ia ,  and  a  Cenozo i c  f o rea rc  bas in  i n  Bu rma  a re
known  to  res t  depos i t i ona l l y  on  oph io l i t e  sequences  a long  the i r  ocean i c
f l anks .

Fo rea rc  bas ins  a re  co inmon ly  e longa te  pa ra l l e l  t o  t he  t r end  o f  t he
a rc - t rench  sys tem,  bu t  may  occu r  as  t h i ck  f ea tu res  on l y  a t  i n te rva l s
a long  the  l eng th  o f  an  a rc - t rench  gap .  I n  e f f ec t ,  t he  sed imen t  i n  a
fo rea rc  bas in  i s  ponded  beh ind  the  th resho ld  f o rmed  by  t he  t rench  s lope
b reak .  The  amoun t  t ha t  can  accumu la te  i s  p robab l y  con t ro l l ed  l a rge l y
by  t he  l oca l  t h i ckness  o f  c rus t  f r om p lace  to  p lace  w i th in  t he  a rc - t rench
gap .  The  p rog ress i ve  expans ion  o f  a  f o rea rc  bas in  ac ross  t he  f l anks  o f
t he  ad jacen t  a rc  t e r rane  and  subduc t i on  comp lex  may  be  fac i l i t a ted  by
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broad dovmf lexure of  l i thosphere in  resPonse to the sedi ruent  load

o f  t he  f o rea rc  bas in .

sedimentary fac ies wi th in forearc basins are h ighly  var iable '

d e p e n d e n t i n p a r t u p o n t h e e l e v a t i o n o f t h e b a s i n t h r e s h o l d a t t h e
t r e n c h s l o p e b r e a k a n d i n p a r t u p o n t h e s e d i m e n t a t i o n r a t e w i t h i n t h e
bas in , i n  re ra t i on  t o  t he  ra te  o f  t ec ton i c  up r i f t  o f  t he  t r ench  s l0pe

break.  conf igurat ions of  the ground wi th in arc- t rench gaps inc lude

up l i f t ed  mouh ta inous  t rac t s ,  t e r res t r i a l  l ow lands '  she l f  seas '  deep -

mar ine  te r races ,  and  deep -mar ine  t roughs .  Sed imen ts  o f  f o rea rc  bas ins

Ehus inc lude f luv io-del ta ic  complexes and shorel ine assemblages '  shel f

a n d s l o p e d e p o s i t s , s t a r v e d b a s i n p l a i n s , a n d s u b s e a f a n a s s o c i a t i o n s i n
w i d e l y v a r y i n g p r o p o r t i o n s . c t a s t i c s e d i m e n t i s c o m m o n l y i r n m a t u r e a n d
ca rbona tes  a re  ra re .

A l t h o u g h t h e r e a r e c l e a r o p p o r t u n i t i e s f o r d e p o s i t i o n o f o r g a n i c _ |
r ich source beds on mar ine stopes and in s i l led * . t i r r .  depressio is ,  h"at l

f l u x i s a b n o r m a l l y l o w a n d m a t u r a t i o n P r o c e s s e s s h o u l d b e s l o w . T h e
h igh  hea t  f l ux  as loc ia ted  w i th  magrna t i c  a rcs  i s ,  appa ren t l y  no t  p resen t

fa r  f r om the  magmat i c  f r on t .  o i a l ene t i c  m ine ra l  assemb lages  and  re f l ec -

t i v i t i es  o f  o rgan i c  deb r i s  i n  anc ien t  f o rea rc  bas ins  o f  New Zea land  and

cal i forn ia i rnply  geothermal  gradients as low as those for  adjacent  sub-

duc t i on  comP lexes .
S t r u c t u r e s w i t h i n f o r e a r c b a s i n s i n c l u d e s o m e f o l d s a n d f a u l t s

t h a t a p p a r e n t l y r e f l e c t d e f o r m a t i o n c o n c u r r e n t w i t h s e d i m e n t a t i o n .
These  a re  re la ted  bo th  t o  con t rac t i ona l  de fo rma t i on  nea r  t he  d i s l 0ca -

t i ona r  con tac t  \ " r i t h  t he  subduc t i on  comp lex ,  and  to  ex tens iona l  de fo rma-

t i o n n e a r t h e f a u l t s y s t e m m a r k i n g t h e f l a n k o f t h e a r c s t r u c t u r e .
P r o g r e s s i v e r e g i o n a l t i l t , d o w t ' w a r d a w a y f r o m t h e u p l i f t e d s u b d u c t i o n
c o m p l e x a n d t o w a r < l t h e d o v m f a u l t e d z o n e o f t h e m a g m a t i c a r c , i s a l s o
c o n m o n i n m a n y f o r e a r c b a s i n s . I l a j o r s t r u c t u r e s a r e a s s o c i a t e d , h o w -
e v e r ,  w i t h  l a t e r  u p l i f t  o f  t h e  s u b d u c t i o n  c o m p l e x ,  p e r h a P s  b y  i s o s t a t i c

rebound  when  rhe  g lodynamic  e f f ec t s  o f  p l a te  consumpt ion  end '  A t  t ha t

t ime ,  t he  f l ank  o i  t he  f o rea rc  bas in  s t ruc tu ra l l y  above  the  subduc t i on

c o m p l e x i s t i l t e d s t e e p l y u p w a r d a n d e r o d e d ' T h e r e m a i n i n g p a r t o f t h e
forearc basin then l ies wi th in a st rongly as)r rnmetr ic  regional  syncl ine

w i t h i t s g e n t l e l i m b d r a p e d a c r o s s t h e f l a n k o f t h e a r c . R e g i o n a l
m ig ra t i on  pa ths  a re  t hus  Pa r t l y  t oward  the  t rench  s ide  o f  t he  bas in

du r i ng  sed imen ta t i on ,  bu t  pe rs i s ten t  upd ip  m ig ra t i on  p la ths  a re  l a te r

ma in l y  t oward  the  a rc  s i de  o f  t he  bas in '

FORELAND BASINS

D e p o s i t i o n a l b a s i n s a l o n g c o n t i n e n t a l f l a n k s o f o r o g e n i c b e l t s h a v e
seve ra l  aspec ts  i n  common t  (u )  t he  t ec ton i c  l oad  o f  f o l d - t h rus t  be l t s

thaE  l i e  ad jacenL  to  t he  bas ins  con t r i bu tes  t o  f l exu ra l  subs idence  o f

t he  bas ins ;  ( b )  t he  t r ansve rse  p ro f i l es  o f  t he  bas ins  a re  s t rong l y  asyn -

me t r i c ;  ( c )  t he  o rogen i c  f l anks  o f  t he  bas ins  unde rgo  de fo rma t i on  du r i ng

thei r  evolut ion;  r . rJ  {a)  the cratonic f lanks of  the basins merge gradu-

a l l y w i t h p l a t f o r m s e q u e n c e s . T r , l o m a j o r f e a t u r e s o f t h e b a s i n s a r e
inhe ren t l y  d i f f i cu l t  t o  eva lua te :  ( a  )  t he  re la t i ve  impor tance  o f  d i f -

f e r e n t m e c h a n i s m s o f s u b s i d e n c e ; a n d ( b ) t h e g e o t h e r m a l g r a d i e n t s t h a E
preva i l  i n  d i f f e ren t  Pa r t s  o f  t he  bas ins  du r i ng  evo lu t i on '

Isopachs indicat l  that  the subsEratum beneath a l l  per icratonic

fo re land  bas ins  i s  t i l t ed  do r^mvra rd  t oward  theo rogen i c  be l t - du r i ng  depos i -

Eion,  but  s t ructure contours indicate that  la ter  s t ructura l  developrnent

mav t i r t  the substratum away f rom the orogenic bel t .  under ly ing tectonic
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elements conmonly inc lude Ehe margin of  the craton and par t  of  a

m iogeoc l i na l  p r i s rn  o lde r  t han  the  fo re land  bas in .  Compos i t e  f o re land

bas ins  nay  re f l ec t  t he  ne t  e f f ec t s  o f  success i ve  o rogen i c  ep i sodes

along a cont inenta l  margin.  For  example,  the Appalachian basin conta ins

sepa ra te  c l as t i c  wedges  f rom the  Tacon i c ,  Acad ian ,  and  A l l eghen ian

o rogen ies  i n  t he  ad jacen t  o rogen i c  be l t .  I n  such  cases ,  bo th  pe r i phe ra l

and ret roarc conponents as descr ibed here uray be Present  in  the same

compos i t e  f o re land  bas in .  D i s t i nc t i on  be t r , r een  those  two  k inds  o f

se t t i ngs  depends  upon  know ledge  o f  t he  re la t i ve  pos i t i ons  o f  ba tho l i t h

be l t s  and  oph io l i t e  be l t s  o f  va r i ous  ages  i n  t he  nea rby  o rogen .

Pe r i phe ra l  Bas ins  ( f i g .  22 )

Pe r i phe ra l  f o re land  bas ins  a re  t he  c lass i c  f o re land  bas ins  deve loped

ad jacen f  t o  c rus ta l  l su tu re  be l t s  whe re  con t i nen ta l  marg ins  have  been

drarnm ala inst  subduct ion complexes af ter  the in tervening oceanic crust

has been consumed.  The fore land basin is  formed on the cont inenta l  b lock

as i t  t i l ts  dovmward toward the subduct ion zone.  The Arkoma and Fort

Wor th  bas ins  ad jacen t  t o  t he  Ouach i t a  o rogen i c  be l t  a re  examp les '

F lexural  subsidence in per ipheral  basins may have two causes r ' rhose

re la t i ve  impor tance  i s  unc lea r .  F i r s t ,  f l exu re  assoc ia ted  d i rec t l y  w i t h

p la te  consumpt ion  i s  poss ib le ,  and  may  be  i l l us t ra ted  where  the  no r the rn

edge of  the Austra l ian cont inenta l  p lat form is  now t i l ted downward in to

deep  wa te r  nea r  T imor  a long  the  Sunda  a rc -E rench  sys tem '  Second ,  whe re

the  edge  o f  t he  con t i nen t  i s  unde rLh rus t  benea th  t he  imbr i ca ted  fo ld -

th rus t  be l t  o f  a  subduc t i on  comp lex ,  t he  t ec ton i c  l oad  o f  t he  l a t t e r

may induce addi t ional  f lexure.  A tectonic load of  that  k ind may have

been responsib le for  subsidence in the Arkoma basin when Lhe Ouachi ta

over thrust  sequence to the south ruas carr ied nor thward over  the edge of

the Oklahoma plat form.
Fo lds  and  Lh rus t s  a long  the  o rogen i c  marg in  o f  pe r i phe ra l  bas ins

< ie f i ne  an  evo l v i ng  s t ruc tu ra l  marg in  on  one  s ide '  No rma l  f au l t s  ana -

l ogous  i n  pos i t i on  t o  t hose  on  the  ou te r  s l opes  c f  t r enches  may  fo rm

on  the  c ra ton i c  s i de .  C las t i c  sed imen t  may  en te r  t he  bas in  f r om e i t he r

s ide ,  a l t hough  p rom inenE  c las t i c  wedges  a re  mos t  common ly  assoc ia ted

w i th  t he  o rogen i c  s i de .  A l t hough  tu rb id i t es  nay  occu r  i n  some  i ns tances '

f l uv io -de l t a i c  comp lexes  a re  more  t yp i ca l .  Sed imen t  t r anspo r t  may  be

e i t he r  t r ansve rse  o r  l ong i t ud ina l  l oca l l y .  The  p ropo r t i on  o f  mar ine

and  non -mar ine  beds  i s  dependen t  on  re la t i ons  be tween  subs idence  ra te

and sedimentat ion rate.  Source beds may be abundant  where s i l led mar ine

dep ress ions  occu r  o r  may  be  nea r l y  absen t  whe re  the  sec t i on  i s  en t i r e l y

t e r r e s t r i a l  c l a s t i c s .
The  fa te  o f  o l de r  m iogeoc l i na l  p r i sms  bu r i ed  benea th  f o re land

sed imen t  i s  a  c r i t i ca l  f ace t  o f  t he  deve lopmen t  o f  pe r i phe ra l  bas ins .

M iogeoc l i na l  p r i sms  r i de  t he  edges  o f  con t i nen ta l  b l ocks  l i ke  bumpers

on  ca rs .  Where  a  c rus ta l  co l l i s i on  occu rs ,  Ehe  marg ina l  sed imen t  p r i sm

is  d rawn  f i r s t  i n to  t he  subduc t i on  zone .  S t ra ta  o f  t he  p r i sn  a re  t i l t ed

domward st rongly beneath the f lank of  the subduct ion complex and

cove red  by  t he  p l r i phe ra l  bas in .  W i th in  such  a  t i l t ed  m iogeoc l i na l  p r i sm '

as wel l  as in  t i ' re  over ly ing asyrmetr ic  fore land basin,  migrat ion Paths

are dominant ly  updip away f rom the f lank of  the orogenic bel t .  The

inducement for  migr" i ion is  s t rong,  for  tectonic  and sedimentary loading

both increase downdip.  I  have argued e lsewhere that  the remarkable pro-

duct iv i ty  of  the Pers ian Gul f  per ipheral  fore land may ref lecE such con-

di t ions.  In  that  region,  an i runense r i f ted-margin sediment  pr ism of
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Mesozo i c  age  a long  the  edge  o f  t he  A rab ian  p la t f o rn  has  been  d rawn

aga insE  the  Zag ros  su tu re  be l t  and  cove red  by  a  Te r t i a r y  f o re land  bas in '

BoEh  l l esozo i c  and  Te r t i a r y  rocks  a re  r i ch l y  p roduc t i ve  i n  t r aps  a long

the gent le fore land l i rnb of  the basin as wel l  as in  fo lds a long che

o r o g e n i c f l a n k . D e f o r m a t i o n i s j u s t s u f f i c i e n t r h o w e v e r , t o i m p o s e
a t t rac t i ve  s t ruc tu r i ng  and  has  no t  c rump led  a l l  t he  mar ine  s t ra ta '  I f

s u t u r i n g p r o c e e d s t o o f a r a l o n g a c o l l i s i o n o r o g e n , t h e f a v o r a b l e c o n -
d . i t i ons  f o r  hyd roca rbon  concenEra t i on  a re  des t royed  by  de fo rma t i on  and

metamorph i sm.  cond i t i ons  a re  oP t ima l  wh i l e  con t i nuous  m ig ra t i on  pa ths

s t i l l  ex i s t  upd ip  away  f rom subduc t i on  zones '

Re t roa rc  Bas ins  ( f i g .  23 )

Retroarc fore land basins occur  behind cont inenta l -margin magmat ic

a rcs .  The i r  c l ea r  re la t i onsh ip  t o  a rc - t rench  sys tems  i s  shown  by  t he

general  para l le l ism mainta ined by t rench or  subduct ion complex,  vo lcanic

cha in  o r  ba tho l i t h  be l t ,  and  fo re land  bas in  f o r  l ong  d i s tances .  The

Cenozoic Subandean basins east  of  the Andes and the mar ine Cretaceous

o f  t he  Rocky  l l oun ta ins  eas t  o f  t he  Mesozo i c  ba tho l i t h  be l t  a re  sa l i en t

examp les  o f  r e t roa rc  f o re land  bas ins '  The  w ide  ex ten t  o f  ma jo r  subs idence

in  t he  c re taceous  bas in  i nd i ca tes  t ha t  rough l y  ha l f  a  con t i nen ta l  b l ock

can  be  a f f ec ted  d i rec r l y  by  p la te  i n te rac t i ons  i n  a  con t i nen ta l -marg in

a rc - f rench  sYs tem.
F lexu ra l  subs idence  i n  re t roa rc  f o re land  bas ins  i s  p robab l y  ma in l y

the  resu l t  o f  t ec ton j - c  l oad ing  i n  a  backa rc  f o l d - th rus t  be l t ,  a l t hough  a

l im i ted  amoun t  o f  pa r t i a l  subduc t i on  occu rs  t he re .  Backa rc  f o l d - th rus t

be l t s  appa ren t l y  deve lop  when  the rma l l y  so f t ened  l i Lhosphe re  a long  the

t rend  o f  t he  a rc  acco inmoda tes  con t rac t i ona l  mo t i on  as  l i t hosphe re  beh ind

the  a rc  c rowds  toward  l i t hosphe re  i n  t he  a rc - t rench  gap '  Re t roa rc  bas ins

and  backa rc  f o l d - th rus t  be l t s  t hus  re f l ec t  ove ra l l  k i nema t i cs  ac ross  t he

a r c  s t r u c t u r e  o p P o s i t e  t o  t h a t  r e s p o n s i b l e  f o r  i n t e r a r c  b a s i n s  a n d  b a c k -

a rc  r i f t s .  The  i o re land  fo ld - th rus t  be l t  p resu rnab l y  deve lops  where  the

edge  o f  t he  s t i l l - r i g i d  c ra ton  unde r th rus t s  t he  rea r  f l a r l k  o f  t he  a rc

s t i u c t u r e .  D 6 c o l l e m e n t  p e e l s  o f f  s t r a t a  o f  a n  o l d e r  m i o g e o c l i n a l  p r i s m

a long  the  con t i nen ta l  marg in  and  s tacks  t hem in to  a  t e l escoped  p i l e  o f

t h r u s t  s h e e t s .  P a r t s  o f  t h e  f l a n k  o f  t h e  r e t r o a r c  b a s i n  a r e  e v e n t u a l l y

involved in the deformat ion as wel l  '

F l t r v i o -de l t a i c  comp lexes  shed  ma in l y  f r om the  o rogen i c  f l ank  bu t

pa r t l y  f r om Ehe  c ra ton i c  f l ank  a re  pe rhaps  the  mos t  cha rac te r i s t i c  s t ra ta

o f  reEroa rc  bas ins .  Sha l l ow-mar ine  depos i t s  a re  a l so  comnon  bu t  deepe r

mar ine  s t ra ta  a re  ra re .  Sou rce  beds  may  be  common  where  s i l b -ed  mar ine

dep ress ions  occu r  o r  may  be  nea r l y  absen t  whe re  the  sec t i on  i s  en t i r e l y

t e r r e s t i a l  c l a s t i c s .  E f f e c t i v e  s t r a t i g r a p h i c  r r a p s  a s  v r e l l  a s  s t r u c t u r a l

t r aps  i n  gen t l e  t ec ton i c  f l exu res  can  be  expec ted  w i th in  re t roa rc  bas ins '

The  t i l t i ng  o f  o l de r  m iogeoc l i na l  p r i sms  benea th  re t roa rc  bas ins

may  have  u "  , t r o . rg  an  i n f l uence  on  hyd roca rbon  concen t ra t i on  as  do

s im i l a r  cond i t i ons  benea th  pe r i phe ra l  bas ins .  M ig ra t i on  may  no t  be  so

fo rce fu l ,  because  the  amoun ts  o f  t i l t i ng  and  l oad ing  may  no t  be  as  d rama-

t i c .  Howeve r ,  i nc reased  hea t  f l ux  a long  the  rea r  f l ank  o f  t he  a rc  o rogen

may promote thermal  maturat ion.  Metamorphic mineral  assemblages in the

so -ca l l ed  i n f ras t ruc tu ra l  be l t  be tween  ba tho l i t h  be l t  and  fo ld - th rus t

be1 t ,  as  we l l  as  re f l ec t i v i t i es  o f  o rgan i c  deb r i s  w i t h i n  re t roa rc  bas ins '

suggest  a h igh heaE f lux wi th in the arc oroSen and inc l ined isotherms

" " i o " "  
t he  reg ion  o f  t he  f o ld - th rus t  be1 t .  Conce i vab l y ,  a  mov ing  the rma l

f ron t  as  we l l  as  g row ing  l oad  and  i nc reas ing  t i l t  cou ld  con t r i bu te  t o

upd ip  m is ra t i on  w i t h in  t he  re t roa rc  bas in  and  po r t i ons  o f  t he  o lde r

m iog loc l l na l  p r i sn  be low  i t .
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BROKEN FOREI.ANDS

Both per ipheral  and ret roarc fore land basins have been d iscussed

in terms of coherent as)rmmetric downbows with broad and generally snooth

f loors.  Such features are comon,  wi th only  gent le undulat ions to break

the i r  con t i nu i t y  and  a t t es t  t o  t he  ove ra l l  i n teg r i t y  o f  p l a tes  o f  l i t ho -

sphere.  However,  in  some fore land set t ings,  l ike the Laramide bel t ,

baspment-cored upl i f ts  and local  faul t -bounded basins ref lect  involvement

of  basement  in  fore land deformat ion.  The condi t ions that  promote th is

k ind of  behavior  are not  fu l ly  understood.  Where rh in p lat form sequences

ra the r  t han  th i ck  m iogeoc l i na l  success ions  occupy  the  fo ld - th rus t  be l t ,

the tendency for  d6col lement  nay be suppressed and the possib i l i ty  of

basement  deformat ion may be enhanced.  Where major  pre-exis t ing crusta l

f ea tu res  l i ke  au lacogens  ex i s t  i n  t he  f o re land  reg ion ,  reac t i va t i on  o f

b lder  faul t  t rends may a lso favor  the bevelopment  of  b lock upl i f ts  and

loca l  dep ress ions  ra the r  t han  b road ,  con t i nuous  bas ins .

With in broken fore land regions,  qui te heterogeneous condi t ions pre-

va i l  and  few  gene ra l i za t i ons  a re  poss ib le  w i t h  p resen t  da ta .  Sou rce  beds

may occur in local  s i l led mar ine basins or  even as non-mar ine sabkha de-

pos i t s  i n  t e r res t r i a l  bas ins .  Loca l  pu l l - apa r t  o r  w rench  s t ruc ru res  o r

both may occur  i f  t ransform- l ike mot ions develop wi th in the region.  The

character  of  ind iv idual  basins wi th in the same general  fore land region

may  we l l  d i f f e r  g rea t l y .

OTITER BASINS

Two o the r  k i nds  o f  bas ins  a re  re la ted  to  p la te  conve rgence ,  bu t

no t  i n  s t r i c t l y  o rogen i c  se t t i ngs .  T ransp ress iona l  bas ins  occu r  a long

complex t ransform systems and remnant  ocean basins l ie  a long tectonic

s t r i k e  f r o m  t h e , c l o s i n g  s u t u r e  b e l t s  o f  c o l l i s i o n  o r o g e n s .

T ransp ress iona l  Bas ins  ( f i g .  24 )

Where  a  componen l  o f  p l a te  mo t i on  i n  a  conve rgen t  sense  i s  p resen t

a long  a  t r ans fo rn ,  w rench  fo lds  may  deve lop  as  en  eche lon  fea tu res  a long

the  marg ins  o f  Lhe  p la tes  i nvo l ved .  The  l a te  Cenozo i c  f o l ds  o f  t he

cen t ra l  Ca l i f o rn ia  Coas t  Ranges  bes ide  the  San  And reas  fau l t  a re  examp les .

Ma jo r  sync l i nes  f o rm  loca l  t e r res t r i a l  bas ins .  More  s ign i f i can t ,  pe rhaps ,

is  che tectonic th ickening achieved by the formaLion of  the en echelon

fo ld  be l t  as  a  who le . r  Espec ia l l y  whe re  con t rac t i on  i s  su f f i c i en t  t o

gene ra te  marg ina l  t h rus t s ,  t he  f o l d  be l t  r ep resen ts  a  t ec ton i c  l oad  tha t

may be suf f ic ient  to  down\rarp a fore land- l ike basin a long the f lank of

Ehe  fo ld  be l t  awav  f rom the  t rans fo rm.

Remnant  Oce-ans ( f ig .  25)

Dur ing sequent ia l  development  of  a col l is ion orogen,  sediment  f rorn

the h ighlands is  shed noE only in to adjacent  fore land basins,  but  a lso

longi tudinal ly  in to remnant  ocean basins.  The immense volumes of  the

Ganges delCa and the Bengal  fan in  the Bay of  Bengal  a long tectonic

strike fron the Hirnalayan Ranges are modern examples of Ehis phenomenon.

Turbid i tes wiEh th is  or ig in may account  for  much of  the so-cal led pre-

orogenic f lysch in  c lass ic  orogenic bel ts .  Such f lysch is  dumped on

older  oceanic sediments in  a prev iously  s tarved oceanic basin just  pr ior

to the crusta l  co l l is ion that  sutures each suceessive segment  of  the

remnant  lcean c losed.  Orogeny accompanies c losure as the th ick f lysch

is deformed into a massive subduct ion complex.  Subsequent  post-orogenic
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FORELAND
B A S I  N

S E D I M E N T
DI S PERSAL

DE LTA IC
D E P O C E N T E R

T U R B I D I T E
FLYSCH

FORELAN D
B A S I N

S U T U R E  B E L T  O F
DEFORMED PRE-SUTURE
FLYSCH WITH POST-SUTURE
M O L A S S E  C O V E R

F igu re  25 .  Schemat i c  d iag ra rns  t o  i l l usL ra te  P rog ress i ve  c l osu re  o f

remnant  ocean basin by development  of  suture bel t  a long col l is ion

orogen seen in urap v lew'  T ime runs f rom top to bot tom'
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rqolasse is  represented by f luv io-del ta ic  couplexes that  form a t ime-
t ransgressive fac ies most  extensively  developed in the region mark lng
the t ransi t ion f rou fu1ly  c losed col l is ion orogen to remnant  ocean
b a s i n .

Both f lysch and molasse are thus seen as t ime-t ransgressive fac ies
whose age var ies sequent ia l ly  a long st r ike wi th in the conpleted orogenlc
be l t .  A t  any  one  p lace ,  howeve r ,  mo lasse  succeeds  f l ysch ,  and  o rogen i c
events are sandwiched between thei r  respect ive t imes of  deposi t ion.
Set t ings t ransi t ional  betr" reen pre-col l is ion reunant  ocean basins and
pos t - co l l i s i on  pe r i phe ra l  f o re land  bas ins  c l ea r l y  shou ld  ex i s t  du r i ng
ea r l y  s tages  o f  co l l i s i on  as  subduc t i on  o f  a  con t i nen ta l -  m :1g in  has  j us t
b e s u n .
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