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A bs trac t

D e fo rm ationa l processes a ffe c t in g  u n l i t h i f ie d  sediments a t a c tiv e  
m argins: a f ie ld  study and a s t ru c tu ra l model

By Mark Thomas Brandon

Chairperson o f  S uperv isory Committee: P ro fessor D a rre l S. Cowan
Department o f  
G eo log ica l Sciences

P art I o f  th is  study focuses on the  o r ig in  o f  c h a o tic  melanges in  

the P a c if ic  Rim Complex (PRC), which is  exposed in  a narrow fa u l

t-bounded s l ic e  along the west coast o f  Vancouver Is la n d . The complex 

is  composed o f  a ch a o tic  sequence o f  Lower Cretaceous melanges, which 

d e p o s it io n a lly  o v e r l ie  an o ld e r igneous basement. P rev ious in te rp re ta 

t io n s  have considered the Complex to  be a la te  Mesozoic a cc re tio n a ry  

wedge cons truc ted  aga ins t the w est-s ide  o f  the  W range llia  te rra n e . A 

number o f  fa c to rs  argue aga ins t th is  in te rp r e ta t io n :  (1 ) the  PRC 

melanges are d e p o s it io n a lly  u n d e rla in  by an o ld e r  a rc - re la te d  base

ment, and not by oceanic c ru s t ,  (2 ) e x o tic  b locks  are submarine s l id e  

b lo c k s , m ostly  de rived  from the u n d e rly in g  basement, and (3 ) the 

melanges show no evidence o f major th ru s t  im b r ic a t io n , which is  a 

common fe a tu re  o f  w e ll documented anc ien t a c c re tio n a ry  complexes. The 

heterogeneous s t ru c tu ra l s ty le  o f melanges is  more com patib le  w ith  an 

o r ig in  by down-slope mass-movement processes, such as submarine 

s l id e s ,  rock f a l l s ,  d e b ris  flow  and in - s i t u  l iq u e fa c t io n .  In d ire c t  

evidence suggests th a t ex tens ive  mass-movement was due to  frequent 

la rg e  earthquakes and s trong  ground m otion a t a s e is m ic a lly  a c tiv e  

p la te  boundary.
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P art I I  o f  t h is  study u t i l i z e s  the  concepts o f  c r i t i c a l  s ta te  

s o i l  mechanics in  an a n a lys is  o f  the  d e fo rm a tion a l behav io r o f  

u n l i t h i f ie d  sediments a t a subduct ion-zone s e t t in g .  The goal o f th is  

a n a lys is  is  to  id e n t i f y  those fa c to rs  a f fe c t in g  the  development o f  

s p e c if ic  s t r u c tu r a l s ty le s .  The i n i t i a l  c o n s o lid a tio n  s ta te  o f  the 

deform ing sedim ent has the most in flu e n c e  on the  development o f  

s p e c if ic  s t r u c tu ra l s ty le s :  h ig h ly  o ve rconso lid a ted  sediments tend to

develop w id e ly  spaced, d is c re te  fa u l t s ,  whereas n o rm a lly  co nso lida ted  

sediments p robab ly  develop th ic k  shear zones c h a ra c te r iz e d  by sca ly  

fa b r ic s .  Furtherm ore, i t  is  concluded th a t the genera l s t r u c tu ra l 

s ty le  is  not s ig n i f ic a n t ly  a ffe c te d  by the  presence o f  la rg e  load - 

induced excess pore p ressures, o r by the  expected v a r ia t io n s  in  

subduct ion -zone  load ing  c o n d it io n s . While th is  a n a ly s is  does not 

c le a r ly  in d ic a te  what causes d is c re te  fa u lts  to  form w ith in  

subduction-zone sedim ents, two geo log ic  process appear to  promote 

th e i r  occu rrence : (1 ) the in te rn a l gene ra tion  o f  excess f lu id  pressure 

due to  d e v o la t iz a t to n  re a c tio n s , and (2 ) l i t h i f i c a t i o n  and cementa

t io n .
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PART I

THE ORIGIN OF THE PACIFIC RIM COMPLEX, A MESOZOIC 

MELANGE ALONG THE WESTERN MARGIN OF VANCOUVER ISLAND

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



INTRODUCTION FOR PART I

The P a c if ic  Rim Complex is  exposed in  a narrow , fau lt-bounded 

s l ic e  along the west coast o f  Vancouver Is la n d  (F ig u re  1 ) .  The u n it 

c o n s is ts  o f  a c h a o tic  assemblage o f  Lower Cretaceous mudstone, 

sandstone and c h e r t ,  which o v e r l ie s  an o ld e r  v o lc a n ic  arc complex.

This paper focuses on the  d e p o s it io n a l and e a r ly  de fo rm a tio n a l h is to ry  

o f  the P a c if ic  Rim Complex, w ith  an emphasis on th e  processes res

pons ib le  fo r  melange fo rm a tio n . The Complex c o n ta in s  some o f  the  best
1

preserved and exposed Mesozoic melanges in  w estern N orth  America. 

P le is tocene  g la c ia t io n  and frequen t P a c if ic  storm s have re s u lte d  in  

ex tens ive  t r a c ts  o f  fresh  co a s ta l o u tc rop . F ab rics  and s tru c tu re s  in  

the melange are g e n e ra lly  not a ffe c te d  by younger superimposed 

de fo rm a tion , and th e re fo re  can be in te rp re te d  w ith  more confidence 

than is  p o ss ib le  in  many o th e r melange te rra n e s . Furtherm ore , the 

Complex con ta ins  a v a r ie ty  o f  melanges th a t appear to  r e f le c t  a 

spectrum o f  de fo rm ation  processes.

The o r ig in  o f  the  P a c if ic  Rim melanges a lso  has im portan t 

te c to n ic  im p lic a t io n s . P rev ious workers (Page, 1974; M u lle r , 1973, 

1977) have argued th a t the  Complex rep resen ts  a te c to n ic  assemblage 

formed w ith in  a Late Mesozoic subduction  complex. They have sug

gested, along w ith  D ick inson  (1976 ), th a t  the  P a c if ic  Rim was co

ex tens ive  w ith  o th e r coeva l subduction  complexes a long the  western 

margin o f  N orth  America ( e .g . ,  F ranciscan Complex o f  C a li fo rn ia ,  

Chugach te rra n e  o f  southern  A laska , e t c . ) .  S evera l la rg e  a llo c h th o -  

nous te rra n e s  p re s e n tly  l i e  to  the  east o f these subduction  complexes. 

I f  th is  in te rp re ta t io n  is  c o r re c t ,  these te rra n e s  must have been 

sutured to  North America p r io r  to  the  proposed Late  Ju ra s s ic  in c e p tio n

In  th is  paper, melange is  used as a non -gene tic  term  to  describe  
c h a o t ic a l ly  d is ru p te d  sedim entary rocks , commonly co n ta in in g  
e x o tic  b locks  in  a f in e r  g ra ined  m a tr ix .  See S i lv e r  and Beutner, 
1980, fo r  a more extended d is c u ss io n .
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F igu re  1. G enera lized g e o lo g ic  map o f  Vancouver Is la n d  and su rround ing  a rea , m o d ifie d  
from Roddick, e t a l .  (1979) to  in c lu d e  more recent work on southern Vancouver Is la n d  
(M u lle r ,  1977b; Rusmore, 1982) and the  San 3uan Is la n d s  (Brandon, e t a l . ,  1983). 
Quaternary sediments are not shown.

Lower Eocene end younger ro c k s . N o rth  
o f  th e  Leech R iv e r  f a u l t :  Upper Eocene 
end younger sed im en ta ry  rocks  o f  the  
Cermenah Group, e q u iv a le n t to  s t r a ta  o f  
th e  o ffs h o re  T o fin o  B a s in . South o f  th e  
Leech R iv e r  f a u l t :  Lower Eocene b a s a lts  
end younger sed im en ta ry  ro c k s .

Nanaimo Group. Upper C retaceous m arine 
sed im en ta ry  ro c k s .

Leech R iv e r  Complex. J u re s s ic -  
C retaceoua ro cks  th a t  were r e g io n a l ly  
metamorphosed d u r in g  th e  e a r ly  T e r t ia r y  
( F a i r c h i ld  and Cowan, 19B2).

P a c if ic  Rim Complex, to g e th e r  w ith  
o th e r J u ra s s ic - lo w e r  C retaceous u n i ts  
(on Vancouver Is la n d :  Pandora Peak u n i t  
and ro cks  o f  Gonzales Bay; end in  th e  
San Juan Is la n d s :  C o n s t i tu t io n  fo rm a* 
t i o n ,  Lopez Complex end D eca tu r 
te r r a n e ) .  G e n e ra lly  c o n s is ts  o f  
v o lc a n ic le s t ic  sandstone and mudstone 
w ith  3 u b o rd in a n t r ib b o n  c h e r t  and 
b a s a lt ;  l o c a l ly  in c lu d e s  o ld e r  basement 
ro cks .

W ra n g e llia  te r ra n e .  Lower C retaceous 
and o ld e r  ro cks  th a t u n d e r l ie  moat o f  
Vancouver Is la n d .

TTTT1 Coast P lu to n ic  Complex. L a te  C re ta - 
ceous and e a r ly  T e r t ia r y  p lu to n ic  

t * * *  ro c k s ; a ls o  in c lu d e s  m inor pendants and 
screens o f  o ld e r  ro cks .

P a le o zo ic  ro c k s  o f  th e  San Juan Is la n d s  
(see B randon, e t a l . ,  1983).
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o f  subduction . Most no tab le  o f  these o ld e r te rra n e s  i s  the  W range llia  

te rra n e  ( I r v in g  and Y o le , 1972; Jones, e t a l . ,  1977), which u n d e rlie s  

most o f  Vancouver Is la n d  (F ig u re  1 ) .

There are seve ra l reasons to  question  th is  in te r p r e ta t io n .  The 

P a c if ic  Rim Complex is  p re s e n tly  on ly  5 -  10 km wide in  map view and 

l ie s  f a i r l y  c lose  to  the  modern subduction zone, 100 km to  the 

southwest (F igu re  1 ) . I f  the  P a c if ic  Rim Complex rep resen ts  a major 

a c c re tio n a ry  complex, e ith e r  not much sediment was a cc re te d , o r la rg e  

p o rtio n s  o f  th is  complex are m iss ing . Elsewhere along the  west coast 

o f Vancouver Is la n d , P a c if ic  Rim rocks are g e n e ra lly  absent, and 

ins tead  o ld e r rocks o f  the  W range llia  te rra n e  u n d e r lie  the present 

c o n tin e n ta l m argin. These re la t io n s h ip s  suggest th a t  th e  te c to n ic  

h is to ry  o f  the Vancouver Is la n d  margin is  more com p lica ted  than 

p re v io u s ly  apprec ia ted .

A very  d i f fe re n t  view o f  the te c to n ic  e v o lu tio n  o f  t h is  margin 

has emerged as the re s u lt  o f  fu r th e r  f ie ld  work in  the  P a c if ic  Rim 

area and new fo s s i l  ages and ra d io m e tr ic  da tes . The P a c if ic  Rim 

Complex rep resen ts  a d isp laced  fragment w ith in  a la rg e  trans fo rm  fa u l t  

system which trunca ted  th e  west s ide  o f  Vancouver Is la n d  du ring  Late 

Cretaceous and e a r ly  T e r t ia ry  tim e  (Brandon and Cowan, 1983). This 

trans fo rm  system has removed more w e s te rly  p o rtio n s  o f  the  W range llia  

te rra n e  and the P a c if ic  Rim Complex, and has d isp laced  them northward 

to  southern Alaska (see Cowan, 1982). The P a c if ic  Rim Complex has 

a lso  been d isp laced  w ith  respect to  Vancouver Is la n d , but p robab ly  not 

more than 100 km. S im i la r i t ie s  in  s tra t ig ra p h y  and metamorphism 

in d ic a te  the  Complex was p robab ly o r ig in a l ly  coex tens ive  w ith  o th e r 

Mesozoic rocks loca ted  around the  southern end o f Vancouver Is la n d  and 

in  the  San Juan Is la n d s  (F ig u re  1— Pandora Peak u n i t ,  rocks o f  

Gonzales Bay and the C o n s t itu t io n  fo rm a tio n ).

The re fo re , the  P a c if ic  Rim Complex rep resen ts  o n ly  a sm all 

p o rtio n  o f  a once more ex tens ive  Mesozoic a c tive -m a rg in  complex. The 

o r ig in a l te c to n ic  s e t t in g  o f  the  P a c if ic  Rim Complex is  u n c e rta in , but 

geo log ic  re la t io n s h ip s  in d ic a te  th a t i t  does not rep resen t an anc ien t 

a cc re tio n a ry  wedge, th a t i s ,  an im brica ted  complex o f  sediments and
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oceanic v o lc a n ic  rocks  formed by o ffs c ra p in g  and a c c re tio n  a t an 

a c t iv e  subduction  zone (K a r ig , 1983). Three l in e s  o f  evidence have 

prompted t h is  co n c lu s io n : (1 ) th e  Lower Cretaceous melange u n its  

d e p o s it io n a lly  o v e r l ie  a re g io n a lly  ex te n s ive  Upper T r ia s s ic  -J u ra s s ic  

vo lca n ic  a rc  complex and are not assoc ia ted  w ith  normal oceanic c ru s t; 

(2 ) ch a o tic  d is ru p t io n  o f the  Lower Cretaceous melanges is  not due to  

fa u l t  zone de fo rm a tion  bu t in s te a d  rep resen ts  a v a r ie ty  o f  mass- 

movement processes, and (3 ) und is rup ted  p o r t io n s  o f  the melange m a trix  

co n ta in  in - s i t u  m a c ro fo s s ils  in d ic a t in g  some o f  the  sedim entary 

m a te r ia ls  were o r ig in a l ly  depos ited  in  r e la t iv e ly  sh a llo w  depths and 

do not rep resen t deeper w a te r, t r e n c h - f i l l  t u r b id i t e s .  These fa c to rs  

suggest th a t  the melanges accumulated in  a s lope  bas in  s e t t in g  w ith in  

a m o rp h o lo g ica lly  complex a c t iv e  m argin. I f  t h is  m argin in c lu d e d  a 

coeval a c c re tio n a ry  wedge, i t  was p robab ly  lo ca te d  seaward o f the 

P a c if ic  Rim Complex, and has s ince  been removed by younger tra n s -  

c u rre n t f a u l t in g .

STRATIGRAPHIC FRAiCWORK
The P a c if ic  Rim Complex can be d iv id e d  in to  s ix  major rock u n its .  

Based on g e o lo g ic  re la t io n s h ip s  exposed on the U c lu th  Pen insu la  a t the 

south end o f  the  area (F ig u re s  2 and 3 ) ,  fou r o f these u n its  can be 

c o n f id e n t ly  p laced  in to  a genera l s t ra t ig ra p h ic  sequence, summarized 

in  F igu re  4 . Age da ta  fo r  these u n its  are shown in  F ig u re  5.

The presence o f  a s t r a t ig ra p h ic  sequence is  perhaps unexpected 

w ith in  a c h a o tic  melange te r ra n e , and th e re fo re  rep resen ts  an im por

ta n t conc lus ion  o f  my f ie ld w o rk .  P rev ious workers (M u lle r ,  1973,

1977; Page, 1974) noted  th e  preva lence  o f  fa u l t  co n ta c ts  w ith in  the  

P a c if ic  Rim Complex and argued th a t these fa u l ts  formed du ring  

subduction u n d e r th ru s tin g . However, most o f the  fa u l t s  are h ig h -a n g le  

and appear to  have o n ly  modest d isp lacem en ts. F u rtherm ore , they 

commonly o f fs e t  e a r ly  T e r t ia r y  d ikes and are more l i k e ly  re la te d  to  

younger t ra n s c u rre n t f a u l t in g .
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VANCOUVER ISLAND

FLORES

RAFAEL
POINT ESOWISTA W E S T C O A S T  

FA U LTPENINSULA

IO  KM
U.EOCENE-OLIGOCENE 
CARMANAH GRP.

U= U-Pb zircon 
b = K-flr biolile 
h ® K-Ar hornblende 
R= R b-S r isochron 
2  s Zircon fission-track

U. PALEOCENE-LW. EOCENE 
FLORES VOLCANICS

'•V -M PALEOCENE-EOCENE
CATFACE INTRUSIONS

UCLUTH
PENINSULA

MESOZOIC PACIFIC 
RIM COMPLEX

MESOZOIC AND PALEOZOIC 
ROCKS OF WRANGELLIA

CT>

F igu re  2 . G eolog ic map o f  the  P a c if ic  Rim a rea , m o d ifie d  from M u lle r  (1977b) to  in c lu d e  my 
work. R ad iom etric  dates are shown fo r  e a r ly  T e r t ia r y  v o lc a n ic  and p lu to n ic  ro cks . K-Ar dates 
are from Carson (1973 ), and M u lle r ,  e t a l .  (1981) and have been re c a lc u la te d  us ing  new decay 

> cons tan ts  (H a rland , e t a l . ,  1982). Dates fo r  the  p lu to n  on Meares Is la n d  are from C. Isachsen 
(1983).. Z irc o n  f is s io n  t ra c k  ages fo r  the  F lo re s  v o lc a n ic s  ( in fo rm a l name) were determ ined by 
0 . A, Vance, U n iv e rs ity  o f  Washington.
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KILOMETERS

F igu re  3 . G eolog ic map o f  the  U c lu th  P en insu la  showing the  re la t io n s h ip  between the  U c lu th  
V o lcan ics  and the o v e r ly in g  melange u n its .
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G E N E R A L IZ E D  S T R A T IG R A P H Y  OF P A C IF IC  R IM  C O M P LE X

UNIT 2

S a n d s to n e -r ich  t u r b id i t e  u n it  (sand/mud > 9 ) ,  commonly w ith  th ic k  to  massive 
sandstone beds. H ig h ly  c o n to r te d  and fo ld e d ; p r im a ry  sed im en ta ry  s t ru c tu re s  are 
v a r ia b ly  obscured by l iq u e fa c t io n .

UNIT 1A

■ G R A D A TIO N A L C O N T A C T -

O UNIT IB
UJ

M udstone, r a d io la r ia n  c h e rt and 
lenses o f  fe a tu re le s s  sandstone. 
Bedding is  p la n a r ,  but d is p la y s  
e x te n s iv e  la y e r - p a r a l le l  d is ru p 
t io n .  The u n i t  a ls o  c o n ta in s  
la rg e  e x o t ic  b lo c k s  d e r iv e d  from  
th e  u n d e r ly in g  U c lu th  V o lc a n ic s .

UJa:
>-
<
£E
UJ

Lam inated m udstone, p e b b ly  mudstone, 
t u r b id i t e  sandstone and c h a n n e liz e d  
co ng lom era te ; a ls o  ra re  in te rb e d d e d  
sequences o f  r a d io la r ia n  c h e r t .  
Lam inated mudstone c o n ta in s  B u ch ia  
coqu ina  and la rg e , i n - s i t u  f o s s i l  
b iv a lv e s .  Bedded l i t h o lo g ie s  are 
h ig h ly  c o n to r te d  and fo ld e d  w ith  m inor 
la y e r - p a r a l le l  e x te n s io n .

U N C O N F O R M IT Y

S o
CO 
CO 
<

UJ -9a e- 
o- ,

UCLUTH VOLCANICS

Fragm enta l v o lc a n ic  ro c k s , a m ygda lo ida l f lo w s , and in te rb e d d e d  Upper T r ia s s ic  
l im e s to n e . In tru d e d  by Upper T r ia s s ic ( ? )  d io r i t e  d ik e s  and s to c k s . M igh t a ls o  
c o n ta in  m ino r p i l lo w  lava  w ith  in te rb e d d e d  c h e r t o f  E a r ly  J u ra s s ic  age.

00

F igu re  ft. G enera lized  s t r a t ig r a p h ic  framework o f  th e  P a c if ic  Rim Complex.
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W RANC ELUA  
VANCOUVER IS

PACIFIC R IM
CO M PLEX

WA'SAQUEEN CHAR. 
GROUP

* MELANGE 
UNITS IA.1B 

I AND 2
MUOSTONE.
SANDSTONE

3  CHERT

^  KYUQUOT 
! •  GROUP a PILLOWED

BASALT
MARINE a  CHERT

ROCKS

PILLOWED 
FLOWS, TUFF 

5  CHERT

•  BONANZA 
FM.

•  CALC-ALK  
VOLCANICS

m  PARSON
BAY FM

•  CALCAREOUS 
SILTSTONE UCLUTH 

VOLCANICS

|  QUATRlMfH L S T l BRECCIA, 
MINOR  
FLOWS a 
LIMESTONE

KARMUTSEN 
FM

PILLOWED 
BASALT

F igure  5. S tra t ig ra p h ic  comparison o f  the  P a c if ic  Rim Complex w ith  
Mesozoic u n its  o f  the  W ra n g e llia  te r ra n e , Vancouver Is la n d .  F o s s il 
c o n tro l fo r  W ra n g e llia  u n its  summarized from M u lle r ,  e t a l .  (1974, 
1981) and o th e r sources c ite d  th e re . The ra d io m e tr ic  tim e  sca le  shown 
on the  r ig h t  is  from H arland , e t a l .  (1982).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



10

Perhaps th e  most com pe lling  evidence fo r  a s t r a t ig ra p h ic  in t e r 

p re ta t io n  is  the  presence o f a re g io n a lly  e x te n s ive  basement u n it  

which u n d e r lie s  the  P a c if ic  Rim melanges. T h is  p re v io u s ly  unreco

gnized u n i t ,  which is  h e re in  named the  U c lu th  V o lca n ics , co n s is ts  o f 

c a lc -a lk a lin e  b a s a lts  w ith  subo rd ina te  d io r i t e  in tru s io n s  and in t e r -  

bedded Upper T r ia s s ic  lim es tone . The melange u n its  o v e r l ie  the  U clu th  

V o lcan ics , and c o n s is t o f two basa l m udstone-rich  melanges, U n its  1A 

and 1B, g rad ing  upward in to  a s t r a t ig r a p h ic a l ly  h ig h e r sands ton e -rich  

melange, U n it 2 . The basa l melange u n its  can lo c a l ly  be found in  

demonstrable d e p o s it io n a l co n ta c t w ith  the  u n d e r ly in g  v o lc a n ic s . 

Elsewhere they  co n ta in  la rge  d io r i t e  b lo cks , c le a r ly  de rived  from the  

U clu th  V o lca n ics .

Two o th e r rock u n its ,  both o f  which, c o n s is t o f  p i l lo w  lava  and 

c h e r t, have y ie ld e d  E a rly  and Late Ju ra s s ic  ages (F ig u re  5 ) . The 

Upper J u ra s s ic  u n it  occurs as e x o t ic  b locks  w ith in  m udstone-rich  

melange. The Lower Ju ra ss ic  u n it  m ight rep resen t a younger p o r t io n  o f 

the U clu th  V o lca n ics . These two u n its  c o n s t i tu te  a sm a ll p a rt o f  the  

P a c if ic  Rim Complex, and thus t h e i r  o r ig in ,  and t h e i r  re la t io n s h ip  to  

the re s t o f  th e  Complex is  not w e ll understood.

These s ix  u n its  are described below, w ith  s p e c ia l emphasis on 

fea tu res  th a t m ight he lp  to  d e fin e  how and where th e  Lower Cretaceous 

melange u n its  were formed.
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TRIASSXC AND JURASSIC VOLCANIC UNITS

UCLUTH VOLCANICS

The U c lu th  V o lca n ics  rep resen t a newly designa ted  fo rm a tion  

w ith in  the  P a c if ic  Rim Complex. Th is fo rm a tion  is  named a f te r  the 

U clu th  P en insu la  where i t  is  w e ll exposed in  th e  core  o f  an east-w est 

tre n d in g  a n t ic l in e  (F ig u re  3 ) .  Exposures on the  west coast o f the 

Peninsula are des igna ted  as th e  type  area o f the  fo rm a tio n .

L ith o lo g y . The u n i t  c o n s is ts  dom inantly  o f  green, a p h a n it ic  vo lc a n ic  

rocks , t y p ic a l ly  o c c u rr in g  as u n s t r a t i f ie d  b re cc ia  w ith  g ra n u le - to  

cobb le -s ized  c la s ts ,  o r le ss  commonly as massive flo w  ro cks . L o c a lly  

the v o lca n ics  c o n ta in  la rg e  (1 -4  mm) dark green amygdales and sparse 

(<10%) p la g io c la s e  m icrophenocrys ts . P illo w e d  flo w s  and ch e rt are 

ra re , a lthough they are  p resent a t lo c a l i t y  w ith in  th e  type  area (a t 

the  end o f  the  t h i r d  access t r a i l  from the  sou theast shown in  F igu re

3 ) .  A m inor amount, o f t h in ly  lam inated varegated t u f f  is  a lso  

p resen t, and may rep resen t w a te r la in  t u f f .

I r r e g u la r  d ikes  and sm a ll s tocks  o f  d io r i t e  a re  u b iq u ito u s  

throughout the  u n it  and e x h ib i t  a range o f  te x tu re s  from a p h a n it ic  to  

f in e -g ra in e d  a l lo t r io m o rp h ic .  In  th in  s e c tio n , the  d io r i t e  is  

composed m ostly  o f  p la g io c la s e  w ith  minor q u a rtz , b io t i t e  and horn

b lende . These in t ru s io n s  are commonly d i f f i c u l t  to  d is t in g u is h  from 

the su rround in g  v o lc a n ic  rocks because o f  th e ir  f in e  g ra in -s iz e ,  

s im ila r  c o lo r  and ir r e g u la r  in t r u s iv e  co n ta c ts .

Younger T e r t ia r y  d ikes  are a ls o  p resent th roughou t the  P a c if ic  

Rim a rea , and can be e a s ily  confused w ith  the o ld e r  d ike s , which are 

r e s t r ic te d  to  th e  U c lu th  V o lc a n ic s . The T e r t ia ry  d ikes  are d is t in 

guished by th e i r  more ta b u la r  form , fre sh e r appearance and in t e r 

mediate com pos ition . They a lso  weather to  a d is t in c t iv e  o rang ish  

c o lo r  which c o n tra s ts  w ith  the su rround ing  green v o lc a n ic s .
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In  c o n tra s t ,  the  vo lc a n ic  rocks and in t ru s io n s  in  the  U clu th  

u n it  d is p la y  a patchy development o f e p id o te -b e a rin g  a l te r a t io n  

assemblages, presumably due to  hydro therm al c i r c u la t io n .  L o c a lly ,  the  

v o lc a n ic  rocks are converted  to  f in e -g ra in e d  a m p h ib o lite , apparen tly  

due to  con tac t metamorphism by the  in t ru s io n  o f  nearby d io r i t e  s tocks . 

In  th in  s e c t io n , these a l te r a t io n  assemblages are o v e rp r in te d  by minor 

amounts o f  p re h n ite ,  c a lc i te  and la w s o n ite , d is p la y in g  s ta t ic  te x 

tu re s .

I r r e g u la r  pods and lenses o f  l ig h t  gray lim es tone  are sca tte re d  

throughout th e  u n it  and range up to  40 m in  la rg e s t dim ension. Bedding 

is  lo c a l ly  apparent e s p e c ia lly  where the  lim estone con ta ins  s ig n i 

f ic a n t  amounts o f  v o lc a n ic  t u f f .  More t y p ic a l ly ,  th e  lim estone is  

f in e -g ra in e d , massive and u n fo s s i l i fe ro u s ,  a lthough ra re  fragm ents o f 

c r in o id s  and gastropods are p re se n t. In  one lo c a l i t y ,  bedded t u f f a -  

ceous lim estone  co n ta in s  sm all u n id e n t i f ia b le  ammonoids (sou thern  

conodont lo c a l i t y  in  F ig u re  3 ) . In te rc a la t io n  o f lim es tone  and 

vo lca n ic  rock is  common and in d ic a te s  th a t the  lim estone  bodies are 

p a rt o f the  U c lu th  u n i t ,  and are no t e x o t ic  b lo cks .

Age. Lim estone from two lo c a l i t ie s  have y ie ld e d  Upper T r ia s s ic

conodonts (F ig u re  3) w ith  ages o f  (1 ) Karn ian (p robab ly  la te  Karnian)

and (2) la te s t  e a r ly  N orian  to  e a r l ie s t  m idd le  N orian  (M. O rchard,
2

p e rs . comm., 1983 -  Appendix A ) .  The lim estone  a t these p a r t ic u la r  

lo c a l i t ie s  is  c le a r ly  in te rbedded w ith  v o lc a n ic  rock and thereby 

p rov ides some in d ic a t io n  o f  the  age range o f  the  u n i t  as a whole. In  

the case o f the  N orian lo c a l i t y ,  the  dated lim estone is  cu t by a sm all 

d io r i te  d ike  in d ic a t in g  a Late T r ia s s ic  or younger age fo r  the  d io r i te  

in t ru s io n s .  The t o t a l  age range o f  the  u n it  i s  no t known, but s ince  

Lower C retaceous mudstone o f U n it 1B unconform ably o v e r lie s  the  u n it ,  

i t  can be no younger than J u ra s s ic .

2 Appendix A co n ta in s  a co m p ila tio n  o f  a l l  pub lishe d  and unpublished 
fo s s i l  data fo r  the  P a c if ic  Rim Complex.
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D istribution. The U clu th  V o lcan ics  are a lso  exposed in  the  n o rth e rn  

p a r t o f  the  P a c if ic  Rim Complex (no rthw es t s ide  o f  Vargas Is la n d  and 

B a r t le t t  Is la n d , F igure  2 ) .  Exposures in  these areas are s im ila r  to  

the  type area, but co n ta in  a g re a te r p ro p o rt io n  o f  u n s t r a t i f ie d  

medium-grained green t u f f ,  which is  a lso  in tru d e d  by d io r i t e  d ik e s . 

O ther is o la te d  exposures o f  the  u n it  occur on some o f  the  sm a ll i s le t s  

between Meares Is la n d  and T o fin o .

P illo w  la va , ribbon  ch e rt and green t u f f  are exposed on th e  west 

s ide  o f Vargas Is la n d  and on the  sm a ll is la n d s  northw est o f  Vargas 

(F igu re  2 ) .  These rocks bear some s im i la r i t ie s  to  the  U c lu th  u n i t ,  

but the  d io r i t e  d ikes  and lim estone are  n o ta b ly  absent. Furtherm ore. 

the  c h e rt has y ie ld e d  Lower J u ra ss ic  r a d io la r ia .  These rocks are 

te n ta t iv e ly  excluded from the U c lu th  V o lca n ics , bu t fu r th e r  work may 

show th a t they are s t r a t ig r a p h ic a l ly  re la te d  (see PILLOW LAVA AM)
CHERT below).

Geochemistry and Tectonic Setting. Samples o f f iv e  v o lc a n ic  rocks  and 

two d ike  rocks were analyzed fo r  m ajor and tra c e  elements using  a 

Kevex Energy D isp e rs ive  XRF a t the  U n iv e rs ity  o f  C a l i fo rn ia  at D a v is . 

Two o f these samples were analyzed again on a B a ird  Induction -C oup led  

Plasma Spectrom eter (ICP) o p e ra tin g  a t th e  U n iv e rs ity  o f  Washington. 

Thompson and Walsh (1983) describe  the  ICP techn ique and i t s  a p p l i 

ca tio n  to  rock a n a ly s is . M ajor elements were analyzed us ing  an 

in te rn a l standard w ith  the l i th iu m  metaborate techn ique ; a hydro

f lu o r ic  -  p e rc h lo r ic  s o lu t io n  was used fo r  m inor and tra c e  e lem ents. 

S o lu tio n s  are used fo r  s tandards, so th a t  the  ICP techn ique  is  n o t 

dependent on rock s tandards. An a n a ly s is  o f BCR-1, a USGS rock 

s tandard , done on the  U n iv e rs ity  o f  Washington ICP compares q u ite  w e ll 

w ith  pub lished  values (Table 1 ) .  Spectra fo r  the  XRF analyses were 

processed using  standard Kevex programs. ICP analyses were used 

toge the r w ith  1D in te r la b o ra to ry  rock standards (Abbey, 1977) to  

determ ine working curves fo r  the  XRF ana lyses. The two techn iques have 

y ie lded  reasonably co n s is te n t re s u lts .
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Table 1 . M ajor and tra c e  element data  fo r  se le c te d  v o lc a n ic  ro cks .

UCLUTH VOLCANICS UPPER aURASSIC(?) BASALTS KARHUTSEN USGS STANDARD BCR-1

VOLCANIC FINE-GRAINED PILLOW SHEET AVERAGE OF ICP PUBLISHI
WT. 8 FLOW* DI0RITE+ BASALT? FLOW** 75 SAMPLES'*"*’ ANALYSIS VALUES?'

Si02 53.55 49.91 53.86 48.76 47.58 55.01 54.85
A120j 16.37 18.02 16.84 13.44 14.81 13.80 13.68
Ee20 j ( to ta l ) 10.26 9.98 7.75 12.46 12.69 13.09 13.54
MgO 5.50 5.40 5.88 7.21 6 .79 3.64 3.49
CaO 3 . A3 6.29 7 .0 9.88 10.85 6.95 6.98
Na20 5.50 5.28 6.09 4.01 2.45 3.35 3.29
K20 1.87 1.89 0 .0 0.25 0.24 1.56 1.68
MnO 0.16 0.12 0.13 0.16 0.19 0.15 0.19
P205 0.30 0.35 0.22 0.23 ----- 0.35 0.33
Ti02 0.92 0.81 1.05 1.96 1.76 2.15 2.22

TOTAL 97.86 98.05 98.87 98.36 97.36 100.05 100.25

(WT. ppm)
Zr 97 58 81 111 185 185
Nb 6 7 9 7 12 14
Sr 220 280 330 145 280 330
Y 23 18 17 36 30 37?
Ba 1230 805 130 93 600 680
Sc 28 18 31 36 27 34
Co 42 41 53 46 41 37
Cr 37 3 325 115 14 16
V 235 240 240 365 385 410
La 8 8 5 3 21 25
Zn 91 49 64 86 115 120
Cu 85 145 35 57 22 19

NOTE: Unless noted otherw ise, the analyses were done on a Baird ICP at U n ivers ity  o f Washington (C. Cool, A nalyst).
R elative e rro r fo r Si02: <28; other major elements: <58; trace  elements: <108. Detection lim its  are <2 ppm.
*  811013—2 NW side of Ucluth Peninsula. t  811016-5 NW side of Ucluth Peninsula.
§ 81728-2 NE side o f Stubbs Is land . * *  80922-6 At West Coast fa u lt ,  E o f U c lu le t In le t ,
t t  From M u lle r, e t a l .  (1981). H2O = 2.578 g iv ing  a to ta l  o f 99.938. F2**5 W8S no*- reported.
?? From Abbey, 1977.
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The ICP analyses are re p re s e n ta tiv e  o f  the  s u ite  and are l is te d  

in  Table 1 . S i l ic a  co n te n t t y p ic a l ly  ranges from 47.9  to  53.4%, 

in d ic a t in g  th a t  the  v o lc a n ic s  and assoc ia ted  d ikes  are b a s a lt ic .  

However, one v o lc a n ic  sample i s  p robab ly  an a n d e s ite , w ith  s i l i c a  o f 

59.6%. Metasomatic a lte r a t io n  has undoubtedly a ffe c te d  many o f  the 

major elem ents; most n o ta b le  a re  the  h ig h  NaO and low CaO co n te n ts . 

However, K^O and A^O -j are c o n s is te n t ly  h igh fo r  a l l  o f  the samples, 

e s p e c ia lly  when compared w ith  b a s a lts  from modern o c e a n -flo o r s e t t in g s  

(Table 2-1 in  H ek in ian , 1982; Hawkins, 1980) and from anc ien t oph io - 

l i t e s  (Table 7 and F ig u re  29 in  Coleman, 1977).

Immobile tra c e  elem ents a lso  in d ic a te  th a t  the  U clu th  V o lcan ics  

are d is t in c t  from o c e a n -f lo o r  t h o le i i t e s .  The Y/Nb r a t io  is  g re a te r 

than 2 .6  fo r  a l l  o f  the  samples, which ru le s  ou t an a lk a l ic  assoc ia 

t io n  (Pearce and Cann, 1973). The c a lc -a lk a l in e  ch a ra c te r o f  these 

rocks is  q u ite  c le a r ly  demonstrated by the  la c k  o f  any increase  in  

T1 O2  w ith  in c re a s in g  Zr (F ig u re  6 ) ;  alm ost a l l  samples p lo t  w ith in  the  

c a lc -a lk a lin e  b a s a lt f i e ld  us ing  a T iO ^-Z r d is c r im in a n t diagram 

(Pearce and Cann, 1973; G arc ia , 1978). C a lc -a lk a lin e  b a sa lts  are 

ty p ic a l o f  modern v o lc a n ic  arcs such as Japan, Java and Lesser 

A n t i l le s  (Pearce and Cann, 1973). The preva lence o f  fragm enta l 

vo lca n ic  rocks in  the  U c lu th  V o lcan ics  is  a lso  a common fe a tu re  o f 

modern v o lc a n ic  a rcs  and is  no t ty p ic a l o f  o c e a n -f lo o r  and ocean ic - 

is la n d  v o lc a n ic  s e t t in g s  (G a rc ia , 1978).

O r ig in  and R egiona l C o r re la t io n . M u lle r (1977) and Page (1974) 

suggested th a t  the  v o lc a n ic  rocks o f  the  P a c if ic  Rim Complex were 

de rived  e ith e r  (1 ) from subducting  oceanic c ru s t o r (2 ) from T r ia s s ic  

v o lc a n ic  rocks o f the  Karmutsen Form ation which u n d e r lie s  much o f 

Vancouver Is la n d  to  th e  e a s t. T h e ir  second in te r p re ta t io n  was a t t r a c 

t iv e  because lim estones w ith in  the P a c if ic  Rim cou ld  have been derived 

from the Q uatsino Limestone which o v e r lie s  the Karmutsen (F igu re  5 ). 

N e ithe r o f these in te rp re ta t io n s  appears to  be c o r re c t .  The data 

presented here in d ic a te  th a t  th e  U c lu th  V o lca n ics , which comprise th e  

bu lk  o f  the  v o lc a n ic  rocks o f  the  Complex, formed w ith in  a c a lc -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



R
eproduced 

with 
perm

ission 
of the 

copyright 
ow

ner. 
Further 

reproduction 
prohibited 

w
ithout 

perm
ission.

±  U. Jur. Pillow Basalt

©oh_
©Q

2 .0  -

1 . 0  -

OFB

UCLUTH VOLC. 
O volcanics 
□  diorite

CAB

IAT
(OFB

o>

& CAB)

/ ARC TREND
O

4 0 8 0 120 160 2 0 0 2 4 0 2 8 0

ZR (wt.ppm.)

F igu re  6 . T i0 2-Z r  re la t io n s h ip s  fo r  th e  U c lu th  V o lcan ics  and Upper J u ra s s ic  b a s a lts .  
D is c r im in a n t f ie ld s  are from G arc ia  (1978) and Pearce and Cann (1978): OFB = o c e a n -flo o r b a s a lt ,  
CAB = c a lc -a lk a lL n e  b a s a lt ,  IAT = is la n d  a rc  t h o le i i t e .  Trends fo r  o c e a n -flo o r b a s a lts  and 
is la n d  a rc  vo lc a n ic s  are from G arc ia  (1978). R e la tiv e  e r ro rs  fo r  T i0 2 and Zr are le ss  than 15ft 
and 20ft re s p e c t iv e ly .
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a lk a lin e  v o lc a n ic  a rc . The Karmutsen is  c h a ra c te r ize d  by a monotonous 

sequence o f low  potassium  t h o l e i i t i c  b a s a lt (compare geochemistry in  

Table 1 ) ,  dominated by p illo w e d  flow s  w ith  subord ina te  p i l lo w  b recc ia  

and t u f f  (M u lle r ,  e t a l . ,  1981). Furtherm ore, the  K arn ian -N orian  age 

o f the  U c lu th  V o lcan ics  is  in  p a rt younger than the  Karmutsen and 

Q uatsino (F ig u re  5 ) . The coeval Norian u n it  on Vancouver Is la n d , the 

Parson Bay Form ation , co n s is ts  o f  ca lcareous c la s t ic  sediments and is  

devoid o f v o lc a n ic  rocks (M u lle r , e t a l . ,  1981).

In  s h o r t ,  the  U c lu th  V o lcan ics  represent a d isp laced  T r ia s s ic  

a rc . The absence o f  te rr ig e n e o u s  sedim entary rocks suggests th a t the 

arc m ight have o r ig in a te d  in  an in tra -o c e a n ic  s e t t in g .  Upper T r ia s s ic  

a n d e s it ic  and d a c i t ic  vo lcanogenic rocks are exposed in  the  San Juan 

Is lands  (Haro Form ation— Vance, 1975; Johnson, 1978) and, though 

c o m p o s itio n a lly  d i f f e r e n t  than the  U clu th  V o lcan ics , may represent 

another p iece  o f  th is  a rc  te rra n e .

PILLOW LAVA AND CHERT
The P a c if ic  Rim Complex con ta ins  a sm all amount o f p illo w e d  

v o lc a n ic s  w ith  in te rbedded c h e r t .  Based on age and l i th o lo g y ,  th is  

p i l lo w  lava -  c h e rt a ss o c ia tio n  can be d iv id e d  in to  two u n its  (F igu re

4 ) : (1 ) Lower J u ra s s ic  p illo w e d  flow s  w ith  t u f f  b re c c ia  and ribbon  

c h e rt, and (2 ) Upper Ju ra s s ic  p i l lo w  b a s a lt w ith  ribbon  c h e r t .  These 

rocks are im po rtan t because a t le a s t  some o f  the  p illo w e d  vo lca n ics  

appear to  be o c e a n -flo o r b a s a lts .

Age and D istribu tion . The on ly  confirm ed ou tcrop  o f the  Lower 

Ju ra ss ic  u n it  i s  on th e  west s ide  o f  Vargas Is la n d  (F igu re  7) where 

ribbon ch e rt has y ie ld e d  la te r  Toarc ian r a d io la r ia  (E . A. Pessagno, 

w r i t ,  comm., 1983). Undated p i l lo w  la va , t u f f  and c h e rt a lso  crop out 

on many o f the  sm a ll is la n d s  between F lo res  and Vargas is la n d s  and may 

rep resen t more o f  the  Lower J u ra ss ic  u n i t .  As suggested above, the  

Lower J u ra ss ic  u n it  m ight be a younger p a r t o f  the  U c lu th  V o lca n ics . 

The U c lu th  u n it  i s  exposed nearby on Vargas Is la n d  and on some o f the  

sm all is la n d s  between F lo re s  and Vargas is la n d s . Both u n its  co n ta in  a
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F ig u re  7 . G eo log ic  map o f  the  E sow ista  P en insu la  -  Vargas Is la n d  a rea , lo ca te d  a t th e  n o rth  
end o f the  map a rea . S ands tone -rich  melange o f  U n it 2 is  e x te n s iv e ly  exposed in  th is  area and 
appears to  o v e r l ie  o ld e r u n its ;  co n ta c t re la t io n s h ip s ,  however, are not exposed. O ther fe a tu re s  
in c lu d e : ra re  u lt ra m a f ic  b locks  in  U n it  1A melange on eas te rn  Vargas Is la n d  and Lower Ju ra s s ic  
p i l lo w  la va  and c h e rt on western Vargas Is la n d .
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la rge  amount o f  fragm en ta l vo lc a n ic  ro cks , b u t lim estone  and d io r i t e  

d ikes  are n o ta b ly  absent in  the  Lower J u ra s s ic  u n i t .  L i th o lo g ic a l 

v a r ia t io n s  m ight be expected, g iven  th e  age d if fe re n c e  o f  the  two 

u n its ;  however, fu r th e r  s tudy o f  the  Lower Ju ra s s ic  u n it  is  need 

be fo re  i t s  r e la t io n s h ip  w ith  the  U c lu th  u n it  can be reso lved .

The Upper J u ra s s ic  u n it  is  more w idespread, bu t has been c o n f i

d e n tly  dated in  on ly  one lo c a t io n  (F ra n c is  Is la n d — F igu re  3; c o l

le c te d  by J . M u lle r  and E. A. Pessagno). Dated r ibbon  c h e rt in  th is  

area is  c lo s e ly  assoc ia ted  w ith  p i l lo w  b a s a lt and m inor sandstone, and 

has y ie ld e d  la te  K im m eridg ian /e a rly  T ith o n ia n  to  la te  T ith o n ia n  

r a d io la r ia  (M u lle r  and Pessagno, w r i t ,  comm., 1983). M u lle r  and 

Pessagno ( w r i t ,  comm., 1983; a lso  M u lle r ,  1976) a lso  dated two o the r 

Upper J u ra s s ic  ch e rt lo c a l i t ie s  from th e  sou theast s id e  o f  U c lu e le t 

I n le t  (e a s t o f  F ra n c is  Is la n d ) .  Based on my reconnaissance mapping, 

these samples were p robab ly  from o th e r ou tc rops o f  c h e rt in terbedded 

w ith  p i l lo w  b a s a lt .  A l l  th ree  lo c a l i t ie s  have y ie ld e d  s im i la r  ages 

(F igu re  4) and to g e th e r in d ic a te  a la te  K im m eridg ian /e a rly  T ith o n ia n  

age.

The Upper J u ra s s ic  u n it  is  c lo s e ly  assoc ia ted  w ith  m udstone-rich  

melange and appears to  be a la rg e  e x o t ic  b lo cks  w ith in  the  melange. A t 

Wya P o in t (F ig u re  3) and on southwest Meares Is la n d , la rg e  b locks  o f 

p i l lo w  b a s a lt and c h e rt can be seen in  u n fa u lte d  co n ta c t w ith  mudstone 

o f the  su rround in g  melange. These two lo c a l i t ie s  are undated, but 

they are in fe r re d  to  be Late  J u ra s s ic  in  age and th e re fo re  o ld e r than 

the su rround in g  melange m a tr ix ,  which is  E a r ly  Cretaceous in  age. The 

presence o f these b a s a lt -c h e r t  b lo cks  i s  no t unusual s in ce  o th e r types 

o f e x o t ic  b lo cks  are a lso  p resent in  th e  melange; most o f  the  o th e r 

b lo cks , however, are d e rive d  from the  U c lu th  V o lca n ics . In  c o n tra s t,  

the  source te rra n e  fo r  the  Upper J u ra s s ic  b a s a lt-c h e r t b locks  is  not 

p re s e n tly  exposed in  the  P a c if ic  Rim a rea .
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M inor amounts o f  c h lo r i t e ,  c a lc i te ,  and p u m p e lly ite  (? ) are 

p resen t in  th e  Upper J u ra s s ic  b a s a lts .  Lawsonite and p re h n ite  were 

not observed. However, the  rib b o n  ch e rt in te rbedded w ith  these 

b a s a lts  co n ta in  la w s o n ite , p re h n ite  and c a lc i te  which is  the assem

blage c h a ra c te r is t ic  o f  the  su rround ing  melange m a tr ix  (see be low ).

V o lcan ic  Geochemistry. S ix  b a s a lt  samples from the  Upper J u ra ss ic  

u n it  were analyzed fo r  m ajor and tra c e  e lem ents. F ive  samples were 

run on the  U. C. Davis XRF and two o f  these were re p lic a te d  on the  

U n iv e rs ity  o f  Washington ICP (see UCLUTH VOLCANICS fo r  a d iscu ss io n  o f 

geochemical techn iques and p rocedu re s ). The s ix th  sample was c o l

le c te d  by M. Dungan and R. Page and is  re p o rte d  in  Vance, e t a l .

(1980, see t h e i r  appen d ix ). Samples were not c o lle c te d  from the  Lower 

Ju ra ss ic  u n i t ,  so the  geochem istry and com position  o f  those rocks are 

not known.

The ICP re s u lts  are l is t e d  in  Table 1 and are re p re s e n ta tiv e  o f 

the o th e r ana lyses from th e  Upper J u ra s s ic  u n i t .  S i l ic a  con ten ts  

in d ic a te  b a s a lt ic  com positions (48.7  -  53.6%). In  c o n tra s t to  the  

U c lu th  V o lca n ics , the  Upper Ju ra s s ic  b a s a lts  are c h a ra c te r iz e d  by 

h ighe r T ^  and low er and A ^O -j. Immobile tra c e  elements in d ic a te  

th a t  these b a s a lts  are most s im i la r  to  modern ocean f lo o r  b a s a lts .

Y/Nb r a t io s  are a l l  g re a te r than  1 .8 , p re c lu d in g  an a lk a l ic  assoc ia 

t io n  (Pearce and Cann, 1973). TiO^ increases w ith  in c re a s in g  Zr 

(F ig u re  6 ) , and fo llo w s  an ocean f lo o r  b a s a lt tre n d  as described  by 

Garcia (1978). A l l  samples w ith  Zr g re a te r than 90 ppm p lo t  ex

c lu s iv e ly  w ith in  the  ocean f lo o r  b a s a lt f i e ld  (Pearce and Cann, 1973; 

G arc ia , 1978) (samples w ith  Z r le ss  than 90 are not d ia g n o s tic  because 

they p lo t  in  a com posite f i e l d ) .  Unpublished ra re -e a r th  element 

analyses fo r  samples o f  Upper J u ra s s ic  b a s a lt c o lle c te d  by Dungan and 

Page (p e rs . comm., 1983) d is p la y  ty p ic a l m id -o ce a n -flo o r b a s a lt 

p a tte rn s , and support the  T i02~Zr re la t io n s h ip s  presented here . The 

petrography o f the  Upper J u ra s s ic  b a s a lts  is  a lso  c o n s is te n t w ith  an 

o ce a n -flo o r e ru p t iv e  s e t t in g .  They t y p ic a l ly  d is p la y  a g lom ero- 

p o rp h y r i t ic  te x tu re ,  w ith  p la g io c la s e  and c linopyroxen e  m icropheno-
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c ry s ts  se t in  an a lte re d  groundmass, and c lo s e ly  resemble p la g io c la s e -  

pyroxene b a s a lts  described  from modern o c e a n -flo o r s e t t in g s  (H ek in ian , 

1982, p. 3 0 ).

Chert D e p o s it io n a l S e tt in g . B asa lt geochem istry is  no t very u s e fu l in  

d is t in g u is h in g  between d i f fe r e n t  ocean f lo o r  e ru p tiv e  s e t t in g s ,  such 

as mid-ocean r id g e  and m arg ina l bas in  (Hawkins, 1980). However, 

r ibbon  c h e rts  in  the Ju ra ss ic  u n its  p ro v id e  a d d it io n a l evidence o f  the 

p a le o te c to n ic  s e t t in g .  T ra d i t io n a l ly ,  r ibbon  ch e rts  have been in t e r 

pre ted  to  be the  l i t h i f i e d  e q u iva le n ts  o f  open-ocean s i l ic e o u s  ooze.

In  a recen t re v ie w , Jenkyns and W in te re r (1982) have p o in te d  out th a t 

on -land  exposures o f  Mesozoic ra d io la r ia n  r ibbon  c h e rts  are q u ite  

d i f fe r e n t  from Mesozoic and T e r t ia ry  c h e rts  recovered from th e  ocean 

bas ins . They argue th a t r ibbon  ch e rts  rep resen t unusual p e la g ic  

sediments which were p robab ly  r e s t r ic te d  to  sm a ll Mesozoic ocean 

basins w ith  very h igh  ra te s  o f  ra d io la r ia n  p ro d u c t iv i t y .  In  the 

modern oceans, h igh  ra te s  o f  b io g e n ic  s i l ic e o u s  sed im en ta tion  are 

u s u a lly  con fined  to  m arg ina l basins where oceanographic co n d itio n s  

favor th e  u p w e llin g  o f  n u t r ie n t - r ic h  bottom w a te r. Jenkyns and 

W in te re r (1982) suggest th a t m arg ina l seas s im i la r  to  the  Japan Sea or 

G u lf o f  C a l i fo rn ia  rep resen t modern te c to n ic  analogues fo r  Mesozoic 

basins where r ib b o n  ch e rt was depos ited .

The pe trography and geochem istry o f  the  J u ra s s ic  r ibbon  ch e rts  

support th is  in te r p r e ta t io n ,  and a lso  in d ic a te  p ro x im ity  to  a f e ls ic  

vo lc a n ic  a rc . For in s ta n ce , the Upper J u ra s s ic  r ib b o n  ch e rts  commonly 

co n ta in  in te r v a ls  o f s i l t y  and sandy c h e r t .  In  th in  s e c t io n , th is  

d e t r i t a l  component c o n s is ts  o f  s i l t - s iz e d  to  medium-sized g ra in s  o f 

v o lc a n ic  fe ld s p a r and q u a rtz , lo c a l ly  p resen t in  th in  graded lam inae. 

These fe a tu re s  in d ic a te  th a t re d e p o s it io n a l processes were p robab ly 

re sp o n s ib le  fo r  the  in te rm ix in g  o f d e t r i t a l  g ra in s  and r a d io la r ia .

The geochem istry o f  ch e rt and o th e r p e la g ic  sedim ents is  p a r t ic u 

la r ly  u s e fu l in  id e n t i fy in g  the r e la t iv e  c o n tr ib u t io n s  o f  d i f fe r e n t  

sediment typ e s , such as b io g e n ic , hyd ro the rm a l, and d e t r i t a l  compo

nen ts . This approach has been used w ith  modern p e la g ic  sediments
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(Dymond, 1981; Heath and Dymond, 1977) and more re c e n tly  has been 

s u c c e s s fu lly  a p p lie d  to  Mesozoic ch e rts  (K a r l,  1983). S ix  ra d io la r ia n  

ribbon c h e r ts — 4 from the  Upper Ju ra ss ic  u n it  and 2 from the  Lower 

Ju ra ss ic  u n i t— were analyzed us ing  the  ICP a t U n iv e rs ity  o f  Washington 

(Brandon, unpub lished d a ta ). The m ix ing model o f  Dymond (1981) was 

used to  determ ine the r e la t iv e  amounts o f d if fe r e n t  sediment types in  

the c h e r t. The main re s u lts  are summarized below (these  data w i l l  be 

present in  d e ta i l  e lsew here).

These ch e rts  are composed alm ost e n t ir e ly  o f two components: a 

dominant b io g e n ic  component (65-90 w t.% ), and a subo rd ina te  d e t r i t a l  

component (10-35 w t.% ). D esp ite  t h e i r  c lose  a s s o c ia tio n  w ith  p i l lo w  

lava , the ch e rts  co n ta in  r e la t iv e ly  l i t t l e  m e ta ll ife ro u s  hydrotherm al 

sediment (<2 wt%). Hydrotherm al sediments are t y p ic a l ly  in  abundance 

around v o lc a n ic a lly  a c t iv e  r id g e s  in  the modern oceans. For ins tance , 

pe la g ic  sediments in  the  v ic in i t y  o f  the East P a c if ic  Rise t y p ic a l ly  

co n ta in  a hydro therm al component o f  about 80% (Dymond, 1981). A 

p o ss ib le  e xp la n a tio n  is  th a t the  hydrotherm al component was d ilu te d  by 

h igh  ra te s  o f  b io g e n ic  sed im en ta tio n . High b iogen ic  ra te s  are a lso  

in d ica te d  by the  low -barium  con ten ts  o f  the c h e r t,  and by the  absence 

o f  a s ig n i f ic a n t  d is s o lu t io n  res idue  component (see Dymond, 1981). 

These fa c to rs  are q u ite  com patib le  w ith  the h ig h ly  p ro d u c tiv e , sm all 

ocean basins th a t  Jenkyns and W in te re r (1981) e n v is io n  as the  ty p ic a l 

d e p o s it io n a l s e t t in g  fo r  Mesozoic ribbon c h e r t .  In  f a c t ,  th e ir  

estim ates o f accum ulation ra te s  fo r  ty p ic a l Mesozoic r ibbon  ch e rt are 

much h ig h e r than th e  accum ulation ra te s  o f hydro therm al sediments a t 

the  East P a c if ic  R ise (Dymond, 1981), which supports  th e  d i lu t io n  

in te rp re ta t io n  suggested above

The geochemical data a lso  con firm s the  presence o f  a v o lca n ic  

d e t r i t a l  component. Potassium con ten t in  the  che rt increases l in e a r ly  

w ith  in c re a s in g  d e t r i t a l  component, in d ic a t in g  a f e ls ic  vo lc a n ic  

source w ith  average I^O  con ten t o f 3 -  3.5%. D e t r i t a l  accum ulation 

ra te s  must have been s im ila r  to  the b iogen ic  ra te s  in  o rder to  

m ain ta in  a s ig n i f ic a n t  d e t r i t a l  component. I f  the sm a ll-b a s in
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i n t e r p r e t a t io n  i s  c o r r e c t ,  th e  v o lc a n ic  d e t r i t a l  component suggests  an 

in t r a - a r c  o r b a c k -a rc  b a s in  s e t t in g ,  pe rh a p s  s im i la r  to  th e  modern 

Japan Sea (a s  d e s c r ib e d  by K a r ig  and M oore , 1 9 7 5 ).

O r ig in  and C o r r e la t io n .  The e v id e n ce  g iv e n  above su g g e s ts  th a t  th e  

J u ra s s ic  u n i t s  Formed in  a s m a ll ocean b a s in ,  i n  p r o x im ity  to  an 

e ro d in g  v o lc a n ic  a r c .  The presence  o f  o c e a n - f lo o r  b a s a lts  in  th e  

Upper J u ra s s ic  u n i t  in d ic a te s  a c t iv e  s p re a d in g  d u r in g  th e  La te  

J u ra s s ic .  The Lower J u ra s s ic  p i l lo w e d  f lo w s  may have form ed in  a 

s im i la r  s e t t in g ,  o r  a l t e r n a t i v e ly  may re p re s e n t a rc  v o lc a n ic s  re la te d  

to  th e  U c lu th  u n i t .

P re s e n t ly ,  th e  Upper J u ra s s ic  u n i t  o c c u rs  as la rg e  e x o t ic  b lo c k s  

w i t h in  m u d s to n e -r ic h  m elange. The s o u rc e  o f  th e s e  b lo c k s  i s  nowhere 

exposed in  th e  P a c i f i c  Rim a re a . L a te  J u ra s s ic  o p h i o l i t i c  ro cks  a re  

p re s e n t in  th e  San Juan Is la n d s  (B row n, e t  a l . ,  1979; Vance, e t a l . ,  

1980) and may re p re s e n t p a r t  o f  a once more e x te n s iv e  so u rce  te r ra n e  

f o r  th e  Upper J u ra s s ic  b lo c k s  in  th e  P a c i f i c  Rim Com plex. Vance, e t 

a l .  (1980) have a ls o  suggested  th a t  th e  San Juan o p h i o l i t i c  ro c k s  

form ed w i th in  s m a ll ocean b a s in s  m a rg in a l t o  a L a te  J u ra s s ic  a rc .
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LOWER CRETACEOUS MELANGE UNITS

The P a c if ic  Rim melanges comprise a lm ost a l l  o f  the  sedim entary 

rocks o f  the complex. Where best exposed on the  U c lu th  Pen insu la  

(F igu re  3 ) ,  these melanges preserve  a crude s t r a t ig ra p h ic  succession 

c o n s is t in g  o f two basa l m udstone-rich  melanges, U n its  1A and 1B, 

grad ing upward in to  a sa n d s to n e -rich  melange, U n it 2 (F ig u re  4 ) .  U n its  

1A and 1B occur on oppos ite  s ides  o f  the  la rg e  east-w est tre n d in g  

a n t ic l in e  on th e  P en insu la , and unconform ably o v e r l ie  th e  U c lu th  

V o lcan ics , exposed in  the core o f  the  a n t ic l in e .  These two u n its  are 

nowhere exposed to g e th e r; however, s im i la r i t ie s  in  age and s t r a t i 

g raph ic  p o s it io n ,  to g e th e r w ith  the  p reva lence o f b la c k  mudstone in  

each, in d ic a te  th a t they are p robab ly  la t e r a l ly  e q u iv a le n t. There are 

d if fe re n c e s  in  l i th o lo g y  and s ty le  o f  d is ru p t io n .  U n it 1A co n ta in s  a 

g re a te r p ro p o rt io n  o f  ch e rt and i s  c h a ra c te r iz e d  by a p la n a r fa b r ic ,  

whereas U n it 1B is  more h ig h ly  c o n to rte d  and con ta ins  graded tu r b id i te  

sandstone, conglom erate and pebbly mudstone.

Sandstone in  a l l  th re e  o f  these melange u n its  co n ta in  minor 

amounts o f p re h n ite , la w so n ite  and c a lc i t e .  Th is  assemblage is  a lso  

lo c a l ly  present in  ch e rt o f these melanges. The s ig n if ic a n c e  o f th is  

very low tem pera tu re -h igh  p ressure  metamorphic assemblage is  discussed 

below in  another s e c tio n .

UNIT 1A—KflJDSTONE-RICH fCLANGE 

Lithology, age, and d is trib u tio n . U n it 1A is  best exposed a t Wya 

P o in t on the n o rth  s id e  o f  the  a n t ic l in e  (F igu re  3 ) .  In  th is  area, 

the melange i s  a t le a s t 400 m th ic k ,  not in c lu d in g  th e  la rg e  b lock  o f 

p i l lo w  b a s a lt on the  n o rth  s id e  o f the  P o in t.  The u n it  c o n s is ts  o f 

fragments and lenses o f c h e r t ,  sandstone and m inor green b a s a lt ic  

t u f f ,  o rgan ized in  a p la n a r fa b r ic  and surrounded by b la c k  mudstone 

m a trix  (F igu res  8 and 9 ) .  U n it 1A has y ie ld e d  th re e  E a r ly  Cretaceous 

ra d io la r ia n  ch e rt lo c a l i t ie s  ( la te  V a la n g in ia n  to  la te  A p tia n —
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F igu re  8. Photographs o f  va rio u s  s tru c tu re s  in  U n it 1A 
melange. F ig u re  8a shows a ty p ic a l example o f the  p lana r 
fa b r ic  o f  th e  melange, de fined  by ta b u la r  la y e rs  o f  sand
stone (ss ) and r ibbon  ch e rt (c h ) , and a lso  by o r ie n te d  
fragments o f  c h e rt and sandstone. The surround ing  m a tr ix  
c o n s is ts  o f  b la ck  mudstone. F igu re  8b is  a c lose -up  o f  p a rt 
o f  the  view  shown in  F igu re  8a (upper r ig h t  c o rn e r) .  The 
e l l ip s o id a l  and sp h e ro id a l fragments c o n s is t m ostly  o f  ch e rt 
(rock  hammer shown fo r  s c a le ) .  F igures 8c and 8d are 
ty p ic a l  o f  some o f  the  ir r e g u la r  pods o f  sandstone present 
in  the  melange. The t a i l - l i k e  fe a tu re  in  F igu re  8c re p re 
sents an in je c t io n  o f  sand in to  the su rround ing  mudstone 
(no te  the  k n ife  and Brunton compass shown fo r  s c a le ) .
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F igu re  8 . (con tinued )
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F igu re  9 . D e ta ile d  map o f  melange fa b r ic  in  U n it 1A. The o b liq u e  photo was used as a base map; 
photo and map face to  the  so u th . The c o n ta c t o f  U n it 1A w ith  the  u n d e rly in g  U c lu th  V o lcan ics  
probab ly  l ie s  w ith in  50 m o f  the  r ig h t  (e a s t)  s ide  o f  the  map. The prom inent c h e rt lens  in  the  
ce n te r o f  the  map has y ie ld e d  Lower C retaceous r a d io la r ia .  The la rg e  d io r i t e  b lo ck  shown on the  ro 
l e f t  s id e  o f  the  map is  45 m long  and 6 m w ide.
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Pessagno, w r i t ,  comm., 1983). These dated c h e rts  are c le a r ly  

in te rbedded w ith  the  m a tr ix  o f  the melange, and th e re fo re  in d ic a te  an 

E a rly  Cretaceous age fo r  th e  m a tr ix  as w e ll.  The melange a lso  con ta ins  

numerous e x o t ic  b locks  o f igneous ro c k , which were m ostly  de rived  from 

the u n d e rly in g  U c lu th  Vo lcan ics (F igu res  9 and 10 ).

The U n it 1A melange probab ly re s ts  d e p o s it io n a lly  on the  U cluth 

V o lca n ics , a re la t io n s h ip  th a t can be demonstrated fo r  U n it 1B. This 

c o n ta c t, however, is  on ly  lo c a l ly  exposed a t Wya P o in t (F ig u re  3) 

where i t  is  fa u lte d  and d i f f i c u l t  to  in te r p r e t .  A d e p o s it io n a l 

con tac t cannot be proven, but i s  supported by: (1 ) th e  presence in  the 

melange o f  b locks  de rived  from the  U c lu th  V o lca n ics , (2) a younger- 

o v e r-o ld e r re la t io n s h ip  w ith  Lower Cretaceous melange on Upper 

T r ia s s ic  v o lc a n ic s , and (3 ) the  concordance o f  the  melange fa b r ic  w ith  

the  u n d e rly in g  c o n ta c t.

In ternal Structure. D esp ite  th e  pe rvas ive  d is ru p t io n ,  the melange 

s t i l l  re ta in s  a w e ll- la y e re d , p lana r fa b r ic .  The ch e rt and sandstone 

tend to  have o b la te  and sp h e ro id a l shapes (F igu res  8 and 9 ) ,  bu t range 

co ns ide rab ly  in  s iz e  and aspect r a t io .  The o b la te  fragm ents d e fin e  a 

very c o n s is te n t f o l ia t io n ,  c a lle d  a fragment f o l ia t io n  (a term coined 

by D. S. Cowan, p e rs . comm., 1984). Th is s tru c tu re  resembles 

boudinage; however, in s tead  o f  the "s a u sa g e -like " shapes ty p ic a l o f 

boudinage (Ramsey, 1967); these sandstone and ch e rt la ye rs  are 

d is ru p te d  in to  pancake-shaped fragm ents, as i f  the  la y e rs  have been 

extended in  a l l  d ire c t io n s  p a r a l le l  to  la y e r in g  ( c f .  Cowan, 1982b). I t  

should be noted th a t ,  ins tead  o f la y e r -p a ra l le l  e x te n s io n , these 

b o u d in - lik e  s tru c tu re s  may have formed by a non -ex ten s iona l process 

in v o lv in g  la te r a l  flowage and th ic k e n in g : th is  p o in t is  d iscussed in  

more d e ta i l  in  another s e c tio n  below. T h icker lenses o f  sandstone and 

ch e rt (> 1m) are concordant w ith  the  fragment f o l ia t io n  and tend to  be 

less  deformed and more la t e r a l ly  p e rs is te n t (F ig u re  8 a ). In  areas 

w ith o u t th ic k  lenses, the  melange s t i l l  m a in ta ins  a layered  appear

ance d e fin e d  by s u b tle  v a r ia t io n s ,  on the sca le  o f  1 to  2 m, in  the 

re la t iv e  p ro p o rt io n  o f  ch e rt and sandstone in  the  mudstone. This
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Figure 10. Photograph o f a la rg e  d io r i te  block in  U n it 1A 
melange. The block is  about 4 .5  m th ic k  and extends fo r more 
than 35 m along s tr ik e .  Contacts w ith the surrounding 
melange are ir re g u la r  and u n fau lted .
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planar fa b r ic  is  very co n s is ten t, not only a t a lo c a l scale but also  

at map s c a le . As shown in  the stereonet in  Figure 11, the fa b ric  at 

Wya Point dips moderately northeast and is  concordant to  the contact 

o f U n it 1A w ith  the underlying Ucluth Volcanics (F igure 3)

The extreme m o b ility  o f sandstone, chert and t u f f  in d ica te  that 

deformation occurred p r io r  to l i t h i f ic a t io n  and w hile the sediments 

were s t i l l  q u ite  s o f t .  Green t u f f  is  present in  th in  wispy layers , 

and sandstone bodies commonly d isp lay  ir re g u la r  podiform shapes 

(Figures 8 and 9 ) . Local ly these pods are associated w ith  small 

sandstone d ik e le ts  in je c te d  in to  the surrounding mudstone (F igure 8c ). 

In te r n a l ly ,  the lenses and pods consist o f homogeneous medium- to  

fin e -g ra in e d  sandstone. The m o b ility  o f the sand during deformation 

has apparently  o b lite ra te d  any primary sedimentary s tru c tu re s . The 

same is  apparently  tru e  fo r the c h e rt. Fragments and sm all b a lls  o f 

chert contain  no observable bedding fe a tu re s . Thicker lenses, 

however, s t i l l  preserve well-bedded and undeformed ra d io la r ia n  ribbon  

chert.

Because o f the homogeneous nature o f the mudstone m a trix , i t  is  

d i f f i c u l t  to  determine how much deformation has occurred w ith in  the 

m atrix . However, the mudstone does not contain a scaly or s lic k e n -  

sided fo l ia t io n ,  a fea tu re  commonly observed in  many other mudstone- 

rich  melanges (Cowan, in  p re ss ). A p ressure-so lu tion  cleavage is  

sp o rad ica lly  present but appears to be unrelated  to melange deforma

tio n .

The in tim a te  association o f sandstone, c h e rt, green t u f f  and 

mudstone throughout the u n it in d ica te s  th a t these rocks are a l l  

interbedded components o f the melange m atrix . Thin sandy interbeds  

are present in  the lenses of ribbon chert and a tte s t  to  th e ir  associa

tio n  w ith  the  surrounding c la s t ic  sediments. This re la tio n s h ip  is  

supported by the geochemistry o f these cherts (Brandon, unpublished 

d a ta ), which in d ica tes  the presence o f a large  fe ls ic  d e t r i t a l  

component (20 -40  wtS) . The geochemistry o f the green tu f fs  (Brandon, 

unpublished d ata ) suggest th a t they were derived from an ocean-floor
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UNIT 1A WYA POINT
DISRUPTED MUDSTONE. CHERT 
AND SANDSTONE

UNIT 1B BIG BEACH
OISRUPTED MUDSTONE, PEBBLY 
MUDSTONE AND TURBIDITE

UNIT 2 VARGUS ISLAND AND 
ESOWISTA PENINSULA 
DISRUPTED SANDSTONE-RICH UNIT

0«
P O (O A

•X

LEGEND

UPRIGHT BEDDING

OVERTURNED BEDDING

UNDIF. BEDDING 
ATTITUDES

DISRUPTED LITH O LO G IC  
LAYERING

AXIAL PLANE WITH FOLD AXIS

F igu re  11. S te reone t p lo ts  o f  s t r u c tu r a l  fe a tu re s  in  th e  melange u n its  (e q ua l-a rea  p ro je c 
t io n ) .  These s te re o n e ts  show the  c o n tra s t between the  p la n a r fa b r ic  o f  U n it  1A and the c h a o tic  
and fo ld e d  fa b r ic  o f  U n its  1B and 2.
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b a s a l t ic  s o u rc e . They may in d ic a te  contem poraneous b a s a l t i c  

v o lc a n is m ; a l t e r n a t i v e l y ,  th e s e  t u f f s  may have been rew orked  from  an 

o ld e r  s o u rc e , such as th e  Upper J u ra s s ic  b a s a lts .

E x o t ic  B lo c k s .  The igneou s  b lo c k s  re p re s e n t th e  o n ly  e x o t ic  e lem en ts  

in  th e  m e lange. These b lo c k s  g e n e ra l ly  have s la b -sh a p e d  p r o f i l e s ,  w ith  

le n g th s  abou t seven t im e s  t h e i r  th ic k n e s s ,  and te n d  to  be s t r o n g ly  

o r ie n te d ,  w ith  t h e i r  lo n g  d im e n s io n s  p a r a l l e l  t o  th e  m elange f a b r ic  

(F ig u re  9 ) .  As n o te d  above, m ost b lo c k s  were d e r iv e d  from  th e  U c lu th  

V o lc a n ic s ,  c o n s is t in g  m o s tly  o f  d i o r i t e ,  b u t a ls o  in c lu d in g  m in o r 

v o lc a n ic  ro c k s  and r a r e  l im e s to n e . The la r g e s t  d i o r i t e  b lo c k  o c cu rs  

in  U n it  1A m elange on th e  w est s id e  o f  Vargas Is la n d  (F ig u re  7 ) and i s  

about 190 m t h ic k  and o f  unknown le n g th .  A t Wya P o in t ,  d i o r i t e  b lo c k s  

reach  a maximum s iz e  o f  45 m lo n g  and 6 m th ic k  (F ig u re  9 ) .  O th e r 

typ e s  o f  b lo c k s ,  such as Upper J u ra s s ic  p i l lo w  b a s a lt  and c h e r t  

d is cu sse d  above a re  a ls o  p re s e n t i n  m in o r p r o p o r t io n s .  F o r in s ta n c e , 

an unda ted  sequence o f  p i l l o w  b a s a l t ,  about 220 m t h i c k ,  i s  exposed on 

th e  n o r th  s id e  o f  Wya P o in t  (F ig u re  3 ) and p ro b a b ly  re p re s e n ts  an 

e x o t ic  b lo c k .  On th e  e a s t - s id e  o f  Vargas Is la n d  (F ig u re  7 ) ,  th e  

melange c o n ta in s  s e v e ra l s la b s  o f  c l in o p y r o x e n i te ,  a ro c k  ty p e  th a t  i s  

n o t obse rved  e lse w h e re  in  th e  P a c i f i c  Rim Com plex.

O r ig in .  U n it  1A p ro b a b ly  o r ig in a te d  as an i n t e r s t r a t i f i e d  sequence o f  

m udstone, c h e r t ,  sand s to n e  and t u f f .  M elange d e fo rm a tio n  has d is 

ru p te d  t h i s  sequence, b u t i t  has n o t m a rked ly  d is to r te d  i t s  o r ig in a l  

s t r a t i f i e d  g e o m e try . F o r t h i s  re a s o n , and o th e r s ,  d e fo rm a tio n  o f  th e  

se d im e n ta ry  com ponents o f  U n it  1A is  e n v is io n e d  to  have o c c u rre d  

i n - s i t u ,  p ro b a b ly  as th e  r e s u l t  o f  l iq u e fa c t io n  d u r in g  la rg e  e a r th 

quakes. T h is  in t e r p r e t a t io n  i s  d is c u s s e d  in  more d e t a i l  b e lo w .

The e x o t ic  b lo c k s  i n  th e  m elange a re  th o u g h t to  re p re s e n t subm arine 

ro ck  f a l l s  w h ich  were lo c a l l y  d e r iv e d  from  s te e p  ro cky  esca rp m e n ts , 

u n d e r la in  p re d o m in a n t ly  by U c lu th  V o lc a n ic s .  T h is  in t e r p r e t a t io n  i s  

c o m p a tib le  w ith  th e  la rg e  s iz e  o f  th e  b lo c k s — g e n e ra l ly  b o u ld e r  s iz e  

and la r g e r — and t h e i r  a n g u la r ,  e lo n g a te  shapes. There i s  no e v id e n ce
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th a t the  b lo cks  were reworked from sha llow  w ater or s u b a e r ia l s e t 

t in g s ,  s in ce  the  c la s ts  are no t rounded. Furtherm ore, U n it 1A 

con ta ins  no conglom erate o r pebbly mudstone. In  any case, a d e b r is -  

flo w  o r ig in  does not appear to  be com patib le  w ith  the  w e ll-o rg a n ize d  

p lanar fa b r ic  p resent in  the  melange m a tr ix .

What seems odd is  th a t th e re  is  no obvious evidence in  the 

surround ing  melange o f  shear su rfa ce s , fo ld s  o r o th e r s tru c tu re s  th a t 

m ight have been assoc ia ted  w ith  emplacement o f  these b lo c k s . A 

p o ss ib le  e xp la n a tio n  is  th a t  these b lo cks  were moving f a i r l y  fa s t  when 

they were emplaced onto the s o f t ,  muddy bottom , and th e re fo re  s l id  fo r  

some d is ta n c e . Under these c o n d it io n s , the  moving b lo ck  would impose 

an undrained load on the  sedim ents, and would p robab ly  generate f lu id  

pressures g re a t enough to  decouple the  so le  o f  the  b lock  from the  

u n d e rly in g  mud. The la rg e  aspect r a t io  o f  the  b locks  would prevent 

them from s in k in g  in to  th e  s o f t  muddy bottom ; N aylor (1982, F igu re  

10a) es tim a tes  th a t b lo cks  w ith  aspect r a t io s  g re a te r than 6 .5  can be 

f u l l y  supported under these c o n d it io n s .

UNIT 1B-MUDST0NE-RICH MELANGE

U n it 1B is  best exposed in  the  B ig  Beach area, on th e  south s ide  

o f  the  U c lu th  a n t ic l in e  (F ig u re  3 ) .  In  comparison w ith  U n it 1A, th is  

melange co n ta in s  a g re a te r d iv e r s i t y  o f  c la s t ic  rocks and is  more 

h ig h ly  c o n to rte d  and in te r n a l ly  fo ld e d . The u n it  is  dominated by 

massive and lam inated mudstone, w ith  subo rd ina te  sandstone tu r b id i t e ,  

channe lized conglom era te, pebbly mudstone and r ib b o n  c h e r t .  E xo tic  

b locks o f fragm en ta l v o lc a n ic  rocks are p re se n t, b u t are con fined  to  

pebbly mudstone.

Age. F o s s ils  from U n it 18 in d ic a te  an E a rly  Cretaceous age. Buchia 

are present in  a number o f lo c a l i t ie s  in  the  lam inated mudstone, 

t y p ic a l ly  in  ra re  in te rb e d s  composed e n t i r e ly  o f reworked s h e lls .  3. 

A. 3 e le tzky  ( w r i t ,  comm., 1983; a lso  in  M u lle r , e t a l . ,  1981) has 

id e n t i f ie d  these  fo s s i ls  as e a r ly  to  m idd le  V a lang in ian  in  age. Three 

ra d io la r ia n  lo c a l i t ie s  from ribbon  c h e rt have y ie ld e d  n e a rly  id e n t ic a l
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ages ( la te  V a lang in ian  to  e a r ly  H a u te r iv ia n — Pessagno, w r i t ,  comm., 

1983), thus co n firm in g  the  E a r ly  Cretaceous age o f  th e  u n i t .  A number 

o f  la rg e  b iv a lv e s  are a lso  p resen t in  lam ina ted  mudstone and in  

mudstone in te rb e d s  o f  the  t u r b id i t e  sequences ( lo c a l i t ie s  la b e lle d  as 

Inoceramu3? in  F igu res  12 and 13 ). These b iv a lv e s  are not age 

d ia g n o s t ic ,  bu t they occur in  grow th p o s it io n  and th e re fo re  can be 

used to  c o n s tra in  the  o r ig in a l  d e p o s it io n a l s e t t in g  o f  the  sediments 

now in co rp o ra te d  in  the melange.

Basal C on tac t. U n it 1B melange re s ts  unconform ably on U c lu th  

V o lca n ics . Th is  uncon fo rm ity  is  exposed n o rth  o f  B ig  Beach and can be 

traced  eastward based on is o la te d  exposures o f U c lu th  V o lcan ics  in  the  

B ig  Beach area (F ig u re  3 ) .  F igu re  12 shows a d e ta ile d  map o f p a r t o f  

th is  u n co n fo rm ity . The con tac t d ip s  m oderate ly to  th e  south and e a s t, 

and has been o f fs e t  and repeated by a number o f  h ig h -a n g le  fa u lts  w ith  

both r ig h t - la t e r a l  and l e f t - l a t e r a l  s e p a ra tio n . T h is  s itu a t io n  

i l lu s t r a t e s  how younger fa u lts  in  th e  P a c if ic  Rim area have obscured 

p rim ary  co n ta c t r e la t io n s h ip s ,  e s p e c ia lly  in  areas w ith  l im ite d  

exposure. A t the  c o n ta c t, B uch ia -be a ring  mudstone re s ts  d ir e c t ly  

above Upper T r ia s s ic  lim estone and v o lc a n ic  rocks o f  th e  U c lu th  

Form ation , in  c le a r  d e p o s it io n a l c o n ta c t. The mudstone above the  

co n ta c t a t le a s t lo c a l ly  appears to  be a d e b ris  f lo w  w ith  randomly 

o r ie n te d  Buchia surrounded and supported by a homogeneous mudstone 

m a tr ix .

L ith o lo g y . The d e ta ile d  map o f  th e  B ig  Beach area (F ig u re  13) 

d is p la y s  ty p ic a l map-scale re la t io n s h ip s  between the  l i t h o lo g ic a l  

components o f  the  U n it 1B melange. Melange de fo rm a tion  has re s u lte d  

in  a h ig h ly  d iso rg a n ize d  assemblage. D esp ite  the  c h a o tic  appearance, 

bedding fe a tu re s  and sedim entary s tru c tu re s  are commonly preserved a t 

ou tcrop  s c a le .

Mudstone in  th e  melange is  e i th e r  massive o r ,  more commonly, 

in te rbedded  w ith  th in  s i l t y  lam inae and ra re  sandstone in te rb e d s .

Trace fo s s i ls  and o th e r evidence o f  in fauna  are ra re . Calcareous
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UNIT I B -
DISRUPTEO MUDSTONE
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F ig u re  12. Outcrop map showing th e  basa l uncon fo rm ity  o f  U n it 1B on the  U c lu th  V o lc a n ic s . The 
in s e t i s  from F ig u re  3 and shows the  lo c a t io n  o f  the  d e ta ile d  map. The basa l co n ta c t is  o f fs e t  
and repeated by a number o f  steep fa u l t s .  T h e re fo re , i t  m ight he lp  to  re fe r  to  th e  schem atic 
v e rs io n  o f  the  c o n ta c t shown in  th e  in s e t .  The u n con fo rm ity  i s  f a i r l y  i r r e g u la r  on a sm a ll 
s c a le , suggesting  th a t  the  su rfa ce  had some lo c a l r e l i e f .  Note th a t  in  th e  ce n te r o f  the  map, 
Lower Cretaceous B u ch ia -be a ring  mudstone re s ts  d i r e c t ly  above th e  U c lu th  V o lca n ics .
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F ig u re  13. D e ta ile d  map o f  the  B ig  Beach area showing the  d e fo rm a tio n a l s ty le  o f  U n it 1B. 
Melange de fo rm a tion  has re s u lte d  in  a c h a o tic  arrangement o f  u p r ig h t and ove rtu rn e d  s t r a ta .  
E x o tic  b lo cks  are co n fin e d  to  pebb ly mudstone. Buchia and r a d io la r ia  are E a r ly  Cretaceous in  
age. U n id e n t if ia b le  b iv a lv e s ,  la b e lle d  InoceratBUs(?), are common in  t h is  area and occur a t 
lo c a l i t ie s  la b e lle d  I .
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c o n c re t io n s  a re  a ls o  p re s e n t th ro u g h o u t th e  m udstone. These fe a tu re s  

a re  t y p ic a l  o f  m udstone d e p o s ite d  under r e s t r i c t e d  oxygen c o n d it io n s  

(Johnson , 1 9 7 8 ).

Sequences o f  c o a rs e r  c l a s t i c  ro c k s  a re  composed o f  sandstone  

t u r b id i t e s  w i th  in te rb e d d e d  mudstone and c h a n n e liz e d  cong lom era te  

b o d ie s . The sands ton es  range  in  bedd ing  th ic k n e s s  b u t a re  g e n e ra lly  

medium to  t h i c k l y  bedded w i th  sands ton e /m uds tone  r a t io s  o f  3 to  6 , and 

lo c a l l y  g r e a te r .  T h ic k e r  sequences o f  m ass ive  sand s to n e  a re  exposed 

on th e  s o u th e a s t s id e  o f  th e  map a rea  and p ro b a b ly  re p re s e n t amalga

mated t u r b i d i t e  beds. In te rb e d d e d  co n g lo m e ra te  le n s e s  a re  composed o f  

w e l l  rounded , g ra n u le -  to  p e b b le -s iz e d  c la s t s ,  c o n s is t in g  p redom i

n a n t ly  o f  r a d io la r ia n  c h e r t  (g re e n , g ra y  and w h ite )  w ith  m ino r s h a le , 

sands ton e  and in te rm e d ia te  p lu to n ic  ro c k .  These co n g lo m e ra te s  a re  

c la s t - s u p p o r te d  w ith  a sandy m a t r ix ,  and a re  t y p i c a l l y  w e l l  o rg a n iz e d  

and lo c a l l y  g ra d e d .

P e b b ly  mudstone i s  exposed on th e  s o u th w e s t s id e  o f  th e  map a rea  

(F ig u re  13) and c o n s is ts  o f  b la c k  mudstone w ith  w e ll- ro u n d e d  green 

v o lc a n ic  c la s t s  (F ig u re  1 4 a ) . C la s t  s iz e  g e n e r a l ly  ranges from  

g ra n u le  to  s m a ll b o u ld e r ,  b u t la r g e r  b lo c k s ,  up t o  abo u t 4 m, ac ross  

a re  lo c a l l y  p re s e n t (F ig u re  1 4 d ). C la s ts  a re  a l l  v o lc a n ic ,  p redom i

n a n t ly  t u f f  and t u f f  b re c c ia  w ith  m ino r f lo w  ro c k s .  D io r i t e  c la s ts  

were n o t o b s e rv e d , b u t th e  v o lc a n ic  c la s ts  a re  s im i la r  to  p a r ts  o f  th e  

U c lu th  V o lc a n ic s .  The p e b b ly  mudstone i s  m a tr ix -s u p p o r te d  and gene r

a l l y  la c k s  an o rg a n iz e d  f a b r i c .  L o c a l ly ,  i t  has a la y e re d  appearance 

d e f in e d  by th e  p r e fe r r e d  o r ie n ta t io n  o f  e lo n g a te  c la s t s  and v a r ia t io n s  

in  th e  r e la t i v e  p ro p o r t io n s  o f  c la s t s .

C h e rt i s  r a re  w i t h in  U n it  1B, b u t a s e v e n -m e te r - th ic k  sequence o f  

r ib b o n  c h e r t  i s  exposed on th e  so u th w e s t s id e  o f  th e  B ig  Beach map 

a rea  (F ig u re  13) and i s  c le a r l y  in te rb e d d e d  w ith  m udstone and sand

s tone  o f  th e  m e lange. The sequence c o n s is ts  m o s t ly  o f  g ra y -g re e n  

r a d io la r ia n  r ib b o n  c h e r t  w i th  s u b o rd in a te  sandy r ib b o n  c h e r t .  These 

c h e r ts  to g e th e r  w ith  a s m a ll c h e r t  le n s  in  m ass ive  sands ton e  have 

y ie ld e d  th e  E a r ly  C re ta ce o u s  r a d io la r ia  d e s c r ib e d  above.
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In te rn a l S tru c tu re . Rotated and ove rtu rned  s t r a ta  are  th e  most 

v is ib le  e f fe c ts  o f  melange defo rm ation  in  U n it 1B. Bedding a t t i tu d e s  

from the  B ig Beach areas, p lo t te d  as S -po les on a s te re o n e t (F igu re  

1 1 ), form a crude g ir d le  p a tte rn  w ith  a m oderate ly p lu n g in g , e a s t-  

tre n d in g  a x is .  D esp ite  t h is  g ir d le  p a tte rn ,  co n ve n tio n a l fo ld  

geom etries and la rg e -s c a le  fo ld  c lo su re s  are not commonly observed. 

L o c a lly  s t r a ta  are co n to rte d  in to  i r r e g u la r ly  shaped fo ld s ,  but more 

commonly, th ic k  concordant sequences o f  u p r ig h t o r o ve rtu rn e d  s t ra ta  

appear to  be bounded by d is c re te  s l ip  su rfa ce s . Some r o ta t io n  could 

have occurred  on l is t r ic -s h a p e d  s l ip  su rfa ce s , bu t o ve rtu rn e d  s t ra ta  

are d i f f i c u l t  to  e x p la in  by th is  process a lone . More l i k e l y ,  these 

s l i p  su rfaces have dismembered la rg e r-s c a le  o ve rtu rned  fo ld s .

Severa l is o c l in a l  fo ld s  are present in  th e  sou theast h a l f  o f  the  

B ig  Beach a rea , where bedding a t t i tu d e s  are commonly o ve rtu rn e d . These 

is o c lin e s  have am plitudes o f 1 -  3 in and occur as is o la te d  fo ld s  w ith  

detached lim b s . They share a s im ila r  a x ia l p lana r o r ie n ta t io n  bu t have 

d ive rg e n t fo ld  axes (F ig u re  11 ). Th is type  o f  fo ld  geometry has been 

recognized in  a n c ie n t subduction complexes (Moore and W heeler, 1978), 

as w e ll as in  slumps o f  s u r f i c ia l  sediments (Hansen, 1971; Woodcock, 

1976), and is  though t to  form w ith in  broad zones o f  s im p le  shear 

de fo rm ation . Because the  is o c lin e s  a t B ig  Beach occur as detached 

fo ld s ,  th e i r  fo ld  asymmetry cannot be determ ined. However, the 

average d ip  o f the  fo ld  a x ia l  p lanes and ove rtu rn e d  s t r a ta  suggest a 

northw est sense o f  vergence (see Woodcock, 1976, p . 9 6 ).

L a y e r -p a ra lle l ex tens ion  has lo c a l ly  a ffe c te d  sandstone beds in  

U n it 1B (F ig u re  14 c ). In  c o n tra s t to  U n it 1A, e x te n s io n  has occurred 

in  on ly  one d ir e c t io n .  Furtherm ore, sedim entary s tru c tu re s  are s t i l l  

preserved in  the  extended beds, in d ic a t in g  the sandstone was r e la 

t i v e ly  r ig id  d u rin g  de fo rm ation  and was not a ffe c te d  by l iq u e fa c t io n  

o r pronounced s w e ll in g .  As can be seen in  F igu re  14c, some beds have 

extended by necking and the  fo rm a tion  o f  le n t ic u la r  boud ins , whereas 

o th e rs  have extended along sm a ll normal f a u l t s ,  r e s u lt in g  in  d is c re te  

ro ta te d  b lo c k s . Cowan (1982b) has described  s im i la r  e x te n s io n a l 

s tru c tu re s  p resen t in  melanges o f  the  Franciscan Complex.
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F igu re  14. Photographs o f  pebbly mudstone and boudinaged 
sandstone in  U n it  1B melange. F igu re  14a shows a ty p ic a l 
pebbly mudstone w ith  la rg e  c la s ts  o f  vo lc a n ic  ro ck . The 
presence o f  rounded c la s ts  and th e i r  l i t h o lo g ic  s im i la r i t y  
w ith  p a r ts  o f  th e  U c lu th  V o lcan ics  suggests th a t they were 
de rived  from a s u b a e r ia l ly  exposed p o r t io n  o f th e  U c lu th  
u n i t .  F ig u re  14b shows one o f  the  la rg e s t c la s ts  in  the  
pebbly mudstone. Th is c la s t  is  about 4 m across and 
co n s is ts  o f  v o lc a n ic  t u f f  b re c c ia . F igu re  14c shows an 
example o f  la y e r - p a r a l le l  ex tens ion  in  t u r b id i t e  beds o f 
U n it 1B ( s t a f f  on r ig h t  s id e  o f  photo is  1.5 m lo n g ) .  The 
beds have extended m ostly  by shear f a i lu r e  along sm a ll 
normal f a u l t s ,  re s u lt in g  in  a s e r ie s  o f  ro ta te d  b lo c k s .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



40

F igu re  14. (con tinued )
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A spaced c le a va g e  i s  s p o r a d ic a l ly  deve lo p e d  in  U n it  1B, espe

c i a l l y  i n  th e  m udstone, and o ccu rs  i n  tw o o r ie n t a t io n s ,  d ip p in g  

m o d e ra te ly  t o  th e  s o u th e a s t and t o  th e  n o r th e a s t .  The c leavage  is  

a x ia l  p la n a r  t o  one o f  th e  i s o c l i n a l  f o ld s ,  b u t i s  n o t p re s e n t in  th e  

o th e r  tw o , and th e r e fo r e  does n o t appear t o  be r e la te d  to  f o ld in g .  The 

p resence  o f  in s o lu b le  re s id u e s  a lo n g  c le a v a g e  s u r fa c e s ,  and th e  

absence o f  m e tam orph ic  r e c r y s t a l l i z a t i o n  in d ic a te  t h a t  c leavage  has 

form ed by p re s s u re  s o lu t io n  ( c f .  W h ite  and K n ip e , 1 9 7 8 ), p ro b a b ly  

a f t e r  l i t h i f i c a t i o n .  The s p o ra d ic  and s e m i-p e n e tra t iv e  n a tu re  o f  th e  

c le a va g e  in d ic a te  r e la t i v e l y  m in o r s t r a in s  d u r in g  c le a v a g e  fo rm a tio n . 

T h e re fo re ,  th e  c le a va g e  i s  e n v is io n e d  t o  be a la te - s ta g e  d e fo rm a tio n a l 

fe a tu re  w h ich  has o v e r p r in te d  an o ld e r  m elange f a b r ic .

O r ig in a l  D e p o s it io n a l S e t t in g  o f  T u r b id i t e  Sequences. The i n i t i a l  

s i t e  o f  d e p o s it io n  f o r  th e  se d im e n ta ry  com ponents i n  t h i s  melange was 

a p p a re n t ly  w i t h in  a s u b m a rin e -fa n  sys te m . The a s s o c ia t io n  o f  sand- 

r ic h  t u r b i d i t e  sequences w ith  c h a n n e liz e d  c o n g lo m e ra te s  sugges ts  an 

in n e r  fa n  d e p o s i t io n a l  s e t t in g  ( M u t t i  and R ic c i - L u c c h i ,  1978; W alker 

and M u t t i ,  1 9 7 3 ). P ebb ly  mudstone and o th e r  m u d s to n e -r ic h  sequences 

p ro b a b ly  re p re s e n t b a s e -o f-s lo p e  and in te r c h a n n e l d e p o s its .  The 

rounded c la s t s  p re s e n t in  p e b b ly  m udstone and co n g lo m e ra te  in d ic a te  

th a t  th e  U c lu th  V o lc a n ic s  and r a d io la r ia n  c h e r t  were s u b a e r ia l ly  

exposed in  th e  s o u rc e  a re a .

F o s s i l  e v id e n ce  su g g e s ts  th a t  t h i s  p o s tu la te d  subm arine  fa n  was 

lo c a te d  in  r e l a t i v e l y  s h a llo w  w a te r d e p th s . T h is  e v id e n c e  is  im p o r

ta n t  because th e  s u b d u c tio n  a c c re t io n  m odel (se e  K a r ig ,  1983) p r e d ic ts  

th a t  s u b d u c tio n  zone d e fo rm a tio n  is  la r g e ly  c o n f in e d  to  d e e p e r-w a te r 

t r e n c h - f i l l  s e d im e n ts . L a rg e  r e c l in e d  b iv a lv e s ,  up t o  175 cm across  

o c c u r in  g ro w th  p o s i t io n  p a r a l l e l  to  b e d d in g , in  la m in a te d  mudstone 

and a ls o  in  mudstone in te rb e d s  q f  t u r b i d i t e  sequences ( l o c a l i t i e s  

la b e l le d  as Inoceram us? in  F ig u re s  12 and 1 3 ) .  E . G. Kauffm an (p e rs .  

comm., 1983) has exam ined sam ples and p h o to g ra p h s  o f  th e s e  f o s s i ls  and 

conc lude d  t h a t  th e y  re p re s e n t la rg e  in o c e r a m id - l ik e  b iv a lv e s  (see 

A ppend ix  A f o r  a more com p le te  r e p o r t ) .  W h ile  t h e i r  genus and spec ies

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



42

is  unknown, Kauffman suggested th a t  they  p robab ly  occupied th e  same 

h a b ita ts  as some o f  the  la rg e r  species o f  Cretaceous Inoceramus based 

on s im i la r i t ie s  in  s iz e ,  morphology and r e c l in in g  form (see Jab lonsk i 

and B o t t je r ,  1983; Kauffman, e t a l . ,  1977 and re fe rences  c ite d  th e re ) .  

Inoceramus, in c lu d in g  some la rg e  sp e c ie s , are common in  Lower 

Cretaceous s t r a ta  exposed elsewhere on Vancouver Is la n d  and Queen 

C h a r lo tte  Is la n d s  (Longarm Form ation— M u lle r , e t a l . ,  1974; Brown, 

1968). Thiede and Dinkelman (1977) have reviewed the  numerous occur

rences o f  Inoceramus in  Upper Mesozoic s t ra ta  recovered by the Deep 

Sea D r i l l i n g  P ro je c t .  R e la t iv e ly  accu ra te  es tim a tes  o f  o r ig in a l  water 

depth can be determ ined fo r  many o f  these  occurrences. Thiede and 

Dinkelman (1977) concluded th a t  Inoceramus was co n fin e d  to  upper 

b a th ya l and n e r i t i c  environm ents ( i . e . ,  water depth o f about 2000m and 

sh a llo w e r) a t  c o n t in e n ta l margins and oceanic is la n d s . T h e re fo re , the  

la rg e  in - s i t u  b iv a lv e s  a t B ig Beach suggest s im i la r  w ater depths 

(Kauffman, p e rs . comm., 1983).

This f o s s i l  ev idence , to g e th e r w ith  the abundance o f  t e r r i -  

geneous-derived d e t r i tu s  in  the  sandstones and conglom erates, suggest 

a c o n t in e n ta l s lope  bas in  s e t t in g  in  r e la t iv e ly  sh a llo w  w a te r. Th is  

type o f s e t t in g  does no t exclude a subduction  zone in te rp re ta t io n  fo r  

the melanges; however, i t  does im ply th a t  the  b a s in a l s t r a ta  had to  be 

tra n sp o rte d  in to  deeper water by some mass-movement process be fo re  

they cou ld  become in v o lv e d  in  the  su b d u c tio n - a c c re tio n  p rocess.

UNIT 2— SANDSTONE-RICH MELANGE

L ith o lo g y , age, and d is t r ib u t io n .  The sa n d s to n e -rich  melange o f  U n it 

2 appears to  o v e r l ie  U n its  1A and 1B w ith  a g ra d a tio n a l c o n ta c t. This 

re la t io n s h ip  is ,  bes t preserved a t the  south end o f  the  U clu th  

Pen insula (F ig u re  3 ) ,  where the  t r a n s i t io n  from U n it  1B to  U n it 2 is  

marked by a g radua l inc rease  in  th e  amount o f sandstone. To th e  n o rth  

on the Esow ista P en insu la  (F ig u re s  2 and 7 ) ,  U n it 2 appears to  o v e r l ie  

U n it 1A melange; c o n ta c t r e la t io n s h ip s ,  however, are no t exposed. The
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age o f  U n it 2 is  not known, bu t based on i t s  s im i la r i t y  w ith  U n it 1B, 

an E a rly  Cretaceous age is  in fe r re d  (H a u te r iv ia n  o r younger—Figure 

4 ) .

U n it 2 is  composed almost e n t ir e ly  o f  sandstone ( le s s  than 10% 

mudstone) and most commonly occurs in  massive exposures w ith  l i t t l e  

evidence o f  in te rn a l bedding and s tru c tu re .  T h ick - to  medium- bedded 

tu r b id i te s  are lo c a l ly  in terbedded w ith  the  massive sandstone. Minor 

in te rb e d s  o f  c la s t-s u p p o rte d  conglomerate are a lso  p resent and 

t y p ic a l ly  c o n s is t o f w e ll-rounded  c la s ts  rang ing from granu le  to  

cobble s iz e .  Most c la s ts  are in te rm e d ia te  and s i l i c i c  v o lca n ic  rocks, 

w ith  m inor ca lcareous sandstone, d io r i t e  and sha le .

In te rn a l S tru c tu re . The de fo rm a tiona l s ty le  o f  U n it 2 is  very s im ila r  

to  U n it 1B. S tereonets in  F igu re  11 show bedding and fo ld  o r ie n ta t io n s  

fo r  sands ton e -rich  melange exposed in  the  Vargas Is la n d -  Esowista 

Pen insu la  area (F igu res  2 and 7 ) .  Bedding a t t i tu d e s  and fo ld  o r ie n ta 

t io n s  are h ig h ly  v a r ia b le ;  u p r ig h t and overtu rned  beds occur w ith o u t 

any sys tem a tic  p a tte rn .  Folds in  U n it 2 tend to  be more coherent than 

in  U n it 1B. They have am plitudes o f  1 -  3 m and are g e n e ra lly  

is o c l in a l  or t i g h t .  In  some p laces , overtu rned  s t ra ta  occur in  

coherent s la b - l ik e  sequences, ranging up to  375 m th ic k .  These 

sequences are s im i la r  to  overturned s labs  in  Apennine o lis to s tro m e s  

(Hsu, 1967). I f  these sequences in  U n it 2 were ove rtu rned  by fo ld in g , 

th e i r  dimensions in d ic a te  fo ld  am plitudes g re a te r than 500 m.

In  c o n tra s t to  the  o th e r melanges, e x te n s io n a l fe a tu re s  are not 

common. D is c re te  s l ip  su rfaces are p re se n t, and lo c a l ly  can be 

observed to  jux tapose  fo lded  and un fo lded  s t r a ta .  In  gene ra l, fo ld in g  

and f a i lu r e  in  U n it 2 has occurred in  a cohesive and p la s t ic  fash ion , 

s im ila r  to  U n it 1B. L o c a lly ,  however, some w ell-bedded sandstones 

show evidence o f l iq u e fa c t io n ,  which has v a r ia b ly  d is to r te d  and 

o b lite ra te d  in te rn a l sedim entary s tru c tu re s .  The absence o f  se d i

mentary s tru c tu re s  in  massive sandstone may a lso  be due to  l iq u e 

fa c t io n  a f te r  d e p o s it io n , or in s tead  may merely r e f le c t  the  o r ig in a l 

d e p o s it io n a l p rocess.
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ORIGIN OF KLANGES BY MASS-MOVEMENT DEFORMATION

EVIDENCE FOR MASS-MOVEMENT DEFORMATION

Prev ious workers (M u lle r ,  1973, 1977; Page,1974) suggested th a t 

the P a c if ic  Rim melanges formed w ith in  a subduction  complex, assembled 

by a c c re tio n  o f  abyssal sediments and o ce a n -flo o r b a s a lts  from the 

down-going p la te ,  and by te c to n ic  e ros ion  o f  o ld e r  rocks from an 

o v e rr id in g  p la te  represented  by th e  W ra n g e llia  te rra n e  o f  Vancouver 

Is la n d . The fo llo w in g  re s u lts  o f  my s tudy argue a g a in s t a subduc- 

tio n -zo n e  in te r p r e ta t io n :

(1) The melanges are u n d e r la in  d e p o s it io n a lly  by an o ld e r  basement 

composed o f  a rc  v o lc a n ic  rocks and n o t by oceanic c ru s t .  Furtherm ore, 

rounded cobb les in  pebbly mudstones were de rived  from  th is  basement 

and in d ic a te  th a t  i t  p robab ly  was s u b a e r ia l ly  exposed p r io r  to  E a rly  

Cretaceous melange fo rm a tio n .

(2) E x o tic  b locks  do not re p re se n t fa u l t  s l ic e s ,  bu t in s te a d  appear to  

have been in tro d u ce d  in to  the  melange by submarine rock f a l l s  and by 

muddy d e b ris  f lo w s .

(3) The Complex does not d is p la y  any s ig n if ic a n t  evidence o f  th ru s t  

im b r ic a t io n , fa u lt -z o n e  de fo rm a tion  o r o ld e r-o ve r-yo u n g e r r e la t io n 

sh ip s , a l l  fe a tu re s  th a t c h a ra c te r iz e  well-docum ented a n c ie n t sub

d uc tion  complexes (see L e g g e tt, e t a l .  , 1982; Moore and K a r ig , 1980; 

Moore and A llw a rd t ,  1980).

(4) The la rg e  b iv a lv e s  in  U n it 1B in d ic a te  th a t  a t le a s t some o f  the  

sediments in  th e  melange were i n i t i a l l y  deposited a t r e la t iv e ly  

sha llow  dep ths , and th e re fo re  do not rep resen t t r e n c h - f i l l  tu r b id i te s .

(5) Ribbon c h e rts  in  the  P a c if ic  Rim Complex are u n lik e  abyssa l 

s i l ic e o u s  oozes and c h e rts  from th e  modern ocean b a s in s . Furtherm ore, 

Lower Cretaceous r ib b o n  c h e rt in  the  melange is  c le a r ly  in te rbedded  

w ith  mudstone and sandstone, in d ic a t in g  a c o n tin e n ta l-m a rg in  s e t t in g .
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My in te rp re ta t io n  is  th a t c h a o tic  de fo rm ation  occurred during 

s u r f ic ia l  mass movement o f  unconso lida ted  sedim ents. The P a c if ic  Rim 

melanges have a number o f fe a tu re s  s im i la r  to  o th e r w e ll-e s ta b lis h e d  

sequences o f  mass-movement d epos its  (Woodcock, 1979; H e lw ig , 1970; 

Hoedmaker, 1973), which in c lu d e : (1 ) d iv e r s i t y  o f  s t r u c tu r a l s ty le s ,

(2 ) v a r ia b i l i t y  in  form  and geometry o f  fo ld s ,  (3 ) development o f 

is o c l in a l  fo ld s  and boudinage w ith o u t assoc ia ted  cleavage or ca ta - 

c la s is ,  and (4 ) c h a o tic  arrangement o f  u p r ig h t and ove rtu rned  s t r a ta .  

This d e fo rm a tio n a l s ty le  is  q u ite  u n lik e  th a t  produced d u ring  conven

t io n a l  fo ld in g  and th ru s t  fa u l t in g ,  even in  areas where on-land th ru s t  

systems have ove rridden  and im b rica te d  u nconso lida ted  fo re la n d  bas in  

sequences ( e .g . ,  F ig u re  6 in  P r ic e , 1981). A d m itte d ly , th e re  i s  no 

consensus as to  how unconso lida ted  sediments deform w ith in  subduction 

zones (Cowan, in  p ress ; Bachman, 1978; C loos, 1982; Byrne, in  p ress ; 

K a rig , 1983; a lso  P a rt 2 be low ). However, a le ss  c h a o tic  s t ru c tu ra l 

s ty le  should be expected w ith in  more deep ly seated d e fo rm a tion a l 

s e t t in g s ,  because the  deform ing mass is  co n fin e d  on a l l  s ides  and 

th e re fo re  must deform in  a r e la t iv e ly  coheren t fa s h io n . The 

s t r u c tu ra l  v a r ia b i l i t y  th a t  appears to  t y p i f y  mass-movement deforma

t io n  r e f le c ts ,  in  p a r t ,  the r e la t iv e ly  uncon fined , nea r-su rfa ce  

d e fo rm a tio n a l environm ent. In  t h is  s e t t in g ,  de fo rm a tion  is  probably 

more h ig h ly  in flu e n c e d  by lo c a l v a r ia t io n s  in  s lope  ang le  and p h y s ic a l 

p ro p e rt ie s  o f  the  deform ing sediments ( f o r  d is c u s s io n , see Helw ig,

1970). Another fa c to r  th a t a lso  c o n tr ib u te d  to  t h is  s t ru c tu ra l 

v a r ia b i l i t y  is  th a t a s e c tio n  o f mass-movement d e p o s its  is  accumulated 

by s e q u e n tia l emplacement o f d i f fe r e n t  mass-movement d e p o s its , each o f 

which has moved and /o r flowed independen tly  o f  th e  o th e r .

CAUSE OF MASS-MOVEIENT DEFORMATION
I f  t h is  mass-movement in te rp re ta t io n  is  c o r re c t ,  i t  seems 

s u rp r is in g  th a t  such a la rg e  body o f  sediment cou ld  be so p e rva s ive ly  

a ffe c te d . Almost a l l  outcrops o f th e  sedim entary rocks o f  the  Complex 

show some degree o f  so ft-se d im e n t de fo rm a tio n ! T h is  suggests a very 

uns tab le  source a rea , o f the mass-movement d e p o s its , and ye t the
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p resence  o f  sands tone  beds in  a l l  o f  th e  m elanges in d ic a te s  t h a t  t h i s  

u n s ta b le  so u rce  a re a  was a ls o  a b a s in a l s e t t in g  w ith  r a th e r  g e n t le  

s lo p e s .

F a i lu r e  and mass movement can o ccu r on g e n t le  subm arine  s lo p e s  

(see  re v ie w  by S chw arz , 1 9 8 2 ), b u t o n ly  in  r a th e r  s p e c ia l  s i t u a t io n s ,  

such a s : (1 )  d e l t a i c  re g io n s  where ra p id  a c c u m u la tio n  o f  muddy 

sed im en ts  c re a te s  h ig h  p o re  p re s s u re s  ( f o r  exam ple, M is s is s ip p i  

d e l t a — Coleman and P r io r ,  1 9 8 2 ); (2 )  re g io n s  u n d e r la in  by s e n s i t iv e  

c la y s ,  and (3 )  a re a s  a f fe c te d  by f re q u e n t  e a rth q u a k e s . I n d i r e c t  

e v id e n ce  in d ic a te s  th a t  muds in  th e  P a c i f ic  Rim were d e p o s ite d  s lo w ly ,  

e s p e c ia l ly  in  co m p a riso n  w ith  th e  ave rage  r a te  o f  1 m /y r  f o r  th e  

M is s is s ip p i  d e l t a  (Coleman and P r io r ,  1 9 8 2 ). The la rg e  i n - s i t u  

b iv a lv e s  in  m udstone o f  U n it  1B were a d u l t s ,  p ro b a b ly  ab o u t 10-30 

ye a rs  o ld  (K a u ffm a n , p e rs .  comm., 1 9 8 3 ). A c c u m u la tio n  ra te s  must have 

been r e la t i v e l y  s lo w  f o r  th e s e  e p ifa u n a l b iv a lv e s  to  s u r v iv e .  The 

u b iq u ito u s  p resence  o f  r a d io la r ia n  c h e r t  in  mudstone o f  U n it  1A a ls o  

in d ic a te s  s low  a c c u m u la tio n  r a te s ;  Jenkyns and W in te re r  (1982 ) re p o r t  

a range o f  50-500 c m /k y r f o r  modern and a n c ie n t s i l ic e o u s  se d im e n ts .

The second s i t u a t io n  i s  a ls o  u n l i k e l y .  S e n s it iv e  c la y s  a re  most 

t y p i c a l l y  d eve lop ed  in  g la c ia l  se d im e n ts  (Skem pton, 1970; T o rra n ce , 

1 9 8 3 ). The deve lopm ent o f  weak bonds between c la y  p a r t i c le s  a llo w s  

th e se  c la y s  t o  m a in ta in  an u n s ta b le ,  and h ig h ly  p o ro u s  s t r u c tu r e .  

P h y s ic a l d is tu rb a n c e s  o r  changes in  po re  w a te r c h e m is try  can cause 

t h is  s t r u c tu r e  t o  c o l la p s e  w ith  a v e ry  la rg e  re d u c t io n  in  s t r e n g th .  

H ig h ly  s e n s i t iv e  c la y s  appear to  be uncommon in  subm arine  e n v iro n m e n ts  

( K e l le r ,  e t  a l . ,  1979 ; K r a f t ,  e t  a l . ,  1979; Busch and K e l le r ,  1 9 8 1 );

how ever, th e  p re se n ce  o f  o rg a n ic  m a te r ia l  appears to  in c re a s e  th e

s e n s i t i v i t y  o f  some m arine  muds (T o rra n c e , 1983; Busch and K e l le r ,  

1 9 8 1 ). A n a lyse s  o f  m udstones from  th e  P a c i f i c  Rim melange in d ic a te  

r e l a t i v e l y  low  o rg a n ic  ca rbon  c o n te n ts  (< 0.92% by d ry  w t .— Brandon, 

u n p u b lis h e d  d a ta ) ,  r u l in g  o u t t h i s  p o s s i b i l i t y .

The t h i r d  s i t u a t io n  p ro v id e s  th e  most l i k e l y  e x p la n a t io n  f o r

p e rv a s iv e  m ass-movement. E a rth q u a ke s  a re  commonly c i t e d  as a cause

fo r  subm arine  s lo p e  f a i l u r e  ( F ie ld ,  e t  a l . ,  1982; see Schwarz, 1982
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fo r  e x te n s ive  b ib lio g ra p h y ) .  These fa i lu r e s  are la rg e ly  due to  h igh 

tra n s ie n t  pore pressures which develop d u rin g  long pe riods  o f ground 

shaking (Seed, 1968, 1976; Seed and Id r is s ,  1971). The a c tu a l type o f 

ground f a i lu r e  depends on the  type  o f  sediment and the g ra d ie n t o f the  

s lo p e . Slope fa i lu r e s  u s u a lly  occur as coherent s l id e s ,  o r as flo w - 

s l id e s  t y p ic a l ly  composed o f sand (Seed, 1968; Andresen and B jerrum , 

1967). In  le ve l-g ro u n d  s e tt in g s ,  sands are commonly a ffe c te d  by 

in - s i t u  l iq u e fa c t io n  (e .g . ,  N igata  earthquake— Seed, 1976) and 

o c c a s io n a lly  form c la s t ic  d ikes  (F ig u re  29 in  Seed, 1968).

W hile th e re  i s  no d ire c t  evidence o f  earthquake-induced fa i lu re  

in  th e  P a c if ic  Rim melanges, th e  o b l i t e r a t io n  o f p rim ary sedimentary 

s tru c tu re s  in  sandstones and the  development o f  sedim entary in je c t io n  

fe a tu re s  ( e . g . ,  F ig u re  8c) are  in d ic a t iv e  o f  l iq u e fa c t io n  and 

lo c a liz e d  h ig h  pore pressures (d iscussed by Lowe, 1975). L iq u e fa c tio n
3

occurs when th e  e f fe c t iv e  pressure  w ith in  a sediment drops to  zero 

due to  an inc rease  in  pore pressure  (see C astro , 1975 and Seed, 1976 

fo r  more e x te n s ive  d iscuss ion  o f  d e f in i t io n ) .  Under these c o n d it io n s , 

a non-cohesive g ra n u la r aggregate cannot support any shear s tre s s , and 

th e re fo re  behaves l ik e  a l iq u id .

A v a r ie ty  o f s itu a t io n s  can cause l iq u e fa c t io n ,  but on ly  e a rth 

quakes appear to  be capable o f  a f fe c t in g  la rge  volumes o f  sediment. 

Seed (1968) has shown th a t d u rin g  la rg e  earthquakes (w ith  magnitudes 

approx im ate ly  g re a te r than 7 .5 ) ,  l iq u e fa c t io n  occurs in  sediments as 

deep as 15 m below the  su rfa ce . High po re -p ressu res  and lo c a l 

l iq u e fa c t io n  can a ls o  re s u lt  from the ra p id  im p o s itio n  o f  a s ta t ic  

load , such as the  d e p o s itio n  o f  a th ic k  bed o f  sand (Lowe, 1975, 1976; 

s t a t ic  l iq u e fa c t io n  o f  A lle n , 1982). However, fo r  sediments beneath 

t h is  lo a d , e f fe c t iv e  pressure cannot decrease by more th a t h a l f  o f  i t s  

i n i t i a l  va lue  (S c h o fie ld  and W roth, 1968; s e n s it iv e  c la ys  are  probably 

an e xce p tio n  to  t h is  g e n e ra liz a t io n ) .  As a r e s u l t ,  near-zero  e f fe c t iv e  

p ressures are  r e s t r ic te d  to  a th in  zone beneath the  load where 

e f fe c t iv e  p ressures were a lready  low . L iq u e fa c tio n  cou ld  a lso  occur

J P ressure re fe rs  to  mean s tre s s ;  e f fe c t iv e  pressure  is  the to ta l  
pressure  minus the  pore f l u id  p ressure  (Lambe and Whitman, 1978).
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in  a reas  where b io g e n ic  d e c o m p o s it io n  o r m etam orph ic  d e v o la t i l i z a t io n  

c re a te  h ig h  f l u i d  p re s s u re s  (H e d b e rg , 1974; R ieke  and C h i l in g a r ia n ,  

1974 ). These p ro ce sse s  a re  u n l i k e ly  in  th e  P a c i f i c  Rim m elanges 

because o f  th e  low  o rg a n ic  c o n te n t o f  th e  m udstones, and th e  p resence  

o f  an ig n e o u s  basement d i r e c t l y  benea th  th e  m e langes. W ith  th e se  

o th e r  p o s s i b i l i t i e s  e x c lu d e d , l iq u e f a c t io n  and s e d im e n ta ry  in je c t io n  

fe a tu re s  in  th e  m elanges a re  b e s t e x p la in e d  by h ig h  t r a n s ie n t  po re  

p re ssu re s  g e n e ra te d  d u r in g  s e is m ic  g ro u n d sh a k in g . B e fo re  d is c u s s in g  

th e  d e fo rm a t io n a l f a b r ic  o f  th e  m elange, i t  i s  im p o r ta n t to  c o n s id e r  

why e a rth q u a ke s  have such a pronounced e f f e c t  on s a tu ra te d  s e d im e n ts .

FACTORS CONTROLLING LIQUEFACTION FAILURE

E x p e rim e n ta l s tu d ie s  have dem o n s tra te d  th a t  c y c l i c  o s c i l l a t i o n  o f  a 

load  in  a fa s h io n  s im u la t in g  s e is m ic  ground m o tio n  can cause h ig h  p o re  

p re s s u re s  to  d e v e lo p , e s p e c ia l ly  i n  com parison  w ith  th o s e  deve loped  

d u r in g  no rm a l s t a t i c  lo a d in g  (S eed, 1976; Wood, 1982; S ang rey , e t  a l . ,  

1978, C a s tro ,  1975; C a r te r ,  e t  a l . , 1 9 8 2 ). D u r in g  u n d ra in e d  c y c l ic  

lo a d in g , excess po re  p re s s u re s  a re  gen e ra te d  in  a w ide  v a r ie t y  o f  

sed im en ts  and under a range o f  c o n s o l id a t io n  c o n d it io n s  ( e . g . ,  C a s tro  

and P o u lo s , 1977; Wood, 1 9 8 2 ). However, n o rm a lly  c o n s o lid a te d ^  

sed im en ts  w ith  low  e la s t i c  c o m p r e s s ib i l i t ie s — such a s , lo o s e  

sands) d e v e lo p  th e  h ig h e s t  p o re  p re s s u re s  and a re  th e  most p rone  

to  l iq u e fa c t io n .

F ig u re  15 ( fro m  S angrey , e t  a l . ,  1978; and Egan and S ang rey ,

1978) shows th e  response  o f  a v a r ie t y  o f  n o rm a lly  c o n s o lid a te d  

sed im en ts  t o  u n d ra in e d  c y c l i c  lo a d in g .  Sands have lo w e r e la s t i c  

c o m p r e s s ib i l i t ie s  th a n  c la y s  and , as shown, te n d  t o  be more 

s t r o n g ly  a f fe c te d .  C y c l ic  sh e a r s t re s s e s  must exceed a c e r ta in  

c r i t i c a l  le v e l ,  w h ich  S angrey , e t  a l .  (1978) c a l l  th e  c r i t i c a l  

le v e l o f  re p e a t lo a d in g ,  b e fo re  a sed im en t w i l l  d e ve lo p  h ig h  po re

^ As used h e re , th e  te rm  n o rm a lly  c o n s o lid a te d  a ls o  in c lu d e s  
u n d e rc o n s o lid a te d  se d im e n ts . S ed im ents  w ith  h ig h  excess p o re  
p re s s u re s  a re  u n d e rc o n s o lid a te d  w ith  re s p e c t t o  t o t a l  s t r e s s  
c o n d i t io n s ,  b u t th e y  w ould  p ro b a b ly  be c o n s id e re d  n o rm a lly  
c o n s o lid a te d  w ith  re s p e c t to  e f f e c t i v e  s t re s s  c o n d it io n s .
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F igure  15, The e f fe c t  o f  e la s t ic  c o m p re s s ib il ity  on the  behavio r o f 
s a tu ra te d  sediment d u ring  undrained c y c l ic  load ing  (from  Sangrey, e t 
a l . ,  1978 and Egan and Sangrey, 1978). Rebound c o m p re s s ib il ity  is  a 
fu n c tio n  o f  the  e la s t ic  rebound index (< ) and maximum vo id  r a t io  fo r  
the sediment (emax = l iq u id  l im i t  fo r  c la ys  and minimum r e la t iv e  
d e n s ity  fo r  sands).
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p re s s u re s  n e ce ssa ry  f o r  l iq u e fa c t io n .  In  F ig u re  15a, t h is  

c r i t i c a l  le v e l  i s  exp ressed  as a r a t i o  w ith  re s p e c t to  th e  norm al 

u n d ra in e d  s t r e n g th  o f  th e  s e d im e n t. As shown, th e  o n se t o f  

l iq u e fa c t io n  d e fo rm a tio n  can be in d u c e d  in  sands by r e la t i v e l y  low  

c y c l ic  sh e a r s t r e s s e s ,  o n ly  20% o f  t h e i r  n o rm a l u n d ra in e d  

s t r e n g th ,  whereas c la y s  r e q u ire  much la r g e r  c y c l i c  sh e a r s tre s s e s  

to  cause th e  same b e h a v io r .

F ig u re  15b shows th e  maximum p o re -p re s s u re  p o t e n t ia l  d u r in g  

c y c l i c  lo a d in g ,  e xp re sse d  as a r a t i o  o f  th e  maximum change in  pore  

p re s s u re  (Au) o v e r  th e  i n i t i a l  e f f e c t iv e  p re s s u re  (P ^ ) *  The 

r e s u l t in g  change in  e f f e c t iv e  p re s s u re  ( P ')  is  shown on th e  r ig h t  

s c a le .  P o re -p re s s u re  p o t e n t ia l  c le a r ly  in c re a s e s  w ith  d e c re a s in g  

e la s t i c  c o m p r e s s ib i l i t y .  Sands a re  more p ro n e  to  l iq u e fa c t io n  

because th e y  have maximum p o re -p re s s u re  p o te n t ia ls  app roach ing  

one. As d is c u s s e d  above, d u r in g  u n d ra in e d  s t a t i c  lo a d in g  o f  

n o rm a lly  c o n s o lid a te d  s e d im e n ts , th e  e f f e c t i v e  p re s s u re  t y p ic a l l y  

does n o t decrease  by more th a n  h a l f  o f  i t s  i n i t i a l  v a lu e  ( i . e . ,  

P '/P ^  > 0 .5 ;  S c h o f ie ld  and W ro th , 1 9 6 8 ). F ig u re  15a shows th a t  

c y c l ic  d e fo rm a tio n  causes a much la r g e r  re d u c t io n  in  e f f e c t iv e  

p re s s u re  f o r  a l l  n o rm a lly  c o n s o lid a te d  se d im e n ts  in c lu d in g  c la y s .

W h ile  th e s e  e x p e r im e n ta l s tu d ie s  have i d e n t i f i e d  th e  p o re - 

p re s s u re  response  o f  sed im en ts  d u r in g  c y c l i c  lo a d in g ,  o th e r  

fa c to r s  a re  n e ce ssa ry  f o r  l iq u e fa c t io n  to  o ccu r i n  th e  f i e l d  (Seed 

and I d r i s s ,  1971; Seed, 1 9 7 6 ). M ost im p o r ta n t i s  th e  m ain tenance 

o f  h ig h  p o re -p re s s u re s  d u r in g  th e  e a r th q u a k e . F o r in s ta n c e ,  very  

f in e  sands a re  t y p i c a l l y  most s u s c e p t ib le  t o  l iq u e fa c t io n  because 

th e y  com bine low  p e r m e a b i l i t y  w ith  h ig h  p o re -p re s s u re  p o t e n t ia l .  

A no the r f a c t o r  th a t  fa v o rs  l iq u e fa c t io n  i s  a s e t t in g  w ith  low  

i n i t i a l  sh e a r s t r e s s e s ,  such as se d im e n ts  in  a le v e l-g ro u n d  

s e t t in g  (S eed , 1976 , p . 3 ) .  D u r in g  c y c l i c  lo a d in g ,  sed im en ts  in  

s lo p e  s e t t in g s  d is p la y  s m a lle r  changes in  p o re  p re s s u re  (Egan and 

Sangrey, 1 9 7 8 ), and a ls o  s h o u ld  te n d  to  f a i l  by sh e a r f a i l u r e  

b e fo re  l iq u e f a c t io n  can o c c u r . O th e r fa c to r s  th a t  f a c i l i t a t e
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l iq u e fa c t io n  in c lu d e  longer d u ra tio n  and g re a te r in te n s ity  o f 

ground shak ing , which are in  p a rt dependent on earthquake magni

tude and p ro x im ity  to  th e  e p ic e n te r (Seed, 1976).

ORIGIN OF MELANGE STRUCTURE
At t h is  p o in t i t  is  p o s s ib le  to  cons ide r in  more d e ta i l  the  

o r ig in  o f s tru c tu re s  w ith in  the  melange. The s t r u c tu r a l  s ty le s  o f 

U n it 2 and 1B suggest th a t  shear f a i lu r e  and e x te n s ive  s l id in g  

were the p rim ary  means o f mass tra n s p o r t .  W hile th e re  is  

evidence o f  lo c a l l iq u e fa c t io n ,  sedim entary s tru c tu re s  and bedding 

fe a tu re s  are  u s u a lly  w e ll p reserved . Th ick s e c tio n s  o f ove rtu rned  

s t ra ta  suggest long tra n s p o r t d is tances  d u ring  s l id in g  and the  

presence o f  a t le a s t a sm a ll s lope  g ra d ie n t.  The e x te n s ive  

involvem ent o f  b a s in a l s t r a ta  m ight be due to  re tro g re s s iv e  

enlargement o f  one o r more submarine s l id e s .  In  a re tro g re s s iv e  

s l id e ,  th e  headwall scarp keeps moving rearward so th a t th e  s ize  

o f  the s l id e  increases over a p e rio d  o f t im e . Th is process can 

happen s lo w ly  over a p e r io d  o f  years o r q u ic k ly  as i t  d id  in  the  

submarine s l id e  a t Valdez, d u rin g  the  1964 A laska earthquake 

(Seed, 1968).

The o r ig in  o f  s tru c tu re s  w ith in  U n it 1A is  more p ro b le m a tic . 

The c o n s is te n t p la n a r geometry o f  the  u n it  argues a g a in s t an 

o r ig in  by r o ta t io n a l slum ping and s l id in g ,  o r by re m o b ilize d  

d e b ris  f lo w s . A l l  o f  the  sandstones in  t h is  u n it  appear to  have 

been th o ro u g h ly  l iq u e f ie d  and re m o b ilize d  so th a t  they now lack  

any evidence o f  p rim a ry  sedim entary s tru c tu re s .  The low p e r

m e a b ility  o f  the  su rround ing  mud must c e r ta in ly  have enhanced the 

tendency fo r  these sands to  have l iq u e f ie d .  The presence o f sm a ll 

sandstone d ikes  ( e .g . ,  F igu re  8c) in d ic a te s  th a t la rg e  p o re - 

pressure g ra d ie n ts  were lo c a l ly  developed between the  sand and 

mud, d i r e c t ly  analogous to  the  pore pressure g ra d ie n ts  used to  

propagate te n s i le  f ra c tu re s  d u rin g  h y d ro fra c tu re  experim ents 

(Lockner and B ye rlee , 1977). As d iscussed above, sands have a 

g re a te r po re -p ressu re  p o te n t ia l d u rin g  c y c l ic  load ing  which would
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a llo w  them to  ra p id ly  develop h ighe r pore pressures than the  s u r

rounding muds. Furtherm ore, the c h e rt was probably ju s t  as prone 

to  l iq u e fa c t io n  as the  sand, because p r io r  to  l i t h i f i c a t i o n ,  i t  

was a f in e -g ra in e d  ra d io la r ia n  sand.

In  c o n tra s t to  the  o th e r melanges, U n it 1A p robab ly  formed in  

a le ve l-g ro u n d  s e t t in g .  There is  l i t t l e  evidence o f  n o n -co a x ia l 

de fo rm ation  o r b r i t t l e  shear surfaces th a t would be expected to  

form d u rin g  down-slope movement. Furtherm ore, the  ex tens ive  

amount o f l iq u e fa c t io n  in d ic a te s  a s e t t in g  w ith  low i n i t i a l  shear 

s tre sse s , t y p ic a l  o f  a le ve l-g ro u n d  s e t t in g  (Seed, 1976). The main 

problem w ith  th is  in te rp re ta t io n  is  th a t p in ch -a n d -sw e ll 

s tru c tu re s  in  the melange appear to  in d ic a te  f a i r l y  la rg e  ex ten - 

s io n a l s t ra in s  in  a l l  d ire c t io n s  p a r a l le l  to  la y e r in g  (F igu re  

16a). Cowan (1982b) was f i r s t  to  c a l l  a t te n t io n  to  th is  unusual 

s t r u c tu ra l  s t y le .  Based on h is  study o f a melange in  the  

F ranciscan complex, he suggested th a t a x ia l-sym m e tric  la y e r-  

p a r a l le l  ex tens ion  occurred d u rin g  la te r a l  spread ing  o f  an 

unconfined loba te  mass o f  muddy sedim ents.

There are in d ic a t io n s  th a t p in ch -a n d -sw e ll s t ru c tu re  in  the  

U n it 1A melange m ight not have formed by la y e r - p a r a l le l  ex tens ion . 

The a lte rn a t iv e  is  th a t the  boudin-shapes formed by flowage du ring  

l iq u e fa c t io n .  In  the  extreme, t h is  flowage m ight r e s u lt  in  what I  

c a l l  n o n -e x te n s io n a l boudinaqe (F igu re  16b) where a laye r 

c o n tra c ts  and s w e lls  in to  b o u d in - lik e  shapes, bu t w ith o u t any 

la y e r - p a r a l le l  e x te n s io n . In  proposing th is  te rm , I  am 

a tte m p tin g  to  d is t in g u is h  th is  id e a liz e d  s i tu a t io n  from tru e  

boudinage which in v o lv e s  la y e r -p a ra l le l  extens ion  (Ramsay, 1967). 

The fo llo w in g  fe a tu re s  are o ffe re d  as evidence th a t the  boud in - 

l ik e  s tru c tu re s  in  U n it 1A have formed by a n o n -ex ten s iona l 

process:

(1 ) I f  the  boudins formed by la y e r -p a ra l le l  ex tens ion  then 

appa ren tly  th e re  a re  abrupt changes and anomalously wide v a r ia t 

ions in  the  amount o f  e x te n s io n a l s t r a in .  For in s ta n ce , an
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NON-EXTENSIONAL BOUDINAQETRUE BOUDiNAGE
L A Y E R - P A R A L L E L  E X T E N S I O N  IN A L L  D I R E C T I O N S  NO L A Y E R - P A R A L L E L  E X T E N S I O N

6 6 %  S H O R T E N I N G ,  5 0 %  E X T E N S I O N

F ig u re  16. Two Processes th a t  can produce b o u d in - l ik e  s t ru c tu re s ,  such as those observed in  
U n it 1A. F ig u re  16a shows a t y p ic a l  example o f  e x te n s io n a l boudinage; no te  however, th a t 
ex tens ion  occurs in  a l l  d ir e c t io n s  p a r a l le l  to  la y e r in g . N on-ex tens iona l boudingae, shown in  
F ig u re  16b, rep re se n ts  an a l te r n a t iv e  p o s s ib i l i t y .  In  t h is  case, "boudinage" occurs by la te r a l  
flowage and th ic k e n in g  o f  the  sand la y e r ,  w ith o u t any la y e r - p a r a l le l  e x te n s io n . Note th a t  u n lik e  
these id e a liz e d  examples, b o u d in - l ik e  s tru c tu re s  in  U n it 1A are  h ig h ly  i r r e g u la r  in  shape and in  
spacing.



54

undeformed ta b u la r  bed o f  sandstone o r ch e rt commonly occurs 

d ir e c t ly  ad jacen t to  a h o rizo n  where ch e rt and sandstone are 

e x te n s iv e ly  "boudinaged" ( e .g . ,  see F igu re  8a).

(2) Sphero ida l boudins tend  to  be more w ide ly  separa ted  than e l 

l ip s o id a l boudins which suggests th a t  apparent e x te n s io n  is  

c o n tro lle d  by th e  amount o f  th ic k e n in g  o f in d iv id u a l boud ins.

(3) U n like  t ru e  boudinage (Ramsay, 1967), th e  b o u d in - l ik e  shapes 

in  U n it 1A are  ve ry  i r r e g u la r  in  shape, in  s iz e  and in  spacing 

(e .g . ,  see f ig u re s  8 and 9 ) .  T h e o re tic a l analyses o f  the  necking 

in s t a b i l i t y  in  t ru e  boudinage in d ic a te s  th a t  the  boudins produced 

by th is  process should be r e la t iv e ly  re g u la r  in  shape and in  

spacing (see S m ith , 1977); th is  co nc lus ion  is  in  accord w ith  

n a tu ra l occurrences o f  t ru e  boudinage (Ramsay, 1967).

(4 ) I r r e g u la r  bulbous p ro tru s io n s  a re  present on th e  upper and 

lower s ides  o f  some sandstone boudins ( e .g . ,  F ig u re  8d) and 

p rov ide  a t le a s t some d ire c t  evidence o f th ic k e n in g . Cowan 

(1982b) has noted s im i la r  fe a tu re s  assoc ia ted  w ith  p in c h -a n d -s w e ll 

s tru c tu re s  in  F ranciscan melange.

The boudins in  U n it 1A bear some resemblance to  sedim entary 

load s tru c tu re s , such as b a l l - a n d -p il lo w  s tru c tu re  (A l le n ,  1982). 

However, u n lik e  load s t ru c tu re s ,  th e  boudins appear to  have grown 

in  a r e la t iv e ly  symmetric fa sh io n  and show no evidence o f  having 

sunk downward in to  the  u n d e r ly in g  mud ( c f .  A lle n ,  1982, p . 360). 

Furtherm ore, c h e rt load s tru c tu re s  would be unexpected because 

s il ic e o u s  sediments t y p ic a l ly  have lower d e n s it ie s  than  c la y - r ic h  

muds (H am ilton , 1976),

W hile  these  re la t io n s h ip s  do not prove a n o n -e x te n s io n a l 

o r ig in  fo r  the  b o u d in - lik e  s tru c tu re s  in  U n it 1A, they do argue 

s tro n g ly  a g a in s t an o r ig in  by co n ve n tio n a l boudinage. I t  is  not 

c le a r  how n o n -e x te n s io n a l boudinage occu rs , a lthough in  the case 

o f U n it 1A, th e  l iq u e fa c t io n  phenomenon appears to  be in v o lv e d .

The fa c t th a t these b o u d in - lik e  shapes have formed e x c lu s iv e ly  by 

d u c t i le  flow age, w ith  no evidence o f  te n s i le  or shear f a i lu r e ,  

supports th is  c o n te n tio n . E xperim enta l s tu d ie s  in d ic a te  th e  liq u e 
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fa c t io n  process is  very uns tab le  ( th a t  is ,  " im p e rfe c tio n  sen

s i t i v e " ;  see Wood, 1982). As a r e s u l t ,  a sand la y e r apparen tly  

does not l iq u e fy  a l l  a t once; sm a ll i r r e g u la r i t ie s  such as changes 

in  the th ickn e ss  o f  a bed o r v a r ia t io n s  in  p o ro s ity  w i l l  causes 

c e r ta in  reg ions  o f  a sand la y e r to  l iq u e fy  f i r s t .  Seed (1968) used 

a f in ite -e le m e n t model to  determ ine how sm a ll lenses and laye rs  o f 

sand in te rbedded  in  mud would respond to  p ro g re ss ive  l iq u e 

fa c t io n .  Accord ing to  h is  s tu d y , reg ions  th a t l iq u e fy  f i r s t  tend 

to  grow la t e r a l ly  because the  l iq u e f ie d  re g ion  tends to  increase 

c y c l ic  shear s tre s s  in  the  ad jacen t u n liq u e f ie d  sand. Seed's 

(1968) a n a ly s is  was m ostly  concerned w ith  the  s tre s s  d is t r ib u t io n  

in  the l iq u e fy in g  la y e r and d id  no t cons ide r how the  la y e r 

deforms.
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TECTONIC SETTING AND REGIONAL IMPLICATIONS 

TECTONIC SETTING
The P a c if ic  Rim melanges appear to  record  the  E a rly  

Cretaceous fo rm a tio n  ( 135 Ma) o f  a s t r u c tu r a l ly  c o n tro lle d  bas in .

A stage in  th e  e v o lu tio n  o f  t h is  bas in  is  sch e m a tica lly  i l 

lu s tra te d  in  F igu re  17, and rep resen ts  the  tim e o f fo rm a tion  fo r  

U n its  1A and 1B, which are coeva l u n its  (F ig u re  4 ) .  Th is in t e r 

p re ta t io n  is  supported by the  fo llo w in g  obse rva tion s : (1 ) The 

uncon fo rm ity  beneath the  Lower Cretaceous melanges, to g e th e r w ith  

the  presence o f  rounded c la s ts  o f  U c lu th  Vo lcan ics in  pebbly 

mudstone o f  U n it 1B, in d ic a te s  th a t the  i n i t i a t i o n  o f  the  bas in  

was assoc ia ted  w ith  the re g io n a l subsidence o f  the  U clu th  

V o lca n ics . (2 ) The presence o f  la rg e  d io r i t e  s labs in  U n it 1A 

in d ic a te s  the lo c a l presence o f  submarine fa u l t  scarps u n d e rla in  

by U c lu th  V o lca n ics . (3) The d if fe re n c e  in  l i th o fa c ie s  between 

coeval u n its — mudstone and ribbon  c h e rt in  U n it 1A, and tu r b id i te  

and mudstone in  U n it 1B— suggest a m o rp h o lo g ica lly  complex 

s e t t in g ,  perhaps d issec ted  by la rg e  f a u l t s .  (4 ) The in d ir e c t  

evidence fo r  s e is m ic a lly  induced l iq u e fa c t io n  suggests a se ism i- 

c a l ly  a c tiv e  s e t t in g .  For these reasons, the in c e p tio n  o f 

d e p o s it io n  and melange fo rm a tion  are env is ioned  to  be the  re s u lt  

o f  la rg e  d ip - s l ip  d isplacem ents on bas in -m arg in  f a u l t s .  N aylor 

(1982) has suggested a s im ila r  te c to n ic  s e t t in g  fo r  the  fo rm a tion  

o f  an o lis to s tro m a l melange in  the  n o rth e rn  Apennines. These la rge  

normal fa u l ts  caused subsidence o f  the  U c lu th  u n i t ,  re s u lte d  in  

la rg e  submarine scarps o f basement ro ck , and probab ly  d is ru p te d  

sediment tra n s p o r t p a tte rn s  r e s u lt in g  in  i n i t i a l  d e p o s itio n  o f  

m ud-rich  fa c ie s .  C ontorted s t ra ta  o f  U n it 1B were de rived  by 

re tro g re s s iv e  slum ping o f  a t u r b id i t e  fan sequence loca ted  

ups lope . U n it 1A was loca ted  in  a more " d is ta l "  s e t t in g  which was 

dominated by d e p o s itio n  o f mud, c h e rt and minor sand. U n like  U n it
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SOURCE AREA FOR
8LUMP8 IN UNIT IB

ROCK FALL8

EXOTIC BLOCK

UCLUTH VOLC-
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F ig u re  17. A schem atic c ro s s -s e c tio n  d e p ic t in g  an e a r ly  stage in  th e  e v o lu t io n  o f the  P a c if ic  
Rim melanges. Melange fo rm a tio n  began w ith  the  development o f  a s t r u c tu r a l ly  c o n tro lle d  bas in . 
I n i t i a l l y ,  bas in -m a rg in  fa u l t s  tended to  is o la te  th e  melanges from coarse c la s t ic  se d im e n ta tio n . 
C on to rted  s t r a ta  o f  U n it  1B were d e riv e d  by re tro g re s s iv e  s lum ping o f a t u r b id i t e  fan sequence 
lo ca te d  u p -s lo p e . U n it 1A was lo ca te d  in  a more " d is t a l "  s e t t in g  th a t  was dominated by deposi
t io n  o f  mud, ch e rt and su bo rd ina te  sand. R o c k fa lls  o r ig in a t in g  from lo c a l f a u l t  scarps in t r o 
duced e x o t ic  b lo cks  o f  U c lu th  V o lca n ics  in to  U n it 1A.
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1B th e  d is r u p t io n  o f  t h i s  u n i t  i s  e n v is io n e d  t o  have o c c u rre d  by 

i n - s i t u  l i q u e f a c t io n ;  how ever, e x o t ic  b lo c k s  were in tro d u c e d  by 

lo c a l l y  d e r iv e d  ro c k  f a l l s .  A l a t e r  s ta g e , n o t shown in  F ig u re  

17 , in v o lv e s  th e  t r a n s i t i o n  in t o  a more w id e sp re a d , s a n d - r ic h  

m elange, U n it  2 .  T h is  t r a n s i t i o n  i s  e n v is io n e d  to  be th e  r e s u l t  

o f :  (1 )  an in c re a s e  in  th e  p r o p o r t io n  o f  s a n d - r ic h  fa c ie s  in  th e  

sou rce  a re a  f o r  th e  subm arine  s lu m p s , and (2 )  a g ra d u a l " p ro g ra 

d a t io n "  o f  mass-movement d e p o s its  a c ro s s  t h i s  o r i g i n a l l y  m orpho lo 

g i c a l l y  com plex m a rg in .

B a s in  fo rm a t io n  may have o c c u rre d  in  a tra n s fo rm -d o m in a te d  

s e t t in g  s im i la r  to  th e  s o u th e rn  C a l i f o r n ia  B o a rd e rla n d s  (G o rh in e  

and Edw ards, 1959; F ie ld  and Edw ards, 1 9 8 0 ), o r  in  a r i f t -  

dom ina ted  s e t t in g  r e la te d  to  i n t r a - a r c  s p re a d in g  (se e  K a r ig ,

1 9 7 1 ). B o th  s e t t in g s  in c lu d e  b a s in  m a rg in  f a u l t s  w ith  la rg e  

d ip - s l i p  o f f s e t s ,  r e la t i v e l y  s h a llo w  b a s in  f l o o r s ,  and s u b a e r ia l ly  

exposed basement r o c k .  I t  i s  d i f f i c u l t  t o  d is t in g u is h  between 

th e se  s e t t in g  because o f  th e  a llo c h th o n o u s  n a tu re  o f  th e  P a c i f ic  

Rim C om plex, and th e  r e s u l t in g  u n c e r ta in t ie s  a b o u t i t s  s u rro u n d in g  

p a le o te c to n ic  s e t t in g  d u r in g  th e  E a r ly  C re ta ce o u s .

An a l t e r n a t iv e  in t e r p r e t a t io n  m ig h t p ropose  t h a t  th e s e  e x o t ic  

b lo c k s  and t r a n s p o r te d  s t r a t a  were d e r iv e d  from  th e  f r o n t  o f  la rg e  

t h r u s t  s h e e ts .  A s im i la r  in t e r p r e t a t io n  i s  p roposed  by Page and 

Suppe (1 9 8 1 ) f o r  th e  P lio c e n e  L ic h i  m elange o f  e a s te rn  T a iw an . In  

t h is  c a s e , th e  melange form ed d u r in g  an a r c - c o n t in e n t  c o l l i s i o n .  

There  a re  tw o im p o r ta n t d if fe re n c e s  between th e  L ic h i  and P a c i f ic  

Rim m e langes. These d i f fe r e n c e s  in d ic a te  t h a t  th e  P a c i f i c  Rim 

m elanges were n o t fo rm ed in  a c o l l i s i o n a l  s e t t in g .  (1 )  The L ic h i  

melange o v e r l ie s  a deeper w a te r s e d im e n ta ry  sequence (a b o u t 2000 m 

w a te r d e p th — Page and Suppe, 1981) and i s  o v e r la in  by f l u v i a l  

s t r a t a .  T h is  sequence re c o rd s  th e  g ra d u a l emergence o f  th e  Taiwan 

fo re a rc  as i t  c o l l id e d  w ith  th e  C h ina  c o n t in e n ta l  s h e l f .  In  

c o n t r a s t ,  th e  P a c i f i c  Rim m elanges appear to  be a s s o c ia te d  w ith  

th e  su b s id e n ce  o f  th e  u n d e r ly in g  U c lu th  basem ent. (2 )  F o r th e
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L ic h i melange, the  presence o f  la rg e  th ru s t  shee ts , w ith  o ld e r -  

over-younger re la t io n s h ip s  p rov ides  a c le a r  record  o f th e  c o l-  

l is io n a l  p rocess. In  c o n tra s t ,  major th ru s t  fa u l t s  have no t been 

recognized in  the  P a c if ic  Rim a rea . Furtherm ore, th e re  is  no 

evidence o f  major th ru s t  f a u l t in g  in  the  P a c if ic  Northwest u n t i l  

the  m id-Cretaceous (as summarized in  Brandon and Cowan, 1983). 

This younger th ru s t in g  event p robab ly  d id  a f fe c t  th e  P a c if ic  Rim 

rocks (d iscussed b e lo w ), bu t i t  c le a r ly  p os t-da ted  the  fo rm a tion  

o f  the  P a c if ic  Rim melanges by about 35 My.

REGIONAL TECTONIC IMPLICATIONS

The P a c if ic  Rim Complex was p robab ly  o r ig in a l ly  coextens ive  

w ith  o the r s im i la r  Upper Ju rass ic -Low e r Cretaceous u n its  exposed 

on sou thern  Vancouver Is la n d  (F ig u re  1; Pandora Peak u n i t— 

Rusmore, 1982; rocks o f  Gonzales Bay— M u lle r ,  1980), and in  the 

San 3uan Is la n d s  (C o n s t itu t io n  Form ation and Lopez Complex— 

Brandon, e t a l . ,  1983, Brandon, 1980). Cowan and Brandon (1981) 

have c o l le c t iv e ly  re fe r re d  to  these u n its ,  in c lu d in g  th e  P a c if ic  

Rim Complex, as the "W estern F ac ies" o f  Upper Mesozoic rocks 

exposed in  th e  P a c if ic  N orthw est. They c o n s is t o f  c h a o tic  

assemblages o f  mudstone, sandstone, c h e rt and green t u f f  w ith  a 

v a r ie ty  o f  e x o t ic  b lo c k s . The C o n s t itu t io n  Form ation bears the 

c lo s e s t resemblance to  the  P a c if ic  Rim Complex. The low est two 

members o f  th e  C o n s t itu t io n  Form ation are p robab ly  c o r re la t iv e  

w ith  U n its  1A and 2 and c o n s is t o f  (1 ) mudstone and c h e rt melange 

w ith  e x o t ic  b lo cks  o f P e rm o-T riass ic  g re e n sch is t and T r ia s s ic  

lim es tone , o v e r la in  by (2 ) a th ic k  sequence o f  massive sandstone 

(Brandon, 1980; Brandon, e t a l . ,  1983).

In  a d d it io n  to  s t r a t ig r a p h ic  s im i la r i t ie s ,  a l l  o f  the  

"Western F a c ie s " ro cks , in c lu d in g  the  P a c if ic  Rim Complex, have 

experienced a very d is t in c t iv e  h igh  p re ssu re -ve ry  low tem perature 

metamorphism c h a ra c te r iz e d  by th e  assemblage: la w so n ite  + q u a rtz  

+ p re h n ite  (Brandon, 1982; G la sse ly , e t a l . ,  1976; Vance, 1968). 

A lthough a ra g o n ite  is  s p o r a t ic a l ly  p resen t in  o th e r "Western
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F acies" rocks (Vance, 1968), i t  has not been observed in  the 

P a c if ic  Rim Complex. Th is metamorphic assent)lage is  apparen tly  

unique to  th e  P a c if ic  N orthw est. Brandon (1980, 1982) was able to  

show th a t metamorphism in  the  San Juan Is la n d s  occurred as a 

d ire c t  r e s u lt  o f  ra p id  s t r u c tu r a l  load ing  d u rin g  the  emplacement 

o f  a th ic k  th ru s t  sequence. S tra t ig ra p h ic  c o n s tra in ts  in d ic a te  

th a t San Juan th ru s t in g  occurred  d u ring  a very  s h o r t - l iv e d  

m id-Cretaceous e ven t, between 97 and 83 Ma (Brandon, 1982). 

Furtherm ore, cobbles o f metamorphosed C o n s titu t io n  sandstone are 

p resent in  Upper Cretaceous (low er Campanian) s t ra ta  o f the  

Nanaimo Group (shown in  b lack  in  F igu re  1 ) , and represent the 

e a r l ie s t  d ir e c t  t i e  between the  "Western F ac ies" and the  

W range ilia  te rra n e  (Brandon, 1982).

My work in  the  P a c if ic  Rim area in d ic a te s  th a t p re h n ite -  

law son ite  assemblages are w idespread in  the  P a c if ic  Rim Complex 

and are no t p resent in  ad jacen t rocks o f  the  W range ilia  te rra n e  to  

the e a s t. In  c o n tra s t to  the  San Juan Is la n d s , the re  i s  no d ire c t  

evidence o f  th ru s t  sheets th a t m ight have once o v e r la in  the  

P a c if ic  Rim Complex. However, the  presence o f  law son ite  + quartz  

in d ic a te s  depths o f  metamorphism and s t r u c tu ra l  b u r ia l in  excess 

o f 11 km (L io u , 1976). These re la t io n s  suggest th a t the  P a c if ic  

Rim Complex was a lso  in vo lve d  in  San Juan th ru s t in g  and meta- 

morphism, and was subsequently d isp laced  northward to  i t s  present 

p o s it io n  on western Vancouver Is la n d .

As shown in  F igu re  18, displacem ent o f th e  P a c if ic  Rim 

Complex rep resen ts  the  f i r s t  o f  two events th a t  have tru n ca te d  the 

west s id e  o f  Vancouver Is la n d . Age dates and geochem istry in d ic a te  

th a t  the  T e r t ia r y  vo lc a n ic  and p lu to n ic  rocks in  the P a c if ic  Rim 

area are p a r t  o f  a s u ite  o f in te rm e d ia te  to  s i l i c i c  c a lc -a lk a lin e  

rocks , e rup ted  and in tru d e d  d u rin g  La te  Paleocene to  E a r ly  Eocene 

tim e (age dates summarized in  F igu re  2 ; geochem istry from Carson, 

1973 and Brandon, unpub lished d a ta ) . Th is v o lc a n ic -p lu to n ic  s u ite
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MID-CRETACEOUS  
~ 9 7 —8 3  Ma

WRANGELLIA

L T . C R ET.-PA LEO C EN E  
~ 8 3 - 5 6  Ma

wM W ^0yy/ / / / ////’ a c ific  R im X
Complex/ /  /if&mkv4%. / / / L / / / /

•  E o c « n e (? ) / / / / / / / /
11 ~ basalt ^ S t s x ////////,  ri>. <•& £ * £ / / / / / / / /

/ / / / / / /
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^s^SP,. fault î l% //Constitution

F igu re  18. A schem atic model fo r  the  o f fs e t  o f  the  P a c if ic  Rim Complex 
and the tru n c a t io n  o f  Vancouver Is la n d . In  th is  model, the P a c if ic  
Rim is  shown as p a r t o f  th e  m id-Cretaceous San Juan th ru s t  system. 
D uring the  La te  Cretaceous or Paleocene, the  P a c if ic  Rim Complex was 
d isp laced  northw ard along the  West Coast fa u l t  to  i t s  p resent p o s it io n  
on western Vancouver Is la n d . Subsequent displacem ent on another fa u l t ,  
the Vancouver f a u l t ,  tru n ca te d  th e  west s ide  o f the P a c if ic  Rim; a 
th ic k  sequence o f  Eocene(?) b a s a lt p re s e n tly  l ie s  to  th e  west.
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occurs on bo th  s ides  o f  the  West Coast f a u l t  (F ig u re  2 ) ,  and 

in d ic a te s  m ajor northward displacem ent o f  the  P a c if ic  Rim Complex 

occurred  p r io r  to  th e  E a rly  Eocene.

The P a c if ic  Rim is  bounded on i t s  west s ide  by another major 

tra n s c u rre n t f a u l t .  In  the  o ffs h o re  re g io n  to  the  west o f  the  

P a c if ic  Rim a rea , d r i l l i n g  and e x p lo ra tio n  by S h e ll Canada has 

id e n t i f ie d  a re g io n a lly  e x te n s ive  sequence o f  Eocene(?) b a s a lts  

(S h o u ld ice , 1971). MacLeod, e t a l .  (1977) have c o rre la te d  these 

rocks w ith  Eocene t h o l e i i t i c  b a s a lts  o f  th e  Crescent and Metchosin 

Form ations, lo ca ted  to  the southeast (F ig u re  1 ) .  Geochemical 

analyses and p e tro g ra p h ic  study o f  d r i l l i n g  samples p rov ided  by 

S h e ll Canada co n firm  th is  c o r re la t io n  (Brandon, unpub lished d a ta ). 

Aeromagnetic maps in  t h is  area (S h e ll Canada, unpub lished da ta ) 

suggest a s te e p , n o rth w e s t-tre n d in g  co n ta c t between Eocene(?) 

b a s a lts  and rocks o f  the P a c if ic  Rim a rea . The d is s im i la r i t y  

between coeval v o lca n ic  rocks— t h o le i i t i c  b a s a lt to  the  west and 

c a lc -a lk a l in e  d a c ite  to  the  eas t— in d ic a te s  th a t t h is  con tac t is  

a m ajor tra n s c u rre n t f a u l t ,  named the Vancouver f a u l t  by Brandon 

and Cowan (1983 ). M ajor movement on th is  f a u l t  must p o s t-d a te  

E a r ly  Eocene volcanism  and p re -da te  Late Eocene and younger s t ra ta  

o f  the T o fino  Basin which o v e r l ie  both v o lc a n ic  u n its  (F ig u re  1; 

shown as the Carmanah Group in  F igure  2 ) .

A number o f  papers have suggest an o r ig in a l  more s o u th e r ly  

lo c a t io n  fo r  p o r t io n s  o f  southern  Alaska (Stone and Packer, 1979; 

Cowan, 1982a; Moore, e t a l . ,  1983; Stevenson, e t a l . ,  1983; Bruns, 

1983). For in s ta n c e , Cowan (1982a) has argued th a t  rocks p re s e n tly  

exposed on Baranof Is la n d , southeast A laska , were o f fs e t  by Eocene 

tra n s c u rre n t fa u lt in g  from th e  Leech R ive r S ch is t on southern 

Vancouver Is la n d . However, more ty p ic a l ly  the  evidence fo r  o f fs e t  is  

based on paleom agnetic o r fauna l data and o n ly  g ive s  a rough in d ic a 
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t io n  o f  the  o r ig in a l  p a le o la t itu d e  (w ith in  500 km at b e s t) .  My work in  

the P a c if ic  Rim area in d ic a te s  th a t western Vancouver Is land  

preserves a reco rd  o f  t h is  n o rth w a rd -d ire c te d  t r a f f i c  and probably 

rep resen ts  an im po rtan t source area fo r  o f fs e t  te rra n e s  in  southern 

A laska.
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CONCLUSIONS FOR PART I

My m ajor conc lus ions  are  as fo llo w s :

(1 ) The P a c if ic  Rim Complex is  u n d e rla in  by a basement com pris ing 

T r ia s s ic  a rc  v o lc a n ic  rocks which are not c o r re la t iv e  w ith  coeval 

rocks o f  Vancouver Is la n d .

(2 ) Melanges in  the  Complex rep resen t a s t ra t ig ra p h ic  accum ulation 

o f  va r io u s  mass-movement d e p o s its . Frequent la rg e  earthquakes 

were p robab ly  re sp o n s ib le  fo r  th e  ex tens ive  amount o f s o f t -  

sediment de fo rm a tion .

(3 ) The present p o s it io n  o f  the a lloch thonous P a c if ic  Rim Complex 

is  w h o lly  an a r t i f a c t  o f  younger tra n s c u rre n t d isp lacem ents.
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PART I I

DEFORMATION OF SEDIMENTS AT SUBDUCTION ZONES:

AN APPLICATION OF CRITICAL STATE SOIL MECHANICS
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INTRODUCTION FOR PART II

S ince  th e  r e c o g n it io n  o f  p la te  t e c to n ic s ,  much a t t e n t io n  has been 

focused  on a n c ie n t and modern co n ve rg e n t m a rg in s  in  o rd e r  t o  re s o lv e  a 

re c o rd  o f  p la te  in t e r a c t io n s .  In  many modern c o n v e rg e n t m a rg in s , 

young t r e n c h - f i l l  se d im e n ts  a re  c o n t in u a l ly  d e p o s ite d  a c ro s s  th e  

s u r fa c e  t r a c e  o f  th e  a c t iv e  s u b d u c tio n  boundary (F ig u re  1 9 ) , and 

in v a r ia b ly  become in c o rp o ra te d  and deform ed w i t h in  th e  s u b d u c tio n  

zone. The p o p u la r  s u b d u c tio n  a c c re t io n  model (B e ck , 1972; K a r ig ,

1974; 5 e e ly ,  e t  a l . ,  1974) p r e d ic ts  th a t  t re n c h  s lo p e s  a re  u n d e r la in  

by s t r u c tu r a l  com plexes th a t  have grown by f r o n t a l  a c c re t io n  o f  

im b r ic a te  t h r u s t  s l i c e s  d e r iv e d  from  se d im e n ts  on th e  dow n-go in g  

p la te .  T h is  o r d e r ly  and s e q u e n t ia l p ro ce ss  i s  ana logous  to  f r o n t a l  

im b r ic a t io n  in  o n - la n d  t h r u s t  b e l t s  (B oye r and E l l i o t t ,  1982) and 

sh o u ld  p ro v id e  a f a i r l y  co m p le te  re c o rd  o f  s u b d u c tio n  in t e r a c t io n ,  

e s p e c ia l ly  in  t re n c h  s e t t in g s  where th e  dow n-go ing  p la te  has a t h ic k  

se d im e n ta ry  c o v e r .

T h ru s t im b r ic a t io n  can be documented in  th e  f r o n t a l  re g io n s  o f  

s e v e ra l modern s u b d u c tio n  system s (n o r th e rn  segment o f  th e  M id d le  

Am erica  t re n c h  —  M oore, e t  a l . ,  1982; Sum atra t re n c h  —  K a r ig ,  e t 

a l . ,  1980; Barbados R idge com plex —  M oore, B i ju - D u v a l ,  e t a l . ,  1982; 

Nankai tro u g h  —  A o k i,  e t a l . ,  1983) ) ;  b u t th e re  i s  no ready a s s u r

ance th a t  d e fo rm a tio n  w i th in  th e  deeper p o r t io n s  o f  co n ve rg e n t m a rg in s  

i s  a t a l l  l i k e  o n - la n d  t h r u s t  b e l t s .  To b e g in  w i th ,  s u b d u c tio n  ra te s  

a re  t y p i c a l l y  one t o  two o rd e rs  o f  m agn itude  f a s te r  th a n  th e  ra te s  o f  

o v e r th ru s t in g  re p o r te d  fo r  o n - la n d  t h r u s t  system s (G re te n e r ,  1972, p . 

3 9 2 ). F u rth e rm o re , s u b d u c tio n -z o n e  d e fo rm a tio n  t y p i c a l l y  in v o lv e s  

u n l i t h i f i e d  w a te r -s a tu ra te d  se d im e n ts . S e ism ic  p r o f i l e s  a c ro ss  some 

modern a c c re t io n a ry  wedges (W e s tb ro o k , e t  a l . ,  1982; A o k i,  e t a l . ,  

1983) d e m o n s tra te  t h a t  as much as 50K o f  th e  sed im en t c o v e r on th e  

dow n-go ing  p la te  i s  n o t a c c re te d  a t th e  f r o n t  o f  th e  wedge, b u t 

in s te a d  i s  c a r r ie d  some 1 0 's  o f  k i lo m e te rs  a rcw a rd  b enea th  th e  wedge.
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H igh  excess p o re  f l u i d  p re s s u re s  a re  bound to  d e ve lo p  in  th e se  

subducted  se d im e n ts  (W e s tb ro o k , e t  a l . ,  1982; Von Huene and Lee,

19 8 3 ).

As a r e s u l t ,  some g e o lo g is ts  (Bachman, 1978; B y rn e , 1982; C lo o s , 

1982; Moore and K a r ig ,  1979) su g g e s t th a t  th e  s u b d u c tio n -z o n e  s e t t in g  

i s  p ro b a b ly  co n d u c ive  to  th e  deve lopm ent o f  u nusua l d e fo rm a t io n a l 

s t y le s ,  such as th o se  found  in  c h a o t ic  m e langes. T h is  p o s s i b i l i t y  i s  

in  accord  w ith  th e  common o c c u rre n c e  o f  m elanges in  a n c ie n t ,  se d im e n t- 

r ic h  s u b d u c tio n  com plexes (Cowan, in  p re s s ) .  In  th e  s u b d u c tio n -z o n e  

in t e r p r e t a t io n ,  m elanges a re  th o u g h t to  form  when u n l i t h i f i e d  s e d i

ments move benea th  th e  a c c re t io n a ry  wedge and a re  de fo rm ed w i th in  a 

subduct io n - r e la te d  sh e a r zone . Judg ing  from  th e  exposed d im e n s io n s  o f  

th e se  m elange u n i t s ,  t h i s  sh e a r zone would be on th e  o rd e r  o f  1 0 0 's  o f  

m e te rs  t h ic k ;  C loos (1 9 8 2 ) su g g e s ts  th a t  t h i s  sh e a r zone m ig h t be 

s e v e ra l k i lo m e te rs  t h i c k ,  and th e r e fo r e  in v o lv e  la rg e  p a r ts  o f  th e  

a c c re t io n a ry  wedge.

W hether o r n o t th e s e  in t e r p r e ta t io n s  a re  c o r r e c t ,  th e y  pose an 

im p o r ta n t q u e s t io n :  What fa c to r s  c o n t r o l  th e  d e fo rm a t io n a l b e h a v io r  o f  

u n l i t h i f i e d  sed im en ts  w i th in  th e  s u b d u c tio n  zone s e t t in g ?  B e fo re  

c o n s id e r in g  t h i s  q u e s t io n ,  l e t  us f i r s t  exam ine th e  d e fo rm a t io n a l 

c o n d it io n s  and s t r a in s  e xp e c te d  w i th in  a t y p ic a l  s u b d u c tio n  zone. 

D e fo rm a tio n  in  t h i s  s e t t in g  can be re p re s e n te d  by tw o id e a l iz e d ,  

end-member s i t u a t io n s  (F ig u re  2 0 ) .  As sed im en ts  approach  th e  a c c re 

t io n a r y  wedge, th e y  f i r s t  b e g in  to  de fo rm  in  a fa s h io n  a p p ro x im a tin g  

c o a x ia l h o r iz o n ta l  s h o r te n in g .  Those se d im e n ts  subd u c te d  benea th  th e  

wedge a re  c o n f in e d  to  an a c t i v e ly  m oving sh e a r zone, and th e r e fo r e  

must deform  in  a n o n -c o a x ia l m anner, p ro b a b ly  b e s t a p p ro x im a te d  by 

s im p le  s h e a r. The e xp e c te d  range  o f  d e fo rm a t io n a l b e h a v io r  w i th in  

t h i s  zone can be c h a ra c te r iz e d  in  a s im p le  fa s h io n  by th e  th re e  

s t r u c t u r a l  s t y le s  shown in  F ig u re  2 1 . These s t y le s  c o n s is t  o f :  (1 )  a 

w ide d u c t i le  shea r zone composed o f  c o h e s iv e ly  f lo w in g  s e d im e n ts ;

(2 )  a w ide zone c o n s is t in g  o f  a n e tw o rk  o f  c lo s e ly  spaced f a u l t s  o r  

s l i p  s u r fa c e s , w h ich in  th e  case o f  muds may b e g in  to  resem b le  a s c a ly  

f a b r ic ;  and (3 )  w id e ly  spaced f a u l t s ,  perhaps w ith  a geom etry  s im i la r
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NON-COAXIAL SIMPLE 
SHEAR 

y  =  A X / H

C  „ _ J  

k—A X —H

\
COAXIAL HORIZONTAL 

SHORTENING 
£ H= A L / L

F igure  20. Two id e a liz e d  s itu a t io n s  fo r  de fo rm a tion  in  a subduction  
zone s e t t in g .
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to  on-land  th ru s t  b e lts .  The f i r s t  s t ru c tu ra l s ty le  i s  considered 

d u c t i le  because the  sediment deforms in  a continuous fa sh io n  a t sca les 

la rg e  than in d iv id u a l g ra in s . The la s t  two s t r u c tu r a l  s ty le s  are 

considered b r i t t l e  because the  b u lk  o f  the  de fo rm a tion  i s  accom

modated along d is c re te  s l i p  su rfa ce s . Labo ra to ry  de fo rm a tion  o f  

w a te r-sa tu ra te d  c la y s  and sands in d ic a te s  th a t f a i lu r e  t y p ic a l ly  

occurs a f te r  r e la t iv e ly  sm a ll s t ra in s  (Table 2 ) ,  e s p e c ia lly  when 

compared w ith  the  g e o log ic  s i tu a t io n .  For in s ta n ce , sedim ent deformed 

under sim ple shear c o n d it io n s  g e n e ra lly  f a i l s  a t shear s t ra in s  le ss  

than 25%. However, because the  d isp lacem ents across th e  zone are  

la rg e  in  comparison w ith  the th ic kn e ss  o f the  zone, sedim ents in  a 

subduction  shear zone such as the  one dep ic ted  on th e  l e f t  s id e  o f  

F igu re  20, are su b je c t to  much g re a te r shear s t r a in s ,  on the  o rde r o f 

1 0 0 's and 1000's o f  percent.. U n fo r tu n a te ly , i t  is  im p o ss ib le  to  

e xp e rim e n ta lly  deform sediments to  the la rg e  s t ra in s  and la rg e  

displacem ents ty p ic a l o f  the  subduction  zone s e t t in g .  Furtherm ore, 

when sediments reach th e i r  f a i lu r e  c o n d it io n , con tinue d  defo rm ation  

tends to  be unstab le  and is  h ig h ly  in flu e n ce d  by the  a r t i f i c i a l  na tu re  

o f  the  te s t in g  apparatus (see Wood, 1982).

The approach used in  t h is  paper is  to  examine th e  gene ra lize d  

c o n s t i tu t iv e  behavio r o f w a te r-sa tu ra te d  sedim ents. The main premise 

is  th a t the predominance o f  any one o f  the  above s t r u c tu r a l  s ty le s  is  

determ ined p r im a r i ly  by t h is  c o n s t i tu t iv e  b e h a v io r. In  p a r t ic u la r ,  

the re  are th re e  aspects o f  t h is  behavio r to  be cons ide red : (1 ) What 

fa c to rs  a llo w  a deform ing sediment to  flo w  in  a s ta b le  and cohesive 

fa sh io n , as opposed to  f a i l i n g  in  an unstab le  fash ion  w ith  the  

development o f  lo c a liz e d  s l ip  surfaces? (2 ) How much d u c t i le  s t r a in  

occurs be fo re  fa i lu re ?  (3 ) When f a i lu r e  occu rs , how much weaker is  

the fa i le d  zone w ith  respec t to  the  surround ing  u n fa ile d  sediment?

This la s t  question  is  p a r t ic u la r ly  im portan t because a sediment may 

f a i l  ( i . e . ,  reach i t s  peak s t re n g th ) ,  but in  o rde r fo r  continued 

deform ation  to  be is o la te d  along a d is c re te  s l ip  s u r fa c e , f a i lu r e  must 

in v o lv e  a s ig n i f ic a n t  lo ss  o f  s tre n g th .
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TABLE 2 . T yp ica l s t ra in s  
sands.

SEDIMENT TYPE AND * 
CONSOLIDATION STATE

DRAINED

Loose c la y  
Loose sand (45.6%)

Dense c la y  
Dense sand (39%)

a t fa i lu r e  fo r  w a te r-sa tu ra te d  c la ys  and 

TRIAXIAL COMPRESSION*

AXIAL STRAIN 
AT FAILURE 

^  (S)

-23%
- 20%

80/ /O
50/ /O

DEVIATORIC STRESS 
AT FAILURE 

(cr.|-a3 ) (kPa)

255
520

50
725

UNDRAINED

Loose c la y  
Loose sand (45.8%)

Dense c la y  
Dense sand (43.0%)

17%
14%

27%
33%

-115
115

-95
-1210

SIMPLE SHEAR
SEDIMENT TYPE AND „ 

CONSOLIDATION STATE

DRAINED

Loose k a o lin  c la y  
Loose sand (46.0%)

SHEAR STRAIN 
AT FAILURE

xy (S)

25%
- 15%

DEVIATORIC STRESS 
AT FAILURE 

( ° | - a 3 ) (kPa)

75-145
65

Dense sand (38.5%) QfyO/O 85

*
I n i t i a l  p o ro s ity  shown where a v a ila b le .

* Compiled from Bishop and Henkel (1962), p . 110, 115, 116, 123, 128.

Sands were te s te d  by Fukushima and Tatsuoka (1982) using a to rs io n a l 
s im ple  shear apparatus. K a o lin  c la y  was te s te d  by A. T h u ra ira ja h  
using a Cambridge s im p le  shear device  ( c ite d  in  Roscoe and 
B urland , 1968, p . 599).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



73

This paper is  developed in  th re e  p a r ts .  In  the  f i r s t  p a r t ,  a w e ll 

e s ta b lish e d  c o n s t i tu t iv e  model is  used to  e x p la in  th e  gene ra lized  

behav io r o f  deform ing sedim ent. This model e s ta b lis h e s  a f irm  bas is  

w ith  which to  judge the  r e la t iv e  e f fe c ts  o f  s tre n g th , p o ro s ity ,  

s ta te -o f - s t re s s  and pore p re ssu re . The second p a r t examines the 

load ing  c o n d it io n s  p resen t a t a subduction zone, and the  de fo rm a tion a l 

behavio r th a t  m ight be expected in  subducted and accre ted  sedim ents. 

The la s t  p a rt o f  the  paper exp lo res  some o f  the  im p lic a t io n s  o f  t h is  

a n a ly s is  fo r  s t ru c tu ra l s ty le s  in  a c c re tio n a ry  wedges. Two s p e c if ic  

problems are cons ide red : (1 ) the development o f  sca ly  c la ys  and th ru s t  

fa u lts  in  the  re g ion  o f  the  Barbados d r i l l i n g  tra n s e c t (Leg 78A o f  the  

Deep Sea D r i l l i n g  P ro je c t [DSDP]— Moore, B iju -D u v a l, e t a l . ,  1982), 

and (2 ) s t r u c tu ra l s ty le s  th a t m ight be assoc ia ted  w ith  u n d e rp la tin g , 

th a t is ,  a c c re tio n  to  the  base o f  the  wedge.
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SEDIMENT DEFORMATION AS DESCRIBED BY CRITICAL STATE SOIL MECHANICS

There has been a s trong  m o tiv a tio n  in  s o i l  mechanics to  p ro v id e  a 

more ra t io n a l b a s is  fo r  s o i l  te s t in g  and eng inee ring  des ign . As a 

consequence, a number o f s o p h is t ic a te d  c o n s t i tu t iv e  models have been 

developed over the  past 25 years (see rev iew  by Ko and S tu re , 1981). 

However, a s e r ie s  o f  models developed du ring  the  1960's by K. H.

Roscoe and o th e rs  a t Cambridge U n iv e rs ity  (S c h o fie ld  and W roth, 1968; 

Roscoe and B u rland , 1968) s t i l l  p rov ide  the s im p le s t and most conc ise  

d e s c r ip t io n  o f  d e fo rm a tion a l behav io r o f  w a te r-sa tu ra te d  g ra n u la r 

m a te r ia ls .  The Cambridge models were i n i t i a l l y  developed to  d e sc rib e  

s t r e s s - s t r a in  behav io r o f  lo o s e ly  co n so lid a te d  c la y s  deformed under 

t r i a x ia l  c o n d it io n s . These models, however, have been s u c c e s s fu lly  

used to  p re d ic t  the  genera l d e fo rm a tio n a l behav io r o f  sand and c la y  

over a range o f i n i t i a l  c o n s o lid a tio n  c o n d it io n s  (Roscoe, 1970, 1971; 

A tk inson  and Bransby, 1978). Futherm ore, Roscoe and Burland (1968) 

show th a t one o f  the  Cambridge models is  a p p lic a b le  to  more gene ra l

ize d  s t re s s -s t ra in  c o n d it io n s , such as plane s t r a in  and s im ple  shear.

The Cambridge models are based on the concepts o f c r i t i c a l  s ta te  

s o i l  mechanics (S c h o fie ld  and W roth, 1968) which view  sediments as 

e la s t ic - p la s t ic  m a te r ia ls .  The term p la s t ic  is  used in  the  generic  

sense to  r e fe r  to  the  permanent, non-recove rab le  component o f deforma

t io n ,  as opposed to  the  e la s t ic  component which is  f u l l y  recove rab le  

when the m a te r ia l is  unloaded. Id e a lly  p la s t ic  m a te r ia ls  are c o n s i

dered to  have a constan t y ie ld  s tre n g th ; however, the  y ie ld  s tre n g th  

fo r  a deform ing sediment changes depending on the cu rre n t s ta te  o f  the  

sedim ent, d e fined  by i t s  s ta te -o f - s t re s s  and p o ro s ity .  A m a te r ia l 

w ith  these p ro p e r t ie s  could be more fo rm a lly  re fe r re d  to  as a 

p re s s u re -s e n s it iv e , s tra in -h a rd e n in g  e la s t ic - p la s t ic  m a te r ia l.  As 

m ight be expected, the  s t re s s -s t ra in  behavio r o f  such a m a te r ia l is  

more com plica ted than th a t o f  an id e a l ly  p la s t ic  m a te r ia l.
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The Cambridge models are id e a l ly  s u ite d  fo r  the  problem consid 

ered here , fo r  the  fo llo w in g  reasons:

(1 ) The models are r e la t iv e ly  sim ple in  form .

(2 ) The models on ly  re q u ire  f iv e  m a te r ia l constan ts  which are e a s ily

measured using conven tiona l t r i a x ia l  te s ts .  These constan ts  appear to

be in v a r ia n t  p ro p e rt ie s  o f the  sedim ent, and, th e re fo re , a llo w  the  

models to  be used to  s im u la te  a wide range o f  d e fo rm a tion a l cond i

t io n s .

(3 ) The models p rov ide  a conceptual framework fo r  sediment deform ation  

th a t manages to  t i e  to g e th e r, in  a coherent fa s h io n , a number o f  

obse rva tions  and re la t io n s h ip s  th a t o the rw ise  appear to  be u n re la te d . 

Th is la s t  fe a tu re  is  an im portant one, because i t  a llow s us to  t r e a t  

problems o f  sediment de fo rm ation , such as th e  subduction zone problem , 

in  a more c o n fid e n t and gene ra lized  fa sh io n .

In  t h is  s e c tio n , the Cambridge models are in troduced  in  seve ra l 

s teps . The f i r s t  step cons iders  how the  p o ro s ity  o f  the sediment 

a f fe c ts  i t s  de fo rm a tiona l b e h a v io r. This to p ic  is  used to  in tro d u ce  

some genera l concepts, such as s tra in -h a rd e n in g , s tra in -s o f te n in g  and 

de fo rm a tiona l s t a b i l i t y .  The second step in tro d u ce s  the  idea o f  a 

c r i t i c a l  s ta te  l in e ,  which separates reg ions  o f  d i f fe r e n t  deforma

t io n a l b e h a v io r. And f i n a l l y  in  the  la s t  s te p , one o f  the  Cambridge 

models, c a lle d  the m od ified  Cam Clay model, is  described  and used to  

in troduce  the idea o f  p la s t ic  y ie ld  su rfa ce s . Th is model is  a lso  used 

in  a another s e c tio n  to  examine re p re s e n ta tiv e  examples o f  s t r a in -  

hardening and s tra in -s o fte n in g  de fo rm a tion , under d ra ined  and 

undrained c o n d it io n s . T r ia x ia l de fo rm a tion a l c o n d it io n s  are used in

these examples (a.j >a^ = o p ,  d e sp ite  the  fa c t th a t the subduc

t io n  zone s e t t in g  is  b e tte r  represented as p la n e -s tra in  de fo rm a tion . A 

more r ig o ro u s  p re se n ta tio n  could be made using the  p la n e -s tra in  

ve rs ion  o f  the  m od ified  Cam Clay model (Roscoe and B urland , 1968); 

however, i t  is  q u ite  c le a r  th a t the  conc lus ions  drawn from the 

t r i a x ia l  examples are a p p lica b le  to  the  p la n e -s tra in  s i tu a t io n .  Th is

p o in t is  d iscussed in  more d e ta i l  below.
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DEFINITION OF VARIABLES
In  the  fo llo w in g  d is c u s s io n , sediments are assumed to  be sa tu 

ra te d  w ith  w a te r, and, un less o the rw ise  noted, a l l  s tre sse s  are 

represented  as e f fe c t iv e  s tre sse s  and are  designated as such w ith  a 

prim e (cr' ) -  Compressional s tre sse s  and sho rten ing  s t ra in s  are de fin e d  

as p o s it iv e ,  in  accordance w ith  the  convention in  s o i l  mechanics 

(A tk in so n  and Bransby, 1978); to  be c o n s is te n t,  a decrease in  volume 

corresponds to  a p o s it iv e  v o lu m e tr ic  s t r a in .  Note th a t the  ty p ic a l 

conven tion  in  geology (Ramsay, 1967) d e fin e s  sh o rte n in g  s t ra in s  and 

decreasing volume as n e g a tive  s t ra in s .  Void r a t io ,  e, is  used as the 

measure o f  r e la t iv e  pore volume, and is  de fined  by:

e -  pore volume _ n ^

s o l id  volume (1 -n )

where n rep resen ts  f r a c t io n a l p o ro s ity .  W hile p o ro s ity  is  p robab ly  

more fa m i l ia r ,  vo id  r a t io  is  p re fe rre d  fo r  sediment de fo rm ation  

because the changing pore volume is  compared a ga ins t a f ix e d  s o l id  

volume, the reby p ro v id in g  a more d ire c t  measure o f  v o lu m e tr ic  s t r a in .

f ig u re  22 shows the  la y o u t fo r  the  t r i a x ia l  compression te s t ,  

which is  p robab ly  more a p p ro p r ia te ly  described  as a x ia l ly  symmetric 

com pression. The a x ia l s tre s s ,  a .j, is  the maximum compressive 

s t re s s ;  the  c o n fin in g  s tre s s  is  p rov ided  by = a ^ . P ressure ,

P ',  is  de fined  as the  mean e f fe c t iv e  s tre s s . In  the p la s t ic i t y  

m odels, la rg e  s tra in s  are t y p ic a l ly  determ ined by summation o f sm all 

in c rem en ta l s t r a in s ,  AG = ( -A L /L ) ,  which re s u lts  in :

G = Ln [ - ( L f -L o) / L o ] = JdG a >ZAG (2)

where G is  known as the  n a tu ra l or lo g a r ith m ic  s t r a in  (Ramsay, 1967,

p . 5 2 ), and Lq and are the  i n i t i a l  and f in a l  le n g th , re s p e c t iv e ly .

The shear s t r a in  increm ent, dG , and the  vo lu m e tr ic  s t r a in  in c re -s
m ent, dGy , are de fin e d  in  F ig u re  22. A l i s t  o f  symbols is  p rovided 

in  Appendix B.
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2

d€-

U = PORE-FLUID  
PRESSURE

ct’ =  cr -  U 

d € =  -d L /L

TRIAXIAL COMPRESSION

STRESS  

DEVIATORIC Q '=  «  )

PRESSURE

1 ” 3

P' =  ( ct; +aj + a j  ) / 3

STRAIN INCREMENTS  

SHEAR d6g =  2 /3 (d C 1— d€3 )

VOLUME d €, _  -d e  _  -dV  
(H-e) V

VOID RATIO (e )  =  -!19RE VOLUME 
SOLID VOLUME

F ig u re  22. S tress  and s t r a in  re la t io n s h ip s  fo r  t r i a x i a l  compression.
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THE EFFECT OF VOID RATIO ON SHEAR STRENGTH
The s tre s s -s t ra in  behavio r o f  sedim ents, be i t  c la y  o r sand, is  

s ig n i f ic a n t ly  dependent on the  c u rre n t vo id  r a t io  o f  the  sedim ent. The 

schematic diagrams in  F igu re  23 i l l u s t r a t e  the  e f fe c t  o f  vo id  r a t io  on 

th e  shear s tre n g th  o f  a ty p ic a l sedim ent. In  t h is  example, pressure 

is  he ld  co n s ta n t, and excess pore pressure is  a llowed to  d is s ip a te  

( i . e . ,  d ra ined  c o n d it io n s ) ,  so th a t  any change in  vo id  r a t io  ( i . e . ,  

volume s t r a in )  is  due s o le ly  to  changing d e v ia to r ic  s t re s s .  A number 

o f  s p e c if ic  te s ts  fo r  sands and c lays  (A tk inson  and Bransby, 1968; 

Vesic and Clough, 1968; Lade, 1982) in d ic a te  th a t  these gene ra lize d  

re la t io n s h ip s  a re , in  fa c t ,  re p re s e n ta tiv e .

As shown in  F ig u re  23a, the  densely packed sediment is  c h a ra c te r

ized  by a peak in  s tre n g th  and can i n i t i a l l y  s u s ta in  g re a te r dev ia 

t o r ic  s tresses  in  comparison w ith  a more lo o s e ly  packed sedim ent. W ith 

continued de fo rm a tion , both the dense and loose sediment develop a 

constan t shear s tre n g th  o r u lt im a te  s tre n g th  which is  independent o f 

t h e i r  i n i t i a l  pack ing . As these sediments approach t h e i r  u lt im a te  

s tre n g th , they a lso  converge on a constant vo id  r a t io  c a lle d  the 

c r i t i c a l  vo id  r a t io  (Casagrande, 1936; Roscoe, e t a l . ,  1958). W ith in  

the  con tex t o f  c r i t i c a l  s ta te  s o i l  mechanics, when a sediment reaches 

i t s  c r i t i c a l  vo id  r a t io ,  i t  is  considered to  be a t i t s  c r i t i c a l  s ta te  

(S c h o fie ld  and W roth, 1968); fu r th e r  de fo rm ation  a t the  same pressure 

occurs w ith o u t any change in  volume (F ig u re  23b and 2 3 c ). T he re fo re , 

the c r i t i c a l  s ta te ,  and i t s  assoc ia ted  c r i t i c a l  vo id  r a t io ,  represent 

a unique c o n d it io n  d u rin g  cons tan t-p re ssu re  de fo rm ation  where the  

sediment has developed a s te a d y -s ta te  packing arrangement and deforms 

a t constan t d e v ia to r ic  s tre s s .  I t  is  im portan t to  p o in t o u t, however, 

th a t  fo r  densely packed sediments which develop lo c a liz e d  zones o f  

de fo rm a tion , on ly  the  sediment w ith in  the f a i lu r e  zone reaches the  

c r i t i c a l  s ta te  (S c h o fie ld  and Wroth, 1968, p . 211 ). As a consequence, 

the  bu lk  vo id  r a t io  o f  a dense sediment at i t s  u lt im a te  s tre n g th  is  

t y p ic a l ly  sm a lle r than i t s  c r i t i c a l  vo id  r a t io .
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F igure  23 . The e f fe c t  o f vo id  r a t io  on dra ined  de fo rm ation  
a t cons tan t p re ssu re . Dense and loose re fe r  to  the vo id  
r a t io  o f  the  sediment p r io r  to  de fo rm ation .
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The fa c t  t h a t  sed im en ts  a t th e  c r i t i c a l  s ta te  de form  a t a 

c o n s ta n t volum e and c o n s ta n t sh e a r s t r e n g th ,  in d ic a te s  th a t  v a r ia t io n s  

in  shea r s t re n g th  a re  somehow r e la te d  to  th e  v o lu m e tr ic  s t r a in  

b e h a v io r  o f  th e  se d im e n t. F ig u re  23b and 23c i l l u s t r a t e  t y p ic a l  

changes in  v o lu m e tr ic  s t r a in  and v o id  r a t i o  d u r in g  d e fo rm a t io n .  The 

lo o s e ly  packed sed im en t c o n t in u a l ly  decreases  in  volume and in  v o id  

r a t i o  u n t i l  i t  reaches i t s  c r i t i c a l  v o id  r a t i o .  T h is  c o n t r a c t iv e  

b e h a v io r  i s  a s s o c ia te d  w ith  a p ro g re s s iv e  in c re a s e  in  shea r s t r e n g th .  

In  c o n t r a s t ,  th e  d e n s e ly  packed sed im en t d i la t e s  o r  in c re a s e s  in  

volum e d u r in g  d e fo rm a t io n ,  and a f t e r  re a c h in g  an i n i t i a l  peak 

s t r e n g th ,  is  c h a ra c te r iz e d  by a p ro g re s s iv e  decrease  in  shea r 

s t r e n g th .  (The r e la t i v e l y  s m a ll ,  i n i t i a l  decrease  in  volum e fo r  th e  

dense sed im en t in  F ig u re  23 re p re s e n ts  e la s t i c  v o lu m e tr ic  s t r a in  

a c q u ire d  b e fo re  p la s t i c  y ie ld in g  b e g in s . T h is  i s  d is c u s s e d  in  more 

d e t a i l  b e lo w .)

STRAIN-HARDENING AND STRAIN-SOFTENING BEHAVIOR

The s t a b i l i t y  o f  a d e fo rm in g  p la s t i c  m a te r ia l— th a t  i s ,  w he ther 

i t  de fo rm s in  a co h e s ive  s ta b le  fa s h io n  o r  ru p tu re s  in  an u n s ta b le  

fa s h io n — is  d e te rm in e d  by th e  s t ra in -h a rd e n in g  o r  s t r a in - s o f t e n in g  

b e h a v io r  o f  th e  m a te r ia l  (D ru c k e r ,  1966; S c h o f ie ld  and W ro th , 1968, p . 

9 7 ) .  S t ra in -h a rd e n in g  o r  s t r a in - s o f t e n in g  in d ic a te s  th a t  w ith  

p ro g re s s iv e  s t r a in ,  a p la s t i c  m a te r ia l  e i t h e r  in c re a s e s  o r  d e c reases  

in  s t r e n g th .  Fo r th e  se d im e n ts  i l l u s t r a t e d  in  F ig u re  2 3 , th e  dom inant 

ty p e  o f  b e h a v io r ,  e i t h e r  s ta in -h a rd e n in g  o r  s t r a in - s o f t e n in g ,  depends 

upon w he the r th e  c u r re n t  v o id  r a t i o  i s  lo o s e r  o r  dense r th a n  th e  

c r i t i c a l  v o id  r a t i o  (S c h o f ie ld  and W ro th , 1968, p . 1 0 7 ).

How does s t r a in - h a r d e n in g  and s t r a in - s o f t e n in g  b e h a v io r  a f f e c t  

th e  d e fo rm a t io n a l s t a b i l i t y  o f  a p la s t i c  m a te r ia l?  Real p la s t i c  

m a te r ia ls  have in t e r n a l  v a r ia t io n s  in  s t r e n g th ;  t h e r e fo r e ,  weaker 

re g io n s  w i th in  th e  m a te r ia l  w i l l  de fo rm  f i r s t .  S tra in -h a rd e n in g  

p rom otes s ta b le ,  homogeneous d e fo rm a tio n  because th o s e  i n i t i a l l y  

weaker re g io n s  become s tro n g e r  c a u s in g  d e fo rm a tio n  to  sp read  o u t and 

in v o lv e  a l l  o f  th e  m a te r ia l  a t a common y ie ld  s t r e s s .  Hence, a lo o s e
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sed im en t w h ich  d is p la y s  s t r a in -h a rd e n in g  b e h a v io r  (F ig u re  23) s h o u ld  

de fo rm  in  a s ta b le  d u c t i le  fa s h io n .  In  c o n t r a s t ,  s t r a in - s o f te n in g  is  

an in h e r e n t ly  u n s ta b le  mode o f  d e fo rm a tio n  because i n i t i a l  v a r ia t io n s  

in  s t r e n g th  a re  enhanced w ith  c o n tin u e d  d e fo rm a t io n .  As a conse

quence , s t r a in  becomes p r e f e r e n t ia l l y  c o n c e n tra te d  in t o  d is c r e te  

zones , w h ich causes th e  m a te r ia l  w i th in  th e s e  zones to  weaken f u r t h e r .  

S t r a in - s o f te n in g  e la s t i c - p la s t i c  m a te r ia ls  a re  th e re fo re  c h a ra c te 

r iz e d  by p la n a r  zones o f  lo c a l iz e d  d e fo rm a t io n . They a re  a ls o  prone 

to  b r i t t l e  ru p tu re  because as th e s e  lo c a l iz e d  zones weaken, th e y  

u n lo a d  th e  s u rro u n d in g  m a te r ia l ,  th e re b y  re le a s in g  e la s t i c  s t r a in  

e n e rg y . T h is  ene rgy  re le a s e  can cause th e  fo rm a t io n  and p ro p a g a tio n  

o f  a d is c r e te  ru p tu re  s u r fa c e  w i th in  th e  weakened zone; t h i s  p ro ce ss  

i s  ana logous to  th e  p ro p a g a tio n  o f  a f a u l t  th ro u g h  a ro c k  (R u d n ic k i 

and R ic e , 1975; Palm er and R ic e , 1 9 7 3 ). Thus, f o r  dense sed im en ts  

th a t  d is p la y  s t r a in - s o f t e n in g  b e h a v io r ,  we can e xpec t p ro g re s s iv e  

d e fo rm a tio n  to  c u lm in a te  w ith  b r i t t l e  r u p tu re  and th e  fo rm a tio n  o f  

d is c r e te  f a u l t s .  These new ly  form ed f a u l t s  w i l l  be s i g n i f i c a n t l y  

weaker th a n  th e  s u rro u n d in g  s e d im e n t, and th e r e fo r e  w i l l  te n d  to  

accommodate f u r t h e r  d e fo rm a tio n .

I t  i s  common p r a c t ic e  in  s o i l  m echanics to  assume th a t  f a i l u r e  

o c c u rs  when a sed im ent reaches i t s  peak s t r e n g th  ( e . g . ,  B ishop  and 

H e n k e l, 1 9 6 2 ). T h is  assum ption  seems re a s o n a b le  f o r  dense sed im en ts  

because t h e i r  peak s t re n g th  marks th e  onse t o f  s t r a in - s o f te n in g  

d e fo rm a t io n .  However, fo r  lo o s e  s e d im e n ts , th e re  i s  no lo s s - o f -  

s t r e n g th  a t  peak s t re n g th  because peak s t r e n g th  and u l t im a te  s t re n g th  

a re  th e  same. F u rth e rm o re , e x p e r im e n ta l d a ta  in d ic a te  th a t  lo o s e  s e d i

m ents do n o t r u p tu re  a t f a i l u r e  (V e s ic  and C lo u g h , 1968; A tk in s o n  and 

B ra n sb y , 1978; Lade, 1 9 8 2 ).

What does o ccu r when a lo o s e  sed im en t reaches  i t s  peak s tre n g th ?  

The peak s t r e n g th  o f  a lo o se  sed im en t a ls o  c o in c id e s  w ith  i t s  c r i t i 

c a l  s t a t e .  A t th e  c r i t i c a l  s t a t e ,  th e  sed im en t n e ith e r  hardens n o r 

s o f te n s  w ith  c o n tin u e d  d e fo rm a tio n . W ith o u t s t r a in - s o f t e n in g ,  th e  

e la s t i c  re le a s e  re q u ire d  to  p ro p a g a te  a b r i t t l e  ru p tu re  s u r fa c e  cannot 

o c c u r . F u r th e rm o re , i n  th e  absence o f  s t r a in  h a rd e n in g , th e re  i s  no
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mechanism to  ensure s ta b le  d u c t i le  deform ation o f  the  sedim ent. 

The re fo re , the deform ing sediment is  considered n e u tra l ly  s ta b le ,  and 

under t h is  c o n d it io n  should be more h ig h ly  in flu e n ce d  by lo c a l 

fe a tu re s , such as v a r ia t io n s  in  s tre n g th . Evidence i s  g iven  below 

which suggests th a t  wide zones o f  sca ly  c la y s  m ight develop under th is  

n e u t ra l ly  s ta b le  c o n d it io n .  In  the  fo llo w in g  d is c u s s io n , these two 

fa i lu r e  c o n d it io n s  are d is t in g u is h e d  by th e  term ru p tu re  f a i lu r e , 

r e fe r r in g  to  s t ra in -s o f te n in g  f a i lu r e  in  dense sedim ents, and s ta b le  

f a i lu r e , r e fe r r in g  to  n e u t r a l ly  s ta b le  f a i lu r e  o f  loose  sediments at 

the  c r i t i c a l  s ta te .  Lade (1982) makes a s im i la r  d is t in c t io n  in  h is  

d iscu ss io n  o f  f a i lu r e  modes fo r  sands in  t r i a x ia l  te s ts .

At t h is  p o in t ,  i t  is  im portan t to emphasize th a t  the  r e la t io n 

sh ips described  above between d e fo rm a tion a l s t a b i l i t y  and s t r a in -  

hardening and s t ra in -s o f te n in g  behavio r have been e x p e rim e n ta lly  

v e r i f ie d  fo r  a v a r ie ty  o f  c la y s  and sands, and under a wide range o f  

te s t  c o n d it io n s  (see examples summarized in  S ch o fie ld  and W roth, 1968; 

and in  A tk inson  and Bransby, 1978; a lso  Vesic and C lough, 1968; Lade, 

1982). .Furtherm ore, a g e n e ra lize d  a n a ly s is  by R udn ick i and Rice 

(1975) o f  the  d e fo rm a tio n a l s t a b i l i t y  o f  p re s s u re -s e n s it iv e , e la s t ic -  

p la s t ic  m a te r ia ls  e s ta b lis h e s  a f irm  th e o re t ic a l b a s is  fo r  these 

concepts. I t  should be mentioned th a t R udn ick i and R ice are p r im a r ily  

concerned w ith  the  problem o f  fa u l t  ru p tu re  in  ro cks , but they 

s p e c ia lly  note th a t t h e i r  a n a ly s is  is  a lso  a p p lic a b le  to  sedim ents.

For the  problem considered here , we are in te re s te d  in  us ing these 

concepts o f  de fo rm a tio n a l s t a b i l i t y  to  he lp  p re d ic t th e  genera l 

s t r u c tu ra l s ty le  o f  sediment de form ation  in  the  subduction-zone 

s e t t in g  (F ig u re  2 1 ). The c r i t i c a l  s ta te  concept rep resen ts  a means 

towards th a t end, because i t  a llow s  us to  id e n t i f y  those c o n d it io n s  

where a sediment w i l l  e i th e r  s tra in -h a rd e n  or s t r a in - s o f te n .  In  the 

case o f  co n s tan t-p re ssu re  de fo rm a tion , the  c r i t i c a l  s ta te  o f  a 

s p e c if ic  sediment can be represented  by two param eters: the  u lt im a te  

s tre n g th  and the  c r i t i c a l  vo id  r a t io .  However, fo r  gene ra lize d  

de fo rm a tion a l c o n d it io n s , the  c r i t i c a l  vo id  r a t io  o f  a sediment 

changes as a fu n c tio n  o f  p ressu re , P '.  In  order to  in tro d u c e  a
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g e n e ra liz e d  r e la t io n s h ip  f o r  th e  c r i t i c a l  s ta te ,  we must f i r s t  

c o n s id e r  how v o id  r a t io  changes w ith  p re s s u re  d u r in g  is o t r o p ic  

c o n s o l id a t io n  ( i . e . ,  Q'= 0 ) .

VOLUMETRIC STRAIN DURING ISOTROPIC CONSOLIDATION

I s o t r o p ic  c o n s o lid a t io n  r e fe r s  to  a s p e c ia l t e s t  conduc te d  under 

d ra in e d  c o n d it io n s  where a l l  th re e  p r in c ip a l  s tre s s e s  a re  m a in ta in e d  

a t equa l va lu e s  (o' ^= = a -j= P ')»  so th a t  th e  sed im ent deform s

s o le ly  by changes in  p re s s u re , P ' .  The advantage o f  t h i s  t e s t  i s  th a t  

i t  c re a te s  a s i t u a t io n  where th e re  i s  a d i r e c t  r e la t io n s h ip  between 

p re s s u re  and v o lu m e tr ic  s t r a in  in  th e  absence o f  d e v ia t o r ic  s t r e s s  

(n o te  th a t  Q' = 0 ) .  The v o lu m e tr ic  s t r a in  b e h a v io r  o f  sed im en t d u r in g  

is o t r o p ic  c o n s o lid a t io n  form s an im p o rta n t b a s is  fo r  th e  Cam bridge 

m ode ls ; th re e  o f  th e  f i v e  m a te r ia l  c o n s ta n ts  used in  th e  m odels a re  

d e r iv e d  from  t h i s  t e s t .

When sed im ent i s  i s o t r o p ic a l l y  c o n s o lid a te d  fo r  th e  f i r s t  t im e ,  

i t s  v o id  r a t i o  decreases w ith  in c re a s in g  p re s s u re , a r e la t io n s h ip  

w h ich  i s  d e s c r ib e d  by th e  v i r g in  is o t r o p ic  c o n s o lid a t io n  l i n e  ( IC L )  o r  

X l i n e  (F ig u re  2 4 ) .  The is o t r o p ic  c o n s o lid a t io n  l i n e  form s a s t r a ig h t  

l i n e  in  an e -L n (P ')  d iagram  (Roscoe and B u r la n d , 1968, p . 5 5 1 ):

e = e j  -  X L n (P ')  (3 )

where e^ and X re p re s e n t m a te r ia l  c o n s ta n ts  (e^ i s  th e  v o id  r a t i o  when 

P 1=1 k P a ). Void r a t io  changes in d ic a te d  by th e  is o t r o p ic  c o n s o l i 

d a t io n  l i n e  re p re s e n t b o th  th e  e la s t i c  and p la s t i c  components o f  v o lu 

m e tr ic  s t r a in .  C ons ide r th e  example in  F ig u re  24 ; an in c re a s e  in  

p re s s u re  from  P,j to  P£ causes a decrease  in  v o id  r a t io  from  eg to  

e ^ . When th e  p re s s u re  i s  reduced back to  P .j, th e re  i s  o n ly  a s m a ll 

in c re a s e  in  v o id  r a t i o  as th e  sam ple re c o v e rs  th e  e la s t i c  component o f  

th e  v o lu m e tr ic  s t r a in .  T h is  e la s t i c  u n lo a d in g  c u rv e  i s  c a l le d  a 

s w e l l in g  c u rv e . When th e  sed im en t i s  s u b je c te d  to  a n o th e r p re s s u re  

in c re a s e , th e  v o id  r a t io  decreases  a g a in  and ro u g h ly  re t ra c e s  th e  

s w e l l in g  cu rve  back to  th e  is o t r o p ic  c o n s o lid a t io n  l i n e .  T h is  e la s t i c

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



84

ICL

K-Line

i------V
Ln P'

< DV_/
a

o
K-
<  Ptr ec-
9  V
o>

F igure  24. D eform ation  and volume change o c c u rr in g  d u rin g  is o t ro p ic  
c o n s o lid a tio n . F ig u re  24a i l lu s t r a t e s  t y p ic a l  changes in  vo id  r a t io  
when a sediment is  co n so lid a te d  fo r  th e  f i r s t  tim e from PI to  P ',  
and then unloaded back to  PI . F ig u re  24b shows th e  same r e la 
t io n s h ip s ,  bu t w ith  vo id  r a t io  p lo t te d  a g a in s t ln  (P ' ) ;  the is o tro p ic  
co n s o lid a tio n  l in e  (IC L) and the  e la s t ic  K - l in e  form s t r a ig h t  l in e s  in  
th is  e -Ln (P ’ ) d iagram .
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re lo a d in g  curve is  c a lle d  a recompression cu rve . The s w e llin g  and 

recompression curves are  represented  by an average e la s t ic  curve 

c a lle d  the K - lin e  de fined  by (S c h o fie ld  and Wroth, 1968, p . 72, 136):

e2 = e., -  K L n (P £ /P ') (4 )

where K is  a t h i r d  m a te r ia l co n s ta n t.

Using X and K, th e  fo llo w in g  expressions can be used to  determ ine the 

amount o f  t o t a l ,  p la s t ic  and e la s t ic  changes in  vo id  r a t io  imposed 

du ring  a g iven change in  p ressure  from P.j to  P^,

e t  = (eb -  eg) = -x  Ln(P£ /  P») (3 )

ee = (ec -  eb) = -K Ln(P£ /  P ')  (6 )

ep = (e c -  eg) = - ( x -K )  Ln(P^ /  P.j) (7)

For in f in i te s im a l increm ents o f  de fo rm a tion , a v o lu m e tr ic  s t r a in  

increm ent, dGy , is  de fined  as (Roscoe and B urland , 1968, equation  

8):

dGp = -dV/V = -d e /(1 + e ) (8 )

where V is  the  volume (th e  minus s ig n  r e f le c ts  the conven tion  th a t 

vo lu m e tr ic  s t ra in s  are p o s it iv e  when volume decreases). D i f f e r e n t i 

a t in g  equations 5-7 w ith  respect to  pressure  g ives  th e  v o lu m e tr ic  

s t r a in  increm ents du ring  is o tro p ic  de fo rm a tion :

d gJ = — =-^-----------------------------------------------------------------------------(9)
V (1+e) P'
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df?e = — —_______ ( 10)
(1+e) P '

- (X -K )  dP' ( 11)
(1+e) P '

These e x p re s s io n s  a re  used in  th e  Cam bridge m odels to  d e te rm in e  

v o lu m e tr ic  s t r a in s  a s s o c ia te d  w ith  more g e n e ra liz e d  ty p e s  o f  de fo rm a

t i o n .  In  th e  d is c u s s io n  b e lo w , v o id  r a t i o  i s  f r e q u e n t ly  used as an 

in fo rm a l measure o f  v o lu m e tr ic  s t r a in .  T h e re fo re , i t  i s  im p o r ta n t to  

n o te  th a t  a change in  v o id  r a t i o  (d e , a s ) i s  p r o p o r t io n a l  to  a change 

in  v o lu m e tr ic  s t r a in  (dQ ^, A(?v ) (e q u a tio n  8 ) .

THE CRITICAL STATE LINE

The c r i t i c a l  s ta te  l in e  (CSL) d e l im i t s  th o s e  c o n d it io n s  under 

w h ich  a sed im ent w i l l  s t r a in - h a r d e n  o r  s t r a in - s o f t e n  (F ig u re  2 5 ) .  The 

" c o n d i t io n "  o f  a sed im en t can be more a c c u ra te ly  r e fe r r e d  to  as i t s  

s ta te  (Roscoe and B u r la n d , 1968, p . 5 3 8 ), w h ich  i s  d e f in e d  by th e  

c u r re n t  v o id  r a t i o ,  p re s s u re  and d e v ia t o r ic  s t r e s s  ( e ,  P ' ,  Q ')  fo r  

th a t  s e d im e n t. T h e re fo re , th e  c r i t i c a l  s ta te  l i n e  in d ic a te s  th e  

s p e c i f i c  v a lu e s  o f  e , P ' and Q' where a p la s t i c a l l y  d e fo rm in g  sed im ent 

n e i th e r  s t ra in -h a rd e n s  no r s t r a in - s o f t e n s .  When in  t h i s  s ta te ,  th e  

sed im en t i s  s a id  to  be in  i t s  c r i t i c a l  s ta te  ( S c h o f ie ld  and W ro th , 

1968, p . 1 0 7 ).

In  p r in c ip le ,  we c o u ld  d e f in e  th e  c r i t i c a l  s ta te  l in e  by s u b m it

t i n g  a sed im ent to  a s e r ie s  o f  t r i a x i a l  t e s t s ,  l i k e  th e  ones shown in  

F ig u re  2 3 . The c r i t i c a l  v o id  r a t i o ,  u l t im a te  s t re n g th  and p re s s u re  

d e te rm in e d  in  each t e s t  would re p re s e n t a p o in t  on th e  c r i t i c a l  s ta te  

l i n e  f o r  th a t  se d im e n t. These te s t s  a re  b e s t p e rfo rm ed  w ith  th e  

sed im en t i n i t i a l l y  in  a s ta te  l o o s e r - t h a n - c r i t i c a l , in  o rd e r  to  ensure  

th a t  th e  whole sample de fo rm s in  a s ta b le ,  homogeneous fa s h io n ,  and to  

a vo id  u n s ta b le  d e fo rm a tio n  and lo c a l iz a t io n  a s s o c ia te d  w ith  d e n s e r-  

t h a n - c r i t i c a l  s ta te s .  T h is  approach has been used to  d e te rm in e  th e  

p o s i t io n  o f  th e  c r i t i c a l  s ta te  l i n e  fo r  a v a r ie t y  o f  sed im en ts
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F igu re  25. The lo c a t io n  o f  the  c r i t i c a l  s ta te  l in e  (CSL) is  shown as a fu n c t io n  o f  vo id  r a t io  ^  
e, p ressure  P ',  and d e v ia to r ic  s tre s s  Q '.  Sediments th a t  are d e n s ie r - th a n - c r i t ic a l  d i la te  upon 
y ie ld in g  and e x h ib i t  uns tab le  s t r a in - s o f te n in g  b e h a v io r, whereas sedim ents lo o s e r - th a n - c r i t ic a l  
compact upon y ie ld in g  and e x h ib i t  s ta b le  s tra in -h a rd e n in g  b e h a v io r. A s e r ie s  o f  e l l i p t i c a l  
y ie ld  su rfa ce s  are a lso  shown in  F ig u re  25a; on ly  one y ie ld  su rfa ce  is  a c t iv e  a t a tim e  
depending upon the  c u rre n t vo id  r a t io  and p re ssu re . P la s t ic  s t ra in s  can on ly  occur when the 
s ta te -o f - s t r e s s  ( P ',  Q1) is  on th e  c u rre n t y ie ld  s u rfa c e .
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(numerous examples are reviewed in  S ch o fie ld  and W roth, 1968; and 

A tk inson  and Branstiy, 1978). These s tu d ie s  in d ic a te  th a t  in  an 

e -L n (P ')  d iagram , the  c r i t i c a l  s ta te  l in e  l i e s  beneath and p a r a l le l  to  

the  is o t ro p ic  c o n s o lid a tio n  l in e  (F ig u re  2 5 ). T h e re fo re , e and P' fo r  

the  c r i t i c a l  s ta te  l in e  can be de fined  by the fo llo w in g  re la t io n s h ip  

( c f .  equation  3) (S c h o fie ld  and W roth, 1968, p . 108):

e = ec -  X L n (P ') (12)

where e^ is  the  c r i t i c a l  vo id  r a t io  a t P'=1 kPa and ^ is  the  s lope  o f  

th e  is o t r o p ic  c o n s o lid a tio n  l in e .  For the P ' —Q’ diagram (F ig u re  2 5 ), 

these te s ts  in d ic a te  th a t the  c r i t i c a l  s ta te  l in e  is  described by 

(S c h o fie ld  and W roth, 1968, p . 108):

Q' = M P' (13)

where M is  a m a te r ia l constan t and Q1 and P1 are the  d e v ia to r ic  s tre s s  

and pressure  fo r  a sediment a t i t s  u lt im a te  s tre n g th  ( i . e . ,  c r i t i c a l  

s ta te ) .  The constan t M is  re la te d  to  the  more fa m ila r  parameter 0 , 

the  angle o f  f r i c t i o n ,  by the fo llo w in g  re la t io n s h ip  (Roscoe and 

B u rland , 1968, p . 584):

M = [ ( 6  s in  0) /  (3 -  s in  0 ) ]  (14)

The angle o f f r i c t i o n  used here is  fo r  t r i a x ia l  compression and is  

re fe r re d  to  as the "u lt im a te  f r i c t io n  ang le" by Lambe and Whitman 

(1979, p . 144).

W ith these re la t io n s h ip s ,  o n ly  two t r i a x ia l  te s ts  are needed to

lo c a te  the  c r i t i c a l  s ta te  l in e :  (1) An is o t ro p ic  c o n s o lid a tio n  te s t  is

used to  determ ine the  m a te r ia l co n s ta n t, ^ (e q u a tio n  3 ) .  (2) A dra ined

t r i a x ia l  compression te s t ,  such as the  te s t  in  F ig u re  23, is  used to

determ ine e , P ' and Q' a t s ta b le  f a i lu r e .  These va lues (e , P ',  Q ')

represent a p o in t on the c r i t i c a l  s ta te  l in e ,  and th e re fo re  can be

used w ith  equations 12 and 13 to  so lve  fo r  M and e .c
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As shown in  F igu re  25, the  c r i t i c a l  s ta te  l in e  separates the  e -P ' 

and P '-Q ' diagrams in to  two re g ions  correspond ing to  s tra in -h a rd e n in g  

and s tra in -s o f te n in g  b e h a v io r. For in s ta n ce , in  the  e -P ' diagram , a 

p la s t ic a l ly  deform ing sediment lo ca te d  above the  c r i t i c a l  s ta te  l in e  

( lo o s e r - th a n - c r i t ic a l) would s tra in -h a rd e n , and below the  l in e  

( d e n s e r - th a n -c r i t ic a l)  would s t r a in - s o f te n . In  the  P '-Q ' diagram , the 

c r i t i c a l  s ta te  l in e  rep resen ts  the  u lt im a te  s tre n g th  o f  the  sediment 

as a fu n c tio n  o f  p ressu re . T h e re fo re , a p la s t ic a l ly  deform ing 

sediment loca ted  to  the  l e f t  o f  the  l in e  would s t ra in -s o f te n  because 

i t s  present s tre n g th  would be g re a te r than i t s  u lt im a te  s tre n g th . I f  

ins tead  i t  was loca ted  to  the  r ig h t  o f  the  l in e ,  the  sediment would 

s tra in -h a rd e n  because i t s  u lt im a te  s tre n g th  would be g re a te r than  i t s  

p resent s tre n g th .

SEDIMENT PLASTICITY AND THE MODIFIED CAM CLAY MODEL
This s e c tio n  in tro d u ce s  se ve ra l o f  the  rem ain ing fe a tu re s  o f  the  

Cambridge models, such as p la s t ic  y ie ld  su rfa ce s , the  n o rm a lity  

c o n d it io n  and s tre s s - in c re m e n ta l s t r a in  re la t io n s h ip s .  These fe a tu re s  

are a lso  used by o th e r sediment p la s t ic i t y  models (see rev iew  by Ko 

and S tu re , 1981); however, fo r  the  Cambridge models the  c r i t i c a l  s ta te  

l in e  forms the bas ic  framework around which the v a rio u s  p la s t ic i t y  

models have been c o n s tru c te d . In  t h is  approach, the  c r i t i c a l  s ta te  

l in e  is  considered to  be a l in e  o f  re fe rence  which can be used to  

compare p la s t ic  de fo rm a tion  in  s ta te s  o th e r than c r i t i c a l  (Roscoe, 

1971, p . 940). The s ig n if ic a n c e  o f t h is  approach should become 

apparen t, e s p e c ia lly  when s p e c if ic  examples o f  t r i a x ia l  de fo rm ation  

are considered in  the next s e c t io n .

The Cambridge models employ a s e r ie s  o f  p la s t ic  y ie ld  su rfaces  

which in  a t r i a x ia l  P '-Q ' diagram appear as a nested se t o f  e l l i p t i c a l  

curves ra d ia t in g  out from the  o r ig in  (F ig u re  25a). Only one y ie ld  

su rface  is  a c tiv e  at a t im e , depending on the  c u rre n t vo id  r a t io  and 

pressure  (e , P ')  o f  the  deform ing sedim ent. A sediment w ith  a 

s ta te -o f - s t re s s  ( P 's Q ') in s id e  th e  c u rre n t y ie ld  su rface  w i l l  on ly  

deform e la s t ic a l ly ,  w h ile  a s ta te -o f - s t re s s  on the  y ie ld  su rface
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p e rm its  p la s t ic  de fo rm a tion . The c u rre n t y ie ld  su rface  th e re fo re  

bounds the reg ions  o f  e la s t ic ,  f u l l y  recoverab le  s t r a in .  A s ta te -o f -  

s tre s s  o u ts ide  o f  the c u rre n t y ie ld  su rface  is  no t p o s s ib le  u n t i l  an 

increm ent o f  p la s t ic  s t r a in  reduces the  vo id  r a t io  and causes the 

y ie ld  su rface  to  move outw ard.

Y ie ld  su rfaces used in  the  m od ified  Cam Clay model are described 

by the  fo llo w in g  express ion  (Roscoe and Bur land , 1968, p . 549):

( P '-  P '/2  ) 2 Q '2
0 + = 1  (15)

( P '/2 ) 2 M2o

where d e fin e s  the c u rre n t p o s it io n  o f  the  y ie ld  su rfa c e . Th is

equation  in d ic a te s  th a t the  y ie ld  su rface  is  an e l l ip s e  w ith  i t s  major

a x is  ly in g  on the  P' a x is .  The e l l ip s e  in te rs e c ts  the  P ' a x is  a t the

o r ig in  and a t P ' ;  the m inor a x is  is  v e r t ic a l  and extends to  th e  o
p o in t where the  e l l ip s e  in te rs e c ts  the c r i t i c a l  s ta te  l in e  a t P '=

P '/2  and Q'= M P '/2 .  The p o s it io n  o f  the  c u rre n t y ie ld  su rfa ce  is  o o  '
th e re fo re  de fined  s o le ly  by the v a r ia b le  P^, which i s  a fu n c tio n  o f 

the  c u rre n t vo id  r a t io  and p ressu re . P^ can be determ ined g ra p h i

c a l ly  from the e -P ' d iagram . The K - l in e  passing through the  c u rre n t 

vo id  r a t io  and pressure  (e , P ')  is  traced  to  i t s  in te rs e c t io n  w ith  the 

is o t ro p ic  c o n s o lid a tio n  l in e ;  the  pressure at th is  p o in t is  the  

c u rre n t va lue o f  P^. Consider the  example in  F igure  26. A sediment 

w ith  a c u rre n t s ta te  a t p o in t F (e ^ , PJ., Q£) l ie s  on a K - l in e  

which in te rs e c ts  the  is o t r o p ic  c o n s o lid a tio n  l in e  a t the p o in t C; the

c u rre n t y ie ld  su rface  is  lo ca ted  a t P '= P '.  An eaua tion  fo r  P '
o c ^ o

can be d e rive d  by com bining equa tion  4 fo r  the  K - l in e  and equa tion  3 

fo r  the  is o t ro p ic  c o n s o lid a tio n  l in e ,  which re s u lts  in  :

e -  eT + K L n (P ')
L n (P ')  = ----------- i ---------------------------------------------  (16)

°  (K-X)
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F igu re  26. D rained t r i a x ia l  de form ation o f lo o s e r - th a n -c r i t ic a l  
sedim ent, as s im u la ted  by the m od ified  Cam Clay model ( a f te r  F igure  
A9-1 o f  3 a in , 1980). P r io r  to  th e  te s t ,  the  sediment is  p re c o n s o li
dated so th a t i n i t i a l  y ie ld  su rface  in te rs e c ts  the  P ’ a x is  a t p o in t C 
(F igu re  26a ). The sediment is  then deformed along a s tre s s  path from 
D to  I ;  s ta b le  fa i lu r e  occurs a t p o in t I  on the  c r i t i c a l  s ta te  l in e .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



92

where e and P ' are the  c u rre n t vo id  r a t io  and p ressu re . I t  should be 

noted th a t the  y ie ld  su rfaces  used in  the  o th e r Cambridge models 

(G ra n ta -G ra ve l, Cam Clay — S ch o fie ld  and W roth, 1968) have a s l ig h t ly  

d i f fe r e n t  shape which r e f le c ts  th a t fa c t th a t  they use a d i f fe r e n t  

work fu n c tio n  (Roscoe and B u rland , 1968, p. 547-48). For the  problem 

considered he re , t h is  d if fe re n c e  is  o f  m inor im portance.

The s t r e s s - s t r a in  re la t io n s h ip s  used in  the  Cambridge models 

employ the s t r a in  increm ent approach o f  p la s t ic i t y  th e o ry  (Ramsay, 

1967, p . 319; A tk in so n  and Bransby, 1978, p . 274 -83 ), where the 

p r in c ip le  d ir e c t io n s  o f  the  p la s t ic  s t r a in  increm ent are considered to  

be p a r a l le l  w ith  th e  p r in c ip le  s tre ss  d ire c t io n s .  Roscoe, e t a l .  

(1967) present evidence th a t supports t h is  assum ption. The re s u lt in g  

de form ation  need not. be c o a x ia l,  unless the p r in c ip a l s tre s s  d ire c 

t io n s  remain f ix e d  to  the f i n i t e  s t ra in  axes th roughout th e  deforma

t io n ,  w hich, in  f a c t ,  is  the  case fo r  t r i a x ia l  d e fo rm a tio n . Thus, fo r  

the  P '-Q 1 diagram in  F igu re  25, the P' a x is  corresponds to  the p la s t ic  

v o lu m e tr ic  s t r a in  increm ent, dG^, and the Q' ax is  corresponds to  

the p la s t ic  shear s t r a in  increm ent, dG^ (A tk inson  and Bransby,

1978, p . 282). T h is  re la t io n s h ip  d e fin e s  the o r ie n ta t io n  o f  the 

increm enta l p la s t ic  s t r a in  e l l ip s o id ,  but the  a c tu a l shape o f  the 

e l l ip s o id  is  determ ined through the n o rm a lity  c o n d it io n ,  which s ta te s  

th a t the p la s t ic  s t r a in  increm ent, due to  a s ta te -o f - s t r e s s  ( P ',  Q1) 

on the  y ie ld  s u r fa c e , i s  normal to  the su rface  a t th a t p o in t (F igu re  

2 5a ). T he re fo re , the  r a t io  o f  the p la s t ic  s t ra in  increm ents, 

(dgP /dgP), i s  eoual to  the  s lope  o f the  y ie ld  su rface  normal 

(-1 /S y ) where is  th e  s lope  o f  the  y ie ld  su rface  i t s e l f .  The slope  

o f the  y ie ld  su rfa ce  normal can be obta ined by d i f f e r e n t ia t in g  the  

y ie ld  su rfa ce  eq u a tio n  (equa tion  15), which g ives the  fo llo w in g  

re la t io n s h ip  (Roscoe and B u rland , 1968, equation  34 ):
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dEp -1 2Q'P'

dGp S (MP1) 2 -  Q '2

(17)

(M P ')2 -  Q '2
y

The l e f t  s ide  o f  th is  equation  y ie ld s  the  fo llo w in g  re la t io n s h ip :

Sy = -dep/dQP (18)

which re la te s  the  n o rm a lity  c o n d it io n  in  a more com prehensible form.

Sim ply s ta te d , where the  y ie ld  su rface  is  steep ( i . e . ,  Sy is  la rg e ) ,

p la s t ic  de fo rm ation  r e s u lts  in  a much g re a te r v o lu m e tr ic  s t r a in

r e la t iv e  to  shear s t r a in .  C onversely, where the  su rfa ce  is  g e n tly

d ip p in g  ( i . e . ,  Sy is  s m a ll) ,  shear s t ra in  is  much g re a te r (no te  th a t

a t the  c r i t i c a l  s ta te  l in e ,  th e  y ie ld  su rface  is  f l a t ,  in d ic a t in g  that.

dGp= 0 ) .  T he re fo re , the  s lope o f  the  y ie ld  su rfa ce  a t the  c u rre n t

s ta te -o f - s t re s s  (P ',Q ')  g ives  an immediate in d ic a t io n  o f  the  r e la t iv e

p ro p o rt io n  o f  shear s t r a in  dQp to  v o lu m e tr ic  s t r a in  d£p th a ts v
w i l l  occur in  the  next increm ent o f  p la s t ic  d e fo rm a tio n .

Since the  n o rm a lity  c o n d it io n  on ly s p e c if ie s  th e  r e la t iv e

p ro p o rt io n  o f  the  components o f  the p la s t ic  s t r a in  increm ent

(dGp/dGp) ,  another r e la t io n s h ip  is  need to  determ ine the  s v ’ ^
a c tu a l magnitude o f  one o f  these components. For t h is  purpose, 

equation  11 is  recast in  terms o f  P^, which re s u lts  in  (Roscoe and 

B urland , 1968, equations 15 and 17):

-d e p (K-X) dP'
deP = -------- = ----------------------5 (19)

v (1+e) (1+e) P'o

where e i s  the c u rre n t vo id  r a t io ,  dep i s  the  p la s t ic  increm enta l 

change in  vo id  r a t io ,  and dP^ and are determ ined from equation 

16.

We have accounted fo r  the  p la s t ic  s t r a in  components, d9p and 
D o  ^

de£, and the  e la s t ic  v o lu m e tr ic  s t ra in  component, d£ , which 

leaves the  e la s t ic  shear s t r a in  component, dGg . E a r ly  Cambridge 

models assumed th a t e la s t ic  shear s t ra in  was n e g lig ib le  (S c h o fie ld  and
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W roth, 1968; Roscoe and B u rland , 1968). More recen t in v e s t ig a to rs  

(A tk in so n  and Bransby, 1978; Wroth and Houlsby, 1981; J a in , 1980) 

in c lu d e  a l in e a r  e la s t ic  shear s t ra in  component, de fined  by:

dQ® = dQ'/3G (20)

where G rep resen ts  a constan t shear modulus. The e la s t ic  shear s t r a in  

component becomes im portan t fo r  problems o f  non-homogeneous deforma

t io n .  Wroth and Houlsby (1981) c i te  shear modulus va lues G fo r 

seve ra l c la y s , a l l  o f  which are between 2 - 1 4  MPa.

These re la t io n s h ip s  form the bas is  o f  the  m o d ifie d  Cam Clay 

model. Given the  f iv e  m a te r ia l constan ts  fo r  a p a r t ic u la r  sediment 

(K , A, e^ , M, and G), a l l  o f  which can be determ ined from standard 

t r i a x ia l  te s ts ,  the model can be used to  p re d ic t s t re s s -s t ra in  

re la t io n s h ip s  and the  p o in t o f fa i lu r e  d u rin g  p ro g re ss ive  de fo rm ation . 

Table 3 g ives  some average values o f Af « , and M fo r  sands and c la y s  

(from  co m p ila tio n  by Egan and Sangrey, 1978). Maximum and minimum 

vo id  r a t io s  are a lso  in c lu d e d  to  g ive  an in d ic a t io n  o f  the  r e la t iv e  

vo lu m e tr ic  s t r a in  p o ss ib le  du ring  ty p ic a l de fo rm a tion . In  the next 

s e c t io n , th is  model is  used to  examine s p e c if ic  examples o f  t r i a x ia l  

d e fo rm a tio n .
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Table 3. Average and range o f  m a te r ia l constan ts  fo r  ty p ic a l sands 
and c la y s  (from  co m p ila tio n  by Egan and Sangrey, 1978).

MATERIAL CLAYS SANDS
CONSTANTS_________ (n=16)______________ (n=9)

X 0.204
(0 .071 -0 .6 9 )

0.119
(0 .020-0 .37 )

K * 0.040
(0 .011 -0 .1 8 )

0.0081
(0.0043-0 .015)

M 1.03
(0 .8 3 -1 .5 3 )

1.42
(1 .29 -1 .58 )

t
emax 1.73

(0 .7 7 -3 .5 2 )
1.22

(0 .73 -2 .22 )

t
emin 0.79

(0 .5 -1 .2 0 )
0.66

(0 .38 -1 .23 )

*  The va lues o f  K compiled by Egan and Sangrey (1978) are a c tu a lly  
fo r  the  e la s t ic  re lo a d in g  cu rve , so th a t these va lues are some
what le s s  than K used in  the model, which is  the  average o f  the  
unload and re load  cu rves .

^ emax ar|d emin are g iven as a rough measure o f  the  range o f  vo id
r a t io s  th a t a deform ing sediment m ight a t ta in .  For c la y s , emax 
and emi n rep resen t the  l iq u id  and p la s t ic  A tte rb e rg  l im i t s .
For sands, these va lues represent the vo id  r a t io s  a t minimum and 
maximum r e la t iv e  d e n s ity .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



EXAMPLES OF TRIAXIAL DEFORMATION

In  t h i s  s e c t io n ,  fo u r  exam ples o f  t r i a x i a l  d e fo rm a tio n  a re  

p re se n te d  w ith  th e  pu rpose  o f  i l l u s t r a t i n g  how lo o s e  and dense 

sed im en ts  respond under d ra in e d  and u n d ra in e d  c o n d i t io n s .  These 

examples a re  n o t r e a l t r i a x i a l  t e s t s ,  b u t in s te a d  a re  s im u la te d  u s in g  

th e  m o d if ie d  Cam C la y  m ode l. They a re ,  how ever, r e p re s e n ta t iv e  o f  

t y p ic a l  la b o ra to r y  t r i a x i a l  t e s t s ,  such as th o se  p re s e n te d  by B ishop  

and Henkel (1 9 6 2 ) . Any d is c re p a n c ie s  between th e  model and re a l 

t r i a x i a l  t e s t s  a re  n o te d  in  th e  d e s c r ip t io n s  b e lo w . I t  s h o u ld  be 

em phasized t h a t ,  in  th e s e  s im u la te d  t e s t s ,  lo a d in g  o c c u rs  s lo w ly  and 

th e  sed im en t is  s a tu ra te d  by  th e  po re  f l u i d ;  th e s e  c o n d it io n s  ensu re  

th a t  a u n ifo rm  po re  p re s s u re  i s  m a in ta in e d  th ro u g h o u t th e  sed im ent 

d u r in g  d e fo rm a t io n .

DRAINED DEFORMATION OF LOOSE SEDIMENT

F ig u re  26 shows th e  r e s u l t s  o f  a s im u la te d  d ra in e d  t r i a x i a l  t e s t  

based on th e  m o d if ie d  Cam C la y  m ode l. (T h is  example i s  adap ted  from  

J a in  [1 9 8 0 ] ;  he a ls o  p ro v id e s  a s h o r t  d e s c r ip t io n  o f  th e  n u m e ric a l 

p ro ce d u re  used fo r  th e  m o d e l.)  P r io r  to  th e  s im u la te d  t e s t ,  th e  

sed im en t i s  i s o t r o p ic a l l y  c o n s o lid a te d  to  a p re s s u re  and v o id  

r a t i o  ec , c o rre s p o n d in g  to  p o in t  C in  F ig u re  26b . The sam ple i s  th e n  

un loaded  to  p o in t  D where th e  t e s t  b e g in s . The lo a d  t e s t  i s  shown as 

a s t r e s s  p a th ,  la b e l le d  D th ro u g h  I ,  in  th e  P '-Q ' d ia g ra m . The t e s t  

b e g in s  a t p o in t  D , and c o n t in u e s  u n t i l  i t  reaches  th e  c r i t i c a l  s ta te  

l i n e  a t  p o in t  I  where th e  sed im en t f a i l s .  In  a d d it io n  to  th e  t y p ic a l  

P '-Q 1 and e -P ' d ia g ra m s , F ig u re  26 a ls o  shows how Q' and e change w ith  

in c re a s in g  shea r s t r a in  Gg .

P re c o n s o lid a t io n  o f  th e  sed im en t e s ta b lis h e s  th e  in te r c e p t  o f  th e

i n i t i a l  y ie ld  s u r fa c e  a t  p o in t  C w ith  P '=  P ' .  The t e s t  s t a r t so c
w ith  th e  f i r s t  s t r e s s  in c re m e n t from  p o in t  D to  F , w h ich  i s  in s id e  th e  

i n i t i a l  y ie ld  s u r fa c e ,  and r e s u l t s  o n ly  in  e la s t i c  d e fo rm a t io n , as
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shown in  F igu re  26c and 26d. The fa c t  th a t D and F l i e  on the  same 

K - lin e  in  the e -P ' diagram in d ic a te s  the  e la s t ic  na tu re  o f  the  

v o lu m e tr ic  s t r a in  component. I f  the  sediment were unloaded back to  

p o in t D, the  s t r a in  increm ent would be com p le te ly  recovered and the 

i n i t i a l  y ie ld  su rface  would remain in  the  same p o s it io n .

The next s tre s s  increm ent, F-G, crosses th e  i n i t i a l  y ie ld  su rface  

re s u lt in g  in  a combined e la s t ic - p la s t ic  s t r a in  increm en t. The 

re s u lt in g  increm ent o f  p la s t ic  v o lu m e tr ic  s t r a in  is  shown in  the e -P ' 

diagram by a departu re  from the  K - l in e  a t p o in t F. The magnitude o f  

the  p la s t ic  v o lu m e tr ic  s t r a in  is  represented by the  d is ta n ce  p a ra l le l 

to  the  e a x is  between K - l in e s  c o n ta in in g  F and G. The amount o f  

p la s t ic  shear s t r a in  can be determ ined by g ra p h ic a lly  un load ing 

the sediment back to  the  G a x is . The s lope o f  the  e la s t ic  load ing  

pa th , represented by D-F in  the  Gg-Q ' diagram , can be used fo r  

th is  purpose, s ince  the  e la s t ic  shear modulus is  cons tan t (equa tion  

20 ). An example o f  t h is  procedure is  shown by th e  dashed l in e  from 

po in t G (F igu re  26c).

S tra in s  imposed by the  s tre s s  increm ent F-G cause the  y ie ld

surface  to  s h i f t  to  CG w ith  P '= P' (F ig u re  26a). For a s im u la tedo eg y
te s t ,  the  y ie ld  su rface  moves in  inc rem en ta l s te p s , bu t in  r e a l i t y  i t  

should move in  a con tinuous fash ion  w ith  in c re a s in g  s tre s s . The next 

s tre s s  increm ent, G-H, re s u lts  in  another increm ent c f  e la s t ic - p la s t ic  

s t r a in ,  s im ila r  to  th a t fo r  F-G. The e f fe c t  o f  the  n o rm a lity  cond i

t io n  (equa tion  18) can be seen by comparing th e  decreas ing  slope o f  

the y ie ld  su rface  a t successive p o in ts  on the  s tre s s  path (F ig u re  26a) 

w ith  the  decreasing s lope o f  the  shear s t r a in  (Gg) -v o id  r a t io  (e) 

curve in  F igu re  26d. In  a d d it io n ,  the  s lope o f  the  d e v ia to r ic  s tre s s  

(Q ')-s h e a r s t r a in  (Qg) curve (F igu re  26c) shows a steady decrease, 

which r e f le c ts  a decreasing ra te  o f  s tra in -h a rd e n in g  as the  s tre s s  

path approaches the  c r i t i c a l  s ta te .

S tab le  fa i lu r e  occurs when the s tre s s  path reaches the c r i t i c a l  

s ta te  a t p o in t I .  The y ie ld  su rface  a t th is  p o in t has a s lope o f  

zero, so th a t S^= (-dG^/dG^)= 0 . As d iscussed above, p la s t ic

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



98

d e fo rm a tio n  a t th e  c r i t i c a l  s ta te  o c c u rs  a t c o n s ta n t vo lum e. There

fo r e ,  s in c e  (dG ^/dG ^)=  0 and d£^= 0 , th e  p la s t i c  shea r s t r a in  in c r e 

ment (dGg) becomes in d e te rm in a te ,  w h ich  r e f l e c t s  th e  fa c t  th a t  

th e re  i s  no lo n g e r  a m echanism , such as s t r a in -h a rd e n in g ,  to  s t a b i l i z e  

th e  d e fo rm a t io n .

I f  p re s s u re  and d e v ia to r ic  s t r e s s  c o n t in u e  to  in c re a s e  a f t e r  

f a i l u r e ,  th e n  th e  s t re s s  p a th  w ould d iv e rg e  from  p o in t  I  and s t a r t  to  

f o l lo w  th e  c r i t i c a l  s ta te  l i n e  to  th e  r i g h t .  T h is  r e la t io n s h ip  

i l l u s t r a t e s  th e  fa c t  t h a t ,  f o r  lo o s e ly  packed s t r a in -h a r d e n in g  s e d i

m en ts , th e  c r i t i c a l  s ta te  l i n e  re p re s e n ts  a l i m i t  bounda ry  d i r e c t l y  

ana log ous  to  th e  Mohr-Coulomb f a i l u r e  e n v e lo p e ; th e  se d im e n ts  canno t 

s u s ta in  d e v ia to r ic  s tre s s e s  la r g e r  th a n  th o se  a t th e  c r i t i c a l  s ta te .

DRAINED DEFORMATION OF DENSE SEDIMENT

The p re ce e d in g  example shows how th e  model a cco u n ts  f o r  th e  

s t r e s s - s t r a in  b e h a v io r  o f  lo o s e ly  packed , s t r a in -h a rd e n in g  s e d im e n t. 

D ense ly  packed sed im en t can respond q u i te  d i f f e r e n t l y  d u r in g  p ro g re s 

s iv e  d e fo rm a t io n .  The i n i t i a l  y ie ld  s u r fa c e ,  which in t e r s e c ts  th e  P 1 

a x is  a t  p o in t  CL in  F ig u re  27 , bounds a la r g e  e la s t i c  re g io n  on th e  

P '- Q 1 d iag ram  ( th e  dashed y ie ld  s u r fa c e s  shown in s id e  th e  i n i t i a l  

y ie ld  s u r fa c e  do no t become a c t iv e  u n t i l  l a t e r  in  th e  d e fo rm a t io n ) .  

Note t h a t  th e  c r i t i c a l  s ta te  l in e  does n o t c o n tin u e  be low  th e  i n i t i a l  

y ie ld  s u r fa c e ; o n ly  e la s t i c  re c o v e ra b le  s t r a in s  o ccu r w i th in  t h i s  

r e g io n .

The c u r re n t  s ta te  o f  th e  sed im en t (P £ , Q̂ _, e ^ ) ,  re p re s e n te d  

by p o in t  K , l i e s  w e ll  w i t h in  th e  i n i t i a l  y ie ld  s u r fa c e ,  in d ic a t in g  

th a t  th e  sample was p re v io u s ly  deform ed and c o n s o lid a te d  a lo n g  a 

s t r e s s  p a th  th a t  ended somewhere on th a t  s u r fa c e  and th e n  was 

u n lo a d e d . T h e re fo re , th e  i n i t i a l  s ta te  o f  th e  sample i s  d e s c r ib e d  as 

h ig h ly  o v e rc o n s o lid a te d  because i t s  v o id  r a t i o  i s  much s m a lle r  than  

w ould  be expected  from i t s  p re s e n t lo a d  c o n d it io n  (P ^ ,  Q £ ). T h is  

h ig h ly  o v e rc o n s o lid a te d  c o n d i t io n  i s  i l l u s t r a t e d  in  th e  e -P ' d iag ram  

(F ig u re  27) where p o in t  K l i e s  on th e  dense s id e  o f  th e  c r i t i c a l  s ta te  

l i n e ,  f a r  be low  th e  is o t r o p ic  c o n s o l id a t io n  l i n e .  In  s o i l  m echan ics ,
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F ig u re  2 7 . D ra in e d  t r i a x i a l  de fo rm a to n  o f  d e n s e r - t h a n - c r i t ic a l  
s e d im e n t, as s im u la te d  by th e  m o d if ie d  Cam C lay  m ode l. U n s ta b le  
s t r a in - s o f t e n in g  d e fo rm a tio n  b e g in s  when th e  s t r e s s  p a th  K-N meets th e  
i n i t i a l  y ie ld  s u r fa c e  a t  p o in t  L . P la s t ic  y ie ld in g  cause th e  sedim ent 
t o  become p r o g r e s s iv e ly  w eaker, and t o  f a i l  by ru p tu r e  f a i l u r e .  A 
s h a llo w e r  s t r e s s  p a th ,  such as K -T , w ou ld  r e s u l t  in  s ta b le  s t r a in -  
h a rd e n in g  d e fo rm a tio n  because th e  s t re s s  pa th  w ou ld  in te r s e c t  th e  
i n i t i a l  y ie ld  s u r fa c e  in  a s ta te  l o o s e r - t h a n - c r i t i c a l .
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the  term o ve rco n so lid a te d  and no rm a lly  co n so lid a te d  are d e fined  as

fo llo w s  (Lambe and Whitman, 1979, p .74 ,299 ): an ove rconso lid a ted

sediment is  p re s e n tly  under an e f fe c t iv e  s tre s s  le ss  than th a t to

which i t  was once c o n s o lid a te d , whereas a no rm a lly  co n so lid a te d

sediment is  c u r re n t ly  under the  maximum s tre s s  i t  has ever

experienced. W ith respec t to  the m od ified  Cam Clay model, an over

conso lida ted  sediment has a s ta te -o f - s t re s s  in s id e  the  c u rre n t y ie ld

su rfa ce , whereas a n o rm a lly  co n so lid a te d  sediment has a s ta te - o f -

s tre ss  th a t l ie s  somewhere on the  s tra in -h a rd e n in g  p o r t io n  o f  the

cu rre n t y ie ld  s u r fa c e . The degree o f  o v e rc o n s o lid a tio n  i s  t y p ic a l ly

in d ic a te d  by on o v e r-c o n s o lid a tio n  r a t io  (A tk inson  and Bransby, 197B;

Lambe and Whitman, 1979, p .299 ), which rep resen ts  the  r e la t iv e

p o s it io n  o f  the  c u rre n t s ta te -o f - s t re s s  fo r  the  sedim ent, w ith  respect

to  the p o s it io n  o f  the  c u rre n t y ie ld  su rfa ce . A tk inson  and Bransby

(1978) use the  ra t io s  / P ' ,  where P^ is  the P '-a x is  in te rc e p t

o f  the c u rre n t y ie ld  su rface  and P' is  c u rre n t p ressure  o f  the  sample.

H ig h ly  o ve rco n so lid a te d  sedim ents have P^ / ? '  > 2 ; th e  example shown

in  F igure  27 has a r a t io  equal to  7 .6

H ig h ly  o ve rco n so lid a te d  sedim ents are prone to  uns tab le  b r i t t l e

fa i lu r e  as i l lu s t r a te d  by s tre s s  path K-N. The f i r s t  s tre s s  increm ent

K-L re s u lts  in  e la s t ic  s t r a in ,  which is  represented by a re d u c tio n  in

vo id  r a t io  as the sediment moves from K to  L on the  e la s t ic  K - l in e  in

the e -P 1 diagram . The f i r s t  increm ent o f  p la s t ic  y ie ld in g  occurs a t

p o in t L and in v o lv e s  s t ra in - s o f te n in g  b e h a v io r, as in d ic a te d  by the

p o s it iv e  slope o f  the  y ie ld  su rfa ce  (S^XD) fo r  the  re g io n  to  the  r ig h t

o f  the  c r i t i c a l  s ta te  l in e .  When S^>0, the  n o rm a lity  c o n d it io n

in d ic a te s  th a t one o f  the  p la s t ic  s t r a in  components is  le ss  than ze ro ,

s ince  S = (-dQP/dQP)> 0 (equat ion  1 8 ). T r ia x ia l  sh o rte n in g  y v s
re q u ire s  th a t  the  shear s t r a in  is  g re a te r than zero (dCp> 0 ), 

in d ic a t in g  th a t the  f i r s t  p la s t ic  s t r a in  increm ent at p o in t L must 

have a nega tive  v o lu m e tr ic  s t r a in  component (dQp< 0 ), which 

corresponds to  an in c re a se  in  volume and in  vo id  r a t io .  Th is  volume 

increase  rep resen ts  the  d ila ta n c y  e f fe c t  c h a ra c te r is t ic  o f  h ig h ly  

o ve rconso lid a ted  sed im ents, and a lso  o f  b r i t t l e  de fo rm a tion  o f  ro ck .
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The nega tive  v o lu m e tr ic  s t r a in  causes the  y ie ld  su rface  to  move inward 

towards p o in t M, which in d ic a te s  th a t the  y ie ld  s tre n g th  o f  the  

sediment is  decreas ing .

As the  sample deforms between L and N, s t ra in -s o f te n in g  behavio r 

leads to  lo c a liz e d  zones o f  de fo rm ation  which r e s u lt  in  e la s t ic  

un load ing and ru p tu re  f a i lu r e .  (T h is  f a i lu r e  process is  considered in  

more d e ta i l  by R udnick i and R ice [1975] who t r e a t  i t  as a b ifu r c a t io n  

p rob lem .) Because the  sample weakens w ith  p ro g re ss ive  de fo rm a tion , i t  

becomes im poss ib le  to  determ ine the  s tre s s  path beyond the  i n i t i a l  

y ie ld  p o in t a t L, a lthough i t  u lt im a te ly  converges on the  c r i t i c a l  

s ta te  l in e ,  perhaps as shown by p o in t N. The p ro g re ss ive  s tre s s -  

s t r a in  path shown in  F igu re  27 a p p lie s  o n ly  fo r  th e  fa i lu r e  zone 

(A tk inson  and Bransby, 1978, p. 227). For in s ta n c e , the  s t r a in -  

softened f a i lu r e  zone m ight e x h ib it  a y ie ld  s tre n g th  o f  Q^, whereas 

the  su rround ing  "h a rd e r"  sediment would re ta in  i t s  i n i t i a l  y ie ld  

s tre n g th , Q£.

In  g e n e ra l, these re la t io n s h ip s  are c o n s is te n t w ith  experimen

t a l l y  observed b e h a v io r, but i t  should be noted th a t  th e  m od ified  Cam 

C lay model tends to  o v e rp re d ic t the  peak s tre n g th  o f  ove rconso lid a ted  

sediments ( d e n s e r - th a n - c r i t ic a l) . In  o rde r to  c o rre c t t h is  problem , 

A tk inson  and Bransby (1978, p . 211) employ a d i f f e r e n t  y ie ld  su rface  

fo r  the re g io n  in  the  P* —Q1 diagram to  the r ig h t  o f  the  c r i t i c a l  s ta te  

l in e .  Another d iscrepancy is  th a t a f te r  ru p tu re  fa i lu r e  in  c la y s , 

fu r th e r  de fo rm a tion  causes the  s tre n g th  o f  the  ru p tu re  su rface  to  

decrease from i t s  c r i t i c a l  s ta te  va lu e , or u lt im a te  s tre n g th , to  a 

re s id u a l s tre n g th  (Skempton, 196A; S ch o fie ld  and W roth, 1968, p . 225). 

S c h o fie ld  and Wroth (1968) suggest th a t the  m a te r ia l p ro p e r t ie s  o f  the 

c la y s  a t th e  ru p tu re  su rface  are m od ified  by the  ve ry  la rg e  shear 

s tra in s  th a t become concentra ted  a t the ru p tu re  su rface  a f te r  

lo c a l iz a t io n  se ts  in .  I f  c o r re c t ,  th is  in te rp re ta t io n  in d ic a te s  th a t 

the  m a te r ia l "c o n s ta n ts " o f  the  model can change du ring  th e  course o f  

the  de fo rm a tion . In  any case th is  phenomenon ensures th a t a 

s t ra in -s o f te n  ru p tu re  su rface  a c tu a lly  remains much weaker than the  

surround ing  sedim ent.
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H ig h ly  o ve rco n so lid a te d  sediments do not always deform by s t r a in -  

s o fte n in g  fa i lu r e .  An a l te rn a t iv e  s tre s s  p a th , la b e lle d  K-T in  F igure  

27, would have re s u lte d  in  s ta b le  s tra in -h a rd e n in g  de fo rm ation  s im ila r  

to  the  example described  above in  F igu re  26. The im po rtan t d is t in c 

t io n  th a t must be made is  whether the  sediment is  lo o se r or denser 

than the c r i t i c a l  s ta te  when i t  f i r s t  reaches the  i n i t i a l  y ie ld  

s u rfa ce . S tra in -s o fte n in g  occurs when th e  s tre s s  path in te rs e c ts  the 

y ie ld  su rface  to  the  l e f t  o f  the  c r i t i c a l  s ta te  l in e ,  so th a t 

P ' < Pq/ 2 , where re p re se n ts  the P -a x is  in te rc e p t o f  the  i n i t i a l  

y ie ld  su rfa ce . As can be seen, the  occurrence o f  s t ra in - s o f te n in g  o r 

s tra in -h a rd e n in g  y ie ld in g  i s  a fu n c tio n  o f  both  the  s tre s s  path and 

the p o s it io n  o f  the  y ie ld  s u rfa c e .

UNDRAINED DEFORMATION OF LOOSE SEDIMENT

D eform ation o f  low p e rm e a b ility  sedim ents, such as c la y s  and 

muds, commonly occurs under p a r t ia l l y  dra ined  o r ,  in  th e  extreme, 

under com p le te ly  undra ined c o n d it io n s . In  s o i l  mechanics, th is  

s itu a t io n  is  s im u la ted  by an undrained t r i a x ia l  te s t  where pore f lu id  

is  not a llow ed to  move in  o r out o f  the  deform ing sed im ent. The 

r e s u lt  is  th a t de fo rm ation  occurs w ith o u t volume change (based on the  

reasonable assumption th a t the  pore f lu id  and m ine ra l g ra in s  are 

r e la t iv e ly  in c o m p re s s ib le ), and w ith  la rg e  changes in  pore p ressu re . 

Th is type  o f  te s t  is  u s u a lly  performed a t a s lo w ly  enough to  ensure a 

un ifo rm  pore pressure  d is t r ib u t io n  (B ishop and Henkel, 1962).

F igu re  28 shows the  r e s u lts  o f  a s im u la ted  undra ined te s t  fo r  a 

lo o s e r - th a n - c r i t ic a l  sed im ent. Before th e  t e s t ,  the  sediment is  

is o t r o p ic a l ly  co n so lid a te d  under d ra ined  c o n d it io n s  to  p o in t CN on the 

P' a x is ,  a f te r  which pore f lu id  dra inage is  no longe r p e rm itte d . The 

sediment is  then sub jec ted  to  an a p p lie d  (o r  t o t a l )  s tre s s  pa th , which 

in  t h is  case extends from CN to  F. I f  the  te s t  were conducted under 

dra ined c o n d it io n s , the  sediment would fo llo w  the  a p p lie d  s tre s s  path 

and would deform l ik e  the  d ra ined  s tra in -h a rd e n in g  sediment shown in  

F igu re  26. There is  no s ig n if ic a n c e  to  t h is  p a r t ic u la r  a p p lie d  s tre s s

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



i

103

CSL APPLIED (OR TOTA L)  
STRESS PATH

uq -H **- up —H

CN CF CL

CN

CF

CL
ICL

f "
CSL

F igure  28. Undrained t r i a x ia l  de fo rm ation  o f  lo o s e r - th a n - c r i t ic a l  
sediment as s im u la ted  by the g io d if ie d  Cam C lay model. D uring  deforma
t io n ,  excess pore p ressu re , U ^ p ro g re s s iv e ly  increases which causes 
the undra ined s tre s s  pa th , CN-F , d ive rges from the  a p p lie d  (o r to ta l )  
s tre s s  p a th , CN-F, and curves towards lower e f fe c t iv e  p ressu re .
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path ; in  fa c t ,  i t  is  shown below th a t the t r a je c to r y  o f the undrained 

s tre s s  path is  independent o f  the  o r ie n ta t io n  o f  the  app lied  s tre s s  

pa th .

The same tendency th a t causes s tra in -h a rd e n in g  sediments to

decrease in  volume du ring  d ra ined de fo rm a tion , is  m anifested d u ring

undrained deform ation by an increase  in  pore p ressure . T he re fo re , in

an undrained te s t ,  the s tre s s  path curves to  the  l e f t  towards lower

e f fe c t iv e  pressures, as shown by the  s tre ss  path CN-F in  F igu re  28.

In  the m od ified  Cam Clay model, undrained deform ation is  s im u la ted  by

h o ld ing  the volume constan t in  the e -P ' diagram (F ig u re  28b), so th a t

the vo id  r a t io  from i t s  i n i t i a l  va lue , e^, does not change du ring

de fo rm a tion . Pore pressure  and e f fe c t iv e  pressure are a llowed to

va ry , in  o rder to  compensate fo r  th is  constant volume r e s t r ic t io n .

S tab le  fa i lu r e  occurs when th is  constant volume path reaches the

c r i t i c a l  s ta te  l in e  in  the  e -P 1 diagram, which fo r  th is  s itu a t io n  is  
*

a t p o in t F . F a ilu re  o f  undrained lo o s e r - th a n -c r i t ic a l sediments 

occurs e s s e n t ia l ly  in  the same way th a t i t  does in  the d ra ined  case.

As the s ta te  path approaches the c r i t i c a l  s ta te  l in e ,  the amount o f  

s tra in -h a rd e n in g  decreases to  zero which re s u lts  in  s ta b le  fa i lu r e  

w ithou t a s ig n if ic a n t  lo s s -o f-s tre n g th  (A tk inson  and Bransby, 1978, p. 

178).
*

The excess pore p ressu re , U , developed during undrained deforma

t io n  is  represented by the pressure d iffe re n c e  between the undrained 

and the  app lied  (o r  t o t a l )  s tre s s  paths (F ig u re  2 8 ). The excess pore

pressure is  composed o f  two components: (1 ) a pressure-induced
*  *  

component, 1^ ; and (2 ) a d e v ia to r ic  s tress-induced  component, .

(Uq is  in d i r e c t ly  re la te d  to  the A pore-pressure  parameter used in

s o i l  mechanics; see A tk inson and Bransby [1978, p. 324] fo r  fu r th e r
*

d is c u s s io n .)  The pressure-induced component, U , is  due to  the fa c t 

th a t as soon as drainage is  stopped ( i . e . ,  a t p o in t CN), an increase  

in  to ta l  pressure causes an e q u iva le n t increase in  pore p ressu re . 

T he re fo re , d u ring  undrained de fo rm a tion , the e f fe c t iv e  pressure is  no

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



105

longe r a ffe c te d  by changes in  t o t a l  p ressu re . For the  example shown 

in  F igu re  28, the  p ressu re -induced  component a t F i s  U =

P ',-P ' „r cn #
Since changes in  t o t a l  pressure  are d i r e c t ly  cance lled  by U^,

the curved t r a je c to r y  o f  the  undrained s tre s s  path i s  due s o le ly  to

in c re a s in g  d e v ia to r ic  s t re s s ,  v^iich c o n tr ib u te s  to  th e  excess pore
*

pressure  through the component U^. The exp la n a tio n  is  as fo llo w s . 

D uring dra ined  p la s t ic  d e fo rm a tion  o f  a s tra in -h a rd e n in g  sedim ent, an 

increase  in  d e v ia to r ic  s tre s s  causes a decrease in  vo id  r a t io  (F igu re  

2 3 ). S ince undrained de fo rm a tion  occurs a t cons tan t volume, an 

increase  in  d e v ia to r ic  s tre s s  is  accompanied by a decrease in  e ffe c 

t iv e  p ressu re , which in  fa c t  is  compensating fo r  th e  p o te n t ia l change
*

in  vo id  r a t io .  The pore  pressure  component is  what a c tu a lly

causes the change in  e f fe c t iv e  p ressu re . In  the  example shown in
*  #

F igure  10, the  d e v ia to r ic  s tre ss -in d u ce d  component a t F is  U =

P ' •cn f *
As m ight be expected , when th e  sediment f a i l s  a t the  c r i t i c a l

s ta te  l in e ,  continued undra ined  de fo rm ation  occurs w ith o u t any fu r th e r

increase  in  (A tk inson  and Bransby, 1978, p. 219 ). This s i tu a t io n

r e f le c ts  the  fa c t  th a t th e  sediment is  now deform ing a t i t s  c r i t i c a l
*

s ta te .  S ince any change in  t o t a l  pressure is  ca n ce lle d  by U^, the

e f fe c t iv e  p ressure  no lo n g e r decreases. T he re fo re , con tinued

undrained de fo rm ation  occu rs  a t a constan t d e v ia to r ic  s tre s s  w ith  the

s ta te  path f ix e d  a t the  i n i t i a l  p o in t o f  fa i lu r e  ( i . e . ,  a t p o in t F ) .

Now cons ide r an a p p lie d  s tre s s  path o r ig in a t in g  from p o in t CN but

w ith  a slope d i f fe r e n t  from  th a t o f  the  app lied  path shown in  F igure

28. D uring undrained d e fo rm a tio n , t h is  new s tre s s  path w i l l  develop a
*

d if fe r e n t  amount o f  excess pore p ressure ; however, th e  component

remains the  same w ith  th e  d if fe re n c e  in  excess pore pressure due 
*

s o le ly  to  Up. I t  becomes apparent from t h is  example th a t any 

a p p lie d  s tre s s  path o r ig in a t in g  from p o in t CN and in c re a s in g  in
*

d e v ia to r ic  s tre s s  w i l l  r e s u lt  in  the  same undrained s tre s s  path CN-F 

and w i l l  f a i l  a t the  same d e v ia to r ic  s tre s s , (A tk inson  and 

Bransby, 1978, p. 306). As a r e s u l t ,  the  s tre n g th  o f  the sediment
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remains cons tan t d e sp ite  changes in  t o ta l  p ressu re . Th is r e la t io n 

s h ip , which is  w e ll e s ta b lish e d  in  s o i l  mechanics (Lambe and Whitman, 

1979, p . 433; A tk inson  and Bransby, 1978, p . 306), re p re se n ts  the  

u n d e rly in g  concept fo r  the  ro u tin e  s o i l  te s t  o f  undrained shear 

s tre n g th . The undrained shear s tre n g th  is  equal to  h a l f  o f  the  

d e v ia to r ic  s tre s s  at f a i lu r e .  For the  te s t  shown in  F ig u re .28, the  

undrained shear s tre n g th  is  Q j/2 .

Another aspect o f undrained de fo rm ation  is  th a t ,  when compared

w ith  dra ined de fo rm ation  conducted under s im ila r  c o n d it io n s , the

amount o f  p la s t ic  s t r a in  be fo re  fa i lu r e  is  much reduced, p r im a r i ly

because o f  the  cons tan t volume r e s t r ic t io n  imposed by the  undrained

c o n d it io n . P la s t ic  v o lu m e tr ic  s t ra in s  do occur (rep resen ted  by Ae^
*  .

fo r  CN-F in  F igure  2 8 ), bu t they are r e la t iv e ly  sm all because they 

have to  be d i r e c t ly  compensated by e la s t ic  v o lu m e tr ic  s t r a in s ,  which 

are ty p ic a l s m a ll.  T h e re fo re , because o f  the  n o rm a lity  c o n d it io n  

(e q ua tion  1 8 ), a sm a lle r p la s t ic  v o lu m e tr ic  s t r a in  im p lie s  a s m a lle r 

p la s t ic  shear s t r a in .  S ch o fie ld  and Wroth (1968, p. 186) g ive  

evidence th a t fo r  n o rm a lly  co n so lid a te d  c la y s , p r e - fa i lu r e  shear 

s t r a in  fo r  a ty p ic a l d ra ined  te s t  is  about 2 .5  to  3 .5  tim es g re a te r 

than th a t fo r  a comparable undrained te s t .  Because sands are e la s t i 

c a l ly  s t i f f e r  than c la ys  (Table 3 ) ,  the  d if fe re n c e  in  p r e - fa i lu r e  

shear s t r a in  fo r  d ra ined  and undrained te s ts  should be g re a te r .

The sm all amount o f  p la s t ic  s t r a in  th a t does occur du ring  

undra ined s tra in -h a rd e n in g  de fo rm ation  causes the  undrained s tre s s  

path to  c o n t in u a lly  move outward— although a t a low ang le— from the 

c u rre n t y ie ld  s u rfa c e . T he re fo re , d e sp ite  the  fa c t th a t
5

lo a d - re la te d  excess pore pressure  can become very la rg e , the  

undrained s tre s s  path w i l l  always l i e  in  a reg ion  to  th e  r ig h t  o f  the 

i n i t i a l  y ie ld  su rface  and beneath the  c r i t i c a l  s ta te  l in e .  Th is

In  th e  case considered here , excess pore pressure  i s  assumed to  be 
e n t i r e ly  the  re s u lt  o f  the  a p p lie d  lo a d . The e f fe c t  o f  in te r n a l ly  
generated pore p ressu re , caused by d ia g e n e tic  re a c tio n s , genera
t io n  o f  methane, e t c . ,  i s  cons idered  b r ie f l y  in  ano the r s e c tio n  
below.
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co n c lu s io n  in d ic a te s  th a t ,  rega rd less  o f  d ra inage c o n d it io n s , 

lo o s e r - th a n - c r i t ic a l  sediments w i l l  always d is p la y  the  same general 

d e fo rm a tio n a l b e h a v io r, th a t  is ,  s tra in -h a rd e n in g  and s ta b le  fa i lu r e .  

F u rtherm ore , fo r  lo o s e r - th a n -c r i t ic a l  sedim ents, the  c r i t i c a l  s ta te  

l in e  re p resen ts  a fundamental s tre s s  l im i t  fo r  both  d ra ined  and 

undra ined s tre s s  pa ths . Drainage c o n d it io n s  do a f fe c t  the  d e ta i ls  o f  

the  d e fo rm a tio n . When compared w ith  d ra ined  de fo rm a tion , the 

undrained c o n d it io n  causes a re d u c tio n  in  d u c t i le  s t r a in  be fore  

f a i lu r e  and a decrease in  fa i lu r e  s tre n g th .

UNDRAINED DEFORMATION OF DENSE SEDIMENT
An example o f  undrained deform ation o f  d e n s e r - th a n -c r it ic a l

*
sediment is  shown by the  s ta te  path K-M in  F igu re  29. For purposes 

o f  com parison, th e  d ra ined  s tre s s  paths K-N and K-S from F igure  27 are 

a lso  in c lu d e d . The sediment in  i t s  i n i t i a l  c o n d it io n  a t p o in t K is  

h ig h ly  o ve rco n so lid a te d  and is  assoc ia ted  w ith  an i n i t i a l  y ie ld  

su rface  th a t bounds a la rg e  e la s t ic  re g io n . As is  shown in  the 

preceed ing s e c t io n , an undrained s tre s s  path i s  in d i f fe r e n t  to  changes 

in  to ta l  p ressu re . T he re fo re , the  undrained s tre s s  path K-M would 

re s u lt  from any a p p lie d  s tre s s  path th a t o r ig in a te s  from p o in t K and 

increases in  d e v ia to r ic  s tre s s ; the s tre s s  paths K-L and K-S are two 

p o s s ib i l i t ie s .

The undrained te s t  begins a t p o in t K, and is  s im u la ted  by ho ld in g

th e  i n i t i a l  vo id  r a t io ,  e ^ , cons tan t th rough th e  course o f the  t e s t ,

as shown in  the  e -P ' d iagram . The f i r s t  segment o f  the  undrained
*

s tre s s  path  is  v e r t ic a l ,  because Up cance ls  any change in  to ta l

p ressu re . However, u n lik e  the  example in  F igu re  28, t h is  i n i t i a l
*

segment o f  the  s tre s s  path is  not curved , because is  zero fo r  the 

e la s t ic  re g io n  in s id e  the  i n i t i a l  y ie ld  s u rfa ce . Only when the 

sediment is  deform ing p la s t ic a l ly  can d e v ia to r ic  s tre s s  cause s ig n i f i 

cant changes in  v o lu m e tr ic  s t r a in  and /or pore p ressure  (A tk inson  and 

B ransby, 1978, p . 32 4 -6 ). The s tre s s  path s ta r t s  to  curve when i t  

meets the  i n i t i a l  y ie ld  su rfa ce ; a t th is  p o in t ,  the  sediment begins to  

deform p la s t ic a l ly  in  an unstab le  s t ra in -s o f te n in g  fa sh io n . The same
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F igu re  29. Undrained t r i a x i a l  de fo rm ation  o f  d e n s e r - th a n -c r it ic a l 
sedim ent, as s im u la ted  by the m o d ifie d  Cam^Clay model. P la s t ic  y ie ld  
begins when th e  undra ined s tre s s  p a th , K-M , reaches th e  i n i t i a l  y ie ld  
s u rfa c e . D uring undrained s t ra in -s o f te n in g  de fo rm a tion , pore-pressure  
p ro g re s s iv e ly  decreases which causes the  undrained s tre s s  path to  
curve towards h ig h e r e f fe c t iv e  p re ssu re . T h is  s im u la ted  example is  a t 
variance  w ith  a c tu a l t r i a x i a l  te s ts ,  and a ls o  w ith  a th e o re t ic a l 
analyses by R ice (1975). These d isc re p a n c ie s  are discussed in  the 
te x t .
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tendency th a t causes s t ra in -s o f te n in g  sediments to  increase  in  volume 

( d i la te )  d u rin g  d ra ined  de fo rm a tion , is  m anifested by a decrease in  

pore pressure  d u ring  undrained de fo rm ation . As a r e s u lt ,  th e  e ffe c 

t iv e  pressure increases w ith  continued p la s t ic  de fo rm a tion , u n t i l  th e  

undrained path in te rs e c ts  the  c r i t i c a l  s ta te  l in e  a t p o in t M , as

shown in  the  e -P ' d iagram . Th is decrease in  pore pressure rep resen ts
#

the  excess pore pressure  component U ; the  magnitude o f  th is  

component a t f a i lu r e  is  shown in  F igu re  29.

W hile the genera l p a tte rn  is  c o r re c t ,  the  s im u la ted  example in  

F igu re  29 has some im portan t d if fe re n c e s  when compared w ith  a re a l 

t r i a x ia l  t e s t .  One m inor d iscrepancy is  th a t in  a re a l t e s t ,  the  

i n i t i a l  segment o f  the  s tre s s  path is  not v e r t ic a l  but in s te a d  curves 

to  the r ig h t  a t a steep angle (A tk inson  and Bransby, 1978, p . 223; 

Bishop and Henkel, 1962). Th is d iscrepancy may be an a r t i f a c t  o f  the  

te s t in g  appara tus, o r a l te r n a t iv e ly ,  i t  may in d ic a te  th a t a re a l 

sediment undergoes some p la s t ic  de fo rm ation  b e fo re  reach ing  the  

i n i t i a l  y ie ld  su rfa c e . A more im portan t d iscrepancy is  th a t  in  re a l 

t r i a x ia l  te s ts ,  a lo s s -o f-s t re n g th  a t fa i lu r e  is  no t observed 

(A tk inson  and Bransby, 1978, p . 181; Bishop and H enkel, 1962). 

Futhermore, i t  is  not c le a r  from these te s ts  whether o r no t a ru p tu re  

su rface  forms in  the  fa i le d  sedim ent. The u n d e rly in g  problem is  th a t ,  

because o f  i t s  unstab le  n a tu re , s tra in -s o fte n in g  de fo rm ation  is  

d i f f i c u l t  to  s im u la te  in  a model and is  a lso  d i f f i c u l t  to  observe in  a 

te s t in g  apparatus (A tk inson  and Bransby, 1978, p . 218; Wood, 1982; 

R ice , 1975). For example, R ice (1975) p o in ts  out the  im portance o f 

lo c a l v a r ia t io n s  in  pore pressure  and in  volume change th a t develop 

d u ring  ru p tu re  f a i lu r e .  These v a r ia t io n s  are not accounted fo r  in  the  

model, and are no t de tected  o r ca te red  to  in  a ty p ic a l t r i a x i a l  t e s t .  

T he re fo re , i t  becomes d o u b tfu l whether e i th e r  o f  these s i tu a t io n s ,  the  

model o r the  t r i a x ia l  t e s t ,  is  re p re s e n ta tiv e  o f  the  f a i lu r e  behav io r 

o f  the  sediments under n a tu ra l c o n d it io n s .

R ice (1975) examines the  d e fo rm a tion a l s t a b i l i t y  o f  d i la ta n t ,  

s tra in -s o f te n in g  m a te r ia ls  ( i . e . ,  d e n s e r - th a n -c r it ic a l sedim ents) 

du ring  undrained sim ple  shear. H is re s u lts  are no t d i r e c t ly  a p p lic -
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able to  the  t r i a x ia l  s i tu a t io n ,  bu t they are c e r ta in ly  re le v a n t to  the  

subduction  zone s e t t in g ,  which c lo s e ly  approxim ates a s im p le  shear 

zone (F ig u re  2 0 ). He shows q u ite  c le a r ly  th a t  undrained d i la ta n t  

m a te r ia ls  w i l l  develop h e te ro g e n e itie s  in  de fo rm a tio n , which 

presumably w i l l  lead to  ru p tu re  f a i lu r e  as soon as they reach th e i r  

d ra ined  peak s tre n g th  and begin to  s t r a in - s o f te n .  Even though 

d ila ta n c y  causes an o v e ra ll decrease in  pore p ressu re , R ice (1975) 

shows th a t as the  in c ip ie n t  ru p tu re  su rface  begins to  s t r a in - s o f te n ,  a 

very lo c a l iz e d ,  r e la t iv e  increase  in  pore p ressure  develops w ith in  the 

fa i lu r e  zone, and causes i t  to  become p ro g re s s iv e ly  weaker. W hile he 

makes no e x p l ic i t  p re d ic t io n ,  R ic e 's  a n a ly s is  suggests th a t the  

lo s s -o f-s tre n g th  a t fa i lu r e  d u rin g  undrained de fo rm a tion  is  s im i la r  to ' 

th a t fo r  the  d ra ined  case.

R ice (1975) and R udnicki and Rice (1975) conclude th a t ,  regard 

less  o f  d ra inage c o n d it io n s , ru p tu re  fa i lu r e  is  the  c h a ra c te r is t ic  

fa i lu r e  mode o f  s t ra in -s o f te n in g  m a te r ia ls , such as b r i t t l e  rocks and 

d e n s e r - th a n -c r it ic a l sedim ents. This conc lus ion  emphasizes the  

importance o f  the  c r i t i c a l  s ta te  l in e ,  which d e l im its  those s ta te s  

where a sediment has fundam enta lly  d i f fe r e n t  types o f  de fo rm a tio n a l 

b ehav io r— s tra in -h a rd e n in g  and s ta b le  f a i lu r e  vs . s t ra in -s o f te n in g  and 

ru p tu re  f a i lu r e .

SUMMARY OF DEFORMATIONAL BEHAVIOR

The examples above in d ic a te  th a t the  d e fo rm a tio n a l behav io r o f  a 

sediment is  a ffe c te d  by th re e  fa c to rs :  (1 ) c o n s o lid a tio n  s ta te ,  (2) 

s tre s s  p a th , and (3 ) d ra inage c o n d it io n s . Table 4 summarizes th e  

e f fe c ts  o f  these fa c to rs  on de fo rm a tio n a l processes and s t r u c tu r a l  

s ty le s .  Of these th re e  fa c to rs ,  the  s tre s s  path and d ra inage co n d i

t io n s  p la y  a subo rd ina te  r o le .  For in s ta n c e , fa i lu r e  is  more l i k e ly  

to  occur under poor dra inage c o n d it io n s ; however, the  mode o f  

f a i lu r e — whether i t  be ru p tu re  fa i lu r e  o r s ta b le  f a i lu r e — w i l l  remain 

unchanged, as i l lu s t r a t e d  in  F igu re  30.
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Table 4 . A summary o f  s t r u c tu ra l  s ty le s  and d e fo rm a tio n a l processes a f fe c t in g  
deform ing sedim ents.

STRUCTURAL STYLE *

TYPE 1
d u c t i le  de fo rm ation  
w ith o u t fa i lu r e

TYPE 2
m inor to  moderate 
p r e - fa i lu r e  d u c t i le  
s t r a in ;  c lo s e ly  
spaced s l ip  su rfaces

TYPE 3
w id e ly  spaced fa u l t s ;  
m inor p r e - fa i lu r e  
d u c t i le  s t r a in

DEFORMATION PROCESS

s tra in -h a rd e n in g

s tra in -h a rd e n in g
&

s ta b le  f a i lu r e

s tra in -s o  fte n in g  
&

ru p tu re  fa i lu r e

CONTRIBUTING FACTORS f  §

■ n o rm a lly  co n so lid a te d  
•  g e n tle  s tre s s  path 

d ra ined  c o n d it io n

•  n o rm a lly  co n so lid a te d  
steep s tre s s  path 
p a r t ia l l y  dra ined

•  h ig h ly  ove rco n so lid a te d  
steep s tre s s  path 
p a r t i a l l y  dra ined

*
Refers to  s ty le s  shown in  F igu re  21.

^ For these c o n tr ib u t in g  fa c to rs :  re q u ire d  fa c to rs  are marked w ith  a d o t; 
the  unmarked fa c to rs  are not re q u ire d  bu t a t le a s t one is  needed.

§
A steep s tre s s  path in te rs e c ts  the  c r i t i c a l  s ta te  l in e ,  w h ile  a g e n tle  path 

does n o t.
* *

As used h e re , the  term  n o rm a lly  co n so lid a te d  a lso  in c lu d e s  unde rconso lida ted  
sedim ents.



t
o'

PARTIALLYRUPTURE FAILURE
DRAINED

I

F igure  30. A schem atic summary o f  f a i lu r e  modes fo r  v a r io u s  s tre s s  
pa ths . Two p a r t ia l l y  d ra ined  s tre s s  paths are in c lu d e d  in  th is  
f ig u re .  They are curved in  a fa sh io n  s im i la r  to  undra ined s tre s s  
paths, bu t s in ce  excess pore p ressure  is  p a r t ia l l y  d is s ip a te d  du ring  
de fo rm a tion , th e  p a r t ia l l y  d ra ined  paths do no t d ive rg e  as much from 
the d ra ined  s tre s s  pa ths .
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With respect to  the  subduct ion  zone problem , we are m ostly  

in te re s te d  in  those fa c to rs  th a t cause deform ation to  become lo c a l

iz e d , and th e re fo re  are p robab ly  respons ib le  fo r  the fo rm a tion  o f 

d is c re te  fa u lts  (Type 3 s t r u c tu ra l s ty le  in  F igu re  21 ). Given the 

la rg e  s tra in s  th a t occur in  the subduction zone s e tt in g  (F ig u re  2 0 ), 

much o f  the  deform ation  p robab ly occurs a f te r  the  sediments reach 

fa i lu r e .  Hence, the  c o n s o lid a tio n  s ta te  o f the  sediment— whether i t  

is  norm a lly  conso lida ted  ( lo o s e r - th a n - c r i t ic a l)  o r h ig h ly  o v e rc o n s o li

dated ( d e n s e r - th a n -c r i t ic a l)— is  the  main fa c to r  th a t determ ines 

whether o r not lo c a l iz a t io n  w i l l  occur. For h ig h ly  ove rconso lida ted  

sedim ents, lo c a l iz a t io n  occurs du ring  rup tu re  f a i lu r e ,  and the  ru p tu re  

su rface  is  s ig n i f ic a n t ly  weaker than the surround ing u n fa ile d  

sedim ent. As a r e s u lt ,  a Type 3 s tru c tu ra l s t y le ,  ch a ra c te rize d  by 

w ide ly  spaced, d is c re te  fa u l t s ,  is  l i k e ly  to  develop. However, fo r  

no rm a lly  conso lida ted  sedim ents, th e re  is  no s trong  tendency fo r  

lo c a l iz a t io n ,  s ince  s ta b le  fa i lu r e  occurs w ithou t a s ig n i f ic a n t  lo ss  

o f  s tre n g th . For these sedim ents, continued de fo rm ation  a f te r  fa i lu r e  

probab ly  re s u lts  in  a Type 2 s t ru c tu ra l s ty le ,  which is  probab ly 

ch a ra c te rize d  by a more d is t r ib u te d  development o f c lo s e ly  spaced 

s l ip  su rfaces (F igu re  21 ).
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LOADING CONDITIONS AT A SUBDUCTION ZONE

In  th e  p re ce e d in g  s e c t io n s ,  we examined th e  v a r io u s  fa c to r s  

c o n t r o l l in g  th e  d e fo rm a t io n a l b e h a v io r  o f  u n l i t h i f i e d ,  w a te r -s a tu ra te d  

se d im e n ts , w ith  th e  u l t im a te  g o a l b e in g  to  p r e d ic t  th e  s t r u c t u r a l  

s t y le  o f  d e fo rm in g  se d im e n ts  in  a s u b d u c tio n  zone s e t t in g .  A t t h i s  

p o in t ,  i t  i s  a p p ro p r ia te  to  c o n s id e r  how th e  lo a d in g  c o n d it io n s  a t  th e  

s u b d u c tio n  zone m ig h t a f f e c t  t h i s  b e h a v io r .  S ed im ents  on th e  down- 

g o in g  p la te  can be c h a ra c te r iz e d  by  a tw o -s ta g e  lo a d in g  h is t o r y .  The 

f i r s t  s ta g e  in v o lv e s  d e p o s it io n  and com paction  in  a b a s in a l s e t t in g .  

The second s ta g e  o c cu rs  as th e s e  sed im en ts  approach and descend 

benea th  th e  in n e r  tre n c h  s lo p e .  We a re  p r im a r i l y  in te r e s te d  in  what 

o ccu rs  d u r in g  th e  second s ta g e  o f  t h i s  lo a d in g  h is t o r y ,  b u t one o f  th e  

main c o n c lu s io n s  o f  th e  p re c e e d in g  s e c t io n  i s  th a t  f o r  s low  ra te s  o f  

d e fo rm a tio n , th e  i n i t i a l  s ta te  o f  a sed im en t i s  what la r g e ly  d e te r 

m ines i t s  subsequent d e fo rm a t io n a l b e h a v io r .  C om paction  a c tu a l ly  

re p re s e n ts  a s p e c ia l ty p e  o f  p la s t i c  d e fo rm a tio n , w h ich  i s  r e fe r r e d  to  

in  s o i l  m echanics as r e s t - s t a t e  c o n s o l id a t io n .  T h e re fo re ,  t h is  

p ro ce ss  i s  examined be low  w ith  a s p e c ia l em phasis on how i t  a f fe c ts  

th e  s ta te  o f  a s e d im e n t.

REST-STATE CONSOLIDATION

C o n s o lid a t io n  o f  se d im e n t in  a f l a t - l y i n g  b a s in  re p re s e n ts  a 

s p e c ia l  ty p e  o f  s t r a in - h a r d e n in g  d e fo rm a tio n  w here, due to  l a t e r a l  

co n fin e m e n t o f  th e  b a s in ,  h o r iz o n ta l  s t r a in s  a re  a p p ro x im a te ly  ze ro  

( Qj_j=0) .  For t h i s  s i t u a t io n ,  th e  maximum co m p re ss ive  s t r e s s  , 

is  o r ie n te d  v e r t i c a l l y  and i s  due to  g r a v i t y  (e q u iv a le n t  to  th e  

e f f e c t i v e  o ve rb u rd e n  s t r e s s ) ;  h o r iz o n ta l ly  d ir e c te d  s t re s s e s ,  o ' 

a re  equa l in  a l l  d i r e c t io n s ,  and a re  o f  s u f f i c i e n t  m agn itude  to  

p re v e n t h o r iz o n ta l  s t r a in s .  T h is  s t a t e - o f - s t r e s s  i s  r e fe r r e d  to  as 

r e s t - s t a t e  o r  Kq c o n s o l id a t io n  (Lambe and W hitm an, 1979, p . 1 0 0 ). The
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p r in c ip a l s tre s s  d ire c t io n s  remain f ix e d  d u rin g  Kq c o n s o lid a t io n , so 

long as the  bas in  remains f la t - ly in g  and is  in  a r e s t - s ta te  c o n d it io n

(eH=o).

As sediments are b u rie d  and compacted, they  are sub jec ted  to  an

in c re a s in g  v e r t ic a l  e f fe c t iv e  s tre s s , a D uring  r e s t - s ta te

c o n s o lid a t io n , a f a i r l y  constan t r a t io ,  c a lle d  the  Kq r a t io ,  is

m ainta ined between h o r iz o n ta l and v e r t ic a l  e f fe c t iv e  s tre sse s  (K =o
0|l|/CTy). The a c tu a l va lues o f  th is  Kq r a t io  is  dependent on the 

s p e c if ic  sedim ent; measured va lues fo r  no rm a lly  co n so lid a te d  sands and 

c la ys  range from 0 .3  to  0 .75  (Mayne and Kulhawy, 1982). The r a t io  can 

a lso  be es tim ated  us ing  a w e ll te s te d  e m p ir ic a l r e la t io n  (Mayne and 

Kulhawy, 1982; Oaky, 1944):

6 -  2M
K = -    = (1 -  s in  0) (21)

aO 6 + M

where 0 is  the angle o f  f r i c t i o n  at the  c r i t i c a l  s ta te  and M is  the

slope o f  the  c r i t i c a l  s ta te  l in e  (see equations 13 and 1 4 ).

We can use the K r a t io  to  determ ine a s tre s s  path  fo r  K o ^ o
c o n s o lid a tio n  in  a P '-Q ' d iagram . I f  the  m a te r ia l co n s ta n ts  fo r  the  

sediment are a lso  known, the  m od ified  Cam Clay model can be used to  

p re d ic t and s im u la te  Kq c o n s o lid a tio n  (Roscoe and B u rland , 1968, p. 

563). The P '-Q ' and e -P ' diagrams in  F igu re  31 show an example o f  the  

s ta te  path du ring  Kq c o n s o lid a t io n . The m a te r ia l cons tan ts  used are 

re p re s e n ta tiv e  o f  London C lay , an Eocene marine c la y  (S c h o fie ld  and 

Wroth, 1968, p. 157). In  the  P '-Q ' d iagram , the  Kq s tre s s  path is  

d ire c te d  outward from the o r ig in  w ith  a cons tan t s lo p e , N^q , which is  

dependent on the Kq va lue :

3 '  3Kn 3MN = — = ------------- 2_  =   ( 22)

PKo 1 + 2Ko 6 -  M

Based on the  range o f  measured Kq va lues c ite d  above, equation  22 

in d ic a te s  th a t Kq s tre s s  paths fo r  a v a r ie ty  o f  sedim ents have s lo p e s , 

N^o , between 0 .3  and 1 .3 . Furtherm ore, us ing  ty p ic a l  va lues fo r  M
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F igu re  31. R e s t-s ta te  c o n s o lid a tio n  as p re d ic te d  by th e  m od ified  
Cam-Clay model. The K s tre s s  path is  shown in  th e  P '-Q ' diagram and 
th e  re s u lt in g  c o n s o lid a tio n  path l ie s  between the  is o t r o p ic  c o n s o li
da tion  l in e  (IC L) and the  c r i t i c a l  s ta te  l in e  (CSL) in  the  e-P ' 
diagram . Values used fo r  the  model are re p re se n ta tive  o f  a marine 
c la y  re p o rte d  in  S c h o fie ld  and Wroth (1968).
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(T a b le  3 ) ,  i t  i s  q u ite  c le a r ,  and a ls o  re a s o n a b le , th a t  th e  Kq s t re s s

p a th  a lw ays l i e s  between th e  c r i t i c a l  s ta te  l in e  and th e  P ' a x is

( i . e . ,  0 < N „ < M ). A n o th e r fe a tu re  o f  d ra in e d  K c o n s o lid a t io n  is  7 Ko o
th a t  th e  c o n s o l id a t io n  p a th  in  an e -P ' d iagram  l i e s  between th e  

is o t r o p ic  c o n s o l id a t io n  l i n e  and th e  c r i t i c a l  s ta te  l i n e ,  and does n o t 

in te r s e c t  e i t h e r  o f  th e s e  l in e s  (F ig u re  3 1 ) .  The Kq c o n s o lid a t io n  

c u rv e  fo l lo w s  th e  same e -L n (P ')  r e la t io n s h ip  as do th e  is o t r o p ic  

c o n s o l id a t io n  and th e  c r i t i c a l  s ta te  l in e s  ( c f .  e q u a tio n s  3 and 1 2 ) :

e = eKo -  A L n (P ')  (2 3 )

where e „  i s  th e  v o id  r a t i o  a t P '=  1 kPa. F ie ld  and la b o ra to ry
Ko 7

s tu d ie s  in d ic a te  th a t  th e  fu n c t io n a l  form  o f  t h i s  K c u rv e  i s  c o r re c to
to  m oderate e f f e c t iv e  p re s s u re s , on th e  o rd e r  o f  10 to  100 MPa, w h ich

co rre sp o n d s  to  dep ths  o f  about 1 to  3 km (Skem pton, 1970; Lambe and

W hitm an, 1979, p . 157, 3 2 0 ).

These r e la t io n s h ip s  show th a t  Kq c o n s o lid a t io n  i s  e s s e n t ia l ly  a 

s t r a in -h a rd e n in g  p la s t i c  d e fo rm a t io n ,  w h ich never reaches f a i l u r e .  

P o o r ly  d ra in e d  c o n d it io n s  can i n h i b i t  th e  c o n s o l id a t io n  p rocess  and 

prom ote  th e  deve lopm ent o f  excess po re  p re s s u re ; how ever, c o n s o lid a 

t i o n  w i l l  s t i l l  f o l lo w  th e  same Kq p a th , s in c e  th e  p o s i t io n  o f  th e  

p a th  i s  d ic ta te d  by th e  boundary  c o n d it io n s  imposed on th e  c o n s o l i 

d a t in g  sed im ent (dQ^=0) (Roscoe and B u r la n d , 1968, p . 5 6 3 ).

The im p o r ta n t p o in t  i s  th a t  i r r e s p e c t iv e  o f  d ra in a g e  c o n d it io n s ,  

th e  s t r e s s  p a th  d u r in g  Kq c o n s o l id a t io n  s h o u ld  be d ir e c te d  ou tw ard  

from  th e  c u r re n t  y ie ld  s u r fa c e  and s h o u ld  l i e  to  th e  r ig h t  o f  th e  

c r i t i c a l  s ta te  l i n e  in  th e  P '-Q ' d ia g ra m . T h e re fo re , th e  s ta te  pa th  

fo r  f l a t - l y i n g  subm arine  sed im en ts  sh o u ld  a lw ays l i e  on th e  s t r a in -  

h a rd e n in g  s id e  o f  th e  c r i t i c a l  s ta te  l in e  ( i n t e r n a l l y  gene ra te d  f l u i d  

o v e rp re s s u re s  o r  in c ip ie n t  l i t h i f i c a t i o n  can a l t e r  t h is  s i t u a t io n ;  

t h i s  p o in t  i s  d is c u s s e d  b e lo w ) .  The next s e c t io n  c o n s id e rs  what 

happens when th e s e  se d im en ts  move in t o  th e  s u b d u c tio n  zone s e t t in g .
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UNDERTHRUSTING AND PASSIVE FAILURE

A n a ly s is  o f  the  process o f  Kq c o n s o lid a tio n  in d ic a te s  th a t 

sediments on the  downgoing p la te  should be in  a s ta te  lo o s e r- th a n - 

c r i t i c a l  p r io r  to  subduction . This s i tu a t io n  suggests th a t as these 

sediments move in to  the  subduction zone, they should con tinue  to  

deform by s tra in -h a rd e n in g  o r by s ta b le  f a i lu r e .  A p la n e -s tra in  

ve rs io n  o f  the  m od ified  Cam Clay model i s  b r ie f l y  in troduced  below in  

o rde r to  examine th is  p o s s ib i l i t y  more co m p le te ly .

Deform ation in  a subduction  zone s e t t in g  can be approximated by 

the  p la n e -s tra in  c o n d it io n , because t o t a l  h o r iz o n ta l s t r a in  is  

approx im ate ly  zero p a r a l le l  to  the s t r ik e  o f  the  zone. A p la n e -s tra in  

ve rs io n  o f  the  model (Roscoe and B u rland , 1968, p. 570-604) i s  shown 

in  F igu re  32. The t '  and s ' axes are analogous to  the  Q' and P ' axes 

used above, where t '  rep resen ts  the  maximum shear s tre s s  and s ' rep - 

sents the  mean normal s tre s s :

where and are the p r in c ip a l s tre sse s  in  the plane s t r a in  

s e c t io n . Since the  p r in c ip a l s tre s s  d ire c t io n s  can ro ta te  d u ring  

de fo rm a tio n , and re fe r  to  the  p r in c ip a l s tre sse s  in  the 

d ire c t io n  c lo se s t to  v e r t ic a l  and h o r iz o n ta l,  re s p e c t iv e ly  (see in s e t 

in  F igu re  3 2 ). The reg ions above and below the  s '- a x is  are m ir ro r  

images o f  each o th e r; each one co n ta in s  a c r i t i c a l  s ta te  l in e  and a 

y ie ld  s u r fa c e . The two c r i t i c a l  s ta te  l in e s  d iv id e  the diagram in to  

s tra in -h a rd e n in g  and s t ra in -s o f te n in g  re g io n s . S ince the  in te rm e d ia te  

p r in c ip a l s t r a in  is  zero (GH=0) du ring  Kq c o n s o lid a t io n , i t  can be 

represented in  a t ' - s '  diagram (Roscoe and B u rland , 1968, p . 603), as 

shown in  F igu re  32. The Kq s tre s s  path is  lo ca ted  in  the  upper h a l f  

o f  the  t ' - s '  diagram where t '> 0 , s ince  cr^cr^ (equa tion  21) d u ring  

Kq c o n s o lid a t io n . S tress  paths th a t extend in to  the  nega tive  t '  

re g ion  have cr^> cr^, and are assoc ia ted  w ith  h o r iz o n ta l sho rten ing

f  = (o ' -  o ') /2  

s ' = (c^ + 0 | | | ) / 2

(24)

(25)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



R
eproduced 

with 
perm

ission 
of the 

copyright 
ow

ner. 
Further 

reproduction 
prohibited 

w
ithout 

perm
ission.

F ig u re  32. P la n e -s tra in  ve rs io n  o f  th e  m o d ifie d  Cam C lay model ( a f te r  F ig u re  32 in  Roscoe 
and B u rland , 1968). Th is  diagram s c h e m a tic a lly  i l lu s t r a t e s  se ve ra l p o s s ib le  s tre s s  paths 
fo r  sedim ents in  the  subduction  zone s e t t in g .  Note th a t  the  p r in c ip le  s tre s s  d ire c t io n s  
ro ta te d  d u rin g  d e fo rm a tio n , as shown in  the  in s e t .  D u ring  r e s t - s ta te  c o n s o lid a t io n , a ’ > 

whereas d u rin g  pass ive  s ta te  d e fo rm a tio n , a a ^ .
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and th ru s t  fa u l t in g .  In  s o i l  mechanics, th is  s ta te -o f - s t re s s  is  

c a lle d  the  passive  s ta te  and can re s u lt  in  passive  fa i lu r e  ( i . e . ,  

th ru s t  fa u lt in g )  (Lambe and Whitman, 1979, p . 163).

During p la n e -s tra in  de fo rm a tion , s ' is  p ro p o r t io n a l to  and is  

g re a te r than  P ',  bu t g e n e ra lly  not by more than 10% (g ive n  reasonable 

va lues fo r  M in  equa tion  73 o f  Roscoe and B u rland , 1968). T he re fo re , 

a change in  pore pressure  a ffe c ts  s ' in  the  same way th a t i t  a f fe c ts  

P '.  For in s ta n ce , an increase  in  pore pressure causes an e q u iva le n t 

decrease in  s ' ;  t '  remains u n a ffe c te d . As a r e s u l t ,  d ra ined and 

undrained s tre s s  paths in  the  p la n e -s tra in  t ' - s 1 diagram are s im ila r  

to  those in  the  t r i a x ia l  P '-Q ' diagram ( fo r  examples o f  re a l p lane- 

s t r a in  te s ts  see Roscoe and B urland, 1968), and r e s u lt  in  the same 

genera l types o f d e fo rm a tion a l behav io r as described  above (Table 4 ) .  

T he re fo re , th e  p la n e -s tra in  ve rs ion  o f  the  model a llo w s  us to  e x tra 

p o la te  the t r i a x ia l  d e fo rm a tion a l behavio r o f  a sediment to  the 

p la n e -s tra in  c o n d it io n s  p re va le n t a t subduction  zones.

The t ' - s '  diagram (F ig u re  32) s c h e m a tic a lly  i l lu s t r a t e s  seve ra l 

s tre s s  paths th a t m ight be re p re s e n ta tiv e  o f  the  subduction  zone 

s e t t in g .  The diagram is  in te n t io n a l ly  vague, because a num erical 

s o lu t io n  to  th is  problem would re q u ire  in fo rm a tio n  th a t is  not 

c u r re n t ly  a v a ila b le ,  such as p h ys ica l p ro p e rt ie s  o f  the sediments and 

the  boundary c o n d it io n s  o f  the  deform ing zone. However, th e  general 

re la t io n s h ip s  d isp layed  in  t h is  diagram support the  suggestion made 

above — th a t s tra in -h a rd e n in g  and s ta b le  f a i lu r e  c h a ra c te r iz e  

sediment de fo rm ation  in  aseism ic subduction  zones. I n i t i a l l y ,  

sediments on the downgoing p la te  fo l lo w  the  Kq s tre s s  pa th . As they 

approach the  trench  s lo p e , h o r iz o n ta l s tre s s  inc reases  causing the  

s tre s s  path to  move downward in to  the low er reg ion  o f  the t ' - s '  

d iagram , where 0 ^> cr^. I f  de fo rm ation  occurs under t o t a l l y  

undrained c o n d it io n s , which is  u n l ik e ly ,  these sediments would fo llo w  

an undrained s tre s s  pa th , such as E-T. Drained de fo rm ation  m ight 

re s u lt  in  s tre s s  p a ths , such as E-Q o r E-P. The im portan t p o in t is  

th a t as long as the  t o t a l  s tresses  con tinue  to  in c re a se , which should 

be the  case in  the subduction  zone s e t t in g ,  the  e f fe c t iv e  s tre s s  path
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w i l l  always be d ire c te d  outward from the  c u rre n t y ie ld  su rfa ce . 

T he re fo re , the  de fo rm a tion a l behavio r o f these sediments should be 

e ith e r  s tra in -h a rd e n in g  or s ta b le  fa i lu r e .

This conc lus ion  is  not as hard and fa s t as i t  may seem, because 

in  a re a l geo log ic  s e t t in g  th e re  are probab ly severa l processes th a t 

can cause a sediment to  behave as i f  i t  were o ve rconso lid a ted . The 

two most im portan t o f  these processes a re : (1 ) chemical genera tion  o f 

excess f lu id  p ressu re , and (2 ) l i t h i f i c a t i o n  and cem enta tion . The 

f i r s t  process can occur by a v a r ie ty  o f  mechanisms, which inc lude  

d e v o la t i l iz a t io n  re a c tio n s  d u ring  d iagenesis (R ieke and C h ilin g a r ia n ,  

1974), o r methanogenesis in  o rgan ic  muds (Hedberg, 1974). I f  f lu id  

p ressure is  generated fa s te r  than i t  can be d is s ip a te d , which does 

occur in  some geo log ic  s itu a t io n s  ( i . e . ,  methane in  mud volcanoes 

[Hedberg, 1 9 7 4 ]), the  re s u lt in g  re d u c tio n  in  e f fe c t iv e  pressure cou ld  

leave the sediment in  an ove rconso lida ted  s ta te ,  perhaps as shown by 

the s tre s s  path E-U in  F igu re  32.

The second process, l i t h i f i c a t i o n  and cem enta tion , d i r e c t ly  

a f fe c ts  the m a te r ia l p ro p e rt ie s  o f  the sediment and a lso  causes a 

re d u c tio n  in  vo id  r a t io .  While the e f fe c t  o f th is  process is  not w e ll 

s tu d ie d , i t  is  c le a r  th a t l i t h i f i c a t i o n  and cem entation can cause a 

sediment to  behave in  an ove rconso lid a ted  fash ion  ( M itc h e l l ,  1976). 

Even a sm all re d u c tio n  in  vo id  r a t io  due to  a p o r e - f i l l in g  cement can 

trans fo rm  a sediment in to  a d e n s e r - th a n -c r it ic a l s ta te .  For example, 

cons ide r the e-P ' diagram in  F igu re  32. A 1-2% re d u c tio n  in  p o ro s ity  

cou ld  d isp la ce  a sediment from the  Kq c o n s o lid a tio n  l in e ,  to  the dense 

s id e  o f  the  c r i t i c a l  s ta te  l in e .  Th is example i l lu s t r a t e s  how se n s i

t iv e  the p la s t ic  behavio r o f  a sediment is  to  sm all changes in  

m a te r ia l p ro p e r t ie s . U n fo rtu n a te ly , these processes— in te r n a l ly  

generated pore p ressu re , and l i t h i f i c a t i o n  and cem entation— are 

d i f f i c u l t  to  document in  a subduction zone s e t t in g .  There is  some
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evidence , d iscussed below, th a t  in c ip ie n t  l i t h i f i c a t i o n  is  o ccu rrin g  

w ith in  3 km o f  the  f ro n t  o f  th e  Barbados Ridge complex. I f  these 

processes are im p o rta n t, then  a Type 3 s t r u c tu r a l s ty le  should be 

p re va le n t a t ase ism ic subduction  zones. I f  n o t, then a Type 2 

s t ru c tu ra l s ty le  is  p re d ic te d .
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DISCUSSION FOR PART II

The cases described above i l l u s t r a t e  some o f  the  general aspects 

o f  sediment de fo rm a tio n , and how they m ight a f fe c t  th e  s t ru c tu ra l 

s ty le  o f  sediments in  a subduct ion-zone s e t t in g .  One o f  the  main 

conc lus ions  i s  th a t  th e  c o n s o lid a tio n  s ta te  o f  the  sediment p robab ly 

e x e rts  the  most im portan t in flu e n c e  on the  behav io r and s t ru c tu ra l 

s ty le  o f  p la s t ic a l ly  deform ing sed im ents. Furtherm ore, i t  is  con

cluded th a t  th e  genera l s t r u c tu ra l  s ty le  is  not s ig n i f ic a n t ly  a ffe c te d  

by the presence o f  load-induced  excess pore pressure  o r by the 

expected v a r ia t io n  in  subduction-zone lo a d in g  c o n d it io n s . Sediments 

th a t e n te r the  subduction-zone s e t t in g  in  a n o rm a lly  co n so lid a te d  

s ta te  should deform by s tra in -h a rd e n in g  and s ta b le  f a i lu r e ,  and when 

sub jec ted  to  la rg e  shear s t r a in s ,  should develop a Type 2 s t r u c tu ra l 

s t y le .  Whereas, sediments th a t are i n i t i a l l y  ove rconso lid a ted  should 

deform by s t ra in -s o f te n in g  and by ru p tu re  f a i lu r e ,  and should develop 

a Type 3 s t r u c tu ra l s t y le .  N orm ally  co n so lid a te d  sediment can be 

transfo rm ed in to  an o ve rco n so lid a te d  s ta te  by g e o lo g ic  processes such 

as: (1 ) in te r n a l ly  generated pore pressure  o r (2 ) cem entation and 

l i t h i f i c a t i o n .  These processes should promote th e  development o f  a 

Type 3 s t r u c tu r a l s ty le .

These p re d ic t io n s  are best te s te d  by d r i l l i n g  a t modern conver

gent m arg ins. U n fo r tu n a te ly , DSDP d r i l l i n g  has g e n e ra lly  not been 

success fu l in  reach ing  th e  depths necessary to  sample a cc re tio n a ry  

s tru c tu re s .  A n o ta b le  excep tion  is  Leg 75A a t th e  Barbados Ridge 

complex which has documented both Type 2 and Type 3 s t r u c tu ra l  s ty le s .  

These re s u lts  are d iscussed below .

STRUCTURAL STYLE AT THE BARBADOS RIDGE COMPLEX
The c ro s s -s e c tio n  in  F igu re  33 (adapted from Cowan, e t a l . ,  in  

p ress ; and Moore, B iju -D u v a l, e t a l . ,  1982) summarizes the major 

re s u lts  o f  the  d r i l l i n g  tra n s e c t a t the  Barbados Ridge complex. Based
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on s t r a t ig ra p h ic  r e p e t i t io n ,  a t le a s t s ix  th ru s t  fa u lts  have been 

id e n t i f ie d .  D r i l l i n g  a lso  encountered two d is ru p te d  zones ( in d ic a te d  

by the  wavy p a tte rn  in  F igu re  3 3 ), which are ch a ra c te rize d  by a 

s e m i-p e n e tra tiv e  fa b r ic  th a t ranges from c lo s e ly  spaced, s lic ke n s id e d  

s l ip  s u rfa c e s , to  a sca ly  fo l ia t io n  (Cowan, e t a l . ,  in  p re ss ). 

Sediments o u ts id e  o f  these zones are g e n e ra lly  undeformed, and have 

g e n tle  to  h o r iz o n ta l d ip s . The d is ru p te d  zone sampled a t the  base o f 

s i te s  541 and 542 is  presumably assoc ia ted  w ith  a m ajor decollement 

recognized in  se ism ic p r o f i le s  (Moore, B iju -D u v a l, e t a l . ,  1982), and 

a lso  appears to  be a re g io n  o f  h igh  pore p ressu re , as determ ined when 

the ho le  a t the base o f  s i te  542 was a c c id e n ta lly  packed o f f  (Moore, 

B iju -D u v a l, e t a l . ,  1982). The second d is ru p te d  zone is  about 60 m 

th ic k  and is  lo ca ted  above a major th ru s t  f a u l t ,  midway down the ho le  

at s i t e  541. The im portan t fe a tu re  o f  th is  d is ru p te d  zone is  th a t  i t  

is  e n t i r e ly  con fined  to  sediments in  the hanging w a ll o f  the th ru s t 

f a u l t .  The fa u l t  i t s e l f  occurs as a d is c re te  su rfa c e , and th e re fo re  

marks a m ajor break in  s tra t ig ra p h y  and s t ru c tu ra l fa b r ic .  Based on 

o f fs e ts  o f  a Lower P liocene  marker ho rizon  (F ig u re  3 3 ), t h is  th ru s t 

fa u lt  has a d ip - s l ip  d isplacem ent o f  about 1400 m, which is  much 

g re a te r than the d isplacem ents assoc ia ted  w ith  the decollem ent zone at 

s ite s  541 and 542 (approxim ate displacem ents are shown in  F igure  33).

These re la t io n s  suggest th a t the  d is ru p te d  zone above the major 

th ru s t  a t s i t e  541 was formed w ith in  the decollem ent zone, and then 

was ramped upward along a d is c re te  f a u l t ,  as shown in  F igu re  34. In  

t h is  in te r p r e ta t io n ,  the  decollem ent zone a t s i te s  541 and 542 is  

viewed as a zone o f  d is t r ib u te d  shear, ch a ra c te rize d  by a Type 2 

s t r u c tu r a l s t y le .  The sc a ly  fa b r ic  developed w ith in  the  d is rup ted  

decollem ent zone is  evidence th a t much o f  th e  de fo rm ation  in  t h is  zone 

occurs a f te r  the  sediments have reached s ta b le  f a i lu r e .  At th is  

s tage , a d is c re te  fa u lt  has appa ren tly  not formed y e t.  The next stage 

in v o lv e s  lo c a l iz a t io n  and fo rm a tion  o f a d is c re te  th ru s t  f a u l t .  Since 

t h is  th ru s t  f a u l t  o r ig in a te s  w ith in  the d is ru p te d  decollem ent zone,
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© ADVANCING TIP OF 
THE DECOLLEMENT

OFFSET OF DISRUPTED ZONE

F igure  34. C ross -sec tions  i l l u s t r a t in g  an in te rp re ta t io n  fo r  the 
se q u e n tia l development o f  s tru c tu re s  a t the  Barbados d r i l l i n g  tra n se c t 
(compare w ith  F igu re  3 4 ). Accord ing to  t h is  in te r p r e ta t io n ,  the  
f r o n ta l  p o r t io n  o f  the  decollem ent zone propagates fo rw ard  through a 
th ic k ,  d is t r ib u te d  shear zone, c h a ra c te r iz e d  by a Type 2 s t r u c tu ra l  
s ty le  ( in d ic a te d  by th e  wavy p a tte rn  in  F ig u re  3 5 ). A d is c re te  th ru s t 
f a u l t  e v e n tu a lly  forms w ith in  t h is  d is ru p te d  decollem ent zone, which 
causes the hanging w a ll p o r t io n  o f  the  zone to  be ramped upward; 
whereas, the  fo o tw a ll p o r t io n  is  u n d e rth ru s t to  deeper le v e ls  (F igu re  
35b).
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the  hanging w a ll p o r t io n  o f  the  zone is  c a r r ie d  forward to  h ighe r 

le v e ls ,  w h ile  th e  fo o tw a ll p o r t io n  i s  unde rth ru s t to  deeper le v e ls  

(F ig u re  34).

The question  th a t remains unaddressed is :  Why does the  deforma

t io n  become lo c a liz e d ?  P re lim in a ry  analyses in d ic a te  th a t  th e  c la y  

m inera logy a t s i t e  541 is  s ig n i f ic a n t ly  d i f fe r e n t  from s t r a t ig r a p h i-  

c a l ly  e q u iva le n t sediments a t s i t e  542 and a more seaward s i t e  543 (3 . 

Schoonmaker, p e rs . comm., 1984). These data suggest, but do not 

prove , the p o s s ib i l i t y  o f  in c ip ie n t  l i t h i f i c a t i o n  as th e  process 

re sp o n s ib le  fo r  lo c a l iz a t io n .  For in s ta n ce , a sm a ll re d u c tio n  in  vo id  

r a t io  caused by a p o r e - f i l l in g  c la y  cement cou ld  tra n s fo rm  these 

sediments in to  ove rconso lid a ted  muds. T e x tu ra l s tu d ie s  o f  le ss  

deformed mud from the area su rround ing  the  th ru s t  fa u l t  should be ab le  

to  te s t  t h is  p o s s ib i l i t y .

These d r i l l i n g  re s u lts  have two im portan t im p lic a t io n s :  (1 ) The 

presence o f  th ic k  zones o f  s c a ly  mud in d ic a te s  th a t th e  Type 2 

s t r u c tu ra l s ty le  is  a c tu a lly  developed in  a modern subduction  zone.

(2 ) The re c o g n it io n  o f  d is c re te  th ru s t  fa u lts  suggests th a t  these 

s tru c tu re s  are developed in  concert w ith  the Type 2 s tru c tu re s ,  and 

th a t the  o v e ra ll s t r u c tu ra l  s ty le  a c tu a lly  may be more o f  a com posite 

o f  Type 2 and Type 3 s ty le s .  A ppa ren tly  these d is c re te  fa u lts  can 

develop w ith in  seve ra l k ilo m e te rs  o f  the  lead ing  edge o f  the  subduc

t io n  zone, and can th e re a f te r  accommodate s ig n if ic a n t  amounts o f  

displacem ent across the zone.

IMPLICATIONS FOR DEEPER LEVEL STRUCTURES
I f  much o f  the  de fo rm ation  w ith in  a subduction  zone is  accommo

dated by d is c re te  fa u l ts ,  which is  a p o s s ib i l i t y  considered in  th is  

paper, then the geometry and s t ru c tu re  o f  on-land  th ru s t  systems 

should serve as a guide to  deeper le v e l s tru c tu re s  w ith in  the  accre - 

t io n a ry  wedge. Seismic p r o f i le s  across seve ra l modern a c c re tio n a ry  

wedges in d ic a te  th a t a s u b s ta n t ia l p o r t io n  o f  the sedim entary sequence 

on the  downgoing p la te  i s  not. accre ted  a t the  fro n t o f  th e  wedge, but 

is  c a rr ie d  beneath the wedge some u n ce rta in  d is ta n ce  (W estbrook, e t
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a l . ,  1982; Moore, B iju -D u v a l,  e t a l . ,  1982; A o k i, e t a l . ,  1982). For 

in s ta n ce , a t the  Barbados Ridge complex, o n ly  50% o f  the  incoming 

se c tio n  is  accre ted  a t th e  lower trench  slope  (F ig u re  34) w ith  the 

rem ain ing 50% c a r r ie d  a t le a s t 75 km rearward beneath the  a cc re tio n a ry  

wedge (W estbrook, e t a l . ,  1982). A number o f  au th o rs  (S c h o ll,  e t a l . ,  

1980; Von Huene and Uyeda, 1981; Moore; e t a l . ;  1982; K a r ig , 1983) 

suggest th a t  a t le a s t some o f  these subducted sedim ents are accre ted 

to  the  base o f  the  wedge by a p o o rly  understood process c a lle d  

u n d e rp la tin g  o r s u b c re tio n .

The main p o in t I  want to  make here is  th a t  u n d e rp la tin g  a lso  

occurs in  on -land  th ru s t  b e lts  and is  assoc ia ted  w ith  the  development 

o f  duplex s tru c tu re s  (Boyer and E l l i o t t ,  1982; B u t le r ,  1982). A 

duplex c o n s is ts  o f  an im b rica te d  package o f  th ru s t  s l ic e s ,  which is  

u n d e rla in  by an a c t iv e  f lo o r  th r u s t ,  or deco llem en t, and is  o v e r la in  

by an in a c t iv e  ro o f th ru s t  (see F igu re  35 which i s  adapted from F igu re  

19 in  Boyer and E l l i o t t ,  1982). Each im b ric a te  s l ic e  is  d e rived  by 

fa i lu r e  o f  the  decollem ent ramp beneath th e  dup lex . S lic e s  o f  the  

fo o tw a ll beneath these ramps are accreted to  the  base o f  the  growing 

dup lex; o ld e r s l ic e s  are fo ld e d  and d isp laced  upward from the  a c tiv e  

deco llem en t.

F igu re  36 s c h e m a tic a lly  i l lu s t r a t e s  a duplex in te rp re ta t io n  fo r  

u n d e rp la tin g  beneath an a c c re tio n a ry  wedge. K a rig  (1983) notes th a t 

subduct io n - re la te d  displacem ent w ith in  modern a c c re tio n a ry  wedges is  

la rg e ly  co n fin e d  to  th e  base o f  the  wedge, because the  upper s lope and 

s h e lf  re g io n  are commonly b lanke ted  w ith  a r e la t iv e ly  und is rup ted  

sediment cover o r s lope  apron (F ig u re  1 9 ). The duplex model is  in  

accord w ith  t h is  o b s e rv a tio n , si> -e  subduction  d isp lacem ent occurs 

s o le ly  a long the  basa l deco llem en t, and im b r ic a t io n  and a c c re tio n  are 

con fined  to  t h is  basa l zone. Deform ation i s  p robab ly  con fined  to  th is  

zone because o f  la rg e  excess pore pressures ( c f .  G re tene r, 1972). 

Sediments on the  downgoing p la te  are sub jec ted  to  a c o n t in u a lly  

in c re a s in g  load  because o f  the  wedge-shaped p r o f i le  o f  th e  o v e rr id in g  

a c c re tio n a ry  wedge. As a s l ic e  is  accreted from the  fo o tw a ll o f  the  

deco llem en t, i t  i s  no longe r sub jected  to  th is  in c re a s in g  load .
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F ig u re  35. An id e a liz e d  example o f  the  p ro g re ss ive  growth o f  a duplex ( a f te r  F ig u re  19 in  
Boyer and E l l i o t t ,  1982). The hanging w a ll is  he ld  f ix e d  in  o rde r to  p ro v id e  a more fam i
l i a r ,  subduction -zone  v iew po in t where th e  downgoing p la te  is  u n d e rth ru s t beneath th e  accre
t io n a ry  wedge. Each s e q u e n tia l ramp is  la b e lle d  R .; L is  the  o r ig in a l  le n g th  o f  the  
im b ric a te d  h o rizo n  and L ' is  i t s  deformed le n g th . S re p re se n ts  th e  amount o f  t o t a l  th ru s t  
d isp lacem en t. The im b ric a te d  h o rizo n  has a th ic k n e s s  o f  t  and th e  h e ig h t o f  the  r e s u lt in g  ^
duplex i s  H '.  Note th a t  the  fo o tw a ll ramp moves fo rw ard  w ith  respect to  the  hanging w a ll,  
w h ile  th e  fo o tw a ll  i t s e l f  is  u n d e rth ru s t rearw ard . In  t h is  case, the  fo o tw a ll and the  
fo o tw a ll ramp move a t the  same ra te s  (S = L ')  bu t in  oppos ite  d ir e c t io n s .
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F igure  36. A duplex model fo r  u n d e rp la tin g  in  an a c c re tio n a ry  wedge. 
As shown in  F ig u re  37a, a c c re tio n  occurs by o ffs c ra p in g  a t the f ro n t  
o f the  wedge, and a lso  by d u p le x -re la te d  im b r ic a t io n  beneath the 
wedge. Im b r ic a t io n  assoc ia ted  w ith  the  fo rw ard  movement o f a deco l
lement ramp re s u lts  in  th e  a c c re tio n  o f  a r e la t iv e ly  un ifo rm  la y e r  o f 
m a te r ia l to  the base o f  the wedge. An id e a liz e d  example o f th is  is  
shown in  F ig u re  37b, where the  la y e rs  are in d ic a te d  by dashed l in e s .  
Th is  process a llo w s  th e  wedge to  m a in ta in  a co n s ta n t wedge ta p e r , 
which acco rd ing  to  D av is , e t a l. , (1 9 8 3 )  i s  an a t t r ib u te  o f  a s teady- 
s ta te  a c c re tio n a ry  wedge. The ta p e r o f  the  wedge is  de fined  by the 
fo rw a rd -d ip p in g  su rfa ce  s lope  (a ) and the  re a rw a rd -d ip p in g  decollem ent 
(3 ) .
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Excess pore pressure w ith in  the  s l ic e  can beg in  to  decrease, so th a t 

the  duplex remains somewhat s tro n g e r than th e  unde rth ru s ted  sediment

a ry  s e c t io n . As a r e s u l t ,  continued im b r ic a tio n  should be r e s t r ic te d  

to  the  overpressured sediments beneath the  deco llem en t.

Another aspect o f  the duplex model is  th a t  the  tapered  p r o f i le  o f  

the wedge— de fined  by the  fo rw a rd -d ip p in g  su rfa ce  s lope  (a ) and the  

rea rw a rd -d ipp in g  decollem ent (6 )— remains f a i r l y  constan t as i t  grows. 

Im b r ic a tio n  and a c c re tio n  cause the  fro n t o f  the  duplex to  move 

forward w ith  t im e . This process, to g e th e r w ith  im b r ic a t io n  a t the 

f ro n t o f  the  wedge, a llow s  m a te r ia l to  be u n ifo rm ly  d e liv e re d  to  the  

base o f  th e  wedge. The net e f fe c t  is  th a t the  duplex model as shown 

in  F igu re  36a can c lo s e ly  approxim ate the  id e a liz e d  geometry shown in  

F igure  36b w ith o u t re q u ir in g  s ig n if ic a n t  in te r n a l de fo rm ation  w ith in  

the wedge. According to  the  th ru s t  wedge model o f  D av is , e t a l .  

(1983), t h is  constan t wedge ta p e r, which they c a l l  a c r i t i c a l  tape r 

ang le , i s  an a t t r ib u te  o f  a s te a d y -s ta te  a c c re tio n a ry  wedge.

In  a c tu a l i t y ,  the subduction  zone decollem ent m ight have seve ra l 

ramps and assoc ia ted  dup lexes. O ther, more complex v a r ia t io n s  on th is  

theme m ight in c lu d e : (1 ) the  i n i t i a t i o n  o f  a new duplex by fo rm ation  

o f  a ramp in  the  deco llem en t, o r  (2 ) the  d e a c t iv a t io n  o f  a duplex due 

to  the  g radua l replacement o f  a decollem ent ramp w ith  a f l a t  f a u l t .  

D espite  these v a r ia t io n s ,  two im portan t aspects o f  th e  model rem ain: 

(1 ) s u b d u c tio n -re la te d  deform ation  is  la rg e ly  concen tra ted  to  the  base 

o f  the  wedge, and (2) the  s t r u c tu ra l  s ty le  o f  the  e n t ir e  wedge— not 

ju s t  the  f r o n ta l  p a r t— is  c h a ra c te r ize d  by im b ric a te  th ru s t  s l ic e s .
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SUMMARY AND CONCLUDING REMARKS FOR PART II

T h is  paper c o n s id e rs  some o f  th e  g e n e ra l a s p e c ts  o f  sed im ent 

d e fo rm a tio n  w ith  a s p e c ia l em phasis on th o se  fa c to r s  th a t  m ig h t a f f e c t  

th e  s t r u c t u r a l  s t y le  o f  sed im en t in  a s u b d u c tio n -z o n e  s e t t in g .  In  

p a r t i c u la r ,  t h i s  a n a ly s is  exam ines th e  d e fo rm a t io n a l s t a b i l i t y  o f  an 

id e a l iz e d  e la s t i c - p la s t i c  sed im en t (re p re s e n te d  by th e  m o d if ie d  Cam 

C la y  m odel) when s u b je c te d  to  homogeneous d e fo rm a t io n .  S in ce  s e d i

m ents w i th in  a s u b d u c tio n  shea r zone are  s u b je c te d  to  v e ry  la rg e  shea r 

s t r a in s  (F ig u re  2 0 ) ,  much o f  th e  d e fo rm a tio n  must o c c u r a f t e r  f a i l u r e .  

As a r e s u l t ,  th e  s t r u c t u r a l  s t y le  o f  s u b d u c tio n  zone sed im en ts  s h o u ld  

be most s i g n i f i c a n t l y  in f lu e n c e d  by th e  mode o f  f a i l u r e  o f  se d im e n ts , 

i . e . ,  s ta b le  f a i l u r e  o r  r u p tu re  f a i l u r e .

In  th e  a n a ly s is  above , th e re  appear to  be th re e  fa c to r s  th a t  

a f f e c t  th e  b e h a v io r  o f  hom ogeneously d e fo rm in g  sed im en ts  (T a b le  4 ) :  

th e  c o n s o lid a t io n  s t a t e ,  th e  d ra in a g e  c o n d it io n s  and th e  s t re s s  p a th . 

O f th e se  fa c to r s ,  th e  c o n s o l id a t io n  s ta te  i s  th e  p r im a ry  fa c to r  

c o n t r o l l i n g  th e  mode o f  f a i l u r e ;  as a r e s u l t ,  i t  a ls o  has a s tro n g  

in f lu e n c e  on th e  s t r u c t u r a l  s t y le  o f  d e fo rm a tio n  a t th e  s u b d u c tio n  

zone. The e f f e c t  o f  th e  c o n s o l id a t io n  s ta te  i s  sum m arized b e lo w .

(1 )  N o rm a lly  c o n s o lid a te d  sed im en ts  ( lo o s e r - t h a n - c r i t . i c a l )  f a i l  by 

s ta b le  f a i l u r e  w ith  no s ig n i f i c a n t  lo s s - o f - s t r e n g th .  Because con

t in u e d  d e fo rm a tio n  o c c u rs  in  a n e u t r a l ly  s ta b le  fa s h io n ,  th e re  i s  no 

s tro n g  tenden cy  f o r  d e fo rm a tio n  to  become lo c a l iz e d .  To my know ledge 

th e re  a re  no p u b lis h e d  a cco u n ts  o f  th e  s t r u c t u r a l  s t y le  a s s o c ia te d  

w ith  d e fo rm a tio n  a f t e r  s ta b le  f a i l u r e .  I  s u s p e c t, how ever, th a t  w ith  

la rg e  shear s t r a in s ,  r e a l c la y s  p ro b a b ly  deve lop  w ide  s c a ly  zones, 

c h a ra c te r iz e d  by c lo s e ly  spaced s l i p  s u r fa c e s  (Type 2 in  F ig u re  2 1 ) .  

The reason  i s  t h a t ,  g iv e n  th e  n e u t r a l ly  s ta b le  c o n d it io n  th a t  p r e v a i ls  

a f t e r  s ta b le  f a i l u r e ,  f u r t h e r  d e fo rm a tio n  i s  more e a s i ly  p e r tu rb e d  by 

lo c a l  v a r ia t io n s  in  m a te r ia l  p r o p e r t ie s ;  th u s ,  s l i p  s u r fa c e s  a re  

l i k e l y  to  fo rm . However, s in c e  th e se  new ly  formed s l i p  s u r fa c e s  a re
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not s ig n i f ic a n t ly  weaker than the  surround ing sedim ent, th e re  is  no 

s tro n g  tendency fo r  la rg e  s t ra in s  to  become concentra ted  a t a s p e c if ic  

s l ip  su rfa c e . Th is  s i tu a t io n  should favo r th e  development o f  many 

sm all s l ip  su rfa ce s , each accommodating a sm all amount o f  de fo rm ation . 

Th is in te rp re ta t io n  is  c o n s is te n t w ith  the re s u lts  o f  DSDP Leg 75A at 

the  Barbados d r i l l i n g  tra n s e c t where wide sca ly  zones are apparen tly  

developed p r io r  to  the  fo rm a tion  o f  a d is c re te  th ru s t fa u lt  (F igu re  

34 ).

(2 ) H ig h ly  o ve rconso lid a ted  sediments (d e n s e r - th a n -c r i t ic a l)  e x h ib it  a 

pronounced lo s s -o f-s t re n g th  a f te r  peak s tre n g th , and are ch a ra c te rize d  

by ru p tu re  f a i lu r e .  The u n s ta b le , s tra in -s o fte n in g  behavio r o f  these 

sediments re s u lts  in  a marked tendency fo r  de fo rm ation  to  become 

lo c a liz e d  in to  narrow zones which evolve in to  d is c re te  fa u l t  su rfa ce s . 

Given th a t these fa u l t  su rfaces are weaker than the  surround ing  

u n fa ile d  sedim ent, they should accommodate fu r th e r  de fo rm ation  u n t i l  

they are ro ta te d  in to  an un favorab le  o r ie n ta t io n  fo r  s l ip .  H igh ly  

ove rconso lid a ted  sediments in  a subduction shear zone, such as 

dep ic ted  in  F igu re  20, are th e re fo re  expected to  develop a Type 3 

s t ru c tu ra l s ty le  (F ig u re  21) ch a ra c te r ize d  by w ide ly  spaced fa u lts  

which have accommodated the  b u lk  o f  the de fo rm a tion . Furtherm ore, a 

la rg e r  lo s s -o f-s tre n g th  a t fa i lu r e  should re s u lt  in  a more w ide ly  

spaced system o f  fa u l t s .

Another im portan t conc lus ion  is  th a t th is  fundamental deforma- 

t io n a l behav io r— s tra in -h a rd e n in g  and s ta b le  fa i lu r e  vs . s t r a in -  

so fte n in g  and ru p tu re  f a i lu r e — appears to  be una ffe c te d  by the 

development o f load -induced  excess pore-pressure  (see F igu re  3 0 ). Poor 

dra inage c o n d it io n s  and the assoc ia ted  development o f  load-induced 

excess pore pressure does a f fe c t  the  s u b s id ia ry  aspects o f  sediment 

de fo rm a tion a l b e h a v io r. For in s ta n ce , when compared w ith  dra ined 

de fo rm a tion , p a r t ia l l y  d ra ined  and t o t a l l y  undrained de fo rm ation  is  

ch a ra c te rize d  by : (1 ) a re d u c tio n  in  the amount o f  d u c t i le  s t ra in  

be fo re  f a i lu r e ,  and (2 ) a decrease in  shear s tre n g th  at fa i lu r e .
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Another im portan t conc lus ion  is  th a t  the  load ing  c o n d it io n s  a t a 

subduction-zone s e t t in g  app a re n tly  cannot trans fo rm  a no rm a lly  

conso lida ted  sediment in to  a h ig h ly  ove rco n so lid a te d  s ta te .  For 

in s ta n ce , i f  sediments on th e  down-going p la te  are no rm a lly  c o n s o li

dated ( i . e . ,  lo o s e r - th a n - c r i t ic a l ) p r io r  to  subduc tio n , then the 

expected mode o f  de fo rm ation  should be th a t  o f  s tra in -h a rd e n in g  and 

s ta b le  fa i lu r e  (s c h e m a tic a lly  i l lu s t r a t e d  by the s tre s s  paths E-T and 

E-0 in  F igu re  3 2 ). As a r e s u l t ,  the  development o f  d is c re te  fa u lts  is  

not expected in  no rm a lly  conso lida ted  sedim ents. Th is  conc lus ion  is  a t 

odds w ith  the  fa c t th a t  d is c re te  fa u lts  are observed in  the f r o n ta l 

reg ion  o f  modern a c c re tio n a ry  complexes where sedim ents are young and 

presumably no rm a lly  co n so lid a te d  ( e .g . ,  see A o k i, e t a l . ,  1982; Moore, 

B iju -D u v a l, e t a l . ,  1982).

As a r e s u l t ,  the  sediment p la s t i c i t y  model does not c le a r ly  

in d ic a te  what causes fa u l t s  to  form w ith in  subduction-zone sedim ents. 

Two g e o lo g ic a l processes, however, are proposed as p o s s ib le  cand i

dates: (1 ) the  in te rn a l gene ra tion  o f  excess pore f lu id  pressure due 

to  d e v o la t iz a t io n  re a c tio n s , and (2) l i t h i f i c a t i o n  and cem enta tion . 

Both o f  these processed can trans fo rm  a no rm a lly  co n so lid a te d  sediment 

in to  a more o ve rconso lid a ted  s ta te ,  and th e re fo re  account fo r  the  

fo rm a tion  o f  d is c re te  fa u l t s .  The f i r s t  process a c tu a l ly  "un loads" 

the sediment by causing a re d u c tio n  in  the  e f fe c t iv e  p ressu re . As 

sch e m a tica lly  i l lu s t r a t e d  in  F igu re  32 (s tre s s  path E -U ), t h is  process 

can cause the  s tre s s  path to  move in s id e  the  c u rre n t y ie ld  su rfa ce , 

thereby re s u lt in g  in  an o ve rconso lid a ted  s ta te .  Subsequent p la s t ic  

de fo rm ation  would in v o lv e  s t r a in  s o fte n in g  or ru p tu re  f a i lu r e .  I t  is  

im portan t to  d is t in g u is h  th is  process from th a t  o c c u rr in g  du ring  

undrained de fo rm ation  o f  no rm a lly  co n so lid a te d  sediments ( e .g . ,  see 

F igure  2 8 ). In  th is  case, the  undrained s tre s s  path  w i l l  a lso  curve 

to  the  l e f t ,  bu t i t  w i l l  always be d ire c te d  outward from the c u rre n t 

y ie ld  s u rfa ce , as long  as the a p p lie d  load con tinues to  in c re a se .

High excess pore pressures have been detected  (Moore, B iju -D u v a l, 

e t a l . ,  1982) and in fe r re d  (D av is , e t a l . ,  1983; Von Huene and Lee,

1982) at seve ra l modern a c c re tio n a ry  wedges, bu t the  o r ig in  o f  these

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



I

135

h igh  pore -p ressures— whether load-induced o r in te r n a l ly  generated— is  

no t known. I f  d e v o la t iz a t io n  re a c tio n s  do generate a s ig n if ic a n t  

amount o f  excess po re -p ressu re  in  subduction zone s e t t in g s ,  then th is  

process may be re sp o n s ib le  fo r  lo c a l iz a t io n  o f  d is c re te  fa u l t s .

The o th e r process— l i t h i f i c a t i o n  and cem entation— re s u lts  in  a 

re d u c tio n  o f  pore volume and an increase  in  th e  s tre n g th  o f  the  

g ra n u la r aggregate. In  a rev iew  o f  th e  s t re s s -s ta in  behavio r o f 

cemented sedim ents, M itc h e ll (1976) in d ic a te s  th a t these sediments 

e x h ib it  a s ig n if ic a n t  lo s s -o f-s tre n g th  a t f a i lu r e ,  which is  a fe a tu re  

th a t  a lso  ch a ra c te r ize d  h ig h ly  ove rconso lid a ted  sed im ents. E v id e n tly ,  ' 

the  cem entation process changes the  m a te ria l p ro p e r t ie s  o f  the 

sediment so th a t i t s  d e fo rm a tio n a l behavio r i s  no longe r represented 

by the  " in v a r ia n t"  m a te r ia l cons tan ts  used in  the  model. Nonetheless, 

the  lo s s -o f-s tre n g th  a f te r  peak s tre n g th  suggests th a t  cemented 

sediments p robab ly f a i l  by ru p tu re  f a i lu r e .  This conc lus ion  is  not 

unexpected s ince  the  l i t h i f i c a t i o n  process g ra d u a lly  trans fo rm s a 

sediment in to  a l i t h i f i e d  ro ck , which a t low tem perature w i l l  a lso  

f a i l  by ru p tu re  f a i lu r e .  Cementation and l i t h i f i c a t i o n  can c e r ta in ly  

be expected to  a f fe c t  sediments a t a subduction-zone s e t t in g ;  however, 

the  co m p le x itie s  o f  th e  process make i t  d i f f i c u l t  to  p re d ic t ra te s  and 

modes o f  occurrence. Furtherm ore , to  my knowledge, th e  study o f  

l i t h i f i c a t i o n a l  processes a t subduction  zone s e t t in g s  has rece ived  

ve ry  l i t t l e  a t te n t io n  (a no ta b le  excep tion  is  the work o f  3 .

Schoonmaker [p e rs . comm., 1984] on th e  m inera logy o f  c la ys  from the  

Barbados d r i l l i n g  t ra n s e c t) .  These processes deserves c lo se r 

s c ru t in y ,  g iven i t s  e f fe c t  on de fo rm a tio n a l behav io r and s t r u c tu ra l 

s ty le s  a t subduction zone s e t t in g s .
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APPEH5IX A 
FOSSILS FROM THE PACIFIC RIM COMPLEX

FOSSILS FROM THE UCLUTH VOLCANICS

Sample : 811016-1A and 811013-6 o f  Brandon
(= GSC L o c a li ty  C-102729 and C-102727 re s p e c t iv e ly )

L o ca tio n  C o lle c te d  from lim estone  in  the  U c lu th  V o lcan ics  on the
northw est s id e  o f  the  U c lu th  Pen insu la  (th e  western conodont lo c a l i t y  
in  F igu re  3; 48°57 ’ 42"N, 125°36 '03"W ). The sample comes from a 
c a lc ru d ite  c o n s is t in g  o f  c la s t-s u p p o rte d  cobbles o f  gray lim estone in  
a darker lim es tone  m a tr ix .  C rin o id  fragments are p resen t in  the  
cobbles and may a lso  be in  the  m a tr ix .  The c a lc ru d ite  i s  c le a r ly  
in terbedded w ith  v o lc a n ic  b re cc ia  and t u f f .
Age M. Orchard (p e rs . comm., 1983) o f  the  Canadian G eo log ica l 
Survey recovered conodonts from these samples which be long to  biozones 
c o r re la t iv e  to  the  Dawsoni-Magnus ammonoid zones re p re se n tin g  the  
uppermost low er N orian -lowerm ost m iddle N o rian .

Sample : 82922-5A o f  Brandon (= GSC Loc. C-102721)

L o ca tio n  C o lle c te d  from a gray lim estone bed in  U c lu th  V o lca n ics ,
loca ted  on the  west s id e  o f  U c lu th  Peninsula ( th e  eas te rn  conodont 
lo c a l i t y  in  F igu re  3; 48°57 '03"N , 123°35, 14"W). Limestone con ta ins  
la y e rs  o f  b la ck  c h e rty  sediment and green t u f f ;  sm a ll ammonoids, and 
fragments o f  gastropods and o f  c r in o id s  are a lso  p re se n t. This 
lim estone is  c le a r ly  in te rbedded  w ith  the  v o lc a n ic  rocks  and is  a lso  
in tru d e d  by a sm a ll d io r i t e  d ik e .
Age The m a c ro fo s s ils  were u n id e n t i f ia b le .  M. Orchard (p e rs . 
comm., 1983) was ab le  to  recover conodonts from th e  samples which he 
id e n t i f ie d  as K a rn ian , p robab ly  upper K arn ian.
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FOSSILS FROM PILLOW LAVA AND CHERT UNITS

Sample : 82814-2A o f  Brandon

Location C o lle c te d  from ribbon  c h e rt in terbedded w ith  p il lo w  lava
and t u f f  b re c c ia , lo ca ted  a t the  n o rth  end o f  the  beach a t Ahous Bay, 
on the  west s ide  o f  Vargas Is la n d  ( lo c a t io n  marked in  F igu re  7 ).
Age R a d io la r ia  were id e n t i f ie d  by E. A. Pessagno, J r .  ( w r i t ,  
comm., 1983) o f  the  U n iv e rs ity  o f  Texas at D a lla s . H is re p o rt is  as 
fo llo w s :

Zone 01, upper h a l f  o f  Subzone 01B. Lower J u ra s s ic : upper Toarcian

Zartus jurassicus Pessagno and Blome 
Zartus dickinsoni Pessagno and Blome 
Canoptum sp. (abundant)
Canoptum sp. a f f .  C. anulatum Pessagno and Poisson 
Lupherium sp . c f .  L. officerense Pessagno and Whalen 
Napora sp.
Paronaella sp.
e tc .

Sample :  72-27G o f  M u lle r (see M u lle r , e t a l . ,  1981)

Location M u lle r ,  e t a l .  (1981) describe  th is  lo c a l i t y  as c o n s is t
in g  o f  m aroon-co lored ra d io la r ia n  c h e r t ,  loca ted  on a p o in t o f  land 
due west o f  the Food I s le t s  on the southeast s ide  o f  U c lu e le t In le t  
(c o rre c te d  lo c a t io n  = 48°55 '07"N , 125°28'52"W ). No mention is  made o f  
the  su rround ing  rock types , but p i l lo w  b a s a lt and m udstone-rich 
melange are known to  crop out in  th is  area .
Age S ix  samples were c o lle c te d  a t th is  lo c a l i t y ,  designated VAI-1A 
through VAI-1F by Pessagno who processed and id e n t i f ie d  the ra d io 
la r ia .  H is  age id e n t i f ic a t io n  w ith  a composite l i s t  fo r  a l l  6 samples 
is  as fo llo w s  (M u lle r ,  w r i t ,  comm., 1983):
Subzone 2A, p robab ly  lower p a r t ;  Upper J u ra s s ic : upper Kimmerid- 
g ia n /lo w c r T ith o n ia n  (con firm ed by Pessagno, o ra l comm., 1983)

Eucrytidium (?) ptyctum R iede l and S a n filip p o  
Praceonocaryonvna mamillaria (R ust)
Praeconocaryomnia magnimamma (R ust)
Hsuium aaxw elli Pessagno 
Hsuium cuestaensis Pessagno 
Hsuium obispoensis Pessagno 
Pantanellium r ie d e li Pessagno 
Archaeodictyomitra rig ida  Pessagno 
Parvacingula tu r r i ta  (R ust)
Paronaella sp.
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Spongocapsula palmerae Pessagno 
Parvacingula sp .
Em iluvia sp .
Em iluvia sa lens is  Pessagno 
C race lla  san filip p o ae  Pessagno

Sample :  75-25A o f  M u lle r  (u n p u b lis h e d  d a ta )
(=V A I-2A  th ro u g h  VAI-2C o f  Pessagno)

Location R a d io la r ia n  c h e r t  c o l le c te d  on p o in t  o f  la n d  a t th e
sou thw est c o rn e r o f  In d ia n  R e s e rv a tio n  number 5, n o r th w e s t o f  th e  Beg 
Is la n d s ,  a t th e  s o u th e a s t s id e  o f  U c lu e le t  I n le t  ( M u l le r ,  w r i t t e n  
com m un ica tion , 1 9 8 3 ). I  have no t lo c a te d  t h i s  s p e c i f i c  o u tc ro p  
a lth o u g h  I  know th a t  p i l l o w  b a s a lt  and m u d s to n e -r ic h  m elange a re  
exposed in  t h is  a re a . M u lle r  p ro v id e d  me w ith  a g e n e ra l d e s c r ip t io n  
from  h is  f i e l d  n o te s  w h ich  m e n tio n s  th a t  mudstone and g reen  t u f f  a re  
c lo s e ly  a s s o c ia te d  w ith  th e  c h e r t  b u t maybe in  f a u l t  c o n ta c t .

Age The fo l lo w in g  l i s t  and age id e n t i f i c a t io n  a re  from
P essagno 's  u n p u b lish e d  r e p o r t  ( M u l le r ,  w r i t ,  comm., 1 9 8 3 ):

Zone 2 to  Zone 4 ; upper K im m e rid q ia n /lo w e r T ith o n ia n  to  upper 
T ith o n ia n  (c o n firm e d  by Pessagno, o r a l  co m m u n ica tio n , 1 9 8 3 ).

VAI-2A and 2C
P o o r ly  p re s e rv e d ; in d e te rm in a te  

VAI-2B
Praeconocaryomma m am illa ria  (R u s t)
Parvacingula sp .
Archaeodictyom itra r ig id a  Pessagno

Sample : VA I-3  o f  Pessagno ( M u l le r ,  u n p u b lis h e d  d a ta )

Location C o lle c te d  by M u lle r  and Pessagno from  c h e r t  on th e
sou thw es t s id e  o f  F ra n c is  Is la n d  nea r th e  s m a ll b a tte ry -p o w e re d  beacon 
(see  F ig u re  3 ) .  T h is  c h e r t  i s  c lo s e ly  a s s o c ia te d  w ith  and i s  p ro b a b ly  
c o e v a l w ith  th e  p i l lo w  b a s a lt  exposed on t h i s  is la n d .
Age The fo l lo w in g  l i s t  and age i d e n t i f i c a t io n  a re  from
P essagno 's  u n p u b lis h e d  r e p o r t  ( M u l le r ,  w r i t ,  comm., 1 9 8 3 ):

Zone 1 to  Zone 4 : upper K im m e rid g ia n /lo w e r T ith o n ia n  to  upper 
T ith o n ia n  (c o n firm e d  by Pessagno, o r a l  co m m u n ica tio n , 1 9 8 3 ).

Hsuium n axw elli 
Parvacingula t u r r i t a  (R u s t) 
Parvacingula sp .
Em iluvia sp .
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A rchaeodictyoaitra  r id id a  Pessagno 
Podobursa sp .
P an tan e lliu n  r ie d e l i  Pessagno 
Spongocapsula p a ln e ra i Pessagno 
P a ra n a illa  sp . (F ragm en t) 
Parvacingula procera Pessagno?

FOSSILS FROM UNIT 1A

Sample : 82819-3A  o f  Brandon

Location C o lle c te d  from  r ib b o n  c h e r t  in  U n it  1A a t  th e  so u th  end 
o f  Wya p o in t  ( lo c a t io n  shown in  F ig u re  3 , second r a d io la r ia n  l o c a l i t y  
from  th e  n o r th ;  a ls o  shown as th e  p ro m in e n t le n s  o f  c h e r t  in  F ig u re  
9 ) .  O ccurs as a w e ll  bedded, co n fo rm a b le  le n s  o f  g ra y -g re e n  r ib b o n  
c h e r t ,  about 30 cm t h i c k ,  in  a melange o f  d is ru p te d  b la c k  m udstone, 
c h e r t  and sa n d s to n e . The r ib b o n  c h e r t  le n s  c o n ta in s  a t h in  sandstone  
in te r b e d .  I t  i s  c le a r ly  a n a t iv e  component o f  t h i s  m e lange.
Age The fo l lo w in g  r e p o r t  i s  from  Pessagno ( w r i t ,  comm., 19 8 3 ):

Zone 5 , Subzone 5C to  Zone 6 . Lower C re ta ce o u s : uppe r V a la n g in ia n  to  
upper A p t ia n .

Thanarla conica ( A l ie v )
Holocryptocanium sp . (a b u n d a n t)
Archaeodictyom itra sp .

Sample :  82919-2A o f  Brandon

Location C o lle c te d  from  r ib b o n  c h e r t  in  U n it  1a a t th e  c e n t r a l
p a r t  o f  Wya P o in t  ( lo c a t io n  shown in  F ig u re  3 , n o r th e rn  r e a d io la r ia n  
l o c a l i t y ) .  O ccurs as a w e l l  bedded, co n fo rm a b le  le n s  o f  r ib b o n  c h e r t ,  
abou t 75 cm t h ic k  and 12 m lo n g .  C le a r ly  in te rb e d d e d  w ith  s u rro u n d in g  
b la c k  m udstone o f  th e  m elange.
Age The fo l lo w in g  re p o r t  i s  from  Pessagno ( w r i t ,  comm., 1 9 8 3 ):

In d e te rm in a te .  Abundance o f  Holocryptocanium su g g e s ts  c o r r e la t io n  to  
o th e r  sam ples c i t e d  above. ( Lower C re ta ce o u s (? ) ) .

Holocryptocanium s p . ( f ra g m e n ta l and abundan t)
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Sample : 82810-4A  and -4B  o f  Brandon

L o c a t io n  C o lle c te d  from  c h e r t  sequence on th e  so u th  s id e  o f  
B lunden Is la n d ,  w est o f  V argas Is la n d  ( lo c a t io n  marked in  F ig u re  7 ) .  
Sample -4B  was c o l le c te d  abou t 1 m e te r above -4A  in  th e  same c h e r t 
sequence. T h is  r ib b o n  c h e r t  i s  a s s o c ia te d  w ith  d is ru p te d  mudstone and 
r ib b o n  c h e r t  w ith  m in o r v o lc a n ic  b lo c k s (? )  and maybe e q u iv a le n t  to  
U n it  1A. E xcept f o r  t h i s  o u tc ro p ,  most o f  th e  Is la n d  i s  composed o f  
m ass ive  sandstone  b e lo n g in g  to  U n it  2 .
Age The fo l lo w in g  r e p o r t  i s  from  Pessagno ( w r i t ,  comm., 1983):

Zone 5 , Subzone 5C t o  Zone 6 . Lower C re ta c e o u s : uppe r V a la n g in ia n  to  
upper A p t ia n .

T h a n a r la  c o n ic a  ( A l ie v )
H o lo c ry p to c a n iu m  sp . ( f ra g m e n ta l and abund an t)
Cenosphaera sp .
A rc h a e o d ic ty o m it ra  sp .

FOSSILS FROM UNIT 1B

Sample : 821011-3A  and -3B  o f  Brandon

L o c a t io n  C o lle c te d  from  sandy r ib b o n  c h e r t  sequence from  U n it  1B,
lo c a te d  s o u th  o f  B ig  Beach ( th e  w es te rn  r a d io la r ia n  l o c a l i t y  shown in  
F ig u re  1 3 ) .  The c h e r t  sequence d e p o s it io n a l o v e r l ie s  b la c k  mudstone 
and i s  o v e r la in  by sa n d s to n e  a c ro s s  a c o n ta c t  t h a t  i s  p ro b a b ly  
d e p o s i t io n a l . There i s  no lo c a l  in d ic a t io n  o f  s t r a t ig r a p h ic  to p s ; 
t h i s  sequence c o u ld  v e ry  l i k e l y  be o v e r tu rn e d .  The lo w e s t m eter o f  
th e  c h e r t  sequence c o n s is ts  o f  sandy r a d io la r ia n  r ib b o n  c h e r t .
Age Sample -3A was c o l le c te d  ju s t  above th e  b a s a l c o n ta c t ;  -3B  was 
c o l le c te d  about 75 cm above th e  c o n ta c t .  The fo l lo w in g  re p o r t  i s  from  
Pessagno ( w r i t ,  comm., 1 9 8 3 ):

Zone 5 , subzone 5C. Lower C re ta c e o u s : upper V a la n g in ia n  to  low er
H a u te r iv ia n .

821011—3A
T h a n a rla  c o n ic a  ( A l ie v )
A rc h a e o d ic ty o m itra  s p .
R is to la  sp .
H o lo c ry p to c a n iu n  sp . ( v e ry  abundant and f ra g m e n ta l)
Cenosphaera s p .
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8281011-3B
Thanarla conica (A lie v )
P se u d o d ic tyo a itra  sp.
Holocryptocaniun sp. (abundant and fragm en ta l)

Sample : 821011-1 o f  Brandon

Location C o lle c te d  from ribbon  ch e rt in  U n it 1B, south o f  Big
Beach ( th e  more easte rn  r a d io la r ia  lo c a l i t y  shown in  f ig u re  1 3 ). This 
lo c a l i t y  is  w ith in  10 meters o f  821011-3A and -3B , described above, 
and would be expected to  be o f  the  same age. The che rt occurs as a
sm all eroded b lo ck  o f  sandy ribbon  c h e r t ,  about 30 m th ic k ,  surrounded
by massive sandstone. One o f  the  ribbon  beds in  the  che rt is  a c tu a lly  
a c h e rty  sandstone.
Age The fo llo w in g  re p o rt is  from Pessagno ( w r i t ,  comm., 1983):

P o ss ib ly  Zone 4 to  Zone 5 , Subzone 5C, Upper Ju ra s s ic  (upper 
T ith o n ia n  sensu Pessagno, Blome, and Longo ria , in  press) to  Lower 
Cretaceous (upper V a lang in ian  to  lower H a u te r iv ia n ) .

Ristola sp. a f f .  R. boesii (Parona)
Acanthocircus dicranocanthos Squinabol?

Sample : 72-11A o f  M u lle r ,  et a l .  (1981) (=GSC Loc. C-89780)

L o ca tio n  Located a t B ig Beach on southwest coast o f U c lu th  
P en insu la  at end o f fo o t t r a i l  on the  beach (F ig u re  13 ) (c o rre c te d  
lo c a t io n  = 48°56'D0"N, 125°32’40"W).
Age In  both lo c a tio n s  Buchia s h e lls  occur in  c o q u in a -lik e  beds
o f  medium th ickn e ss  w ith in  U n it 1B m udstone-rich  melanges. D r. 3. A. 
J e le tz k y  id e n t i f ie d  these fo s s i ls  as fo llo w s  (from  M u lle r , 1981,p 
3 1 -2 ):

"M id -V a lang in ia n  s tage , Buchia pacifica  zone (J e le tz k y , 1965, 
p .4 3 -4 9 ). "The apparent absence o f  c losed or gap ing , complete ( ie .  
double va lved ) s h e lls  cou ld  be in te rp re te d  as suggestive  o f 
re -d e p o s it io n  o f  fauna e ith e r  by wave a c tio n  o r by t u r b id i t y  c u rre n ts "  
(J e le tz k y 1s comments)".

Buchia pacifica  J e le tz k y  1965
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Sample : 76-261 o f  M u lle r , e t a l .  (1981) (=GSC lo c a l i t y  C-89781)

Location Located on th e  no rth  s ide  o f  a bay, south o f  the  Big
Beach area on the  southwest coast o f  the  U clu th  P en insu la  (0 .75 km due 
south o f  U c lu e le t, 48°56 '00"N , 125°32’ 40"W).
Age Same as Sample 72 -11A o f  M u lle r (1981) described above.

Sample : 821008-1 o f Brandon (=GSC L o c a lity  C-102719)

Location Located c lose  to  the  base o f  U n it 1B melange, no rth  o f
B ig Beach (th e  southeast Buchia lo c a l i t y  shown in  F ig u re  12) 
(48°56 '11"N , 125°33117"W). These Buchia a lso  occur in  a medium-bedded 
coqu ina , s im ila r  to  M u lle r 's  Buchia l o c a l i t ie s  described  above 
(72 -11A, 76-261).
Age F o s s ils  were id e n t i f ie d  by D r. 3 . A. J e le tzky  ( w r i t ,  comm.,
1983) o f  the G eo log ica l Survey o f  Canada. The fo llo w in g  is  from h is  
re p o rt (Km -7-1983-JAJ):

"Some pa rt (more l i k e l y  low er o f  Buchia pacifica Zone and o f  an e a r ly  
o r  (? )m id -V a lang in ian  age in  terms o f  the  in te rn a t io n a l standard 
stages (see J e le tz k y , GSC B u l l .  103, 1965, p .43-49, F ig s . 1 ,2 ,4  and 
J e le tz k y  in  Je le tzky  and T ip p e r, GSC Paper 67-54, p .7 -10 , Table I  fo r  
fu r th e r  d e t a i ls ) . "

Buchia pacifica J e le tz k y , 1964 (p re v a le n t)
Buchia tolmatschowi (S oko lov, 1908) ( le s s  common)
Buchia sp. inde te rm inan t (Badly deformed re p re s e n ta tiv e s  o f  two 
former species)

Sample : 821008-4 o f Brandon (=GSC L o c a lity  C-102720)

Location Located a t the  base o f  U n it 1B m udstone-rich  melange
where i t  re s ts  in  d e p o s it io n a l con tac t w ith  the  u n d e rly in g  U clu th  
V o lcan ics  ( ( th e  northw est Buchia lo c a l i t y  shown in  F ig u re  12) 
(48°56 '11"N , 125°33'20"W ). The Buchia do not occur in  a coquina but 
are  d ispersed in  a massive b lack  mudstone co n ta in in g  m inor concre
t io n s .
Age The fo llo w in g  re p o r t  is  from Je le tz k y  ( w r i t ,  comm., 1983
— re p o rt Km-7-1983-JAJ) who id e n t i f ie d  the  fo s s i ls :

"Most l i k e ly  the  same as fo r  the lo t  /7C—102719. However, a l l  the 
numerous Buchias o f  the lo t  //102720 are so bad ly  deformed and sheared 
th a t the  in fe r re d  prevalence o f  B. pacifica over B. tomatschowi may 
p o s s ib ly  be d e ce iv in g . T he re fo re , the  lo t  //C-102720 cou ld  conce ivab ly  
rep resen t the upper p a rt o f  the Buchia tolnatschowi Zone. In  any 
case, the  lo t  //C-102720 is  c o r re la t iv e  w ith  the  upper p a r t o f  the  One
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Tree Form ation o f the  Esperanza-Kyuquot area and is  o f  an e a r ly  to  
m id -V a lang in ian  age in  term s o f  the  in te rn a t io n a l s tandard  stages (see 
J e le tz k y , 1965, B u l l .  103 fo r  fu r th e r  d e t a i ls ) . "

Buchia p a c if ic a  J e le tz k y , 1965 (a p p a re n tly  p re v a le n t)
Buchia to lm a tschow i (S o lo lo v , 1908) (a p p a re n tly  le s s  common).
Buchia c f .  u n c ito id e s  (Pasvlow, 1970) sensu la to  (a p p a re n tly  ra re )

Sample : 82929-1 and 82927-4 o f  Brandon

Loca tio n  Large b iv a lv e  s h e lls  (Inoceramus?) c o lle c te d  from U n it 1B 
a t B ig Beach. These samples come from two o f  the  many lo c a l i t ie s  
shown in  F igu res  12 and 13. 82929-1 is  lo ca te d  in  th e  ce n te r o f  th e
map (F ig u re  13; near the  a t t i tu d e  w ith  a d ip  o f  69°) and occurs in  
b la ck  mudstone in terbedded w ith  tu r b id i t e  sandstone and conglom erate. 
82927-4 is  lo ca ted  a t the  n o rth  end o f  th e  map (F ig u re  13; near the  
a t t i tu d e  w ith  a d ip  o f  4 9 ° ) ,  and occurs in  lam inated mudstone.

At these lo c a l i t ie s  and o th e rs  in  the  a rea , the  s h e lls  occur as 
th in  c a lc i te  la y e rs , everywhere o r ie n te d  p a r a l le l  to  bedd ing , and 
lo c a l ly  w ith  opposing va lves  o f  the  s h e l l  s t i l l  p rese rved . The s h e lls  
are f l a t  in  c ro s s -s e c tio n , range from 25 to  150 cm long  and 5 to  120 
mm th ic k ,  and are composed o f  p r is m a tic  c a lc i te  g ra in s  o r ie n te d  
p e rp e n d icu la r to  th e  s h e ll edge. Weathered su rfaces re v e a l a f a in t  
rhythm ic  banding superimposed on the  prism s and o r ie n te d  p a r a l le l  to  
the le n g th  o f  the  s h e l l .

I  sent these samples, w ith  th in  se c tio n s  and f i e ld  photographs, 
to  D r. E. G. Kauffman, an expert in  B iva lve  and Inoceram id pa leon to 
logy  a t the  U n iv e rs ity  o f  C olorado. H is re p o rt to  me is  as fo llo w s  
(Kauffman, p e rs . comm., 1983). He confirm ed th a t they  were indeed 
la rg e  b iv a lv e s .  In  th in  s e c tio n  he observed o rgan ic  m a te r ia l and 
growth bands preserved in  the  c a lc i te .  Kauffman showed the  th in  
s e c tio n s  to  D r. R. K l ig f ie ld  who has done ex tens ive  research  on the  
development o f  ve in s  in  deformed rocks . K l ig f ie ld  agreed th a t the  
s h e lls  rep resented  o rgan ic  s tru c tu re s  and are not v e in s .

At t h is  tim e  Kauffman cou ld  not make a s p e c if ic  id e n t i f ic a t io n .
He d id  say th a t based on s im i la r i t ie s  in  s ize  and morphology these 
b iv a v le s  p robab ly  occupied a s im ila r  p a le o e co lo g ica l s e t t in g  as d id  
Cretaceous Inoceramus. He a lso  mentioned th a t the  in d iv id u a ls  were 
a d u lts ,  p robab ly  10 to  30 years o ld .  He agreed based on my photo
graphs and d e s c r ip t io n s  th a t they were preserved in  l i f e  p o s it io n .
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APPENDIX B 
LIST OF SYMBOLS FOR PART I I

d = ope ra to r in d ic a t in g  d i f f e r e n t ia l  increm ent

e = vo id  r a t io

= vo id  r a t io  o f  c r i t i c a l  s ta te  l in e  a t P ' = 1  kPa 

e j = vo id  r a t io  o f  v i r g in  is o tro p ic  c o n s o lid a tio n  l in e

at P'=1 kPa

e., = vo id  r a t io  o f  K c o n s o lid a tio n  l in e  a t P' = 1 kPaKo o
G = e la s t ic  shear modulus

H' = h e ig h t o f  deformed duplex s tru c tu re

K = e la s t ic  s w e llin g  constan t fo r  K - l in e

Kq = a y  r a t io  d u ring  r e s t - s ta te  c o n s o lid a tio n  (G^=0)

Lq = o r ig in a l leng th  p r io r  to  de form ation

Lj- = f in a l  le n g th  a f te r  de fo rm ation

L ' = deformed leng th  o f  im b rica te d  ho rizon

M = slope o f  the c r i t i c a l  s ta te  l in e  in  the  P '-Q 1 diagram

n = f r a c t io n a l p o ro s ity

= slope o f  P '-Q 1 s tre s s  path du ring  Ko c o n s o lid a tio n  

P' = e f fe c t iv e  pressure  or e f fe c t iv e  mean s tre s s

P^ = in te rs e c t io n  o f  c u rre n t y ie ld  su rface  w ith  the  P' a x is

Q' = d e v ia to r ic  s tre s s  du ring  t r i a x i a l  de fo rm ation

s ' = (cry-0 | ! | ) / 2  ; mean normal s tre s s  d u ring  p la n e -s tra in

de form ation  

S = r e la t iv e  th ru s t  d isplacem ent

t  = o r ig in a l  th ickn e ss  o f  im b rica te d  ho rizon

t '  = ( a y - a ^ ) / 2  ; maximum shear s tre s s  d u rin g  p la n e -s tra in

deform ation
*

U = excess pore f lu id  pressure
*  *

Up,Uq = p ressure-induced and d e v ia to r ic  s tre ss -in d u ce d  components

o f  excess pore pressure  d u ring  undrained de fo rm ation  

V = volume
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A = o p e ra to r in d ic a t in g  f i n i t e  increment

= 2 (G .j-£ j) /3  ; shear s t r a in  fo r  t r i a x ia l  de form ation 

(p o s it iv e  d u r in g  t r i a x i a l  compression)

Gy = vo lu m e tr ic  s t r a in  (volume re d u c tio n  is  p o s it iv e )

= v e r t ic a l  and h o r iz o n ta l s t r a in  components 

= p r in c ip le  s t r a in  components

= s lope  o f  c r i t i c a l  s ta te ,  is o t ro p ic  and Ko c o n s o lid a tio n  

l in e s  in  an e -L n (P ')  diagram 

0 = Mohr-Coulomb f r i c t i o n  angle at th e  u lt im a te  s tre n g th

d u rin g  t r i a x i a l  compression 

o |!j = e f fe c t iv e  p r in c ip le  s tresses  fo r  p la n e -s tra in

de fo rm a tio n ; is  the  d ire c t io n  c lo s e s t to  v e r t ic a l ;  

cj|j| i s  the  d ir e c t io n  c lo s e s t to  h o r iz o n ta l 

= e f fe c t iv e  p r in c ip le  s tresses

Superscripts

' = in d ic a te s  e f fe c t iv e  s tre s s  when used w ith  s tre s s  v a r ia b le s

(s tre s s  v a r ia b le s  are e f fe c t iv e  unless o the rw ise  noted) 

p = in d ic a te s  p la s t ic  s t r a in  component

e = in d ic a te s  e la s t ic  s t r a in  component

t  = in d ic a te s  t o t a l  s t r a in  component
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Mark Thomas Brandon 

B ir th d a te :  29 October 1953. B ir th p la c e : Los Angeles, C a lifo rn ia  

P aren ts : E a rl Thomas Brandon and S h ir le y  Jean Brandon

Graduated from Ravenswood High School, 1970

B .S ., U n iv e rs ity  o f  C a li fo rn ia ,  Santa Cruz, 1975 

M .S., U n iv e rs ity  o f  W ashington, 1980
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