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Abstract:
The distribution and magnitude of internal deformation within thrust sheets is not well documented
because internal deformation has generally been considered insignificant compared to shortening by
thrust faulting across an entire thrust belt. However, in the Backbone thrust sheet in northwest
Montana, internally deformed Middle Cambrian limestones are overlain by apparently undeformed
shale and dolomite. The distribution, mechanisms and amount of internal deformation are documented
using macroscopic, mesoscopic and microscopic structural elements for the purpose of determining
their contribution to the overall shortening, the sequence of deformation and the mechanics of
emplacement for the thrust sheet.

Macroscopic internal deformation varies laterally in the thrust sheet. Thrust faults create an imbricate
zone at the leading edge whereas folds dominate the intraplate region. Mesoscopic internal deformation
varies vertically with distance from thrust faults and lithology of the footwall. Three deformational
domains are defined based on distribution of mesoscopic structural elements. Domain I, is proximal to
the Backbone thrust and it is dominated by mesoscopic fault arrays and tectonic veins where Cambrian
limestone is thrust over competent rocks. Where Cambrian limestone is thrust over shale, these features
are less well-developed. Domain II is located in the strata overlying Domain I and in macroscopic
intraplate folds. Domain II is cleavage dominated and contains mesoscopic folds, boudins and pencil
structures. Domain III is the remaining undeformed strata in the upper part of the thrust sheet.

The important mechanisms of deformation in Domain I are faulting, extension fracturing,
recrystallization and pressure solution. These mechanisms are significant at the mesoscopic and
microscopic scales. Fault surfaces are' affected by frictional sliding and pressure solution slip. The
dominant mechanism of deformation in Domain II is pressure solution as indicated by spaced cleavage
and pencil structures. Minor extensional fracturing is responsible for calcite veins and boudins.

Macroscopic folding and thrust imbrication contribute 55% internal shortening. Pressure solution
deformation accounts for an additional 15% shortening; thus, total shortening due to internal
deformation is approxiamtely 70%. Fault zone deformation contributes simple shear strain and
longitudinal shortening to internal deformation in Domain I.

The sequence of deformation in the Backbone thrust sheet is primarily constrained by geometric
relationships between cleavage and structural elements. Cleavage formed early in the history of the
thrust sheet, contemporaneously with microscopic strain. Macroscopic folding, formed during
thrusting, postdates cleavage and passively rotated it into fans. Faulting was the final increment of
deformation. 
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ABSTRACT

The d i s t r i b u t i o n  and m ag n itu d e  o f  i n t e r n a l  d e fo rm a tio n  w i th in  
t h r u s t  s h e e t s  i s  n o t  w e l l  docum ented  b e c a u s e  i n t e r n a l  d e fo rm a tio n  h a s  
g e n e r a l l y  b e e n  c o n s id e r e d  i n s i g n i f i c a n t  com pared t o  s h o r te n in g  by  
t h r u s t  f a u l t i n g  a c r o s s  an  e n t i r e  t h r u s t  b e l t .  H ow ever, in  th e  Backbone 
t h r u s t  s h e e t  i n  n o r th w e s t  M ontana , i n t e r n a l l y  defo rm ed  M iddle  C am brian 
l im e s to n e s  a r e  o v e r l a in  by  a p p a r e n t ly  undeform ed  s h a le  and d o lo m ite .  
The d i s t r i b u t i o n ,  m echanism s and am ount o f  i n t e r n a l  d e fo rm a tio n  a r e  
docum ented  u s in g  m a c ro s c o p ic , m eso sc o p ic  and m ic ro s c o p ic  s t r u c t u r a l  
e le m e n ts  f o r  th e  p u rp o se  o f  d e te rm in in g  t h e i r  c o n t r i b u t i o n ,  t o  th e  
o v e r a l l  s h o r t e n in g ,  t h e  s e q u e n c e  o f  d e fo rm a tio n  and th e  m ech an ics  o f 
em placem ent f o r  th e  t h r u s t  s h e e t .

M a cro sc o p ic  i n t e r n a l  d e fo rm a t io n  v a r i e s  l a t e r a l l y  in  th e  t h r u s t  
s h e e t .  T h ru s t  f a u l t s  c r e a t e  an  im b r ic a te  zone a t  t h e  le a d in g  edge 
w h e re as  f o ld s  d o m in a te  th e  i n t r a p l a t e  r e g io n .  M eso sco p ic  i n t e r n a l  
d e fo rm a t io n  v a r i e s  v e r t i c a l l y  w i th  d i s t a n c e  from  t h r u s t  f a u l t s  and 
l i t h o l o g y  o f  th e  f o o tw a l l .  T h ree  d e fo rm a t io n a l  dom ains a r e  d e f in e d  
b a s e d  on d i s t r i b u t i o n  o f  m eso sc o p ic  s t r u c t u r a l  e le m e n ts . Domain I , i s  
p ro x im a l to  th e  Backbone t h r u s t  and i t  i s  d o m in a ted  by  m eso sco p ic  f a u l t  
a r r a y s  and t e c t o n i c  v e in s  w here  C am brian l im e s to n e  i s  t h r u s t  o v e r  
co m p e ten t r o c k s .  Where C am brian  l im e s to n e  i s  t h r u s t  o v e r  s h a l e ,  t h e s e  
f e a t u r e s  a r e  l e s s  w e l l - d e v e lo p e d .  Domain I I  i s  l o c a t e d  in  th e  s t r a t a  
o v e r ly in g  Domain I  and i n  m a c ro sc o p ic  i n t r a p l a t e  f o l d s .  Domain I I  i s  
c le a v a g e  d o m in a ted  and c o n ta in s  m eso sc o p ic  f o l d s ,  b o u d in s  and p e n c i l  
s t r u c t u r e s . Domain I I I  i s  th e  re m a in in g  undefo rm ed  s t r a t a  in  th e  u p p e r  
p a r t  o f  t h e  t h r u s t  s h e e t .

The im p o r ta n t  m echanism s o f  d e fo rm a tio n  in  Domain I  a r e  f a u l t i n g ,  
e x te n s io n  f r a c t u r i n g ,  r e c r y s t a l l i z a t i o n  and p r e s s u r e  s o l u t i o n .  T hese 
m echanism s a r e  s i g n i f i c a n t  a t  t h e  m eso sc o p ic  and m ic ro s c o p ic  s c a l e s .  
F a u l t  s u r f a c e s  a r e ' a f f e c t e d  by  f r i c t i o n a l  s l i d i n g  and p r e s s u r e  s o l u t i o n  
s l i p .  The d o m in an t m echanism  o f  d e fo rm a tio n  in  Domain I I  i s  p r e s s u r e  
s o l u t i o n  a s  i n d i c a t e d  by  sp a c e d  c le a v a g e  and p e n c i l  s t r u c t u r e s . M inor 
e x te n s i o n a l  f r a c t u r i n g  i s  r e s p o n s i b le  f o r  c a l c i t e  v e in s  and b o u d in s .

M a cro sc o p ic  f o ld i n g  and t h r u s t  im b r ic a t io n  c o n t r i b u t e  55% 
i n t e r n a l  s h o r t e n in g .  P r e s s u r e  s o l u t i o n  d e fo rm a tio n  a c c o u n ts  f o r  an 
a d d i t i o n a l  15% s h o r t e n in g ;  t h u s , t o t a l  s h o r te n in g  due to  i n t e r n a l  
d e fo rm a tio n  i s  a p p ro x ia m te ly  70%. F a u l t  zone  d e fo rm a t io n  c o n t r i b u t e s  
s im p le  s h e a r  s t r a i n  and l o n g i t u d i n a l  s h o r te n in g  t o  i n t e r n a l  d e fo rm a tio n  
in  Domain I .

The se q u e n c e  o f  d e fo rm a t io n  in  th e  Backbone t h r u s t  s h e e t  i s  
p r im a r i ly  c o n s t r a in e d  by  g e o m e tr ic  r e l a t i o n s h i p s  b e tw e e n  c le a v a g e  and 
s t r u c t u r a l  e le m e n ts .  C le a v ag e  fo rm ed , e a r l y  in  t h e  h i s t o r y  o f  th e  
t h r u s t  s h e e t ,  c o n te m p o ra n e o u s ly  w i th  m ic ro s c o p ic  s t r a i n .  M a cro sco p ic  
f o ld i n g ,  form ed d u r in g  t h r u s t i n g ,  p o s td a t e s  c le a v a g e  and p a s s i v e ly  
r o t a t e d  i t  i n t o  f a n s .  F a u l t i n g  was th e  f i n a l  in c re m e n t o f  d e fo rm a t io n .
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INTRODUCTION
i

P u rp o se  o f  S tudy

D efo rm a tio n  o f  ro c k s  i n  f o ld  and t h r u s t  b e l t s ,  i n c lu d e s  e le m e n ts  o f  

t h r e e  fu n d a m e n ta l p r o c e s s e s :  I )  t r a n s l a t i o n  a lo n g  f a u l t s ;  2 ) r o t a t i o n

o f  s t r a t a ;  and 3 ) i n t e r n a l  d e fo r m a t io n .  T r a n s l a t i o n s  and r o t a t i o n s  

have  b een  m easu red  and i n t e g r a t e d  i n  r e g io n a l  s c a l e  s t u d i e s  w h ich  

d e te rm in e  s t r u c t u r a l  g e o m e try , s e q u e n c e  o f  e v e n ts  and  th e  am ount o f  

s h o r te n in g  in  t h r u s t  b e l t s  ( e . g .  Royse and o t h e r s ,  1975 , D a h ls tro m , 

1 9 7 0 ) . However, t h e  d i s t r i b u t i o n  and d e g re e  o f i n t e r n a l  d e fo rm a t io n  and 

i t s  c o n t r i b u t i o n  t o  s h o r t e n in g  w i t h in  t h r u s t  s h e e t s  i s  l e s s  w e l l  

do cu m en ted . I n t e r n a l  d e fo rm a t io n  h a s  g e n e r a l ly  b e e n  c o n s id e r e d  

i n s i g n i f i c a n t  com pared to  s h o r t e n in g  a c r o s s  an e n t i r e  t h r u s t  b e l t  

(A llm endin g e r ,  1982, E l l i o t t ,  1 9 7 6 b ).

In  th e  S w if t R e s e r v o i r  a r e a  o f  n o r th w e s te rn  M ontana, i n t e r n a l l y  

defo rm ed  m id d le  C am brian s t r a t a  a r e  o v e r l a in  by a p p a r e n t ly  undefo rm ed  

u p p e r  Cam brian and D evon ian  s t r a t a  i n  th e  Backbone t h r u s t  s h e e t  

( S in g d a h ls e n , 1 9 8 6 ) . T h is  s tu d y  was u n d e r ta k e n  t o  a d d re s s  th e

s i g n i f i c a n c e  o f t h i s  i n t e r n a l  d e fo rm a t io n  and th e  o b se rv e d  s t r a i n  

h e t e r o g e n e i ty . More s p e c i f i c a l l y ,  t h e  g o a ls  o f  t h i s  s tu d y  w e re : I )  t o  

d e f in e  th e  v a r i a t i o n  in  s t y l e  and i n t e n s i t y  o f  i n t e r n a l  d e fo rm a t io n ;  2 ) 

t o  i d e n t i f y  th e  m echanism s t h a t  p ro d u ce d  th e  d e fo r m a t io n ;  3) to  

q u a n t i f y  i n t e r n a l  d e fo rm a t io n  and d e te rm in e  i t s  c o n t r i b u t i o n  to  

s h o r te n in g  w i th in  t h e  t h r u s t  s h e e t ;  and  4) to  d e te rm in e  th e  se q u e n c e  o f
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d e fo rm a t io n  and i d e n t i f y  f e a t u r e s  w h ich  p ro v id e  i n s i g h t  i n to  m echan ics  

o f  em placem ent o f  th e  Backbone t h r u s t  s h e e t  u s in g  m a c ro sc o p ic , 

m e so sc o p ic  and m ic ro s c o p ic  s t r u c t u r a l  e le m e n ts .

U n d e rs ta n d in g  th e  i n t e r n a l  d e fo rm a tio n  w i th in  t h r u s t  s h e e t s  i s  

im p o r ta n t  f o r  s e v e r a l  r e a s o n s .  F i r s t ,  i n t e r n a l  d e fo rm a tio n  i s  n o t  

a c c o u n te d  f o r  i n  c o n s t r u c t i n g  b a la n c e d  c r o s s  s e c t i o n s ,  and y e t  i t  may 

r e p r e s e n t  . a s i g n i f i c a n t  am ount o f  th e  t o t a l  s h o r t e n in g .  Second, 

v a r i a t i o n s  i n  t h e  d i s t r i b u t i o n  o f  i n t e r n a l  d e fo rm a t io n  have many 

i m p l ic a t i o n s  f o r  e x p lo r a t i o n  g e o lo g y  in c lu d in g  s u b s u r f a c e  p r e d i c t i o n s  

o f  g eo m etry  and d e p th  c o n t i n u i t y  o f  s t r u c t u r e s .  T h i r d ,  s t u d i e s  o f  

i n t e r n a l  d e fo rm a t io n  can  p ro v id e  c o n s t r a i n t s  f o r  d e te rm in in g  th e  

s e q u e n t i a l  d e v e lo p m en t o f  t h r u s t  s h e e t s  (e .g .S im o n  and G ray , 1982) and 

may c o n t r i b u t e  t o  u n d e r s ta n d in g  th e  m e c h a n ic a l p r o c e s s e s  in v o lv e d  in  

em placem ent o f  c o h e re n t  t h r u s t  s h e e t s  ( e .g .  Reks and G ray , 1983; 

A llm e n d in g e r , 1 9 8 2 ) .

A rea  o f  S tudy

The S aw too th  Range o f  n o r th w e s te rn  . n o n ta n a  i s  p a r t  o f  th e  

C o r d i l l e r a n  f o r e l a n d  f o ld  and t h r u s t  b e l t  ( F ig u re  I ) .  I t  l i e s  d i r e c t l y  

s o u th  o f  G la c ie r  N a t io n a l  P ark  and i s  c h a r a c t e r i z e d  by co m p lex ly  

t h r u s t e d  and f o ld e d  P a le o z o ic  and lo w e r  M esozoic s e d im e n ta ry  r o c k s .  The 

S w if t R e s e rv o i r  s tu d y  a r e a  i s  l o c a t e d  i n  th e  n o r th e r n  p a r t  o f  th e  

S aw to o th  Range ( F ig u r e  2 ) .  The n o r th w e s t  t r e n d in g  B ackbone t h r u s t  s h e e t  

in  t h e  S w if t R e s e r v o i r  a r e a  i s  com posed o f  num erous s m a l l e r - s c a l e  

t h r u s t  im b r ic a te s  and i n t r a p l a t e  f o l d s ;  i t ' s  s u r f a c e  t r a c e  i s  a b o u t 13 

km lo n g .  The B ackbone t h r u s t  p la c e s  Cam brian and D evon ian  s t r a t a  o v e r
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STUDY AREA

IDAHO

KDAK

S.DAK

WYOMING

AOCKY MONTANA

MOUNTAIN

rOLD-THAUST

BELT

. / l̂ - y CENTAAL AOCKY 

MOUNTAIN FOAELAND AAOVINCE

F ig u re  I .  G e n e ra l iz e d  t e c t o n i c  map o f  n o r th w e s te rn  M ontana ( a f t e r  
T a y lo r  and A sh le y , 1 9 8 6 ).
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O  EAST glacier park

,STUDY AREA

MAP AREA Tefcml R i v e r

MONTANA

G i b s o n  R e s e r v o i r

IO M I L E S

10 KM

F ig u re  2 . S tudy a r e a  l o c a t io n  map. S aw too th  Range (fro m  S in g d a h lse n  
1 9 8 6 ) .
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U pper P a le o z o ic  and M esozo ic  s t r a t a .  E x c e l l e n t  e x p o s u re  o f  th e  

B ackbone t h r u s t  s h e e t  and i t s  f o o tw a l l  s t r a t a  o c c u r  a lo n g  th e  s h o re s  o f  

S w if t  R e s e rv o i r  and B ir c h  C reek  w h ic h  f lo w s  n o rm al to  t h e  s t r i k e  o f  th e  

t h r u s t .

The s tu d y  a r e a  i s  a p p ro x im a te ly  25 km w e s t o f  th e  tow n o f  D upuyer, 

M ontana in  P o n d era  and T e to n  C o u n t ie s .  A ccess to  th e  a r e a  i s  by  a 

m a in ta in e d  g r a v e l  ro a d  t o  th e  S w if t  Dam s i t e ,  th e n  by  f o o t  and h o r s e  

t r a i l s . The a r e a  i s  c o v e re d  by  th e  F i s h  Lake and S w if t  R e s e rv o i r  7 .5  

m in u te  U n ite d  S t a te s  G e o lo g ic a l  S u rvey  to p o g ra p h ic  q u a d ra n g le s .

P re v io u s  I n v e s t i g a t i o n s

P re v io u s  g e o lo g ic  s t u d i e s  o f  t h e  S aw to o th  Range and s u r ro u n d in g  

a r e a  p ro v id e d  an  o v e r a l l  s t r u c t u r a l  and s t r a t i g r a p h i c  fram ew ork  f o r  

t h i s  s tu d y .  S t r a t i g r a p h i c  i n v e s t i g a t i o n s  by  D e is s  (1939) and Mudge 

(1972a) d e f in e d  m appab le  u n i t s  and l i t h o l o g i c  c h a r a c t e r i s t i c s  o f  

P a le o z o ic  s t r a t a  i n  th e  S aw too th  R ange. D e is s  (1 9 4 3 b ), Mudge (1 9 7 2 b ), 

and Mudge and E a r h a r t  (1 9 8 0 ) , h av e  d i s c u s s e d  th e  r e g io n a l  s t r u c t u r a l  

fram ew o rk . Mudge (1982) a l s o  p ro v id e d  an  e x c e l l e n t  summary o f  th e  

s t r u c t u r a l  g e o lo g y  o f  t h e  S aw too th  Range and s u rro u n d in g  a r e a .

S e v e ra l  m a s t e r 's  t h e s e s  o f  t h e  S w if t  R e s e rv o i r  a r e a  p ro v id e d  th e  

p r e l im in a r y  g e o lo g ic  m app ing , s t r u c t u r a l  a n a ly s i s  and  s t r a t i g r a p h i c  

i n t e r p r e t a t i o n s  n eed ed  to  ,u n d e r ta k e  t h i s  s tu d y .  M ost r e c e n t l y ,  

S in g d a h ls e n  (1986) c o n d u c te d  g e o lo g ic  m apping and a s t r u c t u r a l  a n a ly s i s  

o f  th e  M esozoic and P a le o z o ic  u n i t s  i n  t h e  a r e a  from  S w if t R e s e rv o i r  

s o u th  t o  D upuyer C reek . H is w ork s u g g e s te d  t h a t  S w if t  R e s e rv o i r  i s  on 

a  s t r u c t u r a l  c u lm in a t io n  form ed by p o ly p h a se  d e fo rm a tio n  o f  th e
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B ackbone t h r u s t  s h e e t .  A s tu d y  o f  t h e  a r e a  d i r e c t l y  w e s t  o f  S w if t  

R e s e r v o i r  by  F e u c h t (1971) c o n c e n t r a te d  p r i m a r i l y  on s t r a t i g r a p h y  and 

d e fo rm a t io n a l  s t y l e s .  H is w ork p ro v id e d  th e  f i r s t  e s t im a te s  o f  

p r i n c i p a l  s t r e s s  d i r e c t i o n s  f o r  d e fo rm a t io n  from  s t e r e o n e t  p l o t s  o f
i

b e d d in g  and f o ld  a x e s .

M ethods o f  I n v e s t i g a t i o n

To a c h ie v e  th e  d e f in e d  s tu d y  g o a l s ,  f i e l d  i n v e s t i g a t i o n ,  s t r u c t u r a l  

a n a l y s i s ,  s t r a i n  a n a ly s i s  and p e t r o g r a p h ic  e x a m in a t io n  w ere  p e rfo rm e d . 

F i e ld  i n v e s t i g a t i o n  was i n i t i a t e d  i n  1986 by  c o n d u c tin g  d e t a i l e d  

g e o lo g ic  m apping o f  m a c ro sc o p ic  s t r u c t u r a l  e le m e n ts  a t  a s c a l e  o f  

1 :8 ,0 0 0 .  S i t e s  w i th  good e x p o s u re s  o f  m eso sc o p ic  s t r u c t u r a l  e le m e n ts  

w ere  th e n  exam ined  and a r e  d e s ig n a te d  in  t h e  t e x t  by  s t a t i o n s  w i th  

s m a ll  l e t t e r s .  At e a c h  s t a t i o n ,  o r i e n t a t i o n s  o f  g e o m e tr ic  e le m e n ts ,  

k in e m a t ic  i n d i c a t o r s  and t h e i r  r e l a t i o n s h i p  t o  o t h e r  s t r u c t u r e s  w ere  

r e c o r d e d .  Sam pling  f o r  p e t r o g r a p h ic  s tu d y  in c lu d e d  o r i e n t e d  sam p les  o f  

ro c k s  from  f a u l t  z o n e s , c le a v a g e ,  v e in —f i l l  m a t e r i a l  and b o u d in s . In  

a d d i t i o n ,  19 o r i e n t e d  sam p les o f  o o l i t e s  w ere  c o l l e c t e d  f o r  s t r a i n  

a n a l y s i s ;  sa m p lin g  and a n a l y t i c a l  p ro c e d u re s  a r e  d i s c u s s e d  in  a l a t e r  

s e c t i o n .

S t r u c t u r a l  a n a ly s i s  c o n s i s t e d  o f  p l o t t i n g  g e o m e tr ic  e le m e n ts  o f  

b o th  m a c ro sc o p ic  and m eso sco p ic  s t r u c t u r e s  on lo w e r  h e m isp h e re  e q u a l  

a r e a  s t e r e o n e t s .  From th e s e  d a t a ,  t h e  a r e a l  k in e m a t ic  ax es  w ere  

d e te rm in e d  and  l o c a l  d e v ia t io n s  n o te d .  The p r e - t h r u s t  o r i e n t a t i o n  o f  

c le a v a g e  was d e te rm in e d  by  r o t a t i n g  b e d d in g  b a c k  t o  h o r i z o n t a l .

V a r ia t io n s  in  i n t e r n a l  d e fo rm a tio n  w ere  d e te rm in e d  b y  d e t a i l i n g  th e
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d i s t r i b u t i o n  and i n t e n s i t y  o f  d e v e lo p m en t o f  m a c ro sc o p ic  and m eso sc o p ic  

s t r u c t u r a l  e le m e n ts .  P e t r o g r a p h ic  i n s p e c t io n  o f  c le a v a g e  and ro c k s  

from  f a u l t  zo n es  p ro v id e d  in f o r m a t io n  on i n t e r n a l  d e fo rm a tio n  a t  th e  

m ic ro s c o p ic  s c a l e .  D e fo rm a tio n  m echanism s w ere d e te rm in e d  by  co m paring  

o u tc ro p  and p e t r o g r a p h ic  o b s e r v a t io n s  w i th  s i m i l a r  o b s e r v a t io n s  c i t e d  

in  l i t e r a t u r e  c o v e r in g  o t h e r  f o ld  and  t h r u s t  b e l t s . The am ount and 

s i g n i f i c a n c e  o f  i n t e r n a l  d e fo rm a t io n  was a p p ro x im a te d  by  v a r io u s  

te c h n iq u e s  u s in g  m a c ro sc o p ic  and m eso sc o p ic  s t r u c t u r a l  e le m e n ts .  

M ic ro s c o p ic  s t r a i n  was d e te rm in e d  u s in g  th e  F ry  M ethod (F ry , 1979) on 

th e  o r i e n t e d  sam p les  c o n ta in in g  o o id s .  T hese d a ta  w ere th e n  a n a ly z e d  

t o  d e te rm in e  th e  se q u e n c e  o f  d e fo rm a t io n  and a  r e a s o n a b le  em placem ent 

h i s t o r y  f o r  th e  Backbone t h r u s t  s h e e t .
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GEOLOGIC SETTING

The S aw too th  Range i s  an  a r c u a te  s a l i e n t  w i t h in  th e  C o r d i l l e r a n  

f o r e l a n d  f o ld  and t h r u s t  b e l t .  I t  c o n s i s t s  p r im a r i l y  o f  w e s t - d ip p in g .

c lo s e ly - s p a c e d t h r u s t f a u l t s and com plex f o ld s in P a le o z o ic  and

M esozo ic  s t r a t a The S aw too th Range c o rre s p o n d s t o S u b b e lt I I  in

M udge' s (1982) s u b d iv i s io n  o f th e N o rth e rn D is tu r b e d B e l t . Mudge

(1982) a l s o  p r o v id e s  an e x c e l l e n t  summary o f  t e c t o n i c  and  s t r a t i g r a p h i c  

r e l a t i o n s  o f  th e  S aw to o th  Range and s u r ro u n d in g  r e g io n .  D e fo rm a tio n  in  

th e  f o ld  and t h r u s t  b e l t ,  c o n s t r a in e d  by  r a d io m e t r i c  age  d a te s  and 

s t r u c t u r a l  r e l a t i o n s h i p s ,  o c c u r r e d  p r im a r i l y  in  t h e  P a le o c e n e  (Mudge, 

1 9 8 2 ) .

The o v e r a l l  g eo m etry  o f  th e  S aw too th  Range i s  c h a r a c t e r i z e d  a s  an  

im b r ic a te  t h r u s t  sy s te m  (B oyer and E l l i o t t ,  1 9 8 2 ) . An im b t ic a te  t h r u s t  

sy s te m  i s  d e f in e d  by  t h r u s t  s h e e t s  w hose t h r u s t s  r e p e a t  th e  s i z e  and 

sh a p e  o f  th e  n e ig h b o r in g  t h r u s t  so  t h a t  th e  s h e e t s  o v e r la p  l i k e  ro o f  

t i l e s  (B oyer and E l l i o t t ,  1 9 8 2 ) . I m b r ic a te  t h r u s t  sy s te m s  a r e  d iv id e d  

i n t o  two m a jo r  ty p e s :  im b r ic a te  f a n s  and  d u p le x e s  ( F ig u re  3 ) .  B oyer 

and E l l i o t t  (1982) and M itra  (1986) s u g g e s t  t h a t  th e  S aw too th  Range i s  

a  l a r g e  d u p le x  s t r u c t u r e  whose ro o f  t h r u s t  (Lew is t h r u s t )  h a s  e ro d e d  

l e a v in g  th e  u n d e r ly in g  t h r u s t  s h e e t s  e x p o se d . B oyer and  E l l i o t t  (1982) 

a l s o  s u g g e s t  t h a t  th e  S aw too th  Range may b e  a t r a i l i n g  im b r ic a te  f a n  

w here  th e  t h r u s t  w i th  th e  l a r g e s t  d is p la c e m e n t  (Lew is t h r u s t )  was 

ram ped b e h in d  a  s e r i e s  o f  im b r ic a te  t h r u s t  s h e e t s  b u t  n e v e r  c o v e re d
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them  (F ig u re  3 ) .  In  b o th  i n t e r p r e t a t i o n s ,  th e  d e fo rm a t io n  t h a t  form ed 

th e  S aw too th  Range a f f e c t e d  P a le o z o ic  and M esozo ic  ro c k s  s t r u c t u r a l l y  

b e lo w  th e  Lew is t h r u s t  s h e e t .

West East

TRAILING 
IMBRICATE FAN

HINTERLAND 
DIPPING DUPLEX

F ig u re  3. S aw too th  Range g eo m etry  g e n e r a l i z e d  by  tw o ty p e s  o f  t h r u s t  
sy s te m  (fro m  B oyer and E l l i o t t ,  1 9 8 2 ).

The c o n f i g u r a t io n  o f  th e  P re ca m b ria n  c r y s t a l l i n e  b asem en t p ro b a b ly  

p la y e d  an im p o r ta n t  r o l e  in  th e  s t r u c t u r a l  d e v e lo p m en t o f  th e  S aw too th  

Range (Mudge, 1 9 8 2 ) . The S w e e tg ra ss  A rch , com posed o f  th e  K e v in -  

S u n b u rs t Dome and th e  S ou th  A rch , i s  a b asem en t h ig h  lo c a te d  j u s t  e a s t  

o f  th e  c e n t r a l  p a r t  o f  th e  S aw too th  R an g e . I t  i s  th o u g h t  to  have a c te d  

a s  a  b u t t r e s s  w h ich  c a u se d  t h r u s t s  t o  ramp s t e e p l y  d u r in g  t h e i r  

t r a n s l a t i o n  e a s tw a rd  (Mudge, 1 9 8 2 ). T h is  h ig h ,  e s t a b l i s h e d  p r i o r  to  

M idd le  J u r a s s i c  s e d im e n ta t io n  (Mudge, 1 9 8 2 ) , i s  r e f l e c t e d  by n o r th w e s t  

t r e n d in g  s t r u c t u r e  c o n to u r s  on to p  o f  th e  c r y s t a l l i n e  basem en t (F ig u re

6).
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GLACIER

TOOLE

FLATHEAD/

study
PONDERA

CHOUTEAU
\TETO N

CASCADE

LEWIS AND CLARK

0  10 2 0  3 0  4 0  SO m i l ts

O 20  40 60  8 0 km

F ig u re  4 . S t r u c tu r e  map on to p  o f  th e  c r y s t a l l i n e  b a s e m e n t, in  f e e t  
be low  s e a  l e v e l  ( a f t e r  Mudge, 1 9 8 2 ).

Deformation Zones

L i th o lo g ic  c o n t r a s t s  in  th e  s t r a t i g r a p h i c  s u c c e s s io n  o f  th e  

S aw to o th  Range c r e a t e  m u l t i l a y e r  p ac k ag e s  w i th  co m p e ten t and 

in c o m p e te n t l a y e r s  e x h i b i t i n g  d i f f e r e n t  s t r u c t u r a l  s t y l e s .  T hese  

m u l t i l a y e r  p a c k ag e s  a r e  o f te n  r e f e r r e d  t o  a s  l i t h o t e c t o n i c  u n i t s  ( e .g .  

M i t r a ,  1986; Reks and G ray , 1 9 8 3 ) . T hree  l i t h o t e c t o n i c  u n i t s ,  o r  

z o n e s ,  a re  re c o g n iz e d  in  th e  S aw too th  Range (F ig u re  7) (L ageson  and

I h l e , 1 9 8 7 ).
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Stratigraphic
Column

Lithotectonic Stratigraphy 
Unit

In te rbedded  
l im estone, s a n d ­
s to n e ,  s h a le  and 
m udstone

— closely-spaced 
thrust faults and 
fold trains

Two Medicine Fm 

Virgelle Sandstone

Telegraph Creek 
Fm

CO
LU
2
O
N

Marias River Sh 

Blackleaf Fm 

Kootenai Fm 

Morrison Fm

E
o
O
0  
CM
1

Oin
Cl

Swift Fm

Rierdon Fm

OJ
LU
Z
O
N

LU
Z
O
N

i 1

Sawtooth Fm

M ass iv e ly -b ed d ed  
dolomites a n d

Castle Reef Dol
E

lim estones Allen Mountain Ls O
— kilometer-scale Three Forks Fm

io
IOconcentric, chevron 

and box folds I
IOJefferson Fm

— Im b rica te  th ru s t N
fau l ts Maywood Fm

T*

In te rb ed d ed Devils Glen Dol

l im estone and Switcliback Shale
sh a le

Steamboat Ls
E

— tightly spaced O
dlsharmonlc folds Pentagon Shale h-

— thrust faults at all
Pagoda Limestone

I
scales O

— spaced cleavage, Damnation Ls CO
CO

fracturing, boudlns, 
pencil s tructures Gordon Shale

Flathead Sandstone

F ig u re  5 . L i th o t e c to n ic  u n i t s  o f  th e  S aw to o th  Range
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Zone

Zone I  i s  t h e  C am brian s t r a t i g r a p h i c  s e c t i o n  c o n ta in in g  in te r b e d d e d  

s h a le s  and l im e s to n e s .  I t  i s  c h a r a c t e r i z e d  by  i n t e n s e l y  f o ld e d  and 

im b r ic a te d  s t r a t a  o f  a l l  s c a l e s ,  and l o c a l l y  d e v e lo p e d  p e n e t r a t i v e  

d e fo r m a t io n .  T h is  p e n e t r a t i v e  d e fo rm a t io n  in c lu d e s  c le a v a g e ,  

b o n d in a g e , p e n c i l  s t r u c t u r e  and f a u l t  zone  d e fo r m a t io n .  Zone I  i s  th e  

m ost h ig h ly  de fo rm ed  and i n t e r n a l l y  s t r a i n e d  o f  t h e  t h r e e  z o n e s , and 

a n a l y s i s  o f  Zone I  d e fo rm a tio n  in  th e  S w if t  R e s e rv o i r  a r e a  i s  th e  

p r im a ry  fo c u s  o f  t h i s  s tu d y .

Zone I I

Zone I I  i s  t h e  D evonian  th ro u g h  M is s i s s ip p ia n  s e c t i o n ,  do m in a ted  b y  

n o r t h e r l y  t r e n d i n g  t h r u s t  im b r ic a te s  o f  m a s s iv e ly  b edded  d o lo m ite  and 

l im e s to n e .  The f o ld  s t y l e  o f  Zone I I  i s  c h a r a c t e r i z e d  by  k i lo m e t e r -  

s c a l e  f o ld s  w i th  c h e v ro n , c o n c e n t r i c  and box  g e o m e tr ie s .  In  a 

m e c h a n ic a l  s e n s e .  Zone I I  fo rm s a  r i g i d ,  co m p e ten t beam  be tw een  Zones I  

and I I I .

Zone I I I

Zone I I I  i s  th e  J u r a s s i c  and C re ta c e o u s  s u c c e s s io n  o f  in te rb e d d e d  

m a rin e  and n o n -m a rin e  e l a s t i c s .  The s t r u c t u r a l  s t y l e  o f  Zone I I I  i s  

c h a r a c t e r i z e d  by  a b u n d a n t , im b r ic a te  t h r u s t  f a u l t s  w i th  s m a ll  o f f s e t  

and  t i g h t ,  a sy m m etric  f o l d s ;  how ever, p e n e t r a t i v e  d e fo rm a tio n  i s  l e s s  

i n t e n s e  t h a n . t h a t  r e c o rd e d  in  Zone I .
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STRATIGRAPHY

P a le o z o ic  and M esozoic  s e d im e n ta ry  s t r a t a  a r e  fo u n d  in  th e  s tu d y  

a r e a  (F ig u r e  6 ) .  T h is  s tu d y  c o n c e n t r a t e s  on d e fo rm a t io n  in  th e  M iddle  

C am brian u n i t s ;  t h e r e f o r e ,  t h e s e  w i l l  b e  d i s c u s s e d  i n  d e t a i l  (F ig u re  

7 ) .  F o r  m ore d e t a i l e d  d e s c r i p t i o n s  o f  t h e  re m a in in g  u n i t s ,  th e  r e a d e r  

i s  r e f e r r e d  t o  Mudge (1 9 7 2 a ) . The c a r b o n a te  c l a s s i f i c a t i o n  schem e 

u s e d  i s  from  Dunham (1 9 6 2 ).

The s t y l e  and m echanism s o f  d e fo rm a t io n  i n  th e  s tu d y  a r e a  a r e  

c l o s e l y  a s s o c i a t e d  w i th  th e  l i t h o l o g i c  c h a r a c t e r  o f  s t r a t i g r a p h i c  

u n i t s .  D u rin g  th e  c o u rs e  o f  f i e l d  m app ing , u n i t s  d e f in e d  in  p r i o r  w ork 

(Mudge, 1972a) w ere  fo und  t o  b e  u s e f u l  w i th  some m in o r e x c e p t io n s .

P a le o z o ic

C am brian

M id d le  t o  L a te  C am brian ro c k s  a r e  t h e  o l d e s t  s t r a t a  exposed  i n  th e  

S w if t  R e s e r v o i r  a r e a .  The C am brian s e c t i o n  h a s  b e e n  d iv id e d  i n t o  n in e  

fo rm a tio n s  in  th e  S aw too th  Range ( D e is s ,  1 9 3 9 ) , b u t  o n ly  th e  M idd le  

C am brian P e n tag o n  S h a le , S team boat L im e s to n e  and  S w itch b ack  S h a le , and 

U pper C am brian  D e v i ls  G len D o lo m ite  a r e  r e c o g n iz e d  i n  t h e  s tu d y  a r e a .

P e n ta g o n  S h a le . . The P e n tag o n  S h a le  i s  h e r e in  d e s ig n a te d  t o  be  

t h e  s h a le y  u n i t  b e lo w  th e  S team boat L im e s to n e . C o n tro v e rs y  e x i s t s  in  

th e  l i t e r a t u r e  a s  t o  w h e th e r  t h i s  s h a le y  u n i t  b e lo n g s  t o  . th e  b a s a l  

S team boa t L im e s to n e , o r  w h e th e r  i t  i s  p a r t  o f  t h e  P en tag o n  S h a le .
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Two M edicine  
F orm ation

UNI T
T h i c k  N t  1 1
tm e te rs i

Virgelle S a n d s to n e  « ;
<2 i

2  I T elegraph  C reek  
F orm ation

Marias R iver  
Shale

o 
=  I

3 0 0 0
( » i l )

J 5 0 0

B la c k le a f
F orm ation

K o o te n a i
F orm ation

Mt P ab lo  F o rm a t io n ']

•> j  a I S w i f t  F orm ation  
Rierdon Formation

1000
(3011

___________ ___________ j i
~  I -i>1 = I  SJM rroo tft Formation • g

Z ’ "Tl
F o rm a tio n

^---------------------1

Z-Z-^ Maywood Formation S

Devils Glen Dolomite §
- - - - 1 S w i t c h b a c k  Sh a le

---------------------- 1 S te a m b o a t L im estone  i oo
r. —  —  —~ 1 _________________________L J

Pentagon Shale

E X P L A N A  TI ON

C o n g l o m e r a i i c
S a n d s t o n e

S a n d s t o n e

S a n d s t o n e  w i t h  
c r o s s - b e d d i n g

S i l t s t o n e

M u d s t o n e

C a l c a r e o u s
M u d s t o n e

F Z r Z r ;  O o l o m i t i c  
I T -T L T ]  M u d s t o n e

L i m e s t o n e

L i m e s t o n e  
w i t h  c h e r t

D o l o m i t e

D o l o m i t e  w i t h  
s o l u t i o n  b r e c c i a

F ig u re  6 . G e n e ra l iz e d  s t r a t i g r a p h i c  colum n o f  th e  S w if t  R e s e rv o ir  a r e a  
( a f t e r  S in g d a h ls e n , 1 9 8 6 ).
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STRATIGRAPHY OF THE 
BACKBONE THRUST SHEET

Explanation

e h e l e

E i do lo m ll l c  m u d s to n e

S

B

c a l c a r e o u s  m u d s to n e

do lo m it e

e l l t e t o n e

f i s s i le  S h e l e e  w i th  l e n t i l s  
o f  c e l c e r e o u e  m u d s t o n e

l i m e s to n e

o o l i t ic  l i m e s to n e

l im estone  with 
In tra fo rmat Io nsI
c o n g l o m e r a t e

F ig u re  7 . S t r a t ig r a p h y  o f  th e  Backbone t h r u s t  s h e e t  in  th e  S w if t 
R e s e r v o i r  a r e a  (from  F e u c h t , 1 9 7 1 ).
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T h is  s t r a t i g r a p h i c  p ro b le m  was a d d re s s e d  b e c a u se  th e  P e n tag o n  S h a le  i s  

im p o r ta n t  f o r  d e te rm in in g  s t r u c t u r a l  r e l a t i o n s h i p s  in  t h e  f i e l d .

The c o n tr o v e r s y  s te m s  from  th e  r a p id  ch an g es in  th ic k n e s s  and 

l i t h o l o g y  w hich  c h a r a c t e r i z e  M idd le  "Cambrian u n i t s  i n  th e  S aw too th  

R ange, and from  th e  l a c k  o f  a c c u r a te  f o s s i l  i d e n t i f i c a t i o n s .  D e is s  

(1939) m easured  88 m e te rs  (m) o f  P e n tag o n  S h a le  on P en tag o n  M o u n ta in , 

a b o u t  30 k i lo m e te r s  (km) s o u th w e s t  o f  th e  s tu d y  a r e a ,  and b e l i e v e d  t h a t  

t h e  fo rm a tio n  th ic k e n e d  t o  t h e  n o r t h .  T h e o d o sis  (1955) t e n t a t i v e l y  

i d e n t i f i e d  f o s s i l s  a lo n g  th e  s o u th  f o r k  o f  W h i t e ta i l  C re e k , a b o u t 8 km 

n o r th w e s t  o f  th e  s tu d y  a r e a ,  and in d ic a te d  t h a t  a  f a c i e s  o f  th e  

P e n ta g o n  S h a le  may b e  p r e s e n t  t h e r e . Mudge (1972a) s u g g e s te d  t h a t  th e  

P e n ta g o n  S h a le  i s  o n ly  o f  l o c a l  e x te n t  n e a r  P en tag o n  M oun ta in  . b e c a u s e  

i t  i s  n o t  p r e s e n t  35 km t o  t h e  s o u th  in  t h e  Cam brian s e c t i o n  o f  th e  Sun 

R iv e r  Canyon. F e u c h t (1971) a s s ig n e d  t h i s  low erm ost s h a le  u n i t  t o  t h e  

P e n ta g o n  S h a le ;  h i s  i n t e r p r e t a t i o n  i s  b a se d  on e x t r a p o l a t i o n  o f  th e  

s e c t i o n  n o r th w a rd  a s  s u g g e s te d  by  D e is s  (1 9 3 9 ). S in g d a h ls e n  (1986) 

a s s ig n e d  th e  s h a le  t o  t h e  b a s a l  p a r t  o f  th e  S team boat L im e s to n e  b a s e d  

on l i t h o l o g i c  s i m i l a r i t i e s  w i th  s h a ly  u n i t s  o f  th e  S team boat L im e s to n e  

in  t h e  Sun R iv e r  Canyon (Mudge, 1 9 7 2 a ).

T h is  s tu d y  a s s ig n s  t h e  s h a le y  u n i t  t o  th e  P e n tag o n  S h a le  r a t h e r  

th a n  t h e  S team boat L im e s to n e  f o r  two r e a s o n s . F i r s t ,  a th ic k n e s s  o f  

g r e a t e r  th a n  20 m f o r  t h e  s h a le  was m easured  in  P h i l l i p s  C reek  

(A ppend ix  A ). D e is s  (1939) s t a t e s  t h a t  th ic k n e s s e s  o f  s h a le y  i n t e r v a l s  

w i th in  th e  S team boat L im e s to n e  g e n e r a l l y  do n o t  ex ceed  4 m, t h e r e f o r e  a 

s e p a r a t e  u n i t  i s  i n d i c a t e d .  S econd , T h e o d o s is  (1955) o b se rv e d  t h a t  th e  

P e n ta g o n  S h a le  p o s s ib l y  e x i s t s  n o r th  o f  S w if t  R e s e r v o i r .  T h is
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i n f o r m a t io n ,  com bined w i th  D e i s s ' (1939) s u g g e s t io n  o f  a  n o rth w a rd  

th ic k e n in g  s e c t i o n  from  P en tag o n  M o u n ta in , i n d i c a t e s  t h a t  P en tag o n  

S h a le  c ro p s  o u t  i n  th e  s tu d y  a r e a .

The P e n tag o n  S h a le  c o n s i s t s  p r im a r i l y  o f  m aroon t o  c h o c o la te  

b ro w n , f i s s i l e ,  s l i g h t l y  m ic a c e o u s , c a lc a r e o u s  s h a l e  w i th  s e v e r a l  

i n te r b e d s  o f  r e s i s t a n t  m u d sto n e . A d e t a i l e d  m easu red  p a r t i a l  s e c t i o n  

from  P h i l l i p s  C reek  i s  fo und  in  A ppendix  A. The in te rb e d d e d . 

m u d sto n es  a r e  w avy, up t o  0 . 6  m t h i c k ,  and a r e  e i t h e r  f o s s i l i f e r o u s  o r  

o o l i t i c ,  o r  c o n ta in  f l a t  p e b b le ,  i n t r a f o r m a t i o n a l  c o n g lo m e ra te s .  The 

m u d sto n es  a r e  g r e e n - c o lo r e d  in  o u tc ro p  and d a rk  g re y  on f r e s h  s u r f a c e s . 

A se q u e n c e  o f  g re e n  s h a le  w i th  i n te r b e d s  and l e n t i l s  o f  m udstone and 

p a c k s to n e  l i e s  im m e d ia te ly  b e lo w  th e  b a s e  o f  th e  S team boat L im esto n e  

and  p ro b a b ly  r e p r e s e n t s  th e  to p  o f  th e  P en tag o n  S h a le .

The b a s e  o f  t h e  P e n tag o n  S h a le  was n o t  s e e n  i n  th e  s tu d y  a r e a  

b e c a u s e  i t  i s  b e l i e v e d  t o  b e  b e lo w  o r  w i th in  a  m a jo r  d e c o lle m e n t 

s u r f a c e  ( S in g d a h ls e n , 1986; F e u c h t , 1 9 7 1 ) . The P en tag o n  S h a le  c ro p s

o u t  o n ly  in  h ig h ly  deform ed  a r e a s  and th u s  d e f i e s  a c c u r a te  th ic k n e s s  

m ea su rem e n t. An a p p ro x im a te  th ic k n e s s  o f  40 m g iv e n  by  F e u c h t (1971) 

f o r  t h e  u n i t  i s  c o n s id e r e d  r e a s o n a b le .

S team boat L im e s to n e . The S team boat L im e s to n e  i s  th e  m ost

e x te n s iv e  u n i t  i n  th e  s tu d y  a r e a  and c o n ta in s  t h e  b e s t- d e v e lo p e d  

d e f o r m a t io n a l  f e a t u r e s . The u n i t  was exam ined  in  b o th  o u tc ro p  and t h i n  

s e c t i o n .  I t  i s  m arked a t  i t s  b a s e  b y  an  i r r e g u l a r  s u r f a c e  t h a t  

o v e r l i e s  t h e  g r e e n -  t o  t a n - c o lo r e d  u p p e r  P en tag o n  S h a le . The b a s e  i s  

d i s t i n c t i v e  b e c a u s e  i t  i s  l o c a l l y  an  o n c o l i t i c  p a c k s to n e , 10 30 

c e n t im e te r  (cm) t h i c k ,  w i th  o n c o l i t e s  a v e ra g in g  I  cm in  d ia m e te r .
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Above th e  b a s a l  l a y e r  i s  I  t o  2 m o f  medium g r a y ,  3 t o  6 c m - th ic k  b ed s  

composed o f  f l a t - p e b b l e  i n t r a f o r m a t i o n a l  c o n g lo m e ra te . P a le  o ra n g e , 

f i n e - g r a in e d  d o lo m ite  and  c la y  p a r t i n g s  a r e  found  b e tw e e n  b e d s .  The 

re m a in d e r  o f  th e  S team boa t L im e s to n e  c o n s i s t s  o f  l i g h t  g r e y  t o  d a rk  

g re y -b ro w n , t h i n -  t o  m edium -bedded m udstone and d o lo m i t i c  m u d sto n e , 

c o n ta in in g  i r r e g u l a r  t a n - o r a n g e  d o lo m ite  and c la y  l e n s e s . I n t e r v a l s  o f  

f o s s i l i f e r o u s , m ic a ce o u s  f i s s i l e  s h a le  and g re e n  m udstone  l e n t i l s  

w i th in  th e  S team boat L im e s to n e  h av e  b e e n  i d e n t i f i e d  b y  o t h e r  w o rk e rs ;  

how ever, none w ere  c o n c lu s iv e ly  i d e n t i f i e d  in  t h i s  s tu d y .

I n  o u tc r o p ,  t h e s e  ro c k s  o f t e n  have  a c h a r a c t e r i s t i c  " m o tt le d "  

a p p e a ra n c e .  I n t r a f o r m a t io n a l  c o n g lo m e ra te s  and f o s s i l i f e r o u s  b e d s  

c o n ta in in g  o o id s  o c c u r  l o c a l l y  th ro u g h o u t  th e  S team b o a t L im e s to n e . 

A p p ro x im a te ly  38 m o f  S team b o a t L im e s to n e  i s  p r e s e n t  i n  t h e  s tu d y  a r e a .

In  t h i n - s e c t i o n ,  t h e  S team boat L im esto n e  i s  com posed p re d o m in a n tly  

o f  m i c r i t e  w i th  m in o r s p a r r y  c a l c i t e  and f o s s i l  f r a g m e n ts .  R o u n d ish  

b l e b s  o f  s p a r r y  c a l c i t e  and d o lo m ite  a r e  i n t e r s p e r e d .  The o r a n g e - ta n  

c o lo r e d  l e n s e s  w h ich  d e f i n e  b e d d in g  and c o n t r i b u t e  t o  t h e  m o tt le d  

a p p e a ra n c e  a r e  s t y l o l i t i c  s o l u t i o n  seam s, w h ich  fo rm ed  p a r a l l e l  to  

s t r a t i f i c a t i o n .  T hese s o l u t i o n  seam s may b e  up t o  2 cm t h i c k  and 

c o n ta in  d o lo m ite  (75% ), m i c r i t e  (20-25% ) and c l a y / s i l t  s i z e d  m a t e r i a l  

(< 2%). D o lo m ite  rhom bohedrons te n d  t o  be  p a r t i a l l y  t o  w h o lly  r e d -  

brow n in  c o l o r ,  w e l l  fo rm ed  and hav e  few o v e rg ro w th s . M ic r i t e  o c c u rs  

i n  b le b s  w i th in  th e  d o lo m ite —f i l l e d  seam s. S i l t  and  c la y  a r e  

c o n c e n t r a te d  n e a r  th e  e d g e s  o f  s t y l o l i t i c  seam s. I t  i s  s u g g e s te d  t h a t  

d o lo m i t i z a t i o n  and p r e s s u r e  s o l u t i o n  d u r in g  co m p a c tio n  and d i a g e n e s i s  

o b l i t e r a t e d  b e d d in g  and  p ro d u ce d  th e  m o tt le d  a p p e a ra n c e .
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S w itch b ack  S h a le . The S w itch b ack  S h a le  l i e s  c o n fo rm a b ly  above

t h e  S team boat L im e s to n e . I t  i s  g e n e r a l l y  p o o r ly  ex p o sed  and re c o g n iz e d  

p r im a r i l y  by  t h e  y e l lo w is h  -  b u f f  c o lo r  i t  im p a r ts  t o  t h e  s o i l .  The 

S w itch b ack  S h a le  i s  com posed o f  a l t e r n a t i n g  u n i t s  o f  g r e e n  o r  m aroon 

s h a l e  w i th  o c c a s io n a l  l e n s e s  o f  t h i n -  t o  th ic k - b e d d e d ,  m o tt le d  

m u d s to n e . An in c o m p le te  s e c t i o n  o f  25 m was m easu red  by  th e  a u th o r  

(A ppendix  A ). The e s t im a te  o f  30 m th ic k n e s s  f o r  t h e  S w itch b ack  S h a le  

b y  F e u c h t (1971) i s  c o n s id e r e d  r e a s o n a b le .

D e v i ls  G len D o lo m ite . The D e v i ls  G len D o lo m ite  c ro p s  o u t  in

o n ly  I  l o c a l i t y .  I t  r e s t s  c o n fo rm a b ly  upon th e  S w itch b ack  S h a le  

(Mudge, 1972a) and  i s  a  th ic k - b e d d e d ,  w h i te  to  l i g h t  g r e y  d o lo m ite  t h a t  

w e a th e r s  i n t o  l i g h t - c o l o r e d ,  a n g u la r  f ra g m e n ts .  A th ic k n e s s  o f  43 m 

was r e p o r t e d  by  F e u c h t (1971) i n  th e  v i c i n i t y  o f  S w if t  R e s e r v o i r .

D evon ian

D evonian  s t r a t a  d is c o n fo rm a b ly  o v e r l i e  th e  U pper C am brian D e v ils  

G len D o lo m ite  i n  t h e  S aw to o th  R ange. At S w ift R e s e r v o i r ,  D evonian  

s t r a t a  have  l i m i t e d  e x p o s u re .

Maywood F o rm a t io n . The M idd le  and U pper D evon ian  M aywood.

F o rm a tio n  i s  d iv id e d  i n t o  a  lo w e r  m udstone member and an  u p p e r  

l im e s to n e  member b y  Mudge (1 9 7 2 a ) . Only p a r t  o f  t h e  lo w e r  m udstone 

member c ro p s  o u t  i n  th e  s tu d y  a r e a .  The low er member i s  composed o f 

t h i n  in te r b e d s  o f  g r e e n i s h - g r e y  and maroon m udstone  and f i n e l y  

c r y s t a l l i n e ,  y e l lo w - g r e y  d o lo m ite .  The Backbone t h r u s t  s h e e t  i s
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com posed o f  P e n ta g o n  S h a le ,  S team boat L im e s to n e , S w itch b ack  S h a le , 

D e v i ls  G len  D o lo m ite  and  th e  Maywood F o rm a tio n  ( F ig u re  7 ) .

M is s i s s ip p ia n

The c h a r a c t e r i s t i c  ru g g ed  r i d g e l i n e  o f  t h e  S aw to o th  Range i s  

fo rm ed  b y  t h e  m a s s iv e ,  r e s i s t a n t ,  M is s i s s ip p ia n  M adison Group ro c k s  

w h ich  a r e  ex p o sed  a lo n g  th e  l e n g t h  o f  t h e  r a n g e .  In  th e  S w if t 

R e s e r v o i r  a r e a ,  t h e s e  ro c k s  l i e  s t r u c t u r a l l y  b e lo w  t h e  Backbone t h r u s t  

s h e e t  and  h av e  e x e r t e d  an  i n f lu e n c e  on th e  s t y l e  o f  d e fo rm a tio n  in  th e  

C am brian u n i t s .

The M adison Group i s  d iv id e d  i n t o  tw o f o rm a tio n s  (Mudge and 

o t h e r s ,  1 9 6 2 ) :  I )  th e  lo w e r  A lla n  M oun ta in  L im e s to n e , and  2) th e  u p p e r  

C a s t l e  R eef D o lo m ite . N ic h o ls  (1984) r e v i s e d  th e  s t r a t i g r a p h i c  

n o m e n c la tu re  o f  th e  M is s i s s ip p ia n  s t r a t a ;  h o w ev er, e x a c t  member 

d i f f e r e n t i a t i o n  was n o t  n e c e s s a r y  f o r  t h i s  s tu d y ,  so  th e  e x i s t i n g  

s i m p l i f i e d  n o m e n c la tu re  o f  Mudge and o th e r s  (1962) i s  r e t a i n e d .  T o ta l  

t h i c k n e s s  o f  t h e  M adison Group i n  t h e  s tu d y  a r e a  i s  e s t im a te d  t o  b e  365 

m (S in g d a h ls e n ,  1 9 8 6 ) .

A lla n  M oun ta in  L im e s to n e . The A lla n  M ounta in  L im e s to n e  c o n s i s t s  

o f  t h r e e  unnamed members (Mudge and  o t h e r s ,  1 9 6 2 ), whose 

c h a r a c t e r i s t i c s  c o u ld  n o t  b e  d i f f e r e n t i a t e d  in  t h e  f i e l d  due t o  

s t r u c t u r a l  c o m p le x ity ;  th e y  w ere  mapped h e r e in  a s  one u n i t .  G e n e ra l ly ,  

t h e  A lla n  M ounta in  L im e s to n e  i s  a  th in - b e d d e d ,  v e r y  f o s s i l i f e r o u s ,  

l i g h t  t o  d a rk  g r e y ,  a r g i l l a c e o u s  and d o lo m it ic  l im e s to n e .  I r r e g u l a r  to  

n o d u la r  c h e r t  i s .  fo und  i n  t h e  m id d le  t o  u p p e r  p o r t i o n s  o f  th e

f o r m a t io n .
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C a s t le  R eef D o lo m ite . The C a s t le  R eef D o lo m ite  h a s  b een  

d iv id e d  i n t o  two members b y  Mudge and o th e r s  (1 9 6 2 ); how ever, th e y  w ere 

n o t  d i f f e r e n t i a t e d  in  t h i s  s tu d y .  The C a s t le  R eef D o lo m ite  i s  

c h a r a c t e r i s t i c a l l y  a  th ic k - b e d d e d , m edium - t o  c o a r s e l y - c r y s t a l l i n e ,  

l i g h t  g r e y  t o  w h i te  d o lo m ite  and d o lo m i t ic  l im e s to n e .  I t  i s  e a s i l y  

d i s t i n g u i s h a b l e  from  th e  u n d e r ly in g  A lla n  M ountain  L im e s to n e .

M esozoic

M esozoic  t e r r i g e n o u s  c l a s t i c  ro c k s  a r e  w id e ly  d i s t r i b u t e d  e a s t  o f  

th e  s tu d y  a r e a  and b e n e a th  th e  Backbone t h r u s t  s h e e t  on M ajo r S te e le  

Backbone r id g e  ( P l a t e  I ) . R e c o g n it io n  o f  i n d iv i d u a l  fo rm a tio n s  was n o t  

n e c e s s a r y  f o r  t h i s  s tu d y  and  th e y  w ere  t h e r e f o r e  mapped a s  a s i n g l e ,  

u n d i f f e r e n t i a t e d  u n i t .  The r e a d e r  may r e f e r  t o  Cobban (1945 , 1 9 5 5 ), 

Mudge (1 9 7 2 a ) , Egan (1 9 7 1 ) , F e u c h t (1 9 7 1 ) , and Mudge and R ice  (1982) 

f o r  more c o m p le te  d e s c r i p t i o n s  o f  th e  fo rm a tio n s  in v o lv e d .  S in g d a h lse n  

(1986) p ro v id e s  a  good s y n th e s i s  o f  w ork on fo rm a tio n s  o f  M esozoic  ag e  

in  th e  S w if t R e s e rv o i r  a r e a .  M esozo ic  fo rm a tio n s , a r e  p r im a r i ly  

in te r b e d d e d  m arin e  and n o n m arin e  s a n d s to n e s  and s h a le s  o f  J u r a s s i c

th ro u g h  C re ta c e o u s  a g e .
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STRUCTURAL ELEMENTS

I n t r o d u c t i o n

The d i s t r i b u t i o n ,  m orphology and m echanism s o f  d e fo rm a tio n  in  

m a c ro s c o p ic , m eso sco p ic  and m ic ro s c o p ic  s t r u c t u r a l  e le m e n ts  have been  

c h a r a c t e r i z e d .  T h is  in fo r m a t io n  i s  u t i l i z e d  to  d e te rm in e  how i n t e r n a l  

d e fo rm a t io n  v a r i e s  in  th e  Backbone t h r u s t  s h e e t  and to  d e te rm in e  th e  

r e l a t i v e  c o n t r i b u t i o n s  o f  i n d iv i d u a l  s t r u c t u r a l  e le m e n ts  to  s h o r te n in g  

w i th in  th e  t h r u s t  s h e e t .

M acro sco p ic  s t r u c t u r a l  e le m e n ts  in c lu d e  t h r u s t  f a u l t s  and f o l d s .  

Numerous t h r u s t  f a u l t s  c r e a t e  a zone o f  i m b r ic a t io n  a t  th e  le a d in g  edge 

o f  th e  t h r u s t  s h e e t  and f o ld s  p r o l i f e r a t e  in  th e  i n t r a p l a t e  r e g io n  

( F ig u re  8 ) .  M esoscop ic  s t r u c t u r a l  e le m e n ts  in c lu d e  o u tc r o p - s c a le

F ig u re  8 . I n t r a p l a t e  f o ld s  and t h r u s t  im b r ic a te s  in  t h e  Backbone t h r u s t  
s h e e t .  S w if t  R e s e rv o i r  in  f o re g ro u n d . View t o  th e  s o u th w e s t .
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f o l d s ,  f a u l t s ,  c le a v a g e ,  b o n d in s ,  p e n c i l  s t r u c t u r e s ,  gouge and b r e c c i a ,  

and  t e c t o n i c  v e i n s .  M esoscop ic  s t r u c t u r e s  w ere  d e te rm in e d  t o  have  an  

a p p ro x im a te ly  v e r t i c a l  d i s t r i b u t i o n  w i th in  th e  t h r u s t  s h e e t .  T h is  

d i s t r i b u t i o n  i s  i l l u s t r a t e d  i n  c r o s s  s e c t i o n s  w h ic h  a r e  n o rm al to  

s t r i k e  o f  t h e  t h r u s t  s h e e t  (F ig u re  9 ) .  T hese c r o s s  s e c t i o n s  c o n ta in  

p l o t s  o f  th e  r e l a t i v e  ab undance  o f  m eso sc o p ic  s t r u c t u r a l  e le m e n ts ,  

w h ich  may b e  o b s e rv e d  in  f i e l d  t r a v e r s e s  th ro u g h  th e  s tu d y  a r e a  

(F ig u r e s  10 th ro u g h  1 3 ) .

D e te rm in a t io n  o f  " r a r e " ,  "common", and " a b u n d a n t"  f o r  th e  

d i s t r i b u t i o n  o f  i n d iv i d u a l  m eso sc o p ic  s t r u c t u r e s  i s  b a s e d  on 

q u a l i t a t i v e  o u tc ro p  o b s e r v a t io n s .  "R a re "  i n d i c a t e s  t h e  f e a t u r e  i s  found  

o n ly  l o c a l l y  in  o u tc r o p s ;  "common" i n d i c a t e s  t h a t  t h e  f e a t u r e  i s  found  

r e g u l a r l y  in  o u tc r o p s ,  and "a b u n d a n t"  i n d i c a t e s  t h e  f e a t u r e  i s  found  

th ro u g h o u t  o u tc r o p s  and i s  w e l l - d e v e lo p e d .  Sm all l e t t e r s  c o rre s p o n d  to  

f i e l d  s t a t i o n s  ( F ig u re  9 ) .

E x a m in a tio n  o f  F ig u re s  10 th ro u g h  13 i n d i c a t e s  t h a t  m eso sco p ic  

s t r u c t u r a l  e le m e n ts  h av e  a  common a s s o c i a t i o n  and d i s t r i b u t i o n  w h ich  

d e f in e s  t h r e e  d o m a in s . Domain I  i s  p ro x im a l t o  t h e  B ackbone t h r u s t  and 

i t s  l e a d in g  edge  i m b r i c a t e s .  In  m ost o u tc r o p s .  S team b o a t L im esto n e  i s  

t h r u s t  o v e r  co m p e ten t ro c k s  (F ig u re  10) and t h e  c h a r a c t e r i s t i c  

a s se m b la g e  o f  m eso sc o p ic  s t r u c t u r e s  i n c lu d e s  f a u l t  a r r a y s ,  t e c t o n i c  

v e in s  and  d ra g  f o ld s  w h ich  may c o n ta in  c le a v a g e .  M inor gouge and 

b r e c c i a  a r e  a l s o  s e e n .  Where S team boat L im esto n e  i s  t h r u s t  o v e r  s h a le  

( F ig u re  1 3 ) ,  t h e r e  a r e  m ark ed ly  few e r f a u l t s  and t e c t o n i c  v e in s .
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O S mi

0 ,5  km

F ig u re  9 . G e n e ra l iz e d  g e o lo g ic  map o f  th e  s tu d y  a r e a  show ing l o c a t io n s  
o f  m easurem ent s t a t i o n s  and c ro s s  s e c t i o n s .
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10 . C ross s e c t i o n  A-A' and t a b l e  o f  m eso sco p ic  s t r u c t u r a l  
show ing t h e i r  d i s t r i b u t i o n  a t  s p e c i f i c  s t a t i o n s  ( c i r c l e d  

in  th e  s tu d y  a r e a ,  a -a b u n d a n t,  c=common, r = r a r e ,  - = a b s e n t .
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F ig u re  11 . C ross  s e c t i o n  A1-A 1' and t a b l e  o f m eso sco p ic  s t r u c t u r a l  
e le m e n ts  show ing t h e i r  d i s t r i b u t i o n  a t  s p e c i f i c  s t a t i o n s  ( c i r c l e d  
l e t t e r s )  in  th e  s tu d y  a r e a .  a = a b u n d a n t, c=common, r = r a r e ,  - ^ a b s e n t .
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F ig u re  1 2 . C ross  s e c t i o n  A1 ' - A 1' '  and t a b l e  o f  m eso sco p ic  s t r u c t u r a l  
e le m e n ts  show ing t h e i r  d i s t r i b u t i o n  a t  s p e c i f i c  s t a t i o n s  ( c i r c l e d  
l e t t e r s )  in  th e  s tu d y  a r e a .  a = a b u n d a n t, c =Common1 r = r a r e ,  - = a b s e n t .
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F ig u re  13 . C ross s e c t i o n  B -B 1 and t a b l e  o f  m eso sco p ic  s t r u c t u r a l  
e le m e n ts  show ing t h e i r  d i s t r i b u t i o n  a t  s p e c i f i c  s t a t i o n s  ( c i r c l e d  
l e t t e r s ) in  th e  s tu d y  a r e a .  a = a b u n d a n t, c =Common, r = r a r e ,  - = a b s e n t .
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Domain I I  i s  found  i n  t h e  s t r a t a  o v e r ly in g  Domain I  (S team b o at 

L im e s to n e )  and in  t h e  m a c ro sc o p ic  i n t r a p l a t e  f o l d s .  I t  i s  

c h a r a c t e r i z e d  by  sp a c e d  c le a v a g e  o r i e n t e d  a t  h ig h  a n g le s  t o  b e d d in g . 

In  a d d i t i o n ,  m eso sc o p ic  f o ld s  w i th  w e l l  d e v e lo p e d  c le a v a g e ,  t e c t o n i c  

v e i n s ,  b o u d in s  and p e n c i l  s t r u c t u r e s  a r e  found  i n  t h e  c o r e s  o f  . t h e  

m a c ro sc o p ic  f o l d s .

Domain I I I  i s  th e  s t r a t a  o v e r ly in g  Domain I I  i n  t h e  r e g io n  o f  

i n t r a p l a t e  m a c ro sc o p ic  f o l d s .  T h is  in c lu d e s  u p p e rm o s t S team boat 

L im e s to n e , S w itch b ack  S h a le ,  D e v i ls  G len D o lo m ite  and Maywood 

F o rm a tio n s  ( F ig u re  1 1 ) .  Domain I I I  i s  c h a r a c t e r i s t i c a l l y  u n d e fo rm ed .

The m orpho logy , o r i e n t a t i o n  and m echanism s o f  d e fo rm a tio n  o f  

m eso sc o p ic  s t r u c t u r a l  e le m e n ts  w i l l  b e  d is c u s s e d  t o  d e te rm in e  th e  

v a r i a t i o n  i n  m e s o s c o p ic - s c a le  i n t e r n a l  d e fo rm a tio n  and i t s  c o n t r i b u t i o n  

t o  s h o r te n in g  in  t h e  t h r u s t  s h e e t ,  and  th e  m echanism s w h ich  o p e ra te d  

t o  p ro d u c e  d e fo r m a t io n .  I n t e r r e l a t i o n s h i p s  be tw een  s t r u c t u r a l  e le m e n ts  

a r e  . u s e f u l  f o r  c o n s t r a in i n g  th e  r e l a t i v e  seq u en c e  o f  d e fo rm a t io n s  f o r  

th e  t h r u s t  s h e e t .

B e fo re  m eso sc o p ic  s t r u c t u r a l  e le m e n ts  a r e  d i s c u s s e d  i n  d e t a i l ,  t h e  

m orphology  and o r i e n t a t i o n  o f  m a c ro s c o p ic  s t r u c t u r a l  e le m e n ts  w i l l  b e  

a d d re s s e d .  M acro sco p ic  s t r u c t u r e s  p ro v id e  i n s i g h t  t o  t h e  i n t e r n a l  

d e fo rm a tio n  w h ich  o c c u rs  a t  t h e  m a c ro sc o p ic  s c a l e  and  a fram ew ork f o r  

u n d e r s ta n d in g  m e so sc o p ic — and m ic r o s c o p ic —s c a le  s t r u c t u r a l  e le m e n ts .

M a cro sco p ic  S t r u c t u r a l  E lem en ts .

M acro sco p ic  s t r u c t u r a l  e le m e n ts  in c lu d e  l a r g e - s c a l e  (up t o  s e v e r a l  

k i lo m e te r s )  t h r u s t  f a u l t s  and f o l d s .  Two la r g e  t h r u s t  s l i c e s :  t h e  Peak
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and  B ackbone t h r u s t  s h e e t s  ( S in g d a h ls e n , 1986) a r e  r e c o g n iz e d  in  th e  

a r e a  ( P la t e  I ) .  I t  i s  im p o r ta n t  t o  n o te  t h a t  t h r u s t  f a u l t s  a r e  so  

c l o s e l y  sp a c e d  and  c o m p le x ly  i n t e r r e l a t e d  t h a t  few  f a u l t s  a r e  

c o n tin u o u s  th ro u g h o u t  t h e  S aw to o th  R ange. T hus, t h e  P eak  and Backbone 

t h r u s t  f a u l t s  a r e  l a r g e  f e a t u r e s  a t  t h e  s c a l e  o f  t h i s  s tu d y ,  b u t  th e y  

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

r a n g e . D isp la c e m e n t on th e s e  f a u l t s  i s  on t h e  s c a l e  o f  k i lo m e t e r s .  

O nly t h e  Backbone t h r u s t  s h e e t  w i l l  b e  d i s c u s s e d  in  th e  fo llo w in g  

s e c t i o n .

B ackbone T h ru s t  S h e e t

The B ackbone t h r u s t  s h e e t  p la c e s  C am brian and D evon ian  s t r a t a  o v e r  

U pper P a le o z o ic  and  M esozo ic  s t r a t a .  The t h r u s t  s h e e t  i s  l o c a l l y  

com posed o f  p e n e t r a t i v e l y  defo rm ed  P e n ta g o n  S h a le ,  S team b o a t L im esto n e  

and S w itch b ack  S h a le  t h a t  a r e  c o n fo rm a b ly  o v e r l a in  by  th e  r e l a t i v e l y  

u n defo rm ed  D e v i ls  G len  D o lo m ite  and Maywood F o rm a tio n  ( F ig u re  7 ) .  The 

P e n tag o n  S h a le  i s  b e l i e v e d  t o  b e  t h e  b a s a l  d e c o lle m e n t  h o r iz o n  in  th e  

S w if t  R e s e r v o i r  a r e a  ( S ih g d a h ls e n , 1986; F e u c h t , 1 9 7 1 ) .

S e v e ra l  l a r g e ,  t h r u s t  im b r ic a te s  w i t h in  C am brian s t r a t a  o c c u r  w e s t 

o f  t h e  s tu d y  a r e a .  T hese im b r ic a te s  a r e  b e l i e v e d  t o  b e  p a r t  o f  th e  

B ackbone t h r u s t  sy s te m  and w ere  o b s e rv e d  t o  hav e  a  s i m i l a r  s t y l e  o f  

d e fo r m a t io n .  T h is  s tu d y ,  how ever, c o n c e n t r a te s  on th e  i n t e r n a l  

d e fo rm a t io n  w h ich  o c c u rs  w i th in  t h e  e a s te rn m o s t  s l i c e  o f  th e  Backbone 

t h r u s t  s h e e t  and  i s  c e n te r e d  a ro u n d  S w if t  R e s e r v o i r .
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The Backbone t h r u s t  s t r i k e s  an  a v e ra g e  o f  325° and d ip s  16° t o  th e  

s o u th w e s t ,  a s  d e te rm in e d  by  t h r e e - p o i n t  s o l u t i o n s .  S ou th  o f  th e  s tu d y  

a r e a ,  a  d ip  o f  40° t o  t h e  s o u th w e s t  was d e te rm in e d  by  dow n-p lunge 

p r o j e c t i o n  ( S in g d a h ls e n , 1 9 8 6 ) . The s u r f a c e  t r a c e  o f  th e  Backbone 

t h r u s t  i s  a p p ro x im a te ly  12 km lo n g .

The o v e r a l l  o u tc r o p  m orpho logy  o f  t h e  Backbone t h r u s t  in c lu d e s  

num erous a n a s ta m o s in g t h r u s t s  w h ic h  c r e a t e  a  zone o f  im b r ic a t io n  a t  th e  

l e a d in g  e d g e , and com plex  m a c ro sc o p ic  f o l d s  in  t h e  i n t r a p l a t e  r e g io n  

( P l a t e  I ) . The zone  o f  im b r ic a t io n  i s  com posed o f  m o d e ra te -  t o  s t e e p l y -  

d ip p in g  f a u l t s  i n  t h e  S team boat L im e s to n e  whose com bined  d is p la c e m e n ts  

a c c o u n t  f o r  a  s i g n i f i c a n t  am ount o f  s h o r t e n in g  w i th in  t h e  t h r u s t  s h e e t .

M a cro sc o p ic  F o ld s

M a cro sco p ic  f o l d s  d o m in a te  th e  i n t r a p l a t e  r e g io n  w i th in  t h e  

B ackbone t h r u s t  s h e e t  b u t  may a l s o  o c c u r  n e a r  th e  l e a d in g  edge o f  th e  

s h e e t  a s  on M ajor S t e e l e  B ackbone r id g e  ( F ig u re  9 ) .  F o ld s  a r e  com posed 

p re d o m in a n tly  o f  S team b o a t L im e s to n e .

M acro sco p ic  f o ld s  have a v e ra g e  w a v e le n g th s  o f  150 t o  250 m, 

a m p li tu d e s  from  30 t o  60 m, and  s t r i k e  l e n g th s  from  100 t o  3 ,0 0 0  m. 

M ost f o ld s  a r e  a s y m m e tr ic a l  w i th  v e rg e n c e  to  t h e  n o r t h e a s t ,  w h i le  

o th e r s  a r e  s y m m e tr ic a l ,  u p r ig h t  f o l d s .  B edding  s t r i k e s  p re d o m in a n tly  

t o  th e  n o r th w e s t  and  d ip s  b o th  n o r t h e a s t  and s o u th w e s t  (F ig u re  1 4 ) .  

F o ld s  w i th  more s t e e p l y  i n c l in e d  a x i a l  s u r f a c e s  o c c u r  n e a r  th e  l e a d in g  

edge  o f  th e  s h e e t  and  a r e  o f t e n  n e a r l y  i s o c l i n a l .
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bedding 
n = 242

FOLD A X E S - m a c r o s c o p i c

n-25
N

FOLD AXES-m e s o s c o p i c

157" 21*

F ig u re  14 . P o le s  to  b e d d in g , m a c ro sc o p ic  and m eso sco p ic  f o ld  ax es  f o r  
th e  s tu d y  a r e a .  Arrow a t  61° a z im u th  i n d i c a t e s  i n f e r r e d  t r a n s p o r t  
d i r e c t i o n . M esoscop ic  f o ld  a x e s  show two o r i e n t a t i o n s ,  1 8 6 ° , 15° and 
1 5 7 ° , 2 1 ° .
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F o ld  g e o m e try  i s  c l a s s  IB ( p a r a l l e l )  w i th  a  few  f o ld s  e x h ib i t i n g  

c l a s s  IC c h a r a c t e r i s t i c s  ( c f .  Ram say, 1 9 6 7 ) . The g e o m e tr ic  c o n s t r a i n t s  

o f  p a r a l l e l  o r  c o n c e n t r i c  f o ld s  r e q u i r e s  a  d e c o lle m e n t  a t  d e p th  (D a v is , 

1 9 8 4 ) . T h u s , many m a c ro sc o p ic  f o l d s  m ust b e  d e ta c h m e n t f o ld s  above a  

d e c o l le m e n t .

F o ld  a x e s  d e te rm in e d  by  s t e r e o n e t  and  t a n g e n t  d iag ram  m ethods 

i n d i c a t e  t h a t  m ost f o ld s  t r e n d  a p p ro x im a te ly  153° and p lu n g e  an a v e ra g e  

o f  12° s o u th e a s t  ( F ig u re  1 4 ) . S e v e ra l  f o ld s  t r e n d  331° and p lu n g e  t o  

t h e  n o r th w e s t  from  10° to  1 5 ° .

The t e c t o n i c  t r a n s p o r t  d i r e c t i o n ,  a s  i n f e r r e d  from  f o ld  ax es  and 

b e d d in g ,  i s  6 1 ° . T h is  i s  c o n s id e r e d  t h e  d i r e c t i o n  o f  s l i p  (o r  th e  a -  

k in e m a t ic  d i r e c t i o n ) .  ( P r i c e ,  1967) f o r  t h e  B ackbone t h r u s t  s h e e t .  T hus, 

t h e  b - k in e m a t ic  a x i s  (o r  a x i s  o f  r o t a t i o n )  ( P r i c e ,  1967) i s  151° w h ich  

c o r r e s p o n d s  c l o s e l y  t o  th e  s t r i k e  o f  t h e  t h r u s t  s h e e t  (F ig u re  1 4 ) .

The p r im a ry  f o ld in g  m echanism  r e c o g n iz e d  i n  m a c ro s c a le  f o ld s  i s  

f l e x u r a l - s l i p  f o ld i n g  (D onath  and P a r k e r ,  1 9 6 4 ) . O u tc ro p  e v id e n c e  f o r  

f l e x u r a l - s l i p  i s  e x h ib i te d  by  d e v e lo p m en t o f  s t e p  f i b e r s  and 

s l i c k e n s id e s  b e tw een  b e d d in g  p la n e s  and  m ore i n t e n s e  d e fo rm a tio n  in  

h in g e  a r e a s .  F l e x u r a l - s l i p  f o ld in g  a c co m o d a te s  b u c k l in g  by l a y e r -  

p a r a l l e l  s l i p  b e tw een  l a y e r s  (D a v is , 1 9 8 4 ) . E v id e n c e  f o r  f l e x u r a l - f l o w  

f o ld i n g  in  t h e  s tu d y  a r e a  i s  o b se rv e d  i n  s e v e r a l  f o ld s  n e a r  th e  le a d in g  

ed g e  o f  th e  t h r u s t  s h e e t  on M ajor S t e e l e  B ackbone r i d g e .  These f o ld s  

h a v e  th ic k e n e d  h in g e  a r e a s  w i th  r e s p e c t  t o  l im b s  ( F ig u re  1 5 ) .

D e fo rm a tio n  a t  t h e  m ac ro sco p ic  s c a l e  i s  m ost i n t e n s e  a t  th e  le a d in g  

ed g e  w here  i n c l i n e d ,  n e a r l y  i s o c l i n a l  f o ld s  may accom pany t h r u s t
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im b r i c a t e s .  The ab u n d an ce  o f  f o ld s  w i th in  th e  s h e e t  s u g g e s ts  t h a t  

f o ld i n g ,  a lo n g  w i th  t h r u s t  im b r ic a t io n  i s  an im p o r ta n t  i n t r a p l a t e  

s h o r te n in g  m echanism .

#

F ig u re  15 . I n t r a p l a t e  f o ld s  in  th e  Cam brian S team boat L im e s to n e . 
F o ld s  a r e  m o d e ra te ly  i n c l in e d  and n e a r l y  i s o c l i n a l .  N ote h in g e  
th ic k e n in g  in  c i r c l e d  a r e a .  View to  n o r t h e a s t .

Mesoscopic Structural Elements

The f o l lo w in g  s e c t i o n  d i s c u s s e s  th e  d i s t r i b u t i o n ,  m orpho logy , and 

d e fo rm a t io n  m echanism s o f  m eso sco p ic  s t r u c t u r a l  e le m e n ts .  D i f f e r e n c e s  

b e tw een  s t r u c t u r a l  e le m e n ts  t h a t  a r e  common to  b o th  Domains I  and I I  

a r e  n o te d  and p e t r o g r a p h ic  o b s e r v a t io n s  a r e  in c lu d e d  w here a p p l i c a b l e .  

In  some c a s e s ,  th e  s i t e s  o f  s t r u c t u r a l  e le m en t o b s e r v a t io n s  r e f e r  to  

m easurem ent s t a t i o n s  w h ich  a r e  d e s ig n a te d  by  s m a ll  l e t t e r s  on F ig u re  9 .
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F a u l t s

M esoscop ic  c o n t r a c t i o n  f a u l t s  a r e  t h e  do m in an t ty p e  o f  f a u l t  in  th e  

B ackbone t h r u s t  s h e e t .  They a r e  fo rm ed  p re d o m in a n tly  i n  a  n a rro w  zone 

p ro x im a l t o  t h e  Backbone t h r u s t  and  i t s  im b r ic a te s ,  and c h a r a c t e r i z e  

Domain I  d e fo r m a t io n .  C o n tr a c t io n  f a u l t s  a l s o  o c c u r  i n  Domain I I  b u t  

a r e  l e s s  s i g n i f i c a n t  t o  i n t e r n a l  d e fo r m a t io n .

D isp la c e m e n t on m eso sc o p ic  f a u l t s  i s  d i f f i c u l t  t o  d e te rm in e ;  

h o w ev er, f i e l d  r e l a t i o n s h i p s  s u g g e s t  t h a t  d is p la c e m e n t  a v e ra g e s  I  t o  5 

m. The c o l l e c t i v e  d is p la c e m e n t  on m eso sc o p ic  f a u l t s  i s  b e l i e v e d  to
t

a c c o u n t  f o r  a  s i g n i f i c a n t  am ount o f  s h o r te n in g  o f  t h e  B ackbone t h r u s t  

s h e e t . S t r i k e  l e n g th s  p ro b a b ly  do n o t  ex c ee d  100 m.

M esoscop ic  f a u l t s  a r e  d e v e lo p e d  p r im a r i l y  w i t h in  10 m o f  t h e  b a s e  

o f  t h e  m a c ro sc o p ic  f a u l t s  a t  th e  l e a d in g  edge o f  t h e  t h r u s t  s h e e t .  In  

g e n e r a l ,  t h e  i n t e n s i t y  o f  t h e i r  d ev e lo p m en t v a r i e s  w i th  l i t h o l o g y  o f  

t h e  f o o tw a ll  b lo c k  and d i s t a n c e  from  th e  b a s e  o f  t h e  m a c ro sc o p ic  f a u l t .  

W here l im e s to n e  i s  t h r u s t  o v e r  s i m i l a r l y  c o m p e ten t ro c k  (F ig u re  1 0 ) ,  

m e s o s c o p ic - s c a le  f a u l t  d e fo rm a tio n  i s  e x tre m e , w i th  b e d d in g  o f te n  

t o t a l l y  o b l i t e r a t e d  b y  r e c r y s t a l l i z a t i o n  and t e c t o n i c  v e i n s .  Only a  

m in o r am ount o f  gouge and b r e c c i a  a r e  s e e n .  W here l im e s to n e  i s  t h r u s t  

o v e r  s h a le  (F ig u re  1 3 ) ,  m eso sco p ic  f a u l t s  and t e c t o n i c  v e in s  a r e  

m a rk e d ly  l e s s  w e l l  d e v e lo p e d . In  b o th  s i t u a t i o n s ,  t h e  i n t e n s i t y  o f  

f a u l t i n g  d e c re a s e s  v e r y  r a p i d l y  i n  a  v e r t i c a l  s e n s e  away from  th e  b a s e  

o f  t h e  m a c ro sc o p ic  f a u l t .

F a u l t  g eo m etry  a l s o  v a r i e s  w i th  f o o tw a ll  l i t h o l o g y  and d i s t a n c e  

from  th e  u n d e r ly in g  m a c ro sc o p ic  f a u l t .  Where l im e s to n e  i s  t h r u s t  o v e r  

c o m p e te n t r o c k s ,  f a u l t s  i n  th e  lo w e r  5 m o f  Domain I  o c c u r  in  a r r a y s  o f
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b e d —p a r a l l e l  and  su b —b e d p a r a l l e l  f a u l t s  t h a t  form  i n t e r l e a v e d  and 

s ta c k e d  d u p le x e s .  T hese  d u p le x  f a u l t  a r r a y s  a r e  p e n e t r a t i v e  a t  th e  

s c a l e  o f  th e  t h r u s t  s h e e t ,  and  d i v id e  th e  b a s e  o f  th e  s h e e t  i n t o  

n u m ero u s , s m a l l  f a u l t -b o u n d e d  b l o c k s .  D u p lex in g  may a c c o u n t f o r  a 

s i g n i f i c a n t  am ount o f  s h o r te n in g  and a l s o  p ro d u ce  th ic k e n in g  o f  s t r a t a  

a d ja c e n t  t o  t h r u s t  f a u l t s  (W o jta l  and  M it r a ,  1 9 8 6 ) . F a u l t s  o f te n  

i n t e r s e c t  b e d d in g  a t  h ig h  a n g le ,  h o w ev er, th e y  c o n t in u e  to  s t r i k e  

s u b p a r a l l e l  t o  th e  u n d e r ly in g  t h r u s t .  C o n tr a c t io n  f a u l t s  i n  th e  u p p e r  

5 m o f  Domain I  u s u a l l y  o c c u r  s i n g l y  i n  b e d - p a r a l l e l  o r  ram ping  

c o n f i g u r a t i o n s .

W here l im e s to n e  i s  t h r u s t  o v e r  s h a l e ,  f a u l t s  p re d o m in a n tly  o c c u r  

s i n g l y  and  p a r a l l e l  t o  b e d d in g . H ow ever, a lo n g  one w e l l  ex p o sed  o u tc ro p  

a t  s t a t i o n  " r "  w here t h e  Backbone t h r u s t  s h e e t  i s  t h r u s t  o v e r  M esozoic  

s h a l e ,  f a u l t s  d e v e lo p e d  b e d - p a r a l l e l  u n t i l  b e d d in g  was r o t a t e d  t o  a  

h ig h  a n g le  by  f a u l t i n g ;  f a u l t s  c o n tin u e d  t o  p ro p a g a te  a t  low a n g le ,  

c u t t i n g  th ro u g h  th e  u p tu rn e d  b e d s .  T h is  seq u en c e  o f  f a u l t i n g  r e s u l t e d  

i n  a  u n iq u e  s t e p - l i k e  c o n f i g u r a t io n  (F ig u re s  16 and 1 7 ) .

T hese o b s e r v a t io n s  i n d i c a t e  t h a t  i n t e r n a l  d e fo rm a tio n  a t  th e  b a s e  

o f  t h r u s t s  i s  s i g n i f i c a n t  w i th in  a  r e l a t i v e l y  n a rro w  (< 10 m t h i c k  ) 

zo n e  and i s  e x p re s s e d  p r im a r i ly  b y . i n t r i c a t e  a r r a y s  o f  m eso sco p ic  

f a u l t s .  S im i la r  o b s e r v a t io n s  f o r  t h e  b a s e  o f  t h r u s t  s h e e t s  have  b e e n  

r e c o r d e d  by  G h i s e t t i  (1987) f o r  t h e  C e n t r a l  A p p e n n in e s , and by W o jta l 

and  M itr a  (1986) and L u tz  (1987) f o r  t h e  S o u th e rn  A p p a la c h ia n s .

P o le s  t o  m eso sc o p ic  f a u l t s  s u g g e s t  two g e n e r a l .o r i e n t a t i o n s  (F ig u re  

1 8 ) .  The p red o m in an t s t r i k e  o f  m ost f a u l t s  i s  n e a r  3 3 6 ° , s u b p a r a l l e l  

t o  t h e  s t r i k e  o f  th e  Backbone t h r u s t  s h e e t ;  how ever, d ip s  v a ry  w id e ly .
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F ig u re  16 . S t e p - l i k e  f a u l t  c o n f i g u r a t io n  w here S team boat L im esto n e  i s  
t h r u s t  o v e r  s h a le s  n e a r  s t a t i o n  " r " .

F ig u re  17. C lo s e -u p  o f  F ig u re  16 show ing  o f f s e t  on i n d iv i d u a l  f a u l t s .
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• •  • •

o» ,fio O

•  - fa u lt  
o -  Ilneatlon 
x - to ld  axes

F ig u re  18 . P o le s  
g e o m e tr ic  e le m e n ts  
t r a n s p o r t  d i r e c t i o n  
t r a n s p o r t  d i r e c t i o n

to  f a u l t s  and l i n e a t i o n s  and com bined
Arrows a z im u th  a r e  a t  61

p l o t  o f 
i n f e r r e d

Sm all a rro w s n e a r  90° i n d i c a t e  a m inor se c o n d a ry
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T h is  i s  b e l i e v e d  t o  b e  a  r e f l e c t i o n  o f  t h e  d u p le x in g  n a tu r e  o f  th e  

f a u l t s . The s e c o n d a ry  lo c u s  o f  p o le s  t o  m eso sc o p ic  f a u l t s  i n d i c a t e s  a 

n o r th - s o u th  s t r i k e  o f  f a u l t  p l a n e s . T h is  seco n d  lo c u s  i s  found  a t  

s t a t i o n s  " r "  and  " t n on th e  n o r th w e s t  s i d e  o f  t h e  r e s e r v o i r  (F ig u re  

1 3 ) .  T hese  f a u l t s  s u g g e s t  t h a t  t h e r e  w as e i t h e r  l o c a l  e a s t - d i r e c t e d  

s l i p  o r  p a s s iv e  c lo c k w is e  r o t a t i o n  o f  th e  h a n g in g  w a l l  d u r in g  th e  

p r o g r e s s io n  o f  t h r u s t i n g .

P e t r o g r a p h ic  o b s e r v a t io n s  o f  f a u l t  zone sa m p le s  w ere  made to  

d e te rm in e  t h e  d e fo r m a t io n  m echanism s t h a t  accom odated  f a u l t i n g .  These 

o b s e r v a t io n s ,  i n  c o n ju n c t io n  w i th  m eso sc o p ic  o b s e r v a t io n s ,  can  b e  u se d  

t o  i n f e r  t h e  c o n d i t io n s  and se q u en c e  o f  d e fo rm a tio n  i n  Domain I .

Sam ples o f  S team b o a t L im esto n e  w ere  ta k e n  a t  s t a t i o n s  " a " ,  " r "  and 

" b " .  Sam ples " a "  and " r "  r e p r e s e n t  f a u l t  zone  d e fo rm a tio n  w here 

l im e s to n e  i s  t h r u s t  o v e r  co m p eten t ro c k  and  s h a l e ,  r e s p e c t i v e l y .  B o th  

a r e  sam p led  w i th in  2 m o f  th e  b a s e  o f  t h e  a s s o c i a te d  m a c ro sc o p ic  f a u l t .  

Sam ple "b "  was ta k e n  w here  l im e s to n e  i s .  t h r u s t  o v e r  l im e s to n e ,  a b o u t 5 

m from  th e  b a s e  o f  t h e  m ac ro sco p ic  f a u l t .

T h in  s e c t i o n s  w ere  c u t  p e r p e n d ic u la r  to  b e d d in g  in  b o th  th e  

t r a n s p o r t  d i r e c t i o n  ( a -k in e m a tic )  and p a r a l l e l  t o  t h e  s t r i k e  ( th e  b -  

k in e m a t ic )  d i r e c t i o n .  F our f e a t u r e s  a r e  common t o  a l l  t h i n  s e c t i o n s :  

I )  r e c r y s t a l l i z a t i o n  o f  m ic r i t e  i n t o  s p a r r y  c a l c i t e  w hose c r y s t a l s  may 

d i s p l a y  tw in n in g  and  d e fo rm a tio n  l a m e l la e ;  2 ) s u tu r e d  s t y l o l i t e s  

d i s t i n g u i s h e d  b y  b ro w n -b la c k  r e s id u e  and d o lo m ite  rhom bohed rons; 3) 

v e in s  f i l l e d  w i th  s p a r r y  c a l c i t e ;  and  4) m ic r o f a u l t  z o n e s . T hese 

d e fo rm a t io n  f e a t u r e s  o b se rv e d  a r e  c o n s id e r e d  to  b e  due  t o  f a u l t  zone 

d e fo rm a t io n  r a t h e r  th a n  d i a g e n e t i c  p r o c e s s e s  b a s e d  on p e tr o g r a p h ic
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o b s e r v a t io n s  o f  t h e  S team boat L im e s to n e  i n  sa m p les  c o n ta in in g  o o id s  and 

c le a v a g e .  C r o s s - c u t t i n g  r e l a t i o n s h i p s  showed no d e f i n i t i v e  d e fo rm a tio n  

se q u e n c e  common t o  a l l  s a m p le s , h o w ev er, p r e s s u r e  s o l u t i o n  g e n e r a l l y  

p re c e d e d  f a u l t i n g  and many t e c t o n i c  v e in s  and r e c r y s t a l l i z a t i o n  a p p e a r  

t o  b e  p o s t  f a u l t i n g  d e fo r m a t io n s .

D e fo rm a tio n  i n  s t a t i o n  " a "  s a m p le s  i s  m ost i n t e n s e .  Most o f  th e  

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

d e fo rm a t io n  la m e l la e  a r e  o f t e n  o b s e rv e d  i n  c a l c i t e  c r y s t a l s .  

S t y l o l i t e s  p e rm e a te  t h e  sam p le  w i th  no  p r e f e r r e d  o r i e n t a t i o n .  C a l c i t e -  

f i l l e d  v e in s  a r e  a b u n d a n t;  some o c c u r  w i th  s t y l o l i t e s  and  a p p e a r  to  b e  

r e l a t e d  t o  t h e i r  f o rm a t io n ,  w h i le  o t h e r s  c r o s s  c u t  s t y l o l i t e s  and 

m i c r o f a u l t s .  M ic r o f a u l t s  a r e  d i s t i n g u i s h e d  by  t h i n  (< I  m i l l im e te r  

(mm) t h i c k ) , l i n e a r  t o  c u r v i l i n e a r  c a l c i t e  b a n d s  t h a t  o f te n  c r e a t e  

m ic r o d u p le x e s . M ic r o f a u l t s  a r e  o r i e n t e d  s u b p a r a l l e l  t o  b e d d in g . 

F e a tu r e s  o b s e rv e d  in  t h e  sa m p les  from  s t a t i o n  " r "  i n d i c a t e  t h a t  

d e fo rm a t io n  i s  l e s s  i n t e n s e  th a n  s t a t i o n  " a " .  S t y l o l i t e s ,  c a l c i t e  

v e in s  and m ic r o f a u l t s  a r e  l e s s  a b u n d a n t . The m ost d i s t i n g u i s h in g  

f e a t u r e  i s  t h e  fo rm a tio n  o f  m ic r o f a u l t  l a y e r s ,  t h a t  a r e  d i s t i n g u i s h e d  

b y  t h i n  (< Imm t h i c k )  seam s o f  c a l c i t e  s ta c k e d  one a to p  th e  o th e r  and 

s e p a r a te d  by  an  o p a q u e , brow n r e s i d u e  (F ig u re  1 9 ) . T h e i r  o r i e n t a t i o n  

and  m orpho logy  s u g g e s t  th e y  a r e  r e s p o n s i b l e  f o r  a  s i g n i f i c a n t  amount o f  

s h e a r .

Sam ples from  s t a t i o n  "b "  a r e  t h e  l e a s t  d e fo rm ed . They c o n ta in  

fe w e r  s t y l o l i t e s  and m ic r o f a u l t s  and  a  h ig h e r  p e rc e n ta g e  o f  m i c r i t e .
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Figure 19. Photomicrograph of fault zone deformation from station "a". 
S=Stylolites, F=microfaults, R=residue, C=calcite.

C a l c i t e  v e in s  a r e  o r i e n t e d  p e r p e n d ic u la r  t o  th e  d i r e c t i o n  o f  t r a n s p o r t ,  

s u g g e s t in g  e x te n s io n  in  th e  t r a n s p o r t  d i r e c t i o n .  T hese  o b s e r v a t io n s  

i n d i c a t e  t h a t  th e  i n t e n s i t y  o f  d e fo rm a t io n  d e c r e a s e s  v e r t i c a l l y  away 

from  th e  b a s e  o f  th e  t h r u s t .

The im p o r ta n t  m echanism s o f  d e fo rm a tio n  i n d ic a te d  by th e  

p e t r o g r a p h ic  o b s e r v a t io n s  a r e  r e c r y s t a l l i z a t i o n ,  p r e s s u r e  s o l u t i o n ,  

e x te n s io n  v e in in g  and m i c r o f a u l t i n g . T w inning  and d e fo rm a tio n  

la m e l la e  c o n t r i b u t e  a s m a l l  am ount o f  p l a s t i c  d e fo r m a t io n .

In  summary, m eso sc o p ic  f a u l t  a r r a y s  o c c u r  in  a zone  n e a r  th e  b a s e  

o f  t h r u s t s  and c h a r a c t e r i z e  Domain I  d e fo r m a t io n . T h is  d e fo rm a tio n  i s  

p e n e t r a t i v e  and may a c c o u n t f o r  a s i g n i f i c a n t  am ount o f  l o n g i t u d in a l  

s h o r te n in g  by p r e s s u r e  s o lu t i o n  and d u p le x in g  a t  t h e  m eso sco p ic  and 

m ic ro s c o p ic  s c a l e s .  T hese s h o r te n in g  m echanism s m ust a l s o  r e s u l t  in  

t h ic k e n in g  o f  th e  s t r a t a ,  how ever, m easurem ent o f  th ic k e n in g  was n o t
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a t t e m p te d . D e fo rm a tio n  b y  s im p le  s h e a r  i s  a l s o  i n d ic a te d  b y  z o n e s  o f  

r e c r y s t a l l i z a t i o n  and  m i c r o f a u l t s .  C r o s s - c u t t i n g  r e l a t i o n s h i p s  s u g g e s t  

r e l a t i v e l y  c o e v a l  d e v e lo p m en t o f  m ic r o s t r u c t u r e s  d u r in g  th e  d ev e lo p m en t 

o f  f a u l t  z o n e s .

L in e a t io n s

L in e a t io n s  c o n s i s t  o f  s l i c k e n s id e s  w h ich  a r e  e i t h e r  p o l i s h e d  

g ro o v e s  o r  c o a t in g s  o f  c a l c i t e  s t e p  f i b e r s . They a r e  commonly 

d e v e lo p e d  on m eso sco p ic  f a u l t  p la n e s  i n  Domain I  and  b e tw een  l a y e r s  on 

f o ld  l im b s .  L in e a t io n s  i n d i c a t e  l o c a l  d i r e c t i o n s  o f  s l i p  and th e  

d e fo rm a t io n  m echanism s o p e r a t in g  on th e  f a u l t  p l a n e s .  P o l is h e d  

g ro o v e s  i n d i c a t e  f r i c t i o n a l  s l i d i n g ,  and  s t e p  f i b e r s  i n d i c a t e  p r e s s u r e  

s o l u t i o n  s l i p  ( E l l i o t t ,  1 9 7 6 b ) .

Domain I  l i n e a t i o n s  a r e  p l o t t e d  i n  F ig u re  18 . The two t r e n d s  

c o rre s p o n d  c lo s e l y  t o  t h e  p o le s  t o  m e so sc o p ic  f a u l t s  (F ig u re  1 8 ) .  The 

com bined p l o t s  o f  p o le s  t o  f a u l t s ,  l i n e a t i o n s  and m eso sco p ic  and 

m a c ro sc o p ic  f o ld  a x e s  (F ig u re  18) s t r o n g l y  s u p p o r t  m a jo r  t r a n s p o r t  o f  

th e  B ackbone t h r u s t  s h e e t  t o  t h e  n o r t h e a s t  (6 1 °) w i th  a  s e c o n d a ry  t r e n d  

n e a r  9 0 ° . The c o a x ia l  n a t u r e  o f  m a c ro sc o p ic  and m eso sco p ic  f o ld s  and  

f a u l t s  s u g g e s ts  t h a t  i n t e r n a l  t h r u s t  s h e e t  d e fo rm a tio n  o c c u r re d  o n ly  

d u r in g  one m ajo r p e r io d  o f  a c t i v i t y .  The s e c o n d a ry  t r e n d  i s  b e l i e v e d  

t o  b e  due t o  p a s s iv e  r e o r i e n t a t i o n  w h ich  r e s u l t e d  from  c o n tin u e d  

a c t i v i t y  b e c a u s e  o f  t h e  l o c a l i z e d  d i s t r i b u t i o n  o f  t h e s e  f e a t u r e s .
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M eso sco p ic  F o ld s

M esoscop ic  f o ld s  o c c u r  in  Dom ains I  and I I ,  p r im a r i ly  in  th e  

S team b o a t L im e s to n e . T hese f o ld s  hav e  a m p litu d e s  r a n g in g  from  0 .5  to  

10 m w ith  h a l f  w a v e le n g th s  o f  0 .5  to  5 m. Exam ples o f  f o ld  g eo m etry  

f o r  Domains I  and I I  a r e  shown i n  F ig u re  20 .

Domain I
station (7)

notebook 
x  for 

scale

Domain Il
station(y)

p e n c i l
scale

F ig u r e  20. L in e  s k e tc h e s  from  p h o to g ra p h s  o f m eso sco p ic  f o ld s  in  
Dom ains I  and I I .  N ote i n t e n s e  c le a v a g e  deve lopm en t in  th e  c o re  o f  th e  
Domain I I  f o l d .
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Domain I  f o ld s  g e n e r a l l y  o c c u r  w i th in  th e  u p p e r  5 m o f  t h e  dom ain , 

w h e re a s  t h e  lo w e r  5 m o f  Domain I  i s  d o m in a ted  by  m eso sc o p ic  f a u l t s  and 

t e c t o n i c  v e i n s .  T hese  f o ld s  a r e  u s u a l l y  recu m b en t w i th  t i g h t ,  c h e v ro n  

g e o m e t r i e s . They commonly have  s h e a re d  lim b s  and show d ish a rm o n ic  

r e l a t i o n s h i p s  in  h in g e  r e g io n s  (F ig u re  2 0 ) .  The f o ld  geom etry  

a p p ro x im a te s  c l a s s  I c  ( c f .  Ramsay, 1 9 6 7 ) . C leav ag e  i s  o f t e n  d e v e lo p e d  

and  w i l l  b e  d i s c u s s e d  i n  m ore d e t a i l  i n  a  l a t e r  s e c t i o n .

M eso sco p ic  f o ld s  fo rm ed  i n  Domain I I  o c c u r  m ost o f t e n  in  th e  c o re s  

o f  l a r g e r  m a c ro sc o p ic  f o l d s ;  a  few  a r e  d ra g  f o ld s  on f o l d  l im b s . U n lik e  

Domain I ,  f o ld s  a r e  u s u a l l y  u p r ig h t  and s y m m e tr ic a l  w i th  t i g h t  t o  open 

s h a p e s  and b r o a d ,  ro unded  h in g e s  (F ig u re  2 0 ) .  The f o ld  g eom etry  

a p p ro x im a te s  c l a s s  lb  ( c f .  Ramsay, 1 9 6 7 ) . . Spaced c le a v a g e  i s  w e l l -  

d e v e lo p e d  in  t h e s e  f o l d s .

A x ia l  t r a c e s  o f  m eso sc o p ic  f o ld s  c l u s t e r  n e a r  1 5 7 ° , s u b p a r a l l e l  to  

t h e  m a c ro sc o p ic  f o ld  a x e s  (F ig u re  1 4 ) .  F o ld  a x e s  p lu n g e  an  a v e ra g e  o f  

22°  t o  t h e  s o u th e a s t  o r  6°  to  t h e  n o r th w e s t ,  s i m i l a r  t o  m ac ro sco p ic  

f o l d s .  T hese  o r i e n t a t i o n s  i n d i c a t e  c o a x ia l  d e v e lo p m en t o f  m eso sco p ic  

and  m a c ro sc o p ic  f o l d s .  A se c o n d a ry  o r i e n t a t i o n  n e a r  185° o c c u rs  in  

s e v e r a l  Domain I  f o ld s  from  s t a t i o n s  " r " , " b " ,  and  " c " .  The se c o n d a ry  

lo c u s  o f  a x e s  from  Domain I  i n d i c a t e s  t h a t  th e  f o ld s  w ere e i t h e r  

p a s s i v e ly  r o t a t e d  i n  th e  h a n g in g  w a l l  w i th  c o n tin u e d  t h r u s t i n g  o r  t h e r e  

was l o c a l  e a s tw a r d - d i r e c t e d  s h o r te n in g .

The m orphology  and  o r i e n t a t i o n  o f  Domain I  f o ld s  i n d i c a t e s  th e y  a r e  

f l e x u r a l - s l i p  and f l e x u r a l - f l o w  f o ld s  form ed d u r in g  d i f f e r e n t i a l  s h e a r  

in d u c e d  by  t h r u s t i n g .  T hese f o ld s  c o n t r i b u t e  to  t h e  o v e r a l l  s h o r te n in g  

an d  th ic k e n in g  o f  s t r a t a  i n  Domain I .  The u p r i g h t ,  s y m m e tr ic a l  n a tu r e
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and  o r i e n t a t i o n  o f  Domain I I  f o l d s  s u g g e s ts  th e y  w ere  form ed by  

l o n g i t u d i n a l  s h o r te n in g  d u r in g  d ev e lo p m en t o f  t h e  l a r g e r  f o l d s .  T hus, 

t h e i r  c o n t r i b u t i o n  t o  s h o r te n in g  i s  n o t  u n iq u e .

C le a v ag e

W e ll-d e v e lo p e d , sp a ce d  c le a v a g e  form ed by  p r e s s u r e  s o lu t i o n  i s  

commonly fo u n d  i n  t h e  Cam brian S team boat L im esto n e  and  l e s s  commonly in  

t h e  S w itch b ack  S h a le .  C leav ag e  i s  c h a r a c t e r i s t i c  o f  Domain I I  

d e fo rm a t io n  and i s  c o n s id e re d  a  l o c a l l y  p e n e t r a t i v e  s t r u c t u r e  in  th e  

B ackbone t h r u s t  s h e e t .  C leav ag e  a l s o  o c c u rs  in  some m eso sc o p ic  f o ld s  i n  

Domain I .  S in g d a h ls e n  (1986) i s  t h e  o n ly  s tu d y  t h a t  docum ents 

c le a v a g e  d ev e lo p m en t i n  ro c k s  o f  t h e  S aw to o th  R ange.

The d e s c r i p t i v e  and n o n - g e n e t ic  c l a s s i f i c a t i o n  schem e o f  P ow ell 

(1 9 7 9 ) , i s  em ployed in  d e s c r ib in g  c le a v a g e  m orpho logy  i n  th e  s tu d y  

a r e a  (F ig u r e  2 1 ) .  Spaced c le a v a g e  i s  com posed o f  c le a v a g e  dom ains and 

m i c r o l i t h o n s . C leav ag e  dom ains a r e  t h e  p la n e s  o f  p r e f e r r e d  m in e ra l  

o r i e n t a t i o n  and m ic r o l i th o n s  a r e  t h e  undefo rm ed  ro c k  b e tw een  c le a v a g e  

dom ains (P o w e ll, 1 9 7 9 ) . In  g e n e r a l ,  c le a v a g e  i s  r e c o g n iz e d  in  o u tc ro p  

by  c l o s e l y  sp a c e d  f r a c t u r e s  t h a t  o c c u r  a t  h ig h  a n g le s  t o  b e d d in g .

C le a v a g e  i s  form ed in  Domain I I  i n  t h r e e  s t r u c t u r a l  a s s o c i a t i o n s ;  

w i t h in  im b r ic a te s  o f  th e  Backbone t h r u s t  s h e e t ,  and i n  m a c ro sc o p ic  and 

m e so sc o p ic  f o l d s .  C leavage  m orphology  and o r i e n t a t i o n  v a ry  in  e a c h  

a s s o c i a t i o n .  T hese  v a r i a t i o n s  a r e  im p o r ta n t  i n d i c a t o r s  o f  th e  

i n t e n s i t y  and t im in g  o f  d e fo r m a t io n .  C leav ag e  m orphology and 

o r i e n t a t i o n  a r e  sum m arized in  T a b le  I .
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ROCK CLEAVAG E

C O N T I N U O U S  S P A C E D

F i n e  Coarse  D i s j u n c t i v e  C r e n u l o t i o n

Siyolitic Anosfomosmg Rough Smooth Discrvfe Zonol

F ig u re  21 . D iagram  o f  th e  b a s ic  d i v i s i o n s  o f  c le a v a g e  (from  P ow ell 
1 9 7 9 ) .

T a b le  I .  C leav ag e  a s s o c i a t i o n ,  m orphology and o r i e n t a t i o n  in  Domain I  
Domain I I  o c c u r ra n c e  i s  n o te d  in  p a r e n t h e s i s .

ASSOCIATION LITHOLOGY MORPHOLOGY INTENSITY SPACING S, A S 0

rI tiru s t
Imbricate

-Cst p la n a r  to  su b p la n a r , 
o f te n  c u ts  bedd ing , 
may a lg o  r e f r a c t

m oderate to 
s tro n g

0 .5  -  2 .0  cm 
(Avg. 1 .0  an)

80°

M acroscopic
Folds

-Cst p la n a r  to  an as-  
tam osing, in d iv id u a l  
domains s l i g h t l y  
sinuous

h in g e -s tro n g  
lim bs-m oderate

0 .5  -  1 .0  cm 
1 .0  -  3 .0  an

back lim b-8  3° 
fo re lim b -7 7°

Mesoscopic
Folds

-  n e a r  th r u s ts  
(Domain I)

C s t p la n a r  to  c u rv i-  
p la n a r  and s l i g h t l y  
s in u o u s , may be 
r e f r a c te d ,  forms h a l f  
fans

m oderate to  
s tro n g

0.25 -  3 .0  cm 74°

-  in  c o re s  o f  
m acroscopic 
fo ld s

C s t subpla n a r  to  very  
s in uo u s, bedding 
o f te n  tran sp o sed  be­
yond re c o g n itio n , 
r e f r a c t s  through 
la y e r s ,  th in  beds a re  
more s tro n g ly  
c leaved  than th ic k

h in g e -v e ry
s tro n g

lim b s-s tro n g

1 .0  an

1 .0  -  2 .0  cm
73-84°

-  on lim bs o f 
m acroscopic 
fo ld s

C s t p la n a r  to  c u rv i-  
p la n a r ,  somewhat 
sinuous

m oderate to  
s tro n g

1 .0  -  1 .5  an 79°
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C leav ag e  in  T h ru s t  I m b r i c a t e s . C leav ag e  in  Domain I I  t h r u s t  

im b r ic a te s  i s  b e s t  d e v e lo p e d  w here S team boat L im esto n e  i s  t h r u s t  o v e r  

c o m p e te n t ro c k s  ( F ig u re  1 0 ) .  W here l im e s to n e  h as  been  t h r u s t  o v e r  

s h a le  (F ig u re  1 3 ) ,  c le a v a g e  i s  much l e s s  d e v e lo p e d .

C leav ag e  s u r f a c e s  a r e  d i s c r e t e  w i th  p l a n a r  to  s u b p la n a r  o u t 

g e o m e tr ie s  t h a t  i n t e r s e c t  b e d d in g  a t  h ig h  a n g le s  ( F ig u re  2 2 ) .  S pac ing  

v a r i e s  from  0 .5  to  2 cm w i th  an  a v e ra g e  s p a c in g  o f  I cm. C leav ag e  

seam s o f t e n  c u t  b e d d in g , b u t  a r e  t r u n c a te d  by f a u l t s  in  e v e ry  i n s t a n c e .  

I n t e n s i t y  o f  d e v e lo p m en t i s  m o d e ra te  to  s t r o n g ,  b a s e d  on c le a v a g e  

m orpho logy  and d i s t a n c e  be tw een  c le a v a g e  seam s ( a f t e r  A lv a re z  and 

o t h e r s ,  1 9 7 8 ) . In  s e v e r a l  l o c a t i o n s ,  c le a v a g e  seam s w ere  s e e n  to  c u rv e  

a s y m p to t i c a l l y  i n t o  f a u l t  z o n e s .

F ig u re  22 . C leav ag e  d e v e lo p e d  n e a r  t h r u s t  f a u l t s . Long a x is  o f  s c a l e  
i s  o r i e n t e d  s u b p a r a l l e l  to  c le a v a g e  (S ^) w hich  i n t e r s e c t s  b e d d in g  (Sq ) 
a t  h ig h  a n g le .
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A p l o t  o f  p o le s  t o  c le a v a g e  fo rm ed  n e a r  t h r u s t  f a u l t s  ro u g h ly  shows 

tw o o r i e n t a t i o n s :  a  s e t  s t r i k i n g  n o r th w e s t  and a  s e t  s t r i k i n g  n o r th e a s t  

( F ig u r e  2 3 ) .  The n o r th w e s t  s t r i k i n g  s e t  i s  i n t e r p r e t e d  t o  have form ed 

due t o  e a r l y  l a y e r - p a r a l l e l  s h o r t e n in g ,  p r i o r  t o ,  o r  d u r in g  e a r l y  

s t a g e s  o f  f a u l t i n g .  H ow ever, a f t e r  r o t a t i n g  c le a v a g e  w i th  b e d d in g  t o  

t h e  h o r i z o n t a l ,  t h e  c le a v a g e  i s  o n ly  a p p ro x im a te ly  v e r t i a c a l l y  o r i e n t e d  

(F ig u r e  2 3 ) . To e x p la in  t h i s ,  e i t h e r  s h o r te n in g  was n o t  i n i t i a l l y  

p a r a l l e l  t o  b e d d in g , o r  m ore l i k e l y ,  t h e  c le a v a g e  h a s  b een  r e o r i e n t e d  

w i th  r e s p e c t  t o  b e d d in g  d u r in g  im b r ic a t io n .

The fo rm a tio n  o f  t h e  n o r t h e a s t  s t r i k i n g  s e t  i s  n o t  e a s i l y  

e x p la in e d .  I t  i s  s u g g e s te d  t h a t  t h i s  s e t  form ed due t o  f o ld in g  o f  t h e  

B ackbone t h r u s t  s h e e t  b y  em placem ent o f  u n d e r ly in g  t h r u s t  s h e e t s  

( S in g d a h ls e n , 1 9 8 6 ).

C leav ag e  i n  M a cro sc o p ic  F o ld s . Spaced c le a v a g e  i s  d e v e lo p e d  i n  

many o f  t h e  m a c ro sc o p ic  f o ld s  in  Domain I I .  C leav ag e  a p p e a rs  a s  p l a n a r  

t o  a n a s ta m o s in g  seam s a t  a  h ig h  a n g le  t o  b e d d in g . D evelopm ent i s  m ost 

i n t e n s e  i n  h in g e  a r e a s  o f  f o ld s  w here  dom ain s p a c in g  a v e ra g e s  l e s s  th a n  

I  cm. C leav ag e  i s  l e s s  d e v e lo p e d  on f o ld  lim b s  w h ere  i n t e n s i t y  may 

v a r y  from  u n c le a v e d  t o  s t r o n g l y  c le a v e d .  The a v e ra g e  b e d d in g -c le a v a g e  

i n t e r s e c t i o n  a n g le  i s  83° on w e s t -d ip p in g  lim b s  and 7 7° on e a s t - d ip p in g  

l im b s ;  t h u s ,  c le a v a g e  e x h i b i t s  a  d iv e r g e n t  f a n n in g  g e o m e try .

T h is  f a n n in g  g eo m etry  i s  s e e n  i n  a  p l o t  o f  p o le s  t o  c le a v a g e  f o r  

m a c ro sc o p ic  f o ld s  ( F ig u re  2 3 ) . W here b e d d in g  i s  r e s t o r e d  t o  

h o r i z o n t a l ,  t h e  c le a v a g e  i s  g e n e r a l l y  s u b v e r t i c a l ,  i n d i c a t i n g  fo rm a tio n  

b y  l a y e r - p a r a l l e l  s h o r te n in g  ( F ig u re  2 3 ) .
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CLEAVAGE-Thrust Fault

ROTATED _ T hrust 
CLEAVAGE F a u lt

N

CLEAVAGE-Macroscopic Anticline

ROTATED _ M acroscopic 
CLEAVAGE A nticline

F ig u re  23 . P o le s  to  c le a v a g e  form ed n e a r  t h r u s t  f a u l t s  and in  
m a c ro sc o p ic  f o l d s ,  u n r o ta t e d  and r o t a t e d  w i th  b e d d in g  to  h o r i z o n t a l .
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The f a n n in g  g eo m etry  o f  c le a v a g e  and  i t s  h ig h  a n g le  t o  b e d d in g  

s u g g e s t s  t h a t  c le a v a g e  form ed p r i o r  t o  m a c ro sc o p ic  f o ld i n g  d u r in g  an  

i n t e r v a l  o f  h o r i z o n t a l l y - d i r e c t e d , l a y e r - p a r a l l e l  s h o r t e n in g .  

S u b se q u e n t f o ld in g  p a s s i v e ly  r o t a t e d  c le a v a g e  t o  i t s  p r e s e n t  p o s i t i o n .  

The lo w e r c le a v a g e -b e d d in g  i n t e r s e c t i o n  a n g le  on th e  e a s t  lim b e  o f  

f o l d s  s u g g e s ts  t h a t  t h e  c le a v a g e  may h av e  b e e n  r e o r i e n t e d  d u r in g  

f l e x u r a l - s l i p  o f  th e  f o ld  l a y e r s . C le a v ag e  fo rm a tio n  and  f o ld in g  a r e  

c o a x ia l  e v e n ts  b a s e d  upon  th e  g e n e r a l  p a r a l l e l i s m  o f  c le a v a g e  p la n e s  

and  f o ld  a x e s  (F ig u re s  14 and  2 3 ) .  The more i n t e n s e l y  d e v e lo p e d  

c le a v a g e  i n  h in g e s  i s  p o s s ib l e  due  t o  l a t e  h in g e  t i g h t e n i n g  d u r in g  

t r a n s l a t i o n  o f  f o ld s  above  f a u l t  s u r f a c e s .

C leav ag e  in  M eso sco p ic  F o ld s . Spaced c le a v a g e  i s  d e v e lo p e d  in  

m ost o f  th e  m eso sc o p ic  f o ld s  i n  Domain I I  and in  s e v e r a l  f o ld s  i n  

Domain I .  In  g e n e r a l ,  c le a v a g e  o c c u rs  a t  h ig h  a n g le  t o  b e d d in g  and 

f a n s  a ro u n d  th e  f o l d s ,  s i m i l a r  to  m a c ro sc o p ic  f o l d s .  H ow ever, 

r e f r a c t i o n  th ro u g h  l a y e r s  i s  common, w h ich  i n d i c a t e s  t h a t  c le a v a g e  

d e v e lo p m en t and f o ld in g  a r e  c o n c u r r e n t  (Ramsay and H u b er, 1 9 8 3 ) , u n l ik e  

c le a v a g e  in  m a c ro sc o p ic  f o l d s .

C leav ag e  in  Domain I  f o ld s  i s  b e s t  d e v e lo p e d  i n  h in g e  a r e a s  and  

fo rm s h a l f - f a n s . The h a l f - f a n  g e o m e try  i s  due  t o  o b l i t e r a t i o n  o f  

c le a v a g e  on lim b s  by  s h e a r i n g .  F o ld s  w i th  e v id e n c e  o f  f l e x u r a l - f l o w  i n  

h in g e s  o n ly  showed c le a v a g e  on l im b s .

S p ac in g  o f  c le a v a g e  seam s a v e ra g e s  I  cm in  h in g e  a r e a s  and a b o u t 2 

cm on l im b s , i n d i c a t i n g  m o d e ra te  t o  s t r o n g  d e v e lo p m e n t. Domains a r e  

p l a n a r  to  c u r v i p l a n a r  and may b e  r e f r a c t e d  th ro u g h  l a y e r s .  C leav ag e  

was s e e n  t o  c u rv e  a s y m p to t i c a l l y  i n t o  l o c a l  s l i p  l a y e r s  w h ich  s u g g e s ts
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concurrent development of cleavage and faults in Domain I (Mitra and 
others, 1984). Thus, folding, faulting and cleavage development in 
Domain I were relatively coeval deformations.

Cleavage in Domain II folds occurs in the Steamboat Limestone and 
Switchback Shale, and unlike cleavage in Domain I folds, is present on 
limbs and hinges. Cleavage domains have subplanar to very sinuous 
geometries.

Spacing of domains averages less than I cm in hinge areas and 1.5- 
2 .0 cm on limbs, indicating moderate to very strong development 
(Alvarez and others, 1978). The strongest development of cleavage seen 

was in hinge areas of several of these folds, where bedding is often 
transposed beyond recognition. Cleavage makes broad fans around folds 
and is commonly refracted (Figure 24). The fanning geometry is

Figure 24. Cleavage develoment in a mesoscopic fold. Note refraction 
through layers.
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i n d i c a t i v e  o f  c le a v a g e  fo rm a tio n  p r i o r  t o  f o ld in g  (M itra  and o t h e r ,  

1 9 8 4 ), w h e re as  r e f r a c t i o n  s u g g e s t s  c o n c u r r e n t  f o ld in g  and c le a v a g e  

d ev e lo p m en t (Ramsay and H uber, 1 9 8 3 ) . I t  i s  s u g g e s te d  t h a t  c le a v a g e  in  

Domain I I  f o ld s  form ed p r i o r  t o  f o ld i n g  and was th e n  i n t e n s i f i e d  and 

r e f r a c t e d  a s  th e  c o re s  o f  m a c ro sc o p ic  f o ld s  e x p e r ie n c e d  c o n tin u e d  

s h o r t e n in g .

In  t h i n  s e c t i o n ,  c le a v a g e  i s  c h a r a c t e r i z e d  by  l i n e a r  to  

a n a s ta m o s in g seam s w h ich  c u t  b e d d in g . C leav ag e  dom ains a r e  . u s u a l l y  

d e f in e d  by  a  b ro w n ish  r e s id u e  o f  c l a y  and s i l t - s i z e  p a r t i c l e s  and m in o r 

p h y l l o s i l i c a t e s ,  and some dom ains c o n ta in  w e ll- fo rm e d  d o lo m ite  

rhom bohedrons ( F ig u re  2 5 ) .  B edd ing  and c a l c i t e  v e in s  may b e  o f f s e t  by  

c le a v a g e  d o m ain s . I n c i p i e n t  c le a v a g e  d ev e lo p m en t i s  s e e n  a s  a t h i n ,  

s in u o u s  c o n c e n t r a t io n  o f  l i g h t  brow n m a t e r i a l  o r i e n t e d  a t  a h ig h -a n g le  

to  b e d d in g . T hese  f e a t u r e s  i n d i c a t e  t h a t  c le a v a g e  d ev e lo p m en t was a 

r e s u l t  o f  th e  p r e s s u r e  s o l u t i o n  p r o c e s s  (D urney , 1972; A lv a re z  and 

o t h e r s , 1 9 7 6 ) .

A s s o c ia te d  w i th  c le a v a g e  d e v e lo p m en t a r e  f i b r o u s  and s p a r r y  

c l a c i t e - f i l l e d  v e in s  t h a t  a r e  o r i e n t e d  s u b - p e r p e n d ic u la r  t o  c le a v a g e  

d o m ain s . F ig u re  25 shows t h i n  s e c t i o n  r e l a t i o n s h i p s  o f  c le a v a g e  and 

b e d d in g . In  c u t  s l a b ,  c le a v a g e  dom ains a r e  more n u m ero u s , s in u o u s ,  and 

have  m ore com plex p a t t e r n s  th a n  a r e  e v id e n c e d  in  o u tc r o p  (F ig u re  2 6 ) .
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F ig u re  25 . P h o to m ic ro g ra p h  show ing r e l a t i o n s h i p  o f  c le a v a g e  and 
b e d d in g . N ote o f f s e t  o f  b e d d in g  a lo n g  c le a v a g e  seam . B edding= b, 
m ic ro lith o n = m , c le a v a g e = c , d o lo m ite  rhom bohedron=d.

F ig u re  26 . S lab  p h o to g ra p h  o f  c le a v a g e  in  S team boat L im e s to n e . Sample 
i s  from  s t a t i o n  "y" and i s  c u t  p e r p e n d ic u la r  to  b e d d in g .
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C leavage  D evelopm en t. The o u tc ro p  and t h i n  s e c t io n  

r e l a t i o n s h i p s  d e s c r ib e d  above i n d i c a t e  t h a t  c le a v a g e  in  th e  S team boat 

L im esto n e  was form ed by  p r e s s u r e  s o lu t i o n  p r o c e s s e s .  P re s s u re  

s o lu t io n  i s  c o n s id e re d  one o f  th e  p r i n c i p a l  m echanism s r e s p o n s ib le  f o r  

th e  fo rm a tio n  o f  c le a v a g e  in  lo w -g ra d e  m etam orphic  ro c k s  (E n g e ld er  and 

o t h e r s ,  1 9 8 1 ) . S e v e ra l  s t u d i e s  c o n c lu d e d  t h a t  p r e s s u r e  s o lu t io n  

c le a v a g e  developm en t i s  c o n t r o l l e d  by  l i t h o lo g y  (W an less , 1 9 7 9 ), 

s t r u c t u r a l  p o s i t i o n  and s t r a i n  (W a n less , 1979; M arshak and E n g e ld e r , 

1 9 8 5 ). T hese s tu d i e s  i n d i c a t e  t h a t  a 10% c la y —q u a r tz  m a tr ix  i s  

n e c e s s a ry  f o r  l im e s to n e  t o  be  s u s c e p t i b l e  to  e f f e c i e n t  d e fo rm a tio n  by  

ro c k —w a te r  i n t e r a c t i o n s  and c le a v a g e  d e v e lo p m e n t. In  l im e s to n e s  w i th  

l e s s  th a n  10% c la y - q u a r t z  m a t r ix ,  s h o r te n in g  o c c u rs  by tw in n in g  

(M arshak and E n g e ld e r , 1 9 8 5 ).

T hese r e s u l t s  w ere t e s t e d  in  two sam p les  e x h ib i t i n g  w e ll-d e v e lo p e d  

c le a v a g e  in  th e  S te a mbo a t  L im e s to n e . The sam p les w ere d i s s o lv e d  w i th  

an e x c e s s  o f  HCl u n t i l  a  n o n -c a rb o n a te  r e s id u e  re m a in e d . The re m a in in g  

r e s i d u e ,  c l a y  and o th e r  i n s o l u b l e s , - co m p rised  l e s s  th a n  2% o f  th e  

i n i t i a l  w e ig h t o f  e a ch  sa m p le . T h is  s u g g e s ts  t h a t  l i t h o l o g y  i s  n o t  th e  

p r im a ry  f a c t o r  c o n t r o l l i n g  c le a v a g e  deve lopm en t in  th e  Cam brian 

S team boat L im e s to n e . T h e r e f o r e ,  c le a v a g e  deve lopm en t i s  p r im a r i ly  

a t t r i b u t e d  to  s t r u c t u r a l  p o s i t i o n  and s t r a i n .

B oudins

D is c o n tin u o u s  b o u d in s  a r e  o b se rv e d  i n  th e  c o re s  o f  m acro sco p ic  

a n t i c l i n e s  and a t  th e  b a s e  o f  t h r u s t  f a u l t s  in  th e  c o m p e ten t l a y e r s  o f  

P en tag o n  S h a le . B oudins a r e  th e  i n d i v i d u a l  s t r u c t u r e s  form ed by th e  

b o u d in a g e  p r o c e s s .  At low  m etam orph ic  g ra d e ,  b o u d in s ' a r e
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d i s c o n t in u o u s , t h a t  i s ,  form ed by  e x te n s io n  p e r p e n d ic u l a r  t o  b e d d in g  

(M u llen ax  and G ray , 1 9 8 4 ). B oudin  d ev e lo p m en t i s  commonly r e l a t e d  to  

f o ld i n g  and t h r u s t  f a u l t i n g  (W ilso n , 1 9 8 2 ) .

B oudin  sh a p e s  v a ry  from  r e c t a n g u l a r  to  p in c h - a n d - s w e l l ,  t o  

c o m p le te ly  d is c o n n e c te d  (F ig u re  2 7 ) .  B oudin  g eo m etry  and te rm in o lo g y  

i s  shown i n  F ig u re  28 . E n -e c h e lo n  b o u d in  s t r u c t u r e  i s  a l s o  p r e s e n t  

s u g g e s t in g  t h a t  l a y e r in g  was o b l iq u e  t o  th e  p r i n c i p a l  e x te n s io n  

d i r e c t i o n  d u r in g  d e fo rm a tio n  (Ramsay and H uber, 1 9 8 3 ) .

B oudin  t h ic k n e s s  a v e ra g e s  3 cm and w id th s  ra n g e  from  2 t o  20 cm. 

Long a x e s  o f  b o u d in s  a r e  u s u a l l y  o r i e n t e d  p a r a l l e l  t o  f o ld  a x e s ,  th e  b -  

k in e m a t ic  d i r e c t i o n  (W ilso n , 1 9 8 2 ) . F ib r o u s ,  c a l c i t e - f i l l e d  f r a c t u r e s  

in  n eck  a r e a s  m easu re  up to  2 cm in  l e n g th  and a r e  l o c a l  i n d i c a t o r s  o f  

e x te n s io n .

A p l o t  o f  b o u d in  lo n g  a x e s  i s  s e e n  i n  F ig u re  29 . The a v e ra g e  t r e n d  

o f  th e  lo n g  a x e s  i s  n o r th w e s t - s o u th e a s t ,  w h ich  d e v ia t e s  from  th e  t r e n d  

o f  m a c ro sc o p ic  f o ld  a x e s  b y  g r e a t e r  th a n  20°  in  a  c o u n te r - c lo c k w is e  

d i r e c t i o n .  An e x p la n a t io n  f o r  t h i s  asym m etry  may b e  t h a t  th e  b o u d in s  

w ere  p a s s i v e ly  r o t a t e d  a f t e r  f o ld in g  by  c o n tin u e d , m o tio n  on th e  

Backbone t h r u s t  s h e e t .  An a l t e r n a t e  e x p la n a t io n  f o r  t h e  asym m etry i s  

t h a t  th e  b o u d in s  form ed i n i t i a l l y  a t  an o b l iq u e  o r i e n t a t i o n  t o  

m a c ro sc o p ic  s t r u c t u r e s  due t o  com plex l o c a l  s t r e s s e s .  The o r i e n t a t i o n  

and a s s o c i a t i o n  o f  b o u d in s  w i th  l a r g e r  s t r u c t u r e s  s u g g e s ts  b o u d in s  

fo rm ed  d u r in g  m a c ro sc o p ic  f o ld i n g  and m o tio n  on th e  B ackbone t h r u s t .
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Figure 27. Boudins developed in competent mudstone and packstone beds 
in Cambrian Pentagon Shale. Note pencil for scale.

Figure 28. Boudin dimensions and shapes (from Wilson, 1982).
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Boudin /  Pencil
N

312°. 1 2°

Penciln=4
Boudinn=IO

F ig u re  29. P lo t  o f  b o u d in  lo n g  a x e s  and p e n c i l  s t r u c t u r e  l e n g t h s . 
T rend  o f  m ac ro sco p ic  f o ld  a x e s  i s  1 5 3 ° , 1 0 ° .

Pencil Structure
P e n c i l  s t r u c t u r e s  (C lo o s , 1947) a r e  e lo n g a te ,  a n g u la r ly  te r m in a te d  

f ra g m e n ts  t h a t  d e v e lo p e d  in  t h e  c o m p e ten t m udstone l a y e r s  in  th e  

P en tag o n  S h a le  (F ig u re  3 0 ) .  P e n c i l s  a r e  form ed on th e  u p r i g h t ,  

n o r t h e a s t  lim b  o f  a m a c ro sc o p ic  a n t i c l i n e  n e a r  s t a t i o n  z .  B oudins a l s o  

o c c u r  in  th e  smae f o ld  on th e  s o u th w e s t  l im b . P e n c i l s  a r e  a s t r a i n ­

d e p e n d e n t f a b r i c  e le m e n t and a r e  fo rm ed  by  th e  i n t e r s e c t i o n  o f  b e d d in g  

and w eak, sp aced  c le a v a g e  (Ramsay and  H uber, 1 9 8 4 ). T h e r e f o r e ,  p e n c i l s  

p ro b a b ly  form ed a s  a r e s u l t  o f  s h o r t e n in g  by p r e s s u r e  s o lu t i o n  in  th e  

m udstone  l a y e r s  in  th e  P e n tag o n  S h a le .
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F ig u re  3 0 . O u tc ro p  o f  p e n c i l  s t r u c t u r e s  in  co m p e ten t m udstones and 
p a c k s to n e s  o f  th e  P en tag o n  S h a le .  N ote s c a l e  in  c e n t e r  o f  p h o to .

Long a x e s  o f  p e n c i l  s t r u c t u r e s  t r e n d  from  132° to  1 3 9 ° , w h ich  i s  

s i m i l a r  t o  b o u d in  lo n g  a x e s  (F ig u re  2 9 ) .  A lth o u g h  th e r e  a r e  few 

m easu rem en ts  o f  th e  t r e n d  o f  p e n c i l  s t r u c t u r e s ,  th e  ag reem en t b e tw een  

p e n c i l  o r i e n t a t i o n  and b o u d in  lo n g  a x e s  and t h e i r  o c c u r re n c e  w i th in  th e  

same f o ld  s u g g e s ts  t h a t  t h e i r  fo rm a tio n  was c o a x ia l  and n e a r l y  

c o n te m p o ra n e o u s . T h u s, w h i le  m a c ro sc o p ic  f o ld in g  com pressed  th e  

f o re l im b  and d e v e lo p e d  p e n c i l  s t r u c t u r e s ,  l o c a l i z e d  e x te n s io n  and 

b o u d in a g e  o c c u r r e d  on th e  more g e n t ly - d ip p in g  b a c k lim b .

T e c to n ic  V e in s

C a l c i t e - f i l l e d  v e in s  o c c u r  th ro u g h o u t  th e  s tu d y  a r e a  b u t  a r e  m ost 

p r e v a l e n t  in  Domain I . T h e ir  o r i e n t a t i o n s  and f i e l d  r e l a t i o n s h i p s  

i n d i c a t e  t h e i r  fo rm a tio n  was c o e v a l  w i th  d eve lopm en t o f  th e  s t r u c t u r a l  

e le m e n ts  in  th e  Backbone t h r u s t  s h e e t .  They v a ry  in  s i z e  from
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m ic ro s c o p ic  f i s s u r e s  t o  v e in s  up to  5 cm i n  w id th .  M ost v e in s  a r e  0 .5  

t o  I  cm w ide  and I  to  2 m i n  l e n g t h .  Two ty p e s  a r e  r e c o g n iz e d :  

e x te n s io n  and s h e a r  v e in s .

E x te n s io n  V e in s . E x te n s io n  v e in s  o c c u r  s in g l y  o r  in  e n -e c h e lo n  

a r r a y s .  V e i n - f i l l  m a t e r i a l  i s  e i t h e r  f i b r o u s  c l a c i t e ,  b lo c k y  c a l c i t e  

o r  b o th .  An e x c e p t io n a l  e x p o s u re  o f  num erous e n -e c h e lo n  v e in  s e t s  i s  

shown i n  F ig u re  3 1 .

P o le s  t o  s i n g l e  v e in s  a r e  p l o t t e d  i n  F ig u re  3 2 . T hese p o le s  

a p p ro x im a te  th e  d i l a t i o n  d i r e c t i o n s  o f  th e  c a l c i t e  f i b e r s  (Ramsay, 

1981) and i n d i c a t e  e x te n s io n  in  two d i r e c t i o n s :  p a r a l l e l  to  th e  

d i r e c t i o n  o f  t e c t o n i c  t r a n s p o r t ,  and p a r a l l e l  t o  t h e  t r e n d  o f  f o ld  

a x e s .

The s h e a r  d i r e c t i o n s  f o r  14 e n -e c h e lo n  v e in  s e t s  w ere  d e te rm in e d  

from  th e  m ethod o f  Ramsay and H uber (1983.) (F ig u re  32) . S hear 

d i r e c t i o n s  ra n g e  from  5 0° t o  1 4 0 ° . T h is  w ide  ra n g e  c o n t r a d i c t s  o th e r  

i n d i c a t o r s  o f  s h e a r  ( f a u l t s ,  f o ld  a x e s ,  l i n e a t i o n s ) w h ich  d e f in e  a  

p re d o m in a n t d i r e c t i o n  o f  t r a n s p o r t  (F ig u r e  1 8 ) ,  and  a r e  th u s  e n ig m a t ic .

S h ear V e in s . S hear v e in s  a r e  p r im a r i l y  d e v e lo p e d  i n  Domain I  on 

b e d d in g  and f a u l t  s u r f a c e s . S h ear v e in s  a r e  i d e n t i f i e d  by  f ib r o u s  

c a l c i t e  s t e p s  t h a t  form  a t  a low  a n g le  t o  th e  s l i p  s u r f a c e s .

F ig u re  32 i s  a p l o t  o f  p o le s  t o  s h e a r  v e i n s .  Two b ro a d  

o r i e n t a t i o n s  a r e  s e e n :  a  n o r t h w e s t - s t r i k i n g  s e t  and  a  n o r t h e a s t -  

s t r i k i n g  s e t .  The f i r s t  s e t  i n d i c a t e s  v a r i a b l y  o r i e n t e d  p la n e s  w h ich
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F ig u re  3 1 . O u tc ro p  o f  Cam brian S team boat L im esto n e  a t  s t a t i o n  "p"  
w i th  a b u n d a n t e n -e c h e lo n  v e in  s e t s . A rrow s p o in t  to  i n d iv i d u a l  s e t s .

TECTONIC VEINS TECTONIC VEINS-EnEcheIon

SHEAF DIRECTION

n =  15
•  - S H E A F  n r  3 6  
O - EXTENSION n r  2 4

F ig u re  3 2 . P o le s  t o  s in g l y - o c c u r r i n g  and e n -e c h e lo n  t e c t o n i c  v e in s .  
Open c i r c l e s  a r e  p o le s  t o  e x te n s io n  v e i n s .  C lo sed  c i r c l e s  a r e  p o le s  to  
s h e a r  v e i n s .  X c o r re s p o n d s  to  s h e a r  d i r e c t i o n s  f o r  e n -e c h e lo n  v e in s .
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r e f l e c t  th e  d u p le x in g  n a tu r e  o f  m eso sc o p ic  f a u l t s . The n o r t h e a s t -  

s t r i k i n g  s e t  o f  p la n e s  a r e  s u b v e r t i c a l l y  o r i e n t e d .  They a r e  

i n t e r p r e t e d  a s  t e a r  f a u l t s  w h ich  accom odate  , l o c a l  d i f f e r e n t i a l  

m ovem ent.

Summary

I n t e r n a l  d e fo rm a t io n  i n  th e  B ackbone t h r u s t  s h e e t  in c lu d e s  

m a c ro s c o p ic , m eso sc o p ic  and m ic ro s c o p ic  s t r u c t u r a l  e le m e n ts .  

M a cro sco p ic  f o l d s  and f a u l t s  have  a  l a t e r a l  d i s t r i b u t i o n  w i th  f a u l t s  

p re d o m in a tin g  i n  a  zone  o f  im b r ic a t io n  a t  t h e  l e a d in g  ed g e  and f o ld s  

o c c u r r in g  i n  t h e  i n t r a p l a t e  r e g io n .  M eso sco p ic  s t r u c t u r a l  e le m e n ts  

d e f i n e  t h r e e  d e fo rm a tio n  dom ains w h ich  a r e  d i s t r i b u t e d  w i th in  

m a c ro sc o p ic  s t r u c t u r e s .  The v e r t i c a l  d i s t r i b u t i o n  o f  t h e s e  d e fo rm a tio n  

dom ains in  th e  h a n g in g  w a l l  i s  d e p e n d e n t on th e  d i s t a n c e  from  t h r u s t  

f a u l t s  and th e  l i t h o l o g y  o f  t h e  f o o tw a l l .

Domain I  i s  p ro x im a l t o  th e  t h r u s t  f a u l t s .  I t  i s  d om ina ted  by  

m e so sc o p ic  f a u l t s  and t e c t o n i c  v e in s  and c o n ta in s  recu m b en t d ra g  f o ld s  

and  m in o r gouge and b r e c c i a  w here S team boat L im e s to n e  i s  t h r u s t  o v e r  

c o m p e te n t r o c k s .  Where S team boat L im e s to n e  i s  t h r u s t  o v e r  s h a l e ,  t h e r e  

a r e  m ark e d ly  fe w e r  f a u l t s  and t e c t o n i c  v e i n s .  No b r e c c i a  o r  gouge a r e  

s e e n .

Domain I I  i s  l o c a t e d  i n  th e  s t r a t a  o v e r ly in g  Domain I  and i n  

m a c ro sc o p ic  f o l d s .  Domain I I  i s  c le a v a g e  d o m in a te d  and c o n ta in s  

u p r i g h t  m eso sco p ic  f o l d s ,  b o u d in s ,  t e c t o n i c  v e in s  and p e n c i l  

s t r u c t u r e s .  Domain I I I  i s  t h e  re m a in in g  undefo rm ed  s t r a t a  in  th e  u p p e r  

p a r t  o f  th e  t h r u s t  s h e e t .
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A t t h e  m a c ro sc o p ic  s c a l e ,  t h e  im p o r ta n t  m echanism s o f  d e fo rm a tio n  

w ere  f o ld in g  and f a u l t i n g .  M e so sc o p ic -  and  m ic r o s c o p ic - s c a le  

m echanism s o f  d e fo rm a tio n  o p e ra te d  s im u l ta n e o u s ly  i n  Domain I  and 

i n c lu d e :  f a u l t i n g ,  e x te n s io n  f r a c t u r i n g ,  r e c r y s t a l l i z a t i o n  and p r e s s u r e  

s o l u t i o n .  F a u l t  s u r f a c e s  a l s o  e x p e r ie n c e d  f r i c t i o n a l  s l i d i n g  and  

p r e s s u r e  s o lu t i o n  s l i p .  The d o m in an t m echanism  o f  d e fo rm a tio n  f o r  

Domain I I  i s  p r e s s u r e  s o l u t i o n  w h ich  i s  e x h ib i t e d  b y  deve lopm en t o f  

c le a v a g e  and p e n c i l  s t r u c t u r e s .  M inor e x te n s io n  f r a c t u r i n g  i s  

r e s p o n s i b le  f o r  c a l c i t e  v e in s  and b o u d in s .
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MAGNITUDE OF INTERNAL DEFORMATION

The m ag n itu d e  o f  i n t e r n a l  d e fo rm a tio n  was e s t im a te d  a t  th e  

m a c ro s c o p ic , m e so sc o p ic  and  m ic ro s c o p ic  s c a l e s  t o  a s c e r t a i n  t h e i r  

r e l a t i v e  c o n t r i b u t i o n s  t o  o v e r a l l  s h o r te n in g  w i th in  t h e  Backbone t h r u s t  

s h e e t .  I n t e r n a l  d e fo rm a t io n  may b e  d iv id e d  i n t o  two c a t e g o r i e s :  

l o n g i t u d i n a l  s t r a i n  c a u se d  b y  l a y e r - p a r a l l e l  s h o r te n in g  o r  e x te n s io n ;  

and  s h e a r  s t r a i n  c a u se d  b y  p ro x im ity  t o  t h r u s t  f a u l t s . The i n t e r n a l  

d e fo rm a t io n  f e a t u r e s  m easu red  in c lu d e ;  m a c ro sc o p ic  f o ld i n g  and t h r u s t  

im b r i c a t i o n ,  m e so sc o p ic  p e n c i l  s t r u c t u r e s ,  c le a v a g e ,  b o u d in s ,  e n -  

e c h e lo n  v e i n s ,  d ra g  f o l d s ,  and  f a u l t  a r r a y s ;  and m ic ro s c o p ic  o o id s .

F o ld  S h o r te n in g

M a cro sc o p ic  i n t r a p l a t e  f o ld s  c o n t r i b u t e  s i g n i f i c a n t l y  t o  th e  t o t a l  

s h o r t e n in g  o f  t h e  B ackbone t h r u s t  s h e e t .  L o n g i tu d in a l  s t r a i n  due to  

b u c k l in g  o f  l a y e r s  i n  t h e  S team boat L im esto n e  was d e te rm in e d  by  

co m p arin g  f o ld e d  l e n g t h  w i th  a r c - l e n g t h  o f  l a y e r s  i n  c r o s s  s e c t i o n s  A1-  

A m  and A ' ? - A ' ' '  (F ig u r e s  11 and 1 2 ) .  F o ld  s h o r te n in g  ra n g e s  from  7 to  

160 m f o r  i n d i v i d u a l  f o ld s  and  c o l l e c t i v e l y  a c c o u n ts  f o r  o v e r  300 m o f  

s h o r t e n in g .  T h ese  s h o r te n in g  v a lu e s  a v e ra g e  25% p e r  f o ld  and a r e  

c o n s id e r e d  t o  c o r re s p o n d  t o  an  a v e ra g e  o f  25% s h o r te n in g  f o r  th e  

i n t r a p l a t e  r e g io n  o f  t h e  t h r u s t  s h e e t ,  b a s e d  on th e  p e r v a s iv e  n a tu r e  o f

th e  f o l d s .
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T h ru s t  I m b r ic a t io n

M acro sco p ic  t h r u s t  f a u l t s  c o n t r i b u t e  a  s i g n i f i c a n t  am ount t o  

s h o r te n in g  by  im b r ic a t io n  a t  th e  l e a d in g  edge o f  t h e  t h r u s t  s h e e t . 

L o n g i tu d in a l  s t r a i n  was m easu red  b y  com paring  th e  l e n g t h  o f  th e  

im b r ic a te d  r e g io n  in  c r o s s  s e c t i o n s  A—A 'a n d  B-B* (F ig u r e s  10 and  1 3 ) ,  

w i th  th e  l e n g th  o f  t h e  s e c t i o n  w i th  b e d d in g  r e s t o r e d  t o  i t s  p r e - t h r u s t  

c o n f i g u r a t io n .  The am ount o f  s h o r t e n in g  m easured  was a p p ro x im a te ly  30%. 

T h is  v a lu e ,  com bined w i th  25% s h o r t e n in g  by  f o ld in g  in  t h e  i n t r a p l a t e  

r e g io n ,  g iv e s  an o v e r a l l  v a lu e  o f  55% s h o r te n in g  a t  th e  m a c ro sc o p ic  

s c a l e  f o r  th e  t h r u s t  s h e e t .

P e n c i l  S t r u c t u r e s

P e n c i l  s t r u c t u r e s  a r e  a  s t r a in - d e p e n d e n t  f a b r i c  t h a t  fo rm s b e tw e en  

b e d d in g  f i s s i l i t y  and c le a v a g e  (Ramsay and H uber, 1 9 8 3 ) . Reks and G ray 

(1983) d e v e lo p e d  a  m ethod f o r  q u a n t i f y in g  p e n c i l  s t r a i n s  in  s i l t s t o n e  

and  m udstone o f  th e  s o u th e r n  A p p a la c h ia n  M o u n ta in s . T h e i r  w ork shows 

t h a t  p e n c i l s  a r e  form ed when minimum p r i n c i p a l  s t r a i n s  (Z) ra n g e  from  

9-26% l o n g i t u d in a l  s h o r t e n in g .  Such p e n c i l  s t r u c t u r e s  a r e  found , a t  

s t a t i o n  n  (F ig u re  9 ) .

C leav ag e

C le a v a g e - r e la te d  s t r a i n  was q u a l i t a t i v e l y  e s t im a te d  due t o  a  l a c k  

o f  s u i t a b l e  f e a t u r e s  f o r  q u a n t i t a t i v e  a n a ly s i s  i n  th e  S team boat 

L im e s to n e . S in c e  c le a v a g e  s t r a i n  v a r i e s  w i th  s p a c in g  and m orphology  o f  

c le a v a g e  dom ains (A lv a re z  and o t h e r s , 1978) (T a b le  I ) ,  i t  was p o s s ib l e
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t o  d e te rm in e  p e r c e n t  v a lu e s  o f  c l e a v a g e - r e l a t e d  l o n g i t u d in a l  s h o r te n in g  

f o r  Domain I I .

C leavage  in  Domain I I  a s s o c i a te d  w i th  t h r u s t  f a u l t s  h a s  m o d era te  to  

s t r o n g  deve lopm en t t h a t  c o rre s p o n d s  t o  l a y e r - p a r a l l e l  s h o r te n in g  v a lu e s  

4—35%+. C leavage  a s s o c i a te d  w i th  m ac ro sco p ic  and m eso sco p ic  f o ld s  

i s  m ost w id e sp re a d  w i th  m o d era te  deve lopm en t c o rre s p o n d in g  to  

s h o r te n in g  v a lu e s  o f  4-25%.

. B oudins

B oudins a r e  found  i n  c o m p e ten t p a c k s to n e  and m udstone i n t e r v a l s  in  

t h e  u p p e r  P en tag o n  S h a le  a t  s t a t i o n s  " n " ,  " j " ,  and " s "  (F ig u re  9 ) .

C a l c i t e  v e i n - f i l l i n g  i n  th e  n eck  r e g io n s  o f  th e  B oud ins  r e c o rd s  

e x te n s io n a l  s t r a i n s  p e r p e n d ic u la r  to  b e d d in g  u s in g  th e  fo llo w in g  

r e l a t i o n s h i p :

2E d lx
R = I + ---------------- (M itra 5 1979)

Z  Io x

w here R i s  th e  a x i a l  r a t i o  ( e l l i p t i c i t y )  o f  th e  s t r a i n  e l l i p s e  in  th e  

XZ p la n e ,  d lx  i s  th e  w id th  o f  e a c h  c a l c i t e  v e in  and Io x  i s  th e  w id th  o f  

e a c h  segm ent o f  h o s t  ro c k  ( F ig u re  3 3 ) .  S t r a i n  v a lu e s  (R) f o r  B oudins 

from  16 m easurem ents ra n g e  from  I . 1- 1 . 3 ,  w h ich  c o rre s p o n d  t o  10 -  30 % 

l a y e r - p a r a l l e l  e x te n s io n .  C a l c i t e  v e in s  in  B oudins i n d i c a t e  t h a t  

e x te n s io n  o c c u rs  l o c a l l y  in  a  p re d o m in a n tly  c o n t r a c t i o n a l  d e fo rm a tio n  

re g im e .
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vein host rock

F ig u re  3 3 . D is c o n tin u o u s  b o u d in s  w i th  d lx  d e f in in g  w id th  o f  e a ch  
t e n s io n  v e in  and Io x  d e f in in g  w id th  o f  e a ch  segm ent o f  h o s t  ro c k  (from  
M i t r a , 1 9 7 9 ).

E n -E ch elo n  V eins

E n -e c h e lo n  v e in  a r r a y s  a r e  found  i n  th e  S team boat L im esto n e  a t  

s t a t i o n s  "m ","p "  and "q"  i n  Domain I  (F ig u re  9 ) .  S h ear s t r a i n  was 

d e te rm in e d  by m e a su rin g  th e  change o f  o r i e n t a t i o n  o f  s ig m o id a l  v e i n s ,  

u s in g  th e  m ethod o u t l i n e d  by Ramsay and H uber (1983 , p .  2 3 -2 5 ) . S h ear 

s t r a i n  v a lu e s  ( d f ) ,  b a se d  on 13 m easu red  v e in  a r r a y s , a v e ra g e  0 .5  w hich  

i n d i c a t e s  t h a t  i n d iv i d u a l  d is p la c e m e n ts  by s h e a r in g  a r e  s m a l l .  From 

s h e a r  s t r a i n  v a lu e s ,  th e  com ponent o f  s h o r te n in g  was c a l c u l a t e d  by th e  

f o l lo w in g :

A  2 = 0 .5  ( ^+2 - # ( # ^ + 4 ) ^ ' ^ )  (Ramsay and H uber, 1983)

w here

A  2 =  ( l + e 2 ^ *

Then s h o r te n in g ,  o r  e^ i s  found  by  th e  f o l lo w in g :

e 2 =  ( A 2 ) 0 * 5  -  I .
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C a lc u la te d  s h o r te n in g  v a lu e s  ra n g e  from  10% t o  28% w ith  an a v e ra g e  

v a lu e  o f  20%.

D rag F o ld s

M eso sco p ic  d ra g  f o ld s  a r e  commonly fo u n d  i n  Domain I .  An e s t im a te  

o f  th e  m ag n itu d e  o f  l o n g i t u d i n a l  s t r a i n  w h ich  th e y  c o n t r i b u te  was 

d e te rm in e d  by  co m paring  th e  m easu red  b e d d in g  l e n g t h  w i th  th e  f o ld  

a m p litu d e  o f  6 recum ben t f o l d s .  S h o r te n in g  v a lu e s  r a n g e  from  47% t o  

61% and a v e ra g e  52%. A lth o u g h  th e s e  f o ld s  a r e  n o t  hom ogeneously  

d i s t r i b u t e d ,  th e  m ag n itu d e  o f  s h o r te n in g  w h ich  th e y  im ply  f o r  th e  

Domain I  may b e  an  i n d i c a t o r  o f  t h e  m ag n itu d e  o f  s h o r t e n in g  t h a t  o c c u rs  

by  f a u l t  a r r a y s .

F a u l t  A rray s

A p r e l im in a r y  e s t im a te  o f  s h o r t e n in g  by  Domain I  f a u l t  a r r a y s  was 

m ade, b a s e d  on v a lu e s  d e te rm in e d  f o r  d ra g  f o ld s  and e n -e c h e lo n  v e i n s .  

E n -e c h e lo n  v e in s  i n d i c a t e  a low v a lu e  o f  20% s h o r t e n in g  and d ra g  f o ld s  

a  h ig h e r  v a lu e  o f  52% s h o r t e n in g .  S h o r te n in g  by  f a u l t  a r r a y s  may b e  

m ost c l o s e l y  a p p ro x im a te d  by th e  h ig h e r  v a lu e ,  b a s e d  on th e  i n t e n s i t y  

o f  d e fo rm a t io n  o b se rv e d  in  o u tc ro p  and t h i n  s e c t i o n .  However, t h e  

ab undance  o f  c a l c i t e - f i l l e d  v e in s  i n  f a u l t  z o n e s  i n d i c a t e s  t h a t  

e x te n s io n  n e g a te s  a  l a r g e ,  th o u g h  u n m easu red , p e rc e n ta g e  o f  th e  

s h o r t e n in g ,  t h e r e f o r e ,  th e  r e s u l t a n t  t o t a l  s h o r te n in g  may be  much l e s s .  

A m ore r e a s o n a b le  e s t im a te  f o r  t h e  r e s u l t a n t  s h o r t e n in g  by  f a u l t  a r r a y s

i s  20% t o  30%.
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S t r a i n  d e te r m in a t io n s  o f  m a c ro sc o p ic  and m eso sc o p ic  s t r u c t u r a l  

e le m e n ts  a r e  g iv e n  in  T a b le  2 . The s c a l e ,  l o c a t i o n ,  l i t h o l o g y ,  s t r a i n  

p a ra m e te r  and  p e r c e n t  s h o r te n in g  a r e  l i s t e d .

O oids

O o id -b e a r in g  b e d s  o f  th e  S team boat L im esto n e  and  P en tag o n  S h a le  

w ere  a n a ly z e d  f o r  f i n i t e  s t r a i n  w i t h in  th e  B ackbone t h r u s t  s h e e t .  

M ic ro s c o p ic  s t r a i n s  a r e  com pared w i th  m eso sc o p ic  and  m a c ro sc o p ic  s t r a i n  

i n d i c a t o r s  and r e l a t e d  t o  th e  d e fo rm a t io n  h i s t o r y  o f  t h e  Backbone 

t h r u s t  s h e e t .

I n  g e n e r a l ,  d e fo rm a tio n  o f  o o id s  i s  due t o  p r e s s u r e  s o l u t i o n  

g e n e ra te d  by  l a y e r —p a r a l l e l  s h o r t e n in g .  How ever, i n  p r o x im ity  to  f a u l t  

z o n e s ,  d e fo rm a t io n  i s  t h e  r e s u l t  o f  p r e s s u r e  s o l u t i o n  and  s im p le  s h e a r .  

The am ount o f  m ic ro s c o p ic  f i n i t e  s t r a i n  re c o rd e d  by  o o id s  i s  low .

D a ta  C o l l e c t io n  and  M ethod o f  A n a ly s is

N in e te e n  o r i e n t e d  sam p les  c o n ta in in g  o o id s  w ere  c o l l e c t e d  a t  

v a r io u s  l o c a l i t i e s  th ro u g h o u t  th e  B ackbone t h r u s t  s h e e t  (F ig u re  3 4 ) .  

Two t h i n  s e c t i o n  c u t s  w ere  made f o r  e a c h  sam p le  u s in g  an  A-B-C 

c o o r d in a te  s y s te m  w h ich  i s  an  a p p l i c a t i o n  o f  th e  r ig h t - h a n d  r u l e .  The 

A -a x is  i s  p a r a l l e l  t o  s t r i k e ,  t h e  B -a x is  i s  p a r a l l e l  t o  th e  d ip  

d i r e c t i o n  and  t h e  C -a x is  i s  o r i e n t e d  down and p e r p e n d ic u l a r  t o  th e  AB 

p l a n e . C u ts  w e re  made m u tu a lly  p e r p e n d ic u la r  t o  e a c h  o t h e r  in  th e  AC 

and BC p la n e s  u n d e r  t h e  a s su m p tio n  t h a t  t h e s e  two p la n e s  c o n ta in  ( o r  

c l o s e l y  a p p ro x im a te )  two o f  t h e  t h r e e  p r i n c i p a l  p la n e s  o f  th e  f i n i t e  

s t r a i n  e l l i p s o i d .  The v a l i d i t y  o f  t h i s  a s su m p tio n  i s  v e r i f i e d  b y  

o r i e n t a t i o n s  o f  s t r u c t u r a l  e le m e n ts  s u c h  a s  c le a v a g e  and  f o ld  a x e s .
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Table 2. Strain determinations and percent shortening for macroscopic 
and mesoscopic structural elements.

MACROSCOPIC SCALE

MARKER LOCATION LITHOLOGY STRAIN
PARAMETER

I
SHORTENING

f o l d n C s t Z = O . 6 0  
( 1 6 3  e )

- 6 0 %

f o l d Z C s t Z = O . 0 7  
( 8  e )

-7%

f o l d k C s t Z = 0 . 14 
( 21  e )

- 1 4 %

f o l d O C s t Z = 0 . 4 9  
( 8 2  e )

- 4 9 %

f o l d r C s t Z = 0 . 11 
( 1 7  e )

- 1 1 %

f o l d W C s t Z = 0 . 18 
( 2 4  e )

- 1 8 %

t h r u s t  i m b r i c a t e s C s t Z - 30 %

MESOSCOPIC SCALE - D o m a i n  I

e n - e c h e l o n
v e i n s

P C s t x z = 0 . 48 - 2 1 %

e n - e c h e l o n
v e i n s

A C s t x z = 0 . 6 6 - 2 8 %

e n - e c h e l o n
v e i n s

a C s t x z = 0 . 21 - 1 0 %

d r a g  f o l d s C s t Z - 52 %

f a u l t  a r r a y s C s t Z - 2 0 - 3 0 %

MESOSCOPIC SCALE - D o m a i n  11

c l e a v a g e f o l d / t h r u s t C s t Z - 15%

b o u d i n j Cp Il O O
D + 18%

b o u d i n S Cp

O
O

OM + 18%

p e n c i l I Cp Y/ Z - 9 - 2 6 %
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•SR 16.19

-SR 10.11

Figure 34. Locations and numbers of oriented samples containing ooids.
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The t h i n  s e c t i o n s  w ere  p r o je c te d  i n d i v i d u a l l y  o n to  a  w a l l  t o  t r a c e  

t h e  o u t l i n e s  o f  o o id s  and  m ark t h e i r  c e n t e r s .  An a v e ra g e  o f  85 o o id s  

p e r  s l i d e  w ere  t r a c e d .  Sam ple num bers and a x e s  w e re  r e c o rd e d  on th e  

t r a c i n g s  and f o u r  r e p r e s e n t a t i v e  sa m p le s  w ere  c h o se n  ( F ig u re s  3 5 a  -  

3 8 a ) . The re m a in in g  sa m p le  t r a c i n g  r e s u l t s  a r e  in  A ppend ix  B.

O oids d id  n o t  u s u a l l y  show e l l i p t i c a l  sh a p e s  t h u s ,  t h e  F ry  m ethod 

(1979) o f  s t r a i n  a n a l y s i s  was u s e d .  The F ry  m ethod (1979) i s  a  r a p i d ,  

p r a c t i c a l  m ethod o f  s t r a i n  a n a l y s i s  w h ich  ca n  p ro v id e  an  a c c u r a te  f i r s t  

a p p ro x im a tio n  o f  t h e  s t r a i n  e l l i p s e  from  th e  d i s t r i b u t i o n  o f  s p h e r i c a l  

p a r t i c l e s  w i th o u t  t h e  u s e  o f  a  co m p u te r (Ramsay and  H u b er, 1 9 8 3 ) . F o r  

a  d e t a i l e d  e x p la n a t io n  o f  t h e  F ry  m eth o d , th e  r e a d e r  i s  r e f e r r e d  t o  

Ramsay and H uber (1983 ) and Jo h n so n  (1 9 8 5 ) .

U sin g  t h i s  m e th o d , s t r a i n  p a t t e r n s  w ere  p ro d u ce d  from  th e  sam p le  

t r a c i n g s .  S t r a i n  m a n i f e s t s  i t s e l f  a s  a  v a c a n c y  f i e l d  i n . t h e  c e n t e r  o f  

an  o v e r la y  s h e e t  ( F ig u r e s  35b t o  3 8 b ) .  From th e  sh a p e  o f  t h e  v a c a n c y  

f i e l d ,  t h e  e l l i p t i c i t y  (R = 1 + e ^ / I +eg) o r  s t r a i n  r a t i o ,  and  

o r i e n t a t i o n  o f  t h e  lo n g  a x i s  o f  t h e  s t r a i n  e l l i p s e  r e l a t i v e  t o  t h e  A o r  

B a x e s  (0 ) w ere  d e te rm in e d  (F ig u r e s  35b t o  3 8 b ) .

The e l l i p t i c i t y  v a lu e s  f o r  th e  c u t  p l a n e s ,  AC and  BC, r e p r e s e n t  

two o f  th e  t h r e e  p r i n c i p a l  s t r a i n  r a t i o s  E xy, Ryz o r  Rxz and th e  t h i r d  

s t r a i n  r a t i o  was c a l c u l a t e d  b y :

Rxz = (Exy) (Ryz) (Ramsay and H u b er, 1983 , p . 1 7 0 ) . 

T h u s , th e  s t r a i n  r a t i o  f o r  th e  AB p la n e  was a l s o  d e te rm in e d .
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Figure 35. a. Tracing of ooids from sample SR2. AC plane. Magnified
IOx. b. Manually generated Fry diagram of above sample with best fit
ellipse of circle sketched in. R=ellipticity, G=Iong axis orientation.
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n=l03

R= 1.0

Figure 36. a. Tracing of ooids from sample SR5, AC plane. Magnified
IOx. b. Manually generated Fry diagram of above sample with best fit
ellipse or circle sketched in. R=ellipticity, G=Iong axis orientation.
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Figure 37. a. Tracing of ooids from sample SRl2, BC plane. Magnified
7x. b . Manually generated Fry diagram of above sample with best fit
ellipse or circle sketched in. R=ellipticity, B=Iong axis orientation.
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SR 16

Figure 38. a. Tracing of ooids from sample SRl6, BC plane. Magnified
IOx. b . Manually generated Fry diagram of above sample with best fit
ellipse or circle sketched in. R=ellipticity, S=Iong axis orientation.
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D e te rm in a t io n  o f  t h e  c o r r e c t  p r i n c i p a l  s t r a i n  r a t i o  (Bxy, R yz, o r  

Rxz) f o r  e a c h  p la n e  was a c c o m p lish e d  b y  c o n v e n tio n  by  d e s ig n a t in g  th e  

XZ p la n e  th e  c u t  p la n e  w i th  t h e  l a r g e s t  s t r a i n  r a t i o .  T h is  e s t a b l i s h e s  

t h e  p r i n c i p a l  d i r e c t i o n s  X and Z w i th  r e s p e c t  t o  th e  A-B-C a x e s  and th e  

p r i n c i p a l  d i r e c t i o n s  f o r  th e  re m a in in g  two p la n e s  can  e a s i l y  b e  

d e te rm in e d . The p r i n c i p a l  s t r a i n  r a t i o s , th e  c u t  p la n e s  t o  w h ich  th e y  

c o r r e s p o n d ,  and  t h e i r  d e te rm in e d  v a lu e s  (R) a r e  r e c o rd e d  on T a b le  3 .

The sh a p e  o f  t h e  s t r a i n  e l l i p s o i d  i s  d e te rm in e d  u s in g  a  F l in n  g ra p h  

( F l in n ,  1962) and m o d if ie d  F l in n  g ra p h  (Ramsay and  H uber, 1983) 

(F ig u re  3 9 ) .  E l l i p s o i d  sh a p e s  a r e  d e s c r ib e d  u s in g  th e  p a ra m e te r  " k " ,  

w h ic h  i s  d e te rm in e d  b y  th e  p r i n c i p a l  p la n e  s t r a i n  r a t i o s ,  Rxy and R yz. 

K -v a lu e s  i n d i c a t e  w h e th e r  e l l i p s e s  h av e  f l a t t e n e d ,  c o n s t r i c t i o n a l  o r  

p la n e  s t r a i n  fo rm s . K -v a lu e s  f o r  t h e  F l in n  g ra p h  (kF) and m o d if ie d  

F l in n  g ra p h  (kR) a r e  l i s t e d  i n  T a b le  3 and  p l o t t e d  i n  F ig u re  3 9 .

T h in  S e c t io n  O b s e rv a t io n s

I n d iv i d u a l  o o id s  in  th e  S team boat L im e s to n e  and P e n tag o n  S h a le  

r a n g e  i n  d ia m e te r  from  0 .3  t o  1 .0  mm and  a v e ra g e  0.5mm. O o l i t e s  a r e  

g e n e r a l l y  w e l l - s o r t e d .  Many o o id s  show re p la c e m e n t by  se c o n d a ry  

m i c r i t e ,  s p a r r y  c a l c i t e  o r  d o lo m ite  rhombo h e d ro n s . O th e r  g r a in s  found  

w i th  o o id s  in c lu d e  f o s s i l  f ra g m e n ts ,  p e lo id s  and p e l l e t s . H ow ever, 

o o id s  a r e  th e  p red o m in a n t g r a in s  i n  t h e  t h i n  s e c t io n s  exam ined . U sin g  

th e  c l a s s i f i c a t i o n  schem e o f  Dunham (1 9 6 2 ) , th e  o o l i t e s  a r e  c l a s s i f i e d  

a s  oo id  w a c k e s to n e s  o r  p a c k s to n e s .



T a b le  3 . Ooid s t r a i n  d a ta

O r i e n t a t i o n  o f  A x ia l P a t i o  Long a x i s
S a n p le m arked  f a c e P la n e ( E l l i p t i c i t y ) o r i e n t a t i o n  (0 ) M F) M R ) I n t e r p r e t a t i o n Dmrein

SRl 330 , 81 sw AC Rxz 1 .7 5 -5 3 " .5 8 .62 f l a t t e n e d  p a r a l l e l  s t r i k e I I
BC Ryz = 1.41 -2 "
AB Rxy = 1.24

SR2 33 4 , 81 ne AC Pxz = 1 .1 9 -7 0 ° 2 .6 2 .5 0 p r o l a t e  p a r a l l e l  s t r i k e I I
BC Rxy = 1 .1 3 53°
AB Ryz = 1 .0 5

SR3 315, 70 sw AC Rxz = 1 .1 3 90° 0 0 f l a t t e n e d  p a r a l l e l  s t r i k e I I
BC Rxy = 1 .0 0°
AB Ryz = 1 .1 3

SR4 349 , 02 ne AC I .CI no s t r a i n I I
BC I .C)

SR5 338 , 84 sw AC Rxy = 1 .0 0° 0 0 f l a t t e n e d  p e r p e n d ic u la r I l
BC Rxz = 1 .1 7 87° t o  b e d d in g
AB Ryz = 1 .1 7

SR6 323 , 73 ne AC Rxz = 1 .41 -7 4 ° 0 0 f l a t t e n e d  s u b p a r a l l e l I I
BC Rxy = 1 .0 0° t o  s t r i k e
AB Ryz = 1.41

SRV 322 , 60 ne AC Rxy = 1 .21 59° 5 .2 5 4 .8 6 p r o l a t e  a t  h iq h  a n g le I I
BC Rxz = 1 .2 6 -6 7 ° t o  b e d d in g
AB Ryz = 1 .0 4

SR8 327 , 71 sw AC Rxz = 1 .4 9 -1 0 ° 1 .44 1 .4 p r o l a t e  s u b p a r a l l e l I
BC Ryz = 1 .1 8 30° to  b e d d in g

* AB Rxy = 1 .2 6

SR9 346 , 35 sw AC Rxy = 1 .0 0 ” 0 0 f l a t t e n e d  a t  h ig h  a n g le I
BC Rxz = 1 .2 2 -5 7 ° to  b e d d in g
AB Ryz = 1 .2 2

SRlO 34 0 , 24 sw AC Rxy - 1 .1 6 89° 1 .0 7 1 .0 6 p r o l a t e  s u b p e rp e n d ic u la r I
BC Rxz = 1 .34 -7 3 ° to  b e d d in g
AB Ryz 1 .1 5

S R ll 33 7 , 83 sw AC R = I..47 -6 2 ° i n s u f f i c i e n t  d a ta
BC i n s u f f i c i e n t d a ta



Table 3. Continued

S arrp le
O r i e n t a t i o n  o f  

m arked f a c e P la n e
A x ia l  R a tio  

( E l l i p t i c i t y )
Long a x i s  

o r i e n t a t i o n  (6 ) k (F ) M R) I n t e r p r e t a t i o n Pomain

SRl 2 335. 54 sw AC Pxy = 1 .1 5 -5 7 " .31 .3 5 f l a t t e n e d  p e r p e n d ic u la r I
BC Rxz = 1 .4 8 82" to  b e d d in g
AB Ryz = 1 .4 8

SR13 305, 46 sw AC Rxy = 1 .0 0° 0 0 f l a t t e n e d  a t  h ig h  a n g le I
BC Rxz = 1 .1 5 -6 2 " to  b e d d in g
AB Ryz = 1 .1 5

SR14 338 , 74 ne AC Rxy = 1 .1 5 55" 3 .7 5 3 .5 6 p r o l a t e  a t  h ig h  a n g le I I
ec Rxz = 1 .2 68" to  b e d d in g
AR Ryz = 1 .04

SP15 326, 85 ne AC Ryz = 1 .1 8 8° .3 3 .35 in c l in e d  a t  m o d era te I I
BC Rxz = 1 .2 5 -4 4 " a n q lo  to  b e d d in g
AB Rxy = 1 .06

SR 16 0 ,  50 w AC Pyz = 1 .44 -44 .2 5 .28 f l a t t e n e d  s u b p a ra I I e l I
BC Rxz = 1 .6 -2 1 " to  b e d d in g
AR Rxy = 1.11

SR17 32 4 , 45 sw AC Ryz = 1 .0 0" p r o l a t e  p a r a l l e l I
BC Rxz = 1 .51 4" t o  b e d d in g
AB Rxy = 1 .51

SRl 8 340, 42 sw AC Rxz = 1 .3 8 -2 5 " .40 .42 f l a t t e n e d  s u b p a r a l l e l I
BC Ryz = 1 .2 5 -61" to  b e d d in g
AB Rxy = 1 .1 0

SRlO 6 , 54 sw AC Ryz = 1 .42 7" .5 7 .61 f l a t t e n e d  o a r a l l e l I
BC Px 7. = 1 .7 6 - I " to  b e d d in g
AB Rvy = 1 .24
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a p p a re n t
constriction

apparen t
fla tten ing

I  +  e 3

Figure 3 9 . a. Flinn diagram showing shapes of strain ellipsoids for k -  
values (From Ramsay, 1 9 6 7 ) . Numbered dots correspond to k -values for 
samples recorded on Table 3 . b. Modified Flinn diagram (From Davis, 
1 9 8 4 ) . Numbered dots correspond to k -values recorded on Table 3 .
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S t r u c tu r e s  a s s o c i a t e d  w i th  th e  o o l i t e s  in c lu d e  s t y l o l i t e s  and 

s u t u r e  c o n t a c t s ,  e x te n s io n  v e in s  and m ic r o f a u l t  z o n e s . S t y l o l i t e s  and 

s u tu r e d  c o n ta c t s  o c c u r  b e tw een  g r a i n s  and  on g r a i n  m a rg in s ,  w h ich  a r e  

g e n e r a l l y  o r i e n t e d  p a r a l l e l  o r  p e r p e n d ic u l a r  t o  b e d d in g .  E x te n s io n  

v e in s  and m ic r o f a u l t s  a r e  found  in  s e v e r a l  sa m p le s  i n  p ro x im ity  t o  

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

b r i t t l e  d e fo rm a tio n  m echanism s w ere  r e s p o n s i b le  f o r  t h e  s t r a i n  re c o rd e d  

b y  th e  F ry  m ethod .

D is c u s s io n

O v e r a l l ,  m ic ro s c o p ic  s t r a i n  r e c o rd e d  b y  o o id s  a p p e a r s  t o  b e  low , 

w i th  s t r a i n  r a t i o s  ( e l l i p t i c i t i e s )  r a n g in g  from  1 .0  (no  s t r a i n )  t o  1 .7 6  

and  a v e ra g in g  1 .2 6 .  L a y e r - p a r a l l e l  s h o r te n in g  r a t i o s  in  th e  d ip  

d i r e c t i o n  a v e ra g e  1 .2 9 :1 .  L a y e r - p a r a l l e l  s h o r t e n in g  r a t i o s  in  th e  b -  

k in e m a t ic  o r  s t r i k e  d i r e c t i o n s  a v e ra g e  1 .2 4 :1 .  O nly  one sam ple  (SR4) 

show ed no s t r a i n  i n  e i t h e r  th e  AC o r  BC p l a n e s .

S t r a i n  e l l i p s o i d  sh a p e s  and o r i e n t a t i o n s  a r e  p a r t i t i o n e d  w i th  

r e s p e c t  t o  Dom ains I  and  I I .  T hese  d a ta  a r e  l i s t e d  on T a b le  3 f o r  e a c h  

s a m p le . K -v a lu e s  d e te rm in e d  f o r  th e  sa m p le s  i n d i c a t e  t h a t  f l a t t e n i n g  

d e fo rm a t io n  i s  t h e  m ost p r e v a l e n t ; how ever, s e v e r a l  sam p les  show 

c o n s t r i c t i o n a l  d e fo rm a t io n  (F ig u re  3 9 ) .

Domain ][. V e r t i c a l  c r o s s  s e c t i o n s  p e r p e n d ic u la r  t o  th e  r e g io n a l  

s t r i k e  show Domain I  e l l i p t i c i t y  v a lu e s  (R) f o r  th e  BC p la n e  r a n g in g  

from  1 .1 5  t o  1 .7 6  (F ig u r e s  40 and 4 1 ) .  A verage e l l i p t i c i t y  i s  1 .4 2 . 

S t r a i n  e l l i p s o i d s  show two g e n e r a l  o r i e n t a t i o n s :  I )  f l a t t e n e d  o r  

p r o l a t e  a t  h ig h - a n g le s  t o  b e d d in g  in  t h e  d ip  d i r e c t i o n ;  o r  2 ) f l a t t e n e d  

o r  p r o l a t e  s u b p a r a l l e l  to  b e d d in g , w i th  th e  d i r e c t i o n  o f  maximum
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s h o r t e n in g  p e r p e n d i c u l a r  t o  b e d d in g .  F l a t t e n i n g  s t r a i n s  a r e  more 

common th a n  c o n s t r i c t i o n a l  s t r a i n s .

Sam ples SR l2 and  13 a r e  f l a t t e n e d  s u b p e r p e n d ic u la r  to  b e d d in g  

s u g g e s t in g  l a y e r - p a r a l l e l  s h o r t e n in g .  Sample SR9 i s  f l a t t e n e d  a t  

o b l iq u e  a n g le s  t o  b e d d in g ,  w h ich  may b e  due  t o  s im p le  s h e a r  on b e d d in g  

p la n e s  d u r in g  f l e x u r a l - s l i p  f o l d i n g .  Sam ples SRl6 , 18 and 19 a r e  

f l a t t e n e d  s u b p a r a l l e l  t o  b e d d in g . T h in  s e c t i o n s  show p e r v a s iv e  

s t y l o l i t e s  and  m i c r o f a u l t s ,  s u g g e s t in g  t h a t  f l a t t e n i n g  i s  due t o  s h e a r  

z o n e  d e fo rm a t io n  r a t h e r  th a n  s e d im e n ta ry  c o m p a c tio n . Sam ples SR8 and 17 

a r e  p r o l a t e  p a r a l l e l  t o  b e d d in g  w i th  lo n g  a x e s  p a r a l l e l  t o  th e  s t r i k e  

d i r e c t i o n ;  s h o r t e n in g  p a r a l l e l  t o  b e d d in g  com bined w i th  r o t a t i o n  o f  

p a r t i c l e s  may b e  t h e  r e s p o n s i b l e  f o r  t h e s e  e l l i p s o i d s .  Sam ple SRlO i s  

p r o l a t e  a t  h ig h  a n g le  t o  b e d d in g , i n d i c a t i n g  c o n s t r i c t i o n a l  s t r a i n s  may 

b e  p re d o m in a n t a t  t h e  t h r u s t  f r o n t ;  t h i s  sam p le  m ost c l o s e l y  

a p p ro x im a te s  p la n e  s t r a i n .

D e fo rm a tio n  i n  Domain I  i s  i n t e r p r e t e d  t o  have  fo llo w e d  th e  g e n e r a l  

p a th  o f  e a r l y  l a y e r - p a r a l l e l  s h o r te n in g  due t o  p r e s s u r e  s o l u t i o n ,  w h ich  

l e d  t o  t h e  d e v e lo p m en t o f  e l l i p s o i d s  f l a t t e n e d  a t  h ig h  a n g le  t o  

b e d d in g .  D u rin g  t r a n s p o r t  o f  t h e  t h r u s t  s h e e t ,  some f l a t t e n e d  

e l l i p s o i d s  may h av e  b e e n  r o t a t e d  w h ile  o t h e r s  e x p e r ie n c e d  

c o n s t r i c t i o n a l  s t r a i n .  The f i n a l  s t a g e  was f l a t t e n i n g  o r  s h e a r  s t r a i n  

s u b p a r a l l e l  t o  b e d d in g  a s  i n d i c a t e d  b y  sa m p les  o b ta in e d  c lo s e  to  f a u l t  

z o n e s . T h is  d e fo r m a t io n  se q u e n c e  i s  g e n e r a l l y  s e e n  a s  th e  sam p les  g e t  

p r o g r e s s i v e l y  c l o s e r  t o  t h e  l e a d in g  edge  o f  th e  B ackbone t h r u s t .  .
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R = I j a

R= 1.15 R = 1.22

R= 1.25 
SR 15

-52C052CO-

-51005100-

/  I .

5CCO-

-  47C02 0 0  ft .

Figure 40. Cross sections A-A1 and A 1-Alt with strain ellipses 
determined from the BC oriented plane.
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R .U S

R = 1 .2S
SR18 R= 1.6

R= 1.76 SR 16SR 19R= 1.51
SR 17

Figure Al. Cross sections A 11-A''' and B-B' with strain ellipses 
determined from the BC oriented plane.
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Domain I I . S t r a i n s  d e v e lo p e d  in  Domain I I  have  s l i g h t l y  lo w e r  

v a lu e s  th a n  th o s e  from  Domain I .  Domain I I  sa m p les  show e l l i p t i c i t i e s  

r a n g in g  from  1 .0  t o  1 .4 1 ,  w i th  an  a v e ra g e  o f  1 .1 7  f o r  e l l i p s e s  i n  th e  

BC p la n e  (F ig u r e s  40 and  4 1 ) .  S t r a i n  e l l i p s o i d s  show two g e n e r a l  

o r i e n t a t i o n s :  I )  f l a t t e n e d  o r  p r o l a t e  s u b p e r p e n d ic u la r  t o  b e d d in g  i n

t h e  d ip  d i r e c t i o n ;  and  2 ) f l a t t e n e d  o r  p r o l a t e  s u b p e r p e n d ic u la r  to  

b e d d in g  i n  t h e  s t r i k e  d i r e c t i o n .  The f i r s t  g roup  in c lu d e s  sa m p le s  SR5, 

7 an d  14 , and  l a y e r - p a r a l l e l  s h o r te n in g  i n  t h e  d ip  d i r e c t i o n  s i m i l a r  t o  

Domain I  i s  s u g g e s te d .  Those e l l i p s o i d s  f l a t t e n e d  p e r p e n d ic u l a r  t o  

b e d d in g  i n  t h e  s t r i k e  d i r e c t i o n  in c lu d e  sa m p les  SRI, 3 arid 6 ; t h e i r  

fo rm a t io n  i s  due t o  l a y e r - p a r a l l e l  s h o r te n in g  in  th e  s t r i k e  d i r e c t i o n .  

The c o n s t r i c t i o n a l  fo rm  o f  SR2 i s  p r o b a b ly  due t o  s u p e r p o s i t i o n  o f  

s t r i k e - d i r e c t e d  s h o r t e n in g  a f t e r  e a r l y  s h o r te n in g  in  t h e  d ip  d i r e c t i o n .  

One sa m p le , SRl5 showed f l a t t e n i n g  p a r a l l e l  t o  b e d d in g . T h in  s e c t i o n  

o b s e r v a t io n s  showed b e d - p a r a l l e l  s t y l o l i t e s  b u t  la c k e d  m ic r o f a u l t s  and 

e x te n s io n  v e i n s ,  s u g g e s t in g  t h a t  s e d im e n ta ry  c o m p a c tio n  was an 

im p o r ta n t  p r o c e s s  f o r  t h i s  s a m p le .

M ost o f  t h e  oo id  d e fo rm a t io n  i n  Domain I I  i s  i n t e r p r e t e d  t o  b e  th e  

r e s u l t  o f  e a r l y  l a y e r - p a r a l l e l  s h o r te n in g  in  t h e  d ip  d i r e c t i o n .  S t r i k e -  

p a r a l l e l  s h o r te n in g  i s  a l s o  e v id e n c e d  in  s e v e r a l  s a m p le s . T h is  

c o m p re s s io n  may b e  t h e  r e s u l t  o f  l a t e  f o ld in g  o f  t h e  Backbone t h r u s t  

s h e e t ,  a s  s u g g e s te d  in  t h e  s e c t i o n  on c le a v a g e .

L a y e r - p a r a l l e l  s h o r t e n in g ,  d e te rm in e d  by  th e  o r i e n t a t i o n  o f  s t r a i n  

e l l i p s o i d s  from  Domain I I  o o l i t e s ,  i s  a n a la g o u s  t o  s h o r te n in g  in d i c a t e d  

b y  th e  o r i e n t a t i o n  o f  c le a v a g e  d o m ain s . In  a d d i t i o n ,  b o th  d e fo rm a t io n s  

a r e  th e  r e s u l t  o f  p r e s s u r e  s o l u t i o n .  T h is  s u g g e s t s  t h a t  th e
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m ic ro s c o p ic  d e fo rm a t io n s  r e s p o n s ib le  f o r  o o id  s t r a i n  a r e  e x p re s s e d  

m e s o s c o p ic a l ly  b y  th e  f o rm a tio n  o f  c le a v a g e .  T h e r e f o r e ,  t h e s e  

d e fo r m a t io n s  a r e  c o n te m p o ra n e o u s , c o a x i a l ,  and r e c o r d  s i m i l a r  s t r a i n s .

M ic ro s c o p ic  S t r a i n  Summary

An a v e ra g e  e l l i p t i c i t y  ( s t r a i n  r a t i o )  o f  1 .2 6  f o r  a l l  sa m p les  

s u g g e s t s  t h a t  d e fo r m a t io n , o v e r a l l ,  i s  lo w . In  g e n e r a l ,  . BC p la n e s  

r e c o r d  h ig h e r  s t r a i n s  th a n  AC p la n e s ,  i n d i c a t i n g  d e fo rm a t io n  i s  h ig h e r  

i n  t h e  d ip  d i r e c t i o n  th a n  i n  t h e  s t r i k e  d i r e c t i o n .  S t r a i n  i n  Domain I  

i s  o n ly  s l i g h t l y  h ig h e r  th a n  Domain I I .  T h is  im p l ie s  t h a t  t h e  o o l i t e  

s t r a i n s  from  Domain I  a r e  n o t  r e p r e s e n t a t i v e  o f  t h e  e x tre m e  d e fo rm a tio n  

i n  f a u l t  zo n es  t h a t  i s  o b s e rv e d  on th e  o u tc ro p  and i n  t h i n  s e c t i o n .  

I n d e e d , no sam p les  w ere  fo und  w i th in  a  f a u l t  zone  t h a t  c o n ta in e d  i n t a c t  

o o id s .

The c o r r e l a t i o n  b e tw e en  m ic ro s c o p ic  d e fo rm a tio n  and c le a v a g e  

fo rm a t io n  e s t a b l i s h e d  i n  th e  p re v io u s  s e c t i o n  s u g g e s t s  t h a t  th e  am ount 

o f  s h o r te n in g  r e c o rd e d  by  c le a v a g e  i s  a l s o  r e c o r d e d  by  o o l i t e s .  

C le a v a g e  d ev e lo p m en t i n d i c a t e s  l o c a l  s h o r te n in g  v a lu e s  from  4-35%+ f o r  

Domain I I  i n  m a c ro sc o p ic  f o ld s  and t h r u s t  im b r i c a t e s .  M ic ro sc o p ic  

s t r a i n  i s  m ore hom ogeneously  d i s t r i b u t e d  (M itra , 1979) a n d , t h e r e f o r e ,  

i t  i s  h e r e i n  s u g g e s te d  t h a t  m ic ro s c o p ic  s t r a i n  and c le a v a g e  d ev e lo p m en t 

r e p r e s e n t  an  a v e ra g e  o f  15% l a y e r - p a r a l l e l  s h o r t e n in g  p r i o r  t o  

m a c ro s c o p ic  f o ld in g  and  t h r u s t  i m b r ic a t i o n .

M a cro sco p ic  f o ld s  and t h r u s t  im b r ic a te s  a r e  r e s p o n s i b le  f o r  t h e  

m o st s i g n i f i c a n t  m e a s u ra b le  l o n g i t u d i n a l  s t r a i n  i n  t h e  Backbone t h r u s t
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s h e e t .  M acro sco p ic  f o ld s  a c c o u n t f o r  25% s h o r t e n in g  i n  t h e  i n t r a p l a t e  

r e g i o n ,  w here t h r u s t  im b r ic a t io n  p r o v id e s  an  a d d i t i o n a l  30% s h o r te n in g  

a t  t h e  l e a d in g  e d g e . T hus, t o t a l  s h o r te n in g  a t  t h e  m a c ro sc o p ic  s c a l e  

i s  e s t im a te d  a t  55%.

Domain I  f a u l t  a r r a y s ,  d ra g  f o ld s  and e n -e c h e lo n  v e in  a r r a y s  may 

c o n t r i b u t e  a s  much a s  52% t o  s h o r te n in g  by  l o n g i t u d i n a l  and s h e a r  

s t r a i n s ;  how ever, t h e  ab undance  o f  e x te n s io n  v e in s  i n d i c a t e s  t h a t  a  

m ore r e a s o n a b le  ra n g e  o f  v a lu e s  i s  20% t o  30% s h o r t e n in g . S t r a i n  

m easu rem en ts  from  a n a l y s i s  o f  o o l i t e s  a v e ra g e  1 .4 2  f o r  Domain I .  S t r a i n  

e l l i p s o i d  sh a p e s  i n d i c a t e  t h a t  th e  m ost common d i r e c t i o n s  o f  s h o r te n in g  

a r e  s u b p e rp e n d ic u la r  and s u b p a r a l l e l  to  b e d d in g . The r e s u l t a n t  

s h o r t e n in g  f o r  Domain I  i s  in  a d d i t i o n  t o  th e  am ount o f  s h o r te n in g  b y  

m a c ro s c o p ic  im b r ic a t io n ;  how ever, i t s  d i s t r i b u t i o n  i s  w i th in  a  

r e l a t i v e l y  n a rro w  z o n e , u n l ik e  Domain I I  c le a v a g e .

The deve lopm en t o f  s p a c e d  c le a v a g e  i n  Domain I I  and  o o l i t e  s t r a i n  

a n a l y s i s  s u g g e s t  t h a t  a p p ro x im a te ly  15% l a y e r - p a r a l l e l  s h o r te n in g  

p re c e d e d  m ac ro sco p ic  f o l d i n g ,  t h r u s t  im b r ic a t io n  and  Domain I  f a u l t i n g .  

P e n c i l  s t r u c t u r e s  c o n t r i b u t e  l o c a l l y  t o  l o n g i t u d i n a l  s t r a i n  in  t h e  

P e n ta g o n  S h a le . B oudin  d ev e lo p m en t i n d i c a t e s  t h a t  l o c a l i z e d  e x te n s io n s  

o c c u r r e d  w i th in  a  p re d o m in a n tly  c o n t r a c t i o n s !  re g im e .
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The v a r i a t i o n  i n  d i s t r i b u t i o n  o f  s t r u c t u r a l  e le m e n ts  and th e  

m a g n itu d e  o f  i n t e r n a l  d e fo rm a tio n  h av e  b e e n  e s t a b l i s h e d  f o r  th e  

B ackbone t h r u s t  s h e e t  i n  t h e  p r e v io u s  c h a p te r s  u s in g  m a c ro s c o p ic , 

m e so sc o p ic  and  m ic ro s c o p ic  s t r u c t u r a l  e le m e n ts . The im p o r ta n c e  o f  

t h e s e  d a t a  i s  t h a t  th e y  i n d i c a t e  w here  s h o r te n in g  i s  m ost s i g n i f i c a n t  

and  how much s h o r te n in g  h a s  o c c u r r e d  w i th in  t h e  t h r u s t  s h e e t . 

I n t e r r e l a t i o n s h i p s  b e tw e en  s t r u c t u r a l  e le m e n ts  a r e  a l s o  u s e f u l  f o r  

c o n s t r u c t i n g  a  s e q u e n c e  o f  d e fo rm a t io n  f o r  th e  B ackbone t h r u s t  s h e e t .  

I n  a d d i t i o n ,  o b s e r v a t io n s  o f  t h e  m orpho logy  and m echan ism s o f  f a u l t  

z o n e  d e fo r m a t io n  p r o v id e  im p o r ta n t  i n s i g h t  i n t o  t h r u s t  s h e e t  

em p lacem en t p r o c e s s e s .

S h o r te n in g

M a c ro sc o p ic  f o ld s  and t h r u s t  im b r ic a te s  c o n t r i b u t e  m ost 

s i g n i f i c a n t l y  t o  t o t a l  s h o r te n in g  w i th in  t h e  t h r u s t  s h e e t  and t h e i r  

com bined  v a lu e s  i n d i c a t e  a p p ro x im a te ly  55% s h o r t e n in g .  M esoscop ic  

s t r u c t u r a l  e le m e n ts  w i th in  Domains I  and I I  c o n t r i b u t e  s h o r te n in g  t h a t  

i s  t e m p o r a l ly  o r  s p a t i a l l y  u n iq u e  from  m a c ro sc o p ic  d e fo rm a t io n . 

C le a v a g e  d e v e lo p m en t p r e d a t e s  m a c ro sc o p ic  d e fo rm a t io n ;  t h e r e f o r e ,  15% 

s h o r t e n in g  i s  added  t o  th e  m a c ro sc o p ic  v a lu e  f o r  a  com bined t o t a l  

s h o r t e n in g  o f  70%. Domain I  f a u l t  z o n e s  c o n t r i b u t e  an  e s t im a te d  20% t o  

30% s h o r t e n in g  a t  th e  b a s e  o f  t h r u s t  im b r ic a te s  w h ic h  i s  b e l i e v e d  to  b e  

co n te m p o ra n e o u s  w i th  t h r u s t  im b r ic a t io n .  B ecause  t h e  d i s t r i b u t i o n  o f
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Domain I  d e fo rm a t io n  i s  i n  r e l a t i v e l y  n a rro w  z o n e s , t h e s e  s h o r te n in g  

v a lu e s  h av e  n o t  b een  added  t o  t h e  t o t a l  s h o r te n in g  v a l u e .

I t  i s  im p o r ta n t  to  n o te  t h a t  th e  i n t e r n a l  d e fo rm a tio n  and 

t o t a l  s h o r te n in g  d e te rm in e d  i s  w i th in  th e  e a s te rn m o s t  s l i c e  o f  th e  

B ackbone t h r u s t  s h e e t  w h ich  i s  c e n te r e d  a ro u n d  S w if t  R e s e r v o i r .  

P re su m a b ly , th e  s l i c e s  o f  th e  B ackbone t h r u s t  s h e e t  w h ich  a r e  fo und  

w e s t o f  th e  s tu d y  a r e a  have  s i m i l a r  s t y l e  o f  i n t e r n a l  d e fo rm a tio n  and 

m ag n itu d e  o f  s h o r t e n in g .

O ro g e n ic  s h o r te n in g  a c r o s s  t h r u s t  b e l t s  h a s  b e e n  r e p o r te d  by  

num erous w o rk e rs  t o  a v e ra g e  a p p ro x im a te ly  50% ( e .g .  Royse and o t h e r s ,  

1975, B oyer and E l l i o t t ,  1 9 8 2 ) . T h is  s tu d y  s u g g e s t s  70% s h o r te n in g  

o c c u r re d  i n  th e  B ackbone t h r u s t  s h e e t  by  i n t e r n a l  d e fo rm a tio n ;  

t h e r e f o r e ,  com bined o ro g e n ic  and i n t e r n a l  s h o r t e n in g  v a lu e s  f o r  th e  

S w if t  R e s e r v o i r  a r e a  a p p e a r  t o  b e  120%.

A lth o u g h  some s t r u c t u r a l  e le m e n ts ,  su c h  a s  g o u g e , b r e c c i a ,  p e n c i l s ,  

and b o u d in s  a c c o u n t  f o r  o n ly  a  s m a l l  am ount o f  i n t e r n a l  d e fo rm a t io n , 

th e y  a r e  im p o r ta n t  b e c a u s e  th e y  a r e  k in e m a t ic  i n d i c a t o r s  and 

d e m o n s tra te  th e  m anner i n  w h ich  s t r a i n  was accom m odated d u r in g  

d e fo rm a t io n  ( M it r a ,  1 9 7 9 ) .

The p e n e t r a t i v e  n a tu r e  o f  Domain I  f a u l t  a r r a y s  and  m ic ro sc o p ic  

d e fo rm a t io n  s u g g e s t s  t h a t  s h o r t e n in g  v a lu e s  sh o u ld  b e  h ig h ;  how ever, a  

s i g n i f i c a n t  am ount o f  e x te n s io n  i s  a l s o  o b se rv e d  i n  t h e  abundance  o f  

c a l c i t e  v e i n s .  A r e s u l t a n t  s h o r t e n in g  o f  20% t o  30% f o r  Domain I  

a p p e a rs  r e a s o n a b le .  S h o r te n in g  d e c r e a s e s  v e r t i c a l l y  w i th in  th e  dom ain 

a s  th e  i n t e n s i t y  o f  m e s o s c o p ic -  and  m ic r o s c o p ic - s c a l e  d e fo rm a tio n  

d e c r e a s e s .
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)

B ecau se  c le a v a g e  d e v e lo p m en t i s  t h e  m ost s i g n i f i c a n t  d e fo rm a tio n  in  

Domain I I  and i s  b e l i e v e d  t o  h av e  p re c e d e d  f a u l t  zone  d e fo rm a t io n , 

t h e r e  i s  an  a p p a re n t  h e t e r o g e n e i ty  i n  t h e  d i s t r i b u t i o n  o f  s h o r te n in g  

b e tw e e n  Domains I  and  I I .  The d i f f i c u l t y  a r i s e s  due t o  a  l a c k  o f  

e v id e n c e  f o r  s h o r te n in g  in  Domain I I  w h ic h  d e v e lo p e d  s im u l ta n e o u s ly  

w i th  Domain I  f a u l t  zo n e  d e fo r m a t io n .  Two s u g g e s t io n s  a r e  o f f e r e d  t o  

e x p la in  t h i s  i n e q u i ty :  I )  t h e  p r e v i o u s ly  d e v e lo p e d  c le a v a g e  was 

i n t e n s i f i e d  in  Domain I I  t h r u s t  im b r ic a te s  d u r in g  f a u l t  zone 

d e f o r m a t io n ,  o r  2) m eso sc o p ic  f a u l t  a r r a y s  e f f e c t i v e l y  d e ta c h e d  Domain 

I  from  th e  u p p e r  s t r a t a . i n  t h r u s t  im b r ic a te s  w h ich  r e s u l t e d  i n  a  

p a u c i t y  o f  Domain I I  d e fo r m a t io n .

Domain I I I  c o n s i s t s  o f  t h e  a p p a r e n t l y  undeform ed  s t r a t a  above 

Domain I I .  T h is  l a c k  o f  d e fo r m a t io n  may b e  due t o  in c o m p e te n t 

b e h a v io r  i n  th e  S w itch b ack  S h a le  w h ic h  e f f e c t i v e l y  s e p a r a te s  th e  

d e fo r m a t io n  in  t h e  S team boat L im e s to n e  fro m  th e  o v e r ly in g  co m p e ten t 

D e v i ls  G len  D o lo m ite  and Maywood F o rm a t io n . The u p p e r  p a r t  o f  th e  

S team b o a t L im esto n e  commonly shows no d e fo rm a t io n  w h ich  i n d i c a t e s  t h a t  

t h e  -lo w e r  b o u n d a ry  o f  Domain I I I  i s  an  a p p ro x im a te  one t h a t  may n o t  b e  

e n t i r e l y  c o n t r o l l e d  b y  l i t h o l o g y .

O o l i t e  s t r a i n  r a t i o s  (R) a v e ra g e  1 .2 6  f o r  Domains I  and I I .  T hese 

low  v a lu e s  a r e  b e l i e v e d  to  b e  due t o  tw o f a c t o r s :  I )  no sam p les  w ere  

o b ta in e d  from  th e  m ost i n t e n s e l y  d e fo rm ed  a r e a s  o f  t h e  t h r u s t  s h e e t ,  

and  2 ) o o l i t e  s t r a i n  i s  p r im a r i l y  a t t r i b u t e d  to  p r e s s u r e  s o l u t i o n  

d e fo rm a t io n  w h ich  c e a s e d  to  b e  im p o r ta n t  w i th  o n s e t  o f  f o ld in g  and 

t h r u s t i n g ,  e x c e p t  i n  Domain I  f a u l t  z o n e s .  T hus, o o l i t e  s t r a i n  

p re d o m in a n t ly  r e f l e c t s  an  e a r l y  p r e - t h r u s t in g  s ta g e  o f  d e fo rm a t io n .



90

No m easu rem en ts  o f  vo lum e g a in  o r  l o s s  w ere  in c lu d e d  i n  t h i s  s tu d y ,  

b u t  k - v a lu e s  from  o o l i t e  s t r a i n  a n a l y s i s  c o n s i s t e n t l y  f a i l e d  t o  p l o t  

a lo n g  th e  a x is  o f  p la n e  s t r a i n  (F ig u r e  39) i n d i c a t i n g  some d e g re e  o f  

vo lum e change  h a s  in d e e d  o c c u r r e d . P r e s s u r e  s o l u t i o n  a c t i v i t y  may h av e  

b e e n  r e s p o n s ib le  f o r  a  s i g n i f i c a n t  l o s s  o f  m a t e r i a l  i f  t h e  t h r u s t  s h e e t  

was n o t  a c lo s e d  s y s te m  d u r in g  d e fo r m a t io n .

The d i s t r i b u t i o n  o f  s h o r t e n in g  a t  t h e  m a c ro s c o p ic -  and m e s o s c o p ic -  

s c a l e s  d e f in e s  a  d i s t i n c t  s t r u c t u r a l  s t y l e  f o r  t h e  B ackbone t h r u s t  

s h e e t .  T h is  s t r u c t u r a l  s t y l e  i s  shown i n  th e  t h r u s t  s h e e t  m odel i n  

F ig u re  4 2 . The m a c ro s c o p ic  g eo m etry  o f  t h e  B ackbone t h r u s t  s h e e t  i s  

c h a r a c t e r i z e d  b y  a  f r o n t a l  zone  o f  im b r ic a te  t h r u s t s  and  an i n t r a p l a t e  

zone  o f  t i g h t l y  s p a c e d  f o l d s . S u p e rp o se d  on t h i s  m a c ro sc o p ic  g eo m etry  

a r e  v e r t i c a l l y  d i s t r i b u t e d  d e fo rm a t io n  dom ains d e f in e d  by  g ro u p s  o f  

m eso sc o p ic  s t r u c t u r a l  e le m e n ts . The c h a r a c t e r  o f  Domain I  d e fo rm a t io n  

i s  due t o  v e r t i c a l  v a r i a t i o n s  i n  l o n g i t u d i n a l  and  s h e a r  s t r a i n  abo v e  

t h r u s t  f a u l t s .  I n  Domain IT , o n ly  l o n g i t u d i n a l  s t r a i n  w i th  r e s u l t a n t  

c le a v a g e  d ev e lo p m en t i s  c o n s id e r e d  s i g n i f i c a n t .

T hese  o b s e r v a t io n s  a r e  im p o r ta n t  f o r  s e v e r a l  r e a s o n s .  F i r s t ,  

p u b l is h e d  c r o s s  s e c t i o n s  o f  th e  M ontana t h r u s t  b e l t  ( e . g .  Mudge, 1982 ; 

B oyer and E l l i o t t ,  1982; M i t r a , 1986) a r e  minimum s t r a i n  s e c t i o n s  i n  

t h a t  th e y  show th e  o v e r a l l  s t y l e  o f  f o ld in g  and th e  am ount o f  f a u l t  

t r a n s l a t i o n ,  b u t  th e y  do n o t  show i n t e r n a l  d e fo rm a tio n  w i th in  t h r u s t  

s h e e t s  (L ageson and  I h l e , 1 9 8 7 ) . T h is  s tu d y  i n d i c a t e s  t h a t  i n t e r n a l  

d e fo rm a t io n  w i t h i n . a  t h r u s t  s h e e t  i s  v a r i a b l y  d i s t r i b u t e d  and may 

a c c o u n t  f o r  s h o r te n in g  v a lu e s  in  e x c e s s  o f  70%. T h u s, th e  v a r i a t i o n  

and m ag n itu d e  o f  i n t e r n a l  d e fo rm a t io n  may b e  s i g n i f i c a n t  and sh o u ld  b e
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Figure 42. Structural model for the Backbone thrust sheet showing the 
distribution of macroscopic zones of deformation and mesoscopic domains 
of deformation.
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i n c o r p o r a te d  i n  t h e  c o n s t r u c t io n  o f  b a la n c e d  c r o s s  s e c t i o n s  and 

p a l i n s p a s t i c  r e s t o r a t i o n s .  I t  i s  n o te d ,  how ever, t h a t  t h e  d i s t r i b u t i o n  

and  m ag n itu d e  o f  i n t e r n a l  d e fo rm a tio n  o b se rv e d  i n  t h e  B ackbone t h r u s t  

s h e e t  s h o u ld  o n ly  b e  a p p l i e d  to  o th e r  t h r u s t  s h e e t s  w h ere  s i m i l a r i t i e s  

i n  l i t h o l o g y ,  s t r u c t u r a l  s t y l e  and  d e fo r m a t io n ,  h i s t o r y  can  b e  

e s t a b l i s h e d .

S econd , v e r t i c a l  v a r i a t i o n s  in  s t r u c t u r a l  s t y l e  a r e  commonly s e e n  

on t h e  r e g i o n a l  s c a l e  ( e .g .  L ageson  and  I h l e ,  1987; M i t r a ,  1987; Mudge, 

1 9 8 2 ) . T h is  s tu d y  i n d i c a t e s  t h a t  l a t e r a l  a s  w e l l  a s  v e r t i c a l  v a r i a t i o n s  

i n  s t r u c t u r a l  s t y l e  can  a l s o  o c c u r  a t  t h e  s c a l e  o f  t h e  i n d iv i d u a l  

t h r u s t  s h e e t  and  s h o u ld  b e  r e c o g n iz e d  when a t t e m p t in g  t o  i n t e r p r e t  th e  

s u b s u r f a c e  s t y l e  and  g eo m etry  o f  a  t h r u s t  s h e e t . T h ese  v a r i a t i o n s  a r e  

im p o r ta n t  f o r  m aking  s u b s u r f a c e  p r e d i c t i o n s  o f  r e s e r v o i r  g e o m e try , 

f r a c t u r e  p a t t e r n s  and d e p th  c o n t i n u i t y  o f  s t r u c t u r e s .

T h i r d ,  s t u d i e s  o f  i n t e r n a l  d e fo rm a tio n  w i th in  t h r u s t  s h e e t s  c a n  

p r o v id e  i n s i g h t  i n t o  t h e  m e c h a n ic a l p r o c e s s e s  in v o lv e d  in  th e  th e  

em placem ent o f  l a r g e  o v e r  t h r u s t  s h e e t s .  T h is  w i l l  b e  d i s c u s s e d  i n  t h e  

n e x t  s e c t i o n  w h ic h  d e t a i l s  th e  r e l a t i v e  se q u en c e  o f  d e fo rm a tio n  and 

o f f e r s  o b s e r v a t io n s  on th e  m echan ics o f  t h r u s t  s h e e t  em p lacem en t.

Sequence o f  D e fo rm a tio n

A se q u e n c e  o f  d e fo rm a tio n  f o r  th e  Backbone t h r u s t  s h e e t  i s  

p ro p o se d  from  o b s e r v a t io n s  o f  g e o m e tr ic  r e l a t i o n s h i p s  b e tw een  

m e so sc o p ic  and m a c ro sc o p ic  s t r u c t u r a l  e le m e n ts . T h is  seq u en c e  

i n d i c a t e s  t h a t  a  s i g n i f i c a n t  change in  th e  d o m in a n t m echanism  o f  

d e fo rm a t io n  o c c u r r e d  d u r in g  th e  h i s t o r y  o f  th e  t h r u s t  s h e e t .  S e v e ra l
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l i n e s  o f  e v id e n c e  a l s o  s u g g e s t  t h a t  th e  B ackbone t h r u s t  s h e e t  was 

f o ld e d  s u b s e q u e n t  t o  i t s  em p lacem en t. The r e l a t i v e  se q u en c e  and 

m echanism s o f  d e fo rm a t io n  a r e  i l l u s t r a t e d  i n  F ig u re  4 3 .

Many m a c ro sc o p ic  f o ld s  show s p a c e d  c le a v a g e  f a n s  ( F ig u re  23) w i th  

c le a v a g e  re m a in in g  s u b p e rp e n d ic u la r  t o  b e d d in g  a t  a l l  b e d d in g  a t t i t u d e s  

(T a b le  I ) .  T h is  i n d i c a t e s  Domain I I  c le a v a g e  d ev e lo p m en t o c c u r re d  

p r i o r  t o  m a c ro sc o p ic  f o ld in g  and was p a s s i v e ly  r o t a t e d  i n t o  a  f a n n in g  

g e o m e try  b y  t h e  f o ld in g  (M itra  and  o t h e r s ,  1984; Jo h n s o n , 1 9 8 5 ) .

C le a v ag e  i n  t h r u s t  im b r ic a te s  h a s  ro u g h ly  two o r i e n t a t i o n s  (F ig u re  

23) b u t  re m a in s  s u b p e r p e n d ic u la r  t o  b e d d in g  a t  a l l  b e d d in g  a t t i t u d e s  

(T a b le  I ) . F o rm a tio n  o f  th e  n o r th w e s t - s t r i k i n g  s e t  i s  i n t e r p r e t e d  t o  

c o in c id e  te m p o r a l ly  w i th  t h e  c le a v a g e  d e v e lo p e d  i n  m a c ro sc o p ic  f o l d s .  

The v a r i a b i l i t y  in  o r i e n t a t i o n  o f  c le a v a g e  p la n e s  i s  b e l i e v e d  t o  b e  due  

t o  r e o r i e n t a t i o n  d u r in g  t r a n s l a t i o n  t h r u s t  i m b r ic a te s .

T h u s, l a y e r - p a r a l l e l  s h o r te n in g  b y  p r e s s u r e  s o l u t i o n  c h a r a c t e r i z e s  

t h e  e a r l i e s t  d e fo r m a t io n a l  p h a se  o f  t h e  Backbone t h r u s t  s h e e ts  Spaced 

c le a v a g e  and  o o l i t e  s t r a i n  e l l i p s o i d s  f l a t t e n e d  p e r p e n d ic u la r  t o  

b e d d in g  a r e  th e .  r e s u l t  o f  t h i s  e a r l y  p h a se  o f  s h o r t e n in g .  The 

c o m p re s s io n  w h ich  g e n e ra te d  p r e s s u r e  s o l u t i o n  was o r i e n t e d  

s u b h o r i z o n t a l l y  to  t h e  n o r th e a s t  a t  6 1 ° .

M it r a  and Yonkee (1985) s u g g e s t  t h a t  e a r l y  c le a v a g e  deve lopm en t in  

t h e  U tah-W yom ing-Idaho t h r u s t  b e l t ,  o c c u rs  soon  a f t e r  em placem ent o f  a 

p r e c e d in g  m a jo r  t h r u s t .  Em placem ent in d u c e s  e l e v a te d  p r e s s u r e  and 

te m p e r a tu r e  c o n d i t io n s  f a v o r a b le  f o r  c le a v a g e  f o r m a t io n .  The e x i s t i n g  

t h r u s t  s h e e t s  i n  t h e  S aw too th  R ange, how ever, a r e  c h a r a c t e r i s t i c a l l y  

much m ore h ig h ly  im b r ic a te d  th a n  th e  U tah-W yom ing-Idaho t h r u s t  b e l t .
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m aking  i t  u n l i k e l y  t h a t  em placem en t o f  a  s i n g l e  t h r u s t  s h e e t  was 

r e s p o n s i b l e  f o r  c le a v a g e  d e v e lo p m e n t. T h u s, d ev e lo p m en t o f  c le a v a g e  in  

t h e  S w if t  R e s e r v o i r  a r e a  may b e  e v id e n c e  f o r  e a r l i e r  s u p e r p o s i t i o n  o f  

t h e  Lew is t h r u s t  s h e e t  o v e r  t h i s  a r e a ,  r e s u l t i n g  i n  t h e  d eve lopm en t o f  

t h e  S aw to o th  Range a s  a  m a jo r  d u p le x .

M a cro sc o p ic  f o ld i n g  and  t h r u s t  f a u l t i n g  fo llo w e d  th e  e a r l y  p r e s s u r e  

s o l u t i o n  p h a se  and p a s s i v e ly  r o t a t e d  c le a v a g e  w i th  b e d d in g . F o ld in g  i s  

b e l i e v e d  t o  h av e  o c c u r r e d  d u r in g  t r a n s l a t i o n  a lo n g  th e  r e g i o n a l  

d e c o l le m e n t ,  w h i le  im b r ic a t io n  p r o b a b ly  r e s u l t e d  from  ram ping  o f  th e  

B ackbone t h r u s t  s h e e t  th ro u g h  c o m p e te n t s t r a t a .  B edd ing  s u r f a c e s  

o rn am en ted  w i th  f r i c t i o n a l  g ro o v e s  o r  c a l c i t e  s t e p  f i b e r s  i n d i c a t e  t h a t  

f o ld i n g  o c c u r r e d  b y  f l e x u r a l - s l i p  p r o c e s s e s .  O v e r a l l ,  t h e s e  s t r u c t u r e s  

i n d i c a t e  t h a t  b r i t t l e  d e fo rm a t io n  p r o c e s s e s  a s s o c i a t e d  w i th  f o ld in g  and  

t h r u s t i n g  hav e  r e p la c e d  e a r l i e r  p r e s s u r e  s o l u t i o n  d e fo r m a t io n .

M esoscop ic  s t r u c t u r e s  w h ic h  d e v e lo p e d  d u r in g  th e  f o ld in g  and 

t h r u s t i n g  p h a se  in c lu d e  m eso sc o p ic  f a u l t  a r r a y s ,  d r a g  f o l d s ,  t e c t o n i c  

v e in s  and  gouge and b r e c c i a  i n  Domain I ,  and f o l d s ,  p e n c i l  s t r u c t u r e s  

and  b o u d in s  in  Domain I I .  F a u l t  zo n e  d e fo rm a tio n  o b l i t e r a t e d  e a r l y  

c le a v a g e  d ev e lo p m en t i n  Domain I ,  h o w e v e r, i n t e n s i f i c a t i o n  o f  c le a v a g e  

i n  th e  u p p e r  p o r t i o n s  o f  t h r u s t  im b r ic a te s  may h av e  o c c u r r e d  to  k e e p  

p a c e  w i th  s h o r te n in g  i n  Domain I . S im u lta n e o u s  o p e n in g  o f  e x te n s io n  

f r a c t u r e s  a s  w e l l  a s  s h e a r in g  d u r in g  m eso sc o p ic  f a u l t i n g  i s  b e l i e v e d  t o  

b e  r e s p o n s ib le  f o r  t h e  num erous t e c t o n i c  v e in s  i n  Domain I .  D rag f o ld s  

fo rm ed  d u r in g  d i f f e r e n t i a l  s h e a r in g  a lo n g  p la n e s  o f  s l i p .  Gouge and  

b r e c c i a  may have  fo rm ed  l a t e  i n  t h e  t h r u s t i n g  b e c a u s e  b r e c c i a  c l a s t s  

w ere  e n t i r e l y  M is s i s s ip p ia n  d o lo m ite  and S team boat L im e s to n e .
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M E C H A N I S M  O F  D E F O R M A T I O N

Figure 43. Diagram showing the relationship between relative timing of 
deformation and the mechanisms of deformation.

Mesoscopic folds in Domain II formed during macroscopic folding 
due to crowding in fold cores. Many of these small folds contained 
refracting cleavage which indicates that the cleavage and folds 

developed simultaneously (Mitra and others, 1984). Development of 

pencil structures coincides with shortening on a steepened fold limb 
while boudins indicate local extensions occurred during folding and

thrusting.
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M ic ro s c o p ic  o b s e r v a t io n s  o f  f a u l t  zone d e fo rm a t io n  i n d i c a t e  t h a t  

s e v e r a l  p r o c e s s e s  w ere  o p e r a t in g  s im u l ta n e o u s ly  i n  Domain I  d u r in g  

t h r u s t i n g .  T hese  p r o c e s s e s  in c lu d e  m ic r o f s u i t i n g ,  p r e s s u r e  s o l u t i o n ,  

e x te n s io n  v e in in g  and r e c r y s t a l l i z a t i o n .  The p r e l im in a r y  n a tu r e  o f  

t h e s e  o b s e r v a t io n s  i n d i c a t e s  t h a t  m ore w ork n e e d s  t o  b e  done t o  

d i f f e r e n t i a t e  t h e  im p o r ta n c e  o f  e a c h  p r o c e s s  and  a  r e l a t i v e  se q u en c e  

f o r  t h e s e  d e f o r m a t io n s .

C o n tin u ed  t h r u s t i n g  c a u se d  some m a c ro sc o p ic  f o ld s  t o  d e v e lo p  

a s y m m e tr ic a l  t o  n e a r l y  i s o c l i n a l  g e o m e tr ie s  a t  th e  l e a d in g  edge o f  t h e  

t h r u s t  s h e e t .  B a la n ce d  c r o s s  s e c t i o n s  a l s o  r e q u i r e  t h a t  some o f  t h e  

a sy m m e tric  f o ld s  b e  c o re d  b y  t h r u s t s . T h is  i n d i c a t e s  s im u lta n e o u s  

d e v e lo p m en t o f  f o ld s  above a  p r o p a g a t in g  t h r u s t  f a u l t  (D a h ls tro m , 

1 9 7 0 ) . Many i n t r a p l a t e  f o ld s  hav e  c o n c e n t r i c  g e o m e tr ie s  w h ich  r e q u i r e  

a  d e ta c h m e n t a t  d e p th .  T hese  f o ld s  a r e  b e l i e v e d  t o  have, d e v e lo p e d  e a r l y  

i n  t h e  t h r u s t i n g  by  b u c k l in g  and  th e n  w ere  c a r r i e d  p a s s i v e ly  a s  

d e ta c h m e n t f o l d s  d u r in g  m o tio n  on th e  t h r u s t  s h e e t .

C leav ag e  was n o t  o b s e rv e d  t o  c u t  f a u l t  s u r f a c e s , th u s  f a u l t  

t r a n s l a t i o n  was t h e  f i n a l  s t a g e  o f  d e fo r m a t io n .  How ever, t h e  

a s y m p to t ic  c u rv in g  o f  c le a v a g e  i n t o  l o c a l  f a u l t  p la n e s  s u g g e s ts  t h a t  

some c le a v a g e s  rem a in e d  k i n e m a t i c a l l y  a c t i v e  d u r in g  t h a t  f a u l t i n g  

(M itra  and o t h e r s ,  1 9 8 4 ) . The a b s e n c e  o f  low a n g le  f a u l t s  w h ich  c u t  

f o l d  lim b s  i s  f u r t h e r  e v id e n c e  f o r  p a s s iv e  b e h a v io r  o f  m ac ro sco p ic  

f o l d s  d u r in g  t h e  f i n a l  s t a g e s  o f  t h r u s t i n g .

S e v e ra l  l i n e s  o f  e v id e n c e  i n d i c a t e  t h a t  th e  B ackbone t h r u s t  s h e e t  

was defo rm ed  a f t e r  i t s  em p lacem en t. S in g d a h ls e n  (1986) s u g g e s ts  t h a t  

t h e  S w if t  R e s e r v o i r  a r e a  is . a  s t r u c t u r a l  c u lm in a t io n  form ed by  f o ld in g
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o f  t h e  B ackbone t h r u s t  s h e e t  b y  m o tio n  on s t r u c t u r a l l y  lo w e r  t h r u s t s .  

He c i t e s  a  ch an g e  in  d ip  o f  t h e  t h r u s t  s h e e t  a lo n g  i t s  t r a c e ,  and dow n- 

p lu n g e  p r o j e c t i o n s  a s  e v id e n c e  f o r  f o ld i n g  o f  t h e  t h r u s t  s h e e t .  

A d d i t io n a l  e v id e n c e  f o r  f o ld i n g  o f  t h e  t h r u s t  s h e e t  h a s  b e e n  fo und  in  

t h i s  s tu d y .  The n o r t h e a s t - s t r i k i n g  c le a v a g e  ( F ig u r e  23) w h ich  c u t s  th e  

p r e v i o u s ly  m en tio n ed  n o r t h w e s t - s t r i k i n g  s e t ,  and  th e  o o l i t e  s t r a i n  

e l l i p s o i d s  w h ic h  a r e  f l a t t e n e d  p a r a l l e l  t o  t h e  s t r i k e  d i r e c t i o n ,  may 

i n d i c a t e  t h a t  l o c a l i z e d  s t r i k e - p a r a l l e l  s h o r t e n in g  o c c u r r e d .  F o ld in g  

o f  th e  B ackbone t h r u s t  s h e e t  i s  p ro p o se d  a s  t h e  m echanism  f o r  t h i s  

d e fo r m a t io n .

M echan ics o f  Em placem ent

Many m e c h a n ic a l m odels hav e  b e e n  d e v e lo p e d  t o  e x p la in  t h e  

em placem ent o f  t h r u s t  s h e e t s ,  b a s e d  on th e  a s su m p tio n  t h a t  f r i c t i o n a l  

s l i d i n g  was t h e  p ro c e s s  t h a t  o c c u r r e d  a lo n g  th e  b a s e  o f  a  t h r u s t  s h e e t  

( e . g .  H u b b e rt and Rubey, 1959; - G r e te n e r ,  1 9 8 1 ) . Deform ed z o n e s  

d e v e lo p e d  a lo n g  th e  b a s e  o f  t h r u s t s  . a r e  g iv e n  a s  e v id e n c e  f o r  

f r i c t i o n a l  s l i d i n g  (W o jta l and M i t r a ,  1 9 8 6 ) . A c l o s e r  lo o k  a t  t h e  

d e f o r m a t io n a l  f e a t u r e s  i n  f a u l t  z o n e s  i n  th e  B ackbone t h r u s t  s h e e t  

i n d i c a t e s  t h a t  a l th o u g h  f r i c t i o n a l  p r o c e s s e s  a r e  im p o r ta n t ,  th e y  may b e  

accom pan ied  b y  o th e r s  w h ich  a r e  a l s o  s i g n i f i c a n t .

E v id e n c e  f o r  th e  re d u c e d  r o l e  o f  f r i c t i o n a l  s l i d i n g  in c lu d e s  

a b u n d a n t s u tu r e d  s t y l o l i t e s ,  . a  f i n e - g r a in e d  r e s id u e  b e tw e en  

m i c r o f a u l t s ,  r e c r y s t a l l i z a t i o n  and a  p a u c i ty  o f  c a t a c l a s t i c  f e a t u r e s .  

The ab u ndance  o f  s u tu r e d  s t y l o l i t e s  and r e s i d u e  b e tw e en  m ic r o f a u l t s  

i n d i c a t e  t h a t  p r e s s u r e  s o l u t i o n  was an  im p o r ta n t  d e fo rm a t io n  p r o c e s s  i n
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f a u l t  z o n e s  and p ro v id e d  f o r  d u c t i l e  s l i p  a lo n g  l a y e r s .  S equences o f  

h ig h ly  . r e c r y s t a l l i z e d  ro c k  in  f a u l t  z o n e s  p r o v id e  f u r t h e r  e v id e n c e  f o r  

t h e  im p o r ta n c e  o f  f l u i d  a c t i v i t y  i n  m oving t h r u s t  s h e e t s . Gouge and 

b r e c c i a  w ere  r a r e l y  s e e n  i n  t h e  a r e a  o f  s tu d y ,  s u g g e s t in g  t h a t  

c a t a c l a s t i c  s h e a r  zo n e  p r o c e s s e s  w e re  r e l a t i v e l y  u n im p o r ta n t  in  t h e  

d e v e lo p m en t o f  t h e  B ackbone t h r u s t  s h e e t .

The . d e fo rm a t io n  f e a t u r e s  o b s e rv e d  in  f a u l t  z o n e s  i n d i c a t e  t h a t  

p r e s s u r e  s o l u t i o n  and r e c r y s t a l l i z a t i o n  a r e  im p o r ta n t  p r o c e s s e s  d u r in g  

f a u l t i n g .  T h u s , i t  a p p e a r s  t h a t  a  m odel w h ich  em ploys o n ly  f r i c t i o n a l  

s l i d i n g  a s su m p tio n s  f o r  em placem ent o f  f o r e la n d  t h r u s t  s h e e t s  may n o t  

b e  v a l i d .  From a  s e d im e n to lo g ic  s t a n d p o i n t ,  e v id e n c e  i n d i c a t i n g  t h a t  

p r e s s u r e  s o l u t i o n  f e a t u r e s  a r e  common i n  f a u l t  z o n e s  i n  t h e  c a rb o n a te  

ro c k s  o f  th e  s tu d y  a r e a ,  may n o t  b e  s u p r i s i n g .  L im e s to n e s  t h a t  hav e  

b e e n  s u b je c te d  t o  o v e rb u rd e n  o r  t e c t o n i c  s t r e s s e s  commonly defo rm  by  

p r e s s u r e  s o l u t i o n  p r o c e s s e s  (W an less , 1 9 7 9 ) .
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CONCLUSIONS

1 . S t r u c t u r a l  e le m e n ts  w h ich  c o n t r i b u t e  t o  i n t e r n a l  d e fo rm a tio n  i n  th e  

B ackbone t h r u s t  s h e e t  i n c lu d e :  m a c ro sc o p ic  f o ld s  and f a u l t s  a n d ; 

m eso sc o p ic  f a u l t s ,  f o l d s ,  c le a v a g e ,  b o u d in s ,  p e n c i l  s t r u c t u r e s  and 

t e c t o n i c  v e i n s .

2 . M a cro sco p ic  t h r u s t  f a u l t s  c r e a t e  an  im b r ic a te  zone  a t  th e  l e a d in g  

edge o f  th e  t h r u s t  s h e e t . M a cro sc o p ic  f o ld s  p re d o m in a te  in  th e  

i n t r a p l a t e  r e g io n .

3 . M eso sco p ic  s t r u c t u r a l  e le m e n ts  h av e  a v e r t i c a l  d i s t r i b u t i o n  w h ich  

i s  d e p e n d e n t on d i s t a n c e  fro m  t h r u s t  f a u l t s  and  l i t h o l o g y  o f  th e  

f o o tw a l l  r o c k s . T h ree  dom ains o f  d e fo rm a t io n  a r e  d e f in e d ;  Domain I  

o c c u rs  w i th in  10 m o f  t h e  B ackbone t h r u s t  s h e e t  and i s  f a u l t  d o m in a te d . 

Domain I I  o c c u rs  in  th e  s t r a t a  o v e r ly in g  Domain I  and i s  c le a v a g e  

d o m in a te d . Domain I I I  i s  t h e  re m a in in g  undefo rm ed  s t r a t a .

A. Domain I  m eso sc o p ic  f a u l t  a r r a y s  o c c u r  in  d u p le x  g e o m e tr ie s .  

M ic ro s c o p ic  o b s e r v a t io n s  i n d i c a t e  m i c r o f a u l t i n g ,  e x te n s io n  f r a c t u r i n g ,  

p r e s s u r e  s o l u t i o n  and r e c r y s t a l l i z a t i o n  a r e  th e  m ost s i g n i f i c a n t  

m echanism s o f  d e fo rm a t io n  i n  Domain I .

5 . Domain I I  sp a c e d  c le a v a g e  g e n e r a l l y  o c c u rs  a t  h ig h  a n g le s  t o  

b e d d in g  and i t s  m echanism  o f  d e fo rm a t io n  i s  p r e s s u r e  s o l u t i o n .

6 . M a cro sc o p ic  f o ld i n g  and f a u l t i n g  c o n t r i b u t e  t h e  m ost s i g n i f i c a n t  

am ount o f  i n t e r n a l  d e fo r m a t io n  and s h o r te n in g  t o  th e  t h r u s t  s h e e t . 

F o ld s  accom odate  25% s h o r t e n in g  i n  t h e  i n t r a p l a t e  r e g io n  w h i le  f a u l t  

im b r ic a te s  a c c o u n t f o r  a p p ro x im a te ly  30% s h o r t e n in g .  The com bined
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m a g n itu d e  o f  s h o r t e n in g  a t  th e  m a c r o s c o p ic - s c a le  i s  55%. O o l i te  s t r a i n  

a n a l y s i s  and sp a c e d  c le a v a g e  s u g g e s t  a p p ro x im a te ly  15% l a y e r - p a r a l l e l  

s h o r te n in g  b y  p r e s s u r e  s o l u t i o n  p r i o r  t o  m a c ro sc o p ic  f o ld i n g .  

T h e r e f o r e ,  t o t a l  s h o r te n in g  by  i n t e r n a l  d e fo rm a tio n  i s  a p p ro x im a te ly  

70%.

7 .  The se q u e n c e  o f  d e fo rm a tio n  f o r  th e  Backbone t h r u s t  s h e e t  in c lu d e s :  

a )  e a r l y  l a y e r - p a r a l l e l  s h o r te n in g  by  p r e s s u r e  s o l u t i o n  w ith  

d e v e lo p m en t o f  sp a c e d  c le a v a g e  and  m ic ro s c o p ic  o o l i t e  d e fo rm a t io n , b )  

m a c ro sc o p ic  f o ld i n g  and  t h r u s t i n g  w h ich  p a s s i v e ly  r o t a t e s  c le a v a g e  i n to  

f a n n in g  g e o m e tr ie s  i n  f o ld s  and r e o r i e n t s  c le a v a g e  i n  t h r u s t  

i m b r i c a t e s ,  c )  c o n tin u e d  f a u l t i n g  w h ich  o b l i t e r a t e s  c le a v a g e  i n  Domain 

I  by  d e v e lo p m en t o f  m eso sc o p ic  f a u l t  a r r a y s .  M a cro sc o p ic  f o ld s  a r e  

c a r r i e d  p a s s i v e l y  o r  p ro p a g a te  above b l i n d  t h r u s t s . ? T h r u s t  f a u l t i n g  i s  

t h e  f i n a l  s t a g e  o f  d e fo r m a t io n , and d) f o ld in g  o f  t h e  t h r u s t  s h e e t  by  

im b r ic a t io n  o f  u n d e r ly in g  u n i t s ,  r e s u l t i n g  in  d e v e lo p m en t o f  th e  

B ackbone t h r u s t  s h e e t  a s  a  s t r u c t u r a l  c u lm in a t io n .

8 . Em placem ent o f  t h r u s t  s h e e t s  in v o lv e s  a v a r i e t y  o f  p r o c e s s e s .  The 

a s su m p tio n  o f  t h r u s t  s h e e t  em placem ent m odels o f  o n ly  f r i c t i o n a l  

p r o c e s s e s  o c c u r in g  a t  t h e  b a s e  o f  t h r u s t  s h e e t s  may b e  i n c o r r e c t  f o r  

em placem en t o f  th e  B ackbone t h r u s t  s h e e t .

9 . M ic ro s c o p ic  o b s e r v a t io n s  o f  s t r u c t u r a l  e le m e n ts  h a v e  im p l ic a t io n s

f o r  m ore d e t a i l e d  s tu d y .  F i r s t ,  f a u l t  zone  d e fo rm a t io n  a t  th e

m ic ro s c o p ic  s c a l e  was n o t  u t i l i z e d  in  a  q u a n t i t a t i v e  m anner; y e t  i t s  

i n t e n s i t y  i n d i c a t e s  t h i s  d e fo rm a tio n  i s  s i g n i f i c a n t .  Second,

m ic ro s c o p ic  s t r u c t u r e s  s u g g e s t  t h a t  i n t e r a c t i o n  o f  low  te m p e ra tu re  

f l u i d s  i s  p r o l i f i c  d u r in g  c le a v a g e  fo rm a tio n  and  f a u l t  zone
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d e f o r m a t io n .  F u tu r e  w ork i n  t h e s e  a r e a s  may p ro v id e  b e t t e r  v a lu e s  f o r  

t h e  m a g n itu d e  o f  f a u l t  zone  d e fo rm a t io n  and g r e a t e r  u n d e r s ta n d in g  o f  

t h e  g e o c h e m ic a l p r o c e s s e s  w h ic h  o c c u r  d u r in g  d e fo rm a t io n  b y  t h r u s t  

s h e e t  em p lacem en t.

1 0 . By s tu d y in g  t h e  v a r i a t i o n  and  m a g n itu d e  o f  i n t e r n a l  d e fo rm a tio n  i n  

t h r u s t  s h e e t s ,  u s e f u l  i n s i g h t  i n t o  t h e  d ev e lo p m en t o f  p e tro le u m  

r e s e r v o i r s  i n  i n t e r n a l l y  d e fo rm ed  t h r u s t  s h e e t s  may b e  p r o v id e d . I n  

a d d i t i o n ,  t h e s e  in f o r m a t io n  a r e  n e c e s s a r y  f o r  a c c u r a te  m easu rem en ts o f  

s h o r t e n in g ,  w h ich  a r e  t h e  k e y  t o  p a l i n s p a s t i c  r e s t o r a t i o n s  and

r e a s o n a b le  t h r u s t  s h e e t  m odels
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MEASURED STRATIGRAPHIC SECTIONS
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Column Thick-

(m) Lithology
STEAMBOAT LIMESTONE

mudstone- gray, thin to medium bedded;
basal oncoMtic layer, numerous In 
troformotionol conglomerate beds

PENTAGON SHALE

12

S h a l e -  light green and brown, calcareous, 
slightly micaceous, f issile,  non 
fossillferous; mudstone lentils are 
abundant, l- 3 cm thick, non- 
fossil iferous, may be oolitic or 
conglomeratic

S h a le -  same os below

18

Mudstone- dark gray, resistant, beds I~I5 cm 
thick with wavy surfaces, oolitic or 
introformational conglomerate,  
conglomerate clasts are flat tened 
parallel and at high at high angle to 
bedding; green shale interbeds 

Shale -  maroon to chocolate brown, calcareous 
slightly micaceous, fissile, non-  
fossiliferous

Covered -  f loat  consisted of maroon shale, 
possibly highly deformed

25

STEAMBOAT LIMESTONE (?)
\

5
mudstone-dark gray brown, weathers light gray, 

beds I- Scm  thick; light orange 
Interbeds

Covered

Figure 44. Partial measured section of the Pentagon Shale from 
Phillips Creek (Plate I).
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LithologyColumn
DEVILS GLEN DOLOMITE

SWITCHBACK SHALE 
Covered

S h a le -g re e n  and m aroon, flse ile , lentils 
of mudstone in upper 1.5 m

Mudstone and Shale

m udstone-dark gray, m o ttle d  

s h a le -d a rk  green with mudstone lentils 

S h a le - dark green, f is s ile

Mudstone—dark grey, beds 5" 20 cm thick, Irregularly shaped,orange layers of cloy and dolomite between beds gives interval a 
mottled appearance

Mudstone and Shale
m udstone- dork gray, res is tant, beds 

2 cm th ick

s h a le -d a rk  green, f is s ile , w ith  lentils 
o f mudstone

STEAMBOAT LIMESTONE

F ig u re  4 5 . M easured  p a r t i a l  s e c t i o n  o f  th e  S w itch b ack  S h a le  from  
s t a t i o n  " z "  ( F ig u re  1 0 ) .
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OOID TRACINGS AND FRY DIAGRAMS
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Q  0

n = 6 4

R = 1 .7 5
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Figure 46. a. Tracing of ooids from sample SRI, AC axes. Magnified
7.Ax. b. Manually generated Fry diagram of above sample with best fit
ellipse or circle sketched in. R=ellipticity, G=Iong axes orientation.
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R = 1.41
6 = - 2°

Figure 47. a. Tracing of ooids from sample SRl, BC axes. Magnified
IOx. b . Manually generated Fry diagram of above sample with best fit
ellipse or circle sketched in. R=ellipticity, O=Iong axis orientation.
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£ f °  °QO Q q

R =113

Figure 48. a. Tracing of ooids from sample SR2, BC axes. Magnified
I Ox. b. Manually generated Fry diagram of above sample with best fit
ellipse or circle sketched in. R=ellipticity, G=Iong axis orientation.
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n=80

Cl) QG _Q(

R=1.13
6=90'

Figure 49. a. Tracing of ooids from sample SR3, AC axes. Magnified
IOx. b . Manually generated Fry diagram of above sample with best fit
ellipse or circle sketched in. R=ellipticity, G=Iong axis orientation.
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B - — L

R = 1.0

r V t 1

Figure 50. a. Tracing of ooids from sample SR3, BC axes. Magnified
IOx. b. Manually generated Fry diagram of above sample with best fit
ellipse or circle sketched in. R=ellipticity, O=Iong axis orientation.
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R = 1 0

* r \ ' :

Figure 51. a. Tracing of ooids from sample SR4, AC axes. Magnified
IOx. b. Manually generated Fry diagram of above sample with best fit
ellipse or circle sketched in. R=ellipticity, Q=Iong axis orientation.
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R= 1 0

• /  f '

Figure 52. a. Tracing of ooids from sample SR4, BC axes. Magnified
IOx. b. Manually generated Fry diagram of above sample with best fit
ellipse or circle sketched in. R=ellipticity, G=Iong axis orientation.
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O  G T

Figure 53. a. Tracing of ooids from sample SR5, BC axes. Magnified
IOx. b . Manually generated Fry diagram of above sample with best fit
ellipse or circle sketched in. R=ellipticity, G=Iong axis orientation.
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Figure 54. a. Tracing of ooids from sample SR6, AC axes. Magnified
IOx. b . Manually generated Fry diagram of above sample with best fit
ellipse or circle sketched in. R=ellipticity, G=Iong axis orientation.
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Figure 55. a. Tracing of ooids from sample SR6, BC axes. Magnified
IOx. b . Manually generated Fry diagram of above sample with best fit
ellipse orf circle sketched in. R=ellipticity, S=Iong axis orientation.
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o  Q

Figure 56. a. Tracing of ooids from sample SR7, AC axes. Magnified
IOx. b. Manually generated Fry diagram of above sample with best fit
ellipse or circle sketched in. R=ellipticity, G=Iong axis orientation.
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- 6 #  0

Figure 57. a. Tracing of ooids from sample SR7, BC axes. Magnified
IOx. b. Manually generated Fry diagram of above sample with best fit
ellipse or circle sketched in. R=ellipticity, O=Iong axis orientation.
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J t1 Q

rCkQ

Figure 58. a. Tracing of ooids from sample SR8. AC axes. Magnified
IOx. b. Manually generated Fry diagram of above sample with best fit
ellipse or circle sketched in. R=ellipticity, B=Iong axis orientation.
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cr- 0 6

Figure 59. a. Tracing of ooids from sample SR8, BC axes. Magnified
IOx. b. Manually generated Fry diagram of above sample with best fit
ellipse or circle sketched in. R=ellipticity, O=Iong axis orientation.
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O  o

Figure 60. a. Tracing of ooids from sample SR9, AC axes. Magnified
IOx. b. Manually generated Fry diagram of above sample with best fit
ellipse or circle sketched in. R=ellipticity, O=Iong axis orientation.
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O AC

Figure 61. a. Tracing of ooids from sample SR9. BC axes. Magnified
IOx. b . Manually generated Fry diagram of above sample with best fit
ellipse or circle sketched in. R=ellipticity, O=Iong axis orientation.
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n=123

J O  O  O

R= 1.16 
8 = 8 9 '

Figure 62. a. Tracing of ooids from sample SRlO, AC axes. Magnified
IOx. b. Manually generated Fry diagram of above sample with best fit
ellipse or circle sketched in. R=ellipticity, O=Iong axis orientation.



129

Figure 63. a. Tracing of ooids from sample SR10, BC axes. Magnified
IOx. b. Manually generated Fry diagram of above sample with best fit
ellipse or circle sketched in. R=ellipticity, G=Iong axis orientation.
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SRII

O  o o

n = 6 2

R = 1.41
6 =  6 2

Figure 64. a. Tracing of ooids from sample SRll, AC axes. Magnified
7.4x. b. Manually generated Fry diagram of above sample with best fit
ellipse or circle sketched in. R=ellipticity, O=Iong axis orientation.
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SR12

R= 1,15 
6  = -5 7 °

Figure 65. a. Tracing of ooids from sample SRl2, AC axes. Magnified
IOx. b. Manually generated Fry diagram of above sample with best fit
ellipse or circle sketched in. R=ellipticity, O=Iong axis orientation.
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SR13

D  m e

O O n=93

Figure 66. a. Tracing of ooids from sample SR13, AC axes. Magnified
IOx. b. Manually generated Fry diagram of above sample with best fit
ellipse or circle sketched in. R=ellipticity, Q=Iong axis orientation.
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SR13

Figure 67. a. Tracing of ooids from sample SR13, BC axes. Magnified
IOx. b. Manually generated Fry diagram of above sample with best fit
ellipse or circle sketched in. R=ellipticity, O=Iong axis orientation.
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SR14

O Oc

R=1.15
0 = 5 5 '

Figure 68. a. Tracing of ooids from sample SRl4, AC axes. Magnified
I Ox. b. Manually generated Fry diagram of above sample with best fit
ellipse or circle sketched in. R=ellipticity, G=Iong axis orientation.
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SR14

o o

Figure 69. a. Tracing of ooids from sample SR14, BC axes. Magnified
IOx. b. Manually generated Fry diagram of above sample with best fit
ellipse or circle sketched in. R=ellipticity, G=Iong axis orientation.
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G ( 3

0 O  OG

Figure 70. a. Tracing of ooids from sample SR15, AC axes. Magnified
IOx. b. Manually generated Fry diagram of above sample with best fit
ellipse or circle sketched in. R^ellipticity. G=Iong axis orientation.
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SR15

Q

Figure 71. a. Tracing of ooide from sample SR15, BC axes. Magnified
IOx. b. Manually generated Fry diagram of above sample with best fit
ellipse or circle sketched in. R=ellipticity, G=Iong axis orientation.
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SR16

Figure 72. a. Tracing of ooids from sample SRl6, AC axes. Magnified
IOx. b. Manually generated Fry diagram of above sample with best fit
ellipse or circle sketched in. R=ellipticity, B=Iong axis orientation.
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SR17

n = 79

R=IO

Figure 73. a. Tracing of ooids from sample SRl7, AC axes. Magnified
IOx. b. Manually generated Fry diagram of above sample with best fit
ellipse or circle sketched in. R=ellipticity, G=Iong axis orientation.
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SR17

R=1.5

Figure 74. a. Tracing of ooids from sample SR17, BC axes. Magnified
IOx. b. Manually generated Fry diagram of above sample with best fit
ellipse or circle sketched in. R=ellipticity, G=Iong axis orientation.
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(D Q

R= 1.38
0 =  2 5

Figure 75. a. Tracing of ooids from sample SRl8, AC axes. Magnified
IOx. b. Manually generated Fry diagram of above sample with best fit
ellipse or circle sketched in. R=ellipticity, G=Iong axis orientation.



142

SR18

Q  C W ?

Figure 76. a. Tracing of ooids from sample SRl8. BC axes. Magnified
IOx. Manually generated Fry diagram of above sample with best fit
ellipse or circle sketched in. R=ellipticity, G=Iong axis orientation.
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SR 19

Figure 77. a. Tracing of ooids from sample SRl9, AC axes. Magnified
IOx. b . Manually generated Fry diagram of above sample with best fit
ellipse or circle sketched in. R=ellipticity, B=Iong axis orientation.
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Figure 78. a. Tracing of ooids from sample SRl9, BC axes. Magnified
7.4x. Manually generated Fry diagram of above sample with best fit
ellipse or circle sketched in. R=ellipticity, B=Iong axis orientation.



GEOLOGIC MAP OF THE 
SWIFT RESERVOIR AREA, 
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MAP UNITS
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