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ABSTRACT

Goodge, John W illiam , M .S ., S p rin g , 1983 Geology

F o ld  R e o r ie n ta t io n  and Q uartz  M ic ro fa b ric  in  th e  Okanogan Dome M yIon ite  
Zone, W ashington: K inem atic  and T e c to n ic  Im p lic a t io n s

D ir e c to r :  Donald W. Hyndman

I f y lo n i t iz a t io n  o f c r y s t a l l i n e  ro ck s  in  th e  Okanogan dome, 
n o r th - c e n t r a l  W ashington, r e o r ie n te d  t i g h t  f o ld s  in  h ig h -g ra d e  
m etased im en tary  g n e is s  and form ed ty p e  I  c r o s s e d - g i r d le  c - a z i s  f a b r i c  
p a t t e r n s  ( L i s t e r  and W ill l ia m s , 1979) in  g r a n o d io r i t e .  Rocks s tu d ie d  
in c lu d e :  (1 ) th in ly  la y e re d  h o r n b le n d e - b io t i te - p la g io c la s e  p a r a g n e is s ;
(2 ) homogeneous g r a n o d io r i te  o r th o g n e is s ;  (3 )  m y Io n ite  d e r iv e d  from  th e  
g n e is s e s .

S i l l im a n ite - z o n e  r e g io n a l  metamorphism and d e fo rm a tio n  o f sed im en ts  
form ed a  s c h i s t o s i t y  p a r a l l e l  to  c o m p o s itio n a l la y e r in g  and a 
s i l l i m a n i t e - b i o t i t e  m in e ra l l i n e a t i o n .  Syn- to  post-m etam orph ic  
d e fo rm a tio n  form ed t i g h t  (20-30^) s im i l a r - s t y l e  fo ld s  w ith  f o ld  axes a t  
a  h ig h  a n g le  to  m in e ra l l i n e a t i o n .  F o ld  axes p lunge g e n tly  e a s t  and 
a x ia l  p la n e s  d ip  s te e p ly  s o u th .  S e v e ra l g r a n o d io r i te  to  t o n a l i t é  
p lu to n s  in tru d e d  th e  h ig h -g ra d e  p a ra g n e is s e s  a f t e r  f o ld in g ,  in d ic a te d  by 
n o n -fo ld e d , p la n a r  l a t e - s t a g e  p e g m a tite  and a p l i t e  d ik e s .

M y lo n it iz a t io n  o f  p a ra g n e is s  form ed a f o l i a t i o n  w hich d ip s  m o d era te ly  
so u th w est and c o n ta in s  a s u b h o r iz o n ta l  q u a r t z - b io t i t e - p la g io c la s e  
m in e ra l e lo n g a tio n  l i n e a t io n  th a t  p lunges b o th  S 50-65* E and N 50-65* 
W. S te e p ly  s o u th e a s t-d ip p in g  e x te n s io n a l  c r e n u la t io n  c le av ag e  in  
la y e re d  p a ra g n e is s  a p p a re n tly  form ed d u rin g  m y lo n i t iz a t io n  a s  a  
n o n -c o a x ia l s t r a i n  f e a t u r e ,  and in d ic a te s  b u lk  d e x t r a l  sh e a r  view ed 
n o r th e a s t .  T ra n s p o s it io n  o f  th e  r e g io n a l  m etam orphic f a b r i c  and 
p ro g re s s iv e  r e o r i e n t a t i o n  o f post-m etam orph ic  fo ld s  in  th e  m y Io n ite  zone 
d u rin g  p ro g re s s iv e  s im ple  s h e a r ,  form ed u n ifo rm ly  c o p la n a r  and c o l in e a r  
s t r u c t u r e s .  Combined f l a t t e n i n g  and r o t a t i o n  o f  f o ld  e lem en ts  w ith  
r e s p e c t  to  my I o n i t i c  sh e a r  f o l i a t i o n  in d ic a te s  m y lo n i t iz a t io n  o c c u rre d  
d u rin g  eastw ard  d isp lacem e n t o f upper p la t e  ro ck s  o v er ro c k s  w ith in  
Okanogan dome.

M y lo n it iz a tio n  o f  g r a n o d io r i te  formed a d u c t i l e  sh e a r  f a b r i c  
c o n s is t in g  o f  a  su b p la n a r  f o l i a t i o n  and u n id i r e c t io n a l  
q u a r t z - b io t i t e - p la g io c la s e  e x te n s io n  l i n e a t i o n .  Q uartz  c - a x is  p r e f e r r e d  
o r ie n ta t io n s  from  m y lo n it ic  o r th o g n e is s  show d i f f u s e  p a t t e r n s  tow ard th e  
i n t e r i o r  o f  Okanogan dome, and more w e ll-d e v e lo p e d  p a t t e r n s  tow ard th e  
dome m arg in , in d ic a t in g  g r e a te r  d eg rees  o f  d u c t i l e  s t r a i n  a t  h ig h e r  
s t r u c t u r a l  l e v e ls  w ith in  th e  my I o n i t e  zon e . Type I  c r o s s e d - g i r d le  
c - a x is  f a b r ic  p a t t e r n s  from  th e  g r a n o d io r i te  m y Io n ite s  in d ic a te  
m y lo n i t iz a t io n  in v o lv ed  n o n -c o a x ia l p ro g re s s iv e  s im ple  sh ea r s t r a i n ,  and 
th e  f a b r i c  asymmetry in d ic a te s  a d e x t r a l  o r  c lo ck w ise  sense  o f  s h e a r  in  
th e  m y Io n ite s  view ed n o r th e a s tw a rd .

A r e g io n a l  to p - to - th e - e a s t  sen se  o f sh e a r  in  th e  Okanogan dome 
m y Io n ite  zone i s  in d ic a te d  b o th  by m esoscopic p r e - e x i s t in g  f o ld  
r e o r i e n t a t i o n  and q u a r tz  c - a x is  m ic ro f a b r ic s .  M y lo n it iz a tio n  o c c u rre d  
d u rin g  d u c t i l e  c r u s t a l  sh e a r  in  a d e e p -se a te d  in t r a c o n t in e n ta l  t h r u s t  o r  
d eco llem en t zone, which d is p la c e d  u p p e r -p la te  a llo c h th o n o u s  ro c k s  to  th e  
e a s t  r e l a t i v e  to  au toch thonous ro ck s  exposed in  th e  Okanogan dome.
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INTRODUCTION

Okanogan dome in  n o r th - c e n t r a l  W ashington i s  a h ig h -g ra d e  

c r y s t a l l i n e  t e r r a i n  which c o n ta in s  ro ck s  and s t r u c tu r e s  r e p r e s e n ta t iv e  

o f  a  long  p e r io d  o f  g e o lo g ic  and te c to n ic  a c t i v i t y .  E a rly  e p iso d e s  

d u rin g  fo rm a tio n  o f th e  Okanogan dosie r e f l e c t  m idd le  c r u s t a l  o ro g e n e s is  

and d i f f e r  from  l a t e r  sh a llo w  c r u s t a l  s t r u c t u r a l  e v e n ts ,  j u s t  as  in  th e  

te c to n ic  e v o lu t io n  o f  e q u iv a le n t  ro ck s  in  th e  Shuswap m etam orphic 

complex o f  B r i t i s h  Columbia p roposed  by Brown and Read (1 9 8 3 ). The 

p r in c ip a l  t e c to n ic  f e a tu r e  r e l a t i n g  Okanogan dome ro ck s  to  o ro g e n ic  

d e fo rm atio n  i s  a  th ic k  d u c t i l e  sh e a r  zone, p erh ap s  a s s o c ia te d  w ith  a  

system  o f  d e e p -se a te d  s u b h o r iz o n ta l  c o n t in e n ta l  t h r u s t  f a u l t s .  L a te r  

sh a llo w  c r u s t a l  d e fo rm a tio n  was b r i t t l e  and r e s u l t e d  in  th e  r i s e ,  

a rc h in g  and ex p o su re  o f  ro ck s  com pris ing  th e  Okanogan dome. In  t h i s  

paper I  d is c u s s  th e  e a r ly  d e fo rm a tio n  and s t r a i n  h i s to r y  o f ro c k s  in  th e  

dome b e fo re  r e g io n a l  u p l i f t  and exposure  as  a c r y s t a l l i n e  s t r u c t u r a l  

c u lm in a tio n . P r in c ip a l  e p iso d e s  o f d e fo rm a tio n  in  th e  e a r ly  h i s to r y  o f 

Okanogan dome in v o lv e , in  o rd e r  from  o ld e s t  to  youngest : s y n - te c to n ic

h ig h -g ra d e  r e g io n a l  m etam orphism , f o ld in g ,  and d u c t i l e  c r u s t a l  sh e a r  o r 

m y lo n i t iz a t io n ,  o f  m etased im en ta ry  and p lu to n ic  ro ck s  a s s o c ia te d  w ith  a 

c o n tin e n ta 1 -a rc  t e c to n ic  en v iro n m en t. S t r u c tu r a l  a n a ly s is  o f m esoscopic  

f o ld s  in  m e tased im en ta ry  g n e is s e s ,  and q u a r tz  c - a x is  p r e f e r r e d  

o r ie n ta t i o n s  in  Okanogan dome o r th o g n e is s e s  in d ic a te  th a t  r e g io n a l  

c r u s t a l  sh e a r  w ith in  a b ro ad  d u c t i l e  m y lo n ite  zone t r a n s p o r te d  

h ig h -g ra d e  c r y s t a l l i n e  ro ck s  so u th ea stw ard  o v e r e q u iv a le n t-g ra d e  ro ck s  

p re s e n t ly  exposed in  Okanogan dome. Simp1e -s h e a r  s t r a i n s  in  th e

1
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m y lo n ite  zone w ere s tro n g  enough to  r e o r i e n t  p r e - e x i s t in g  f o l d s , and th e  

d e fo rm a tio n  s ty l e  in d ic a te s  an env ironm ent g r e a t ly  d i f f e r e n t  from  th a t  

w hich form ed a b r i t t l e  zone o f  b r e c c ia t io n  a t  th e  m arg in  o f th e  Okanogan 

dome d u rin g  a  l a t e  p e r io d  o f  d e fo rm a tio n .

Okanogan dome i s  one o f a  number o f  c r y s t a l l i n e  t e r r a i n s  in  th e  

n o rth w e st U n ited  S ta te s  and sou thw est Canada, in c lu d in g  th e  K e t t l e ,  

B i t t e r r o o t ,  and Spokane ( P r i e s t  R iv e r)  domes in  th e  U. S . ,  and th e  

V a lh a l la ,  Thor-O din and Frenchman Cap domes o f  th e  Shuswap m etam orphic 

complex in  B r i t i s h  Colum bia. These domes a re  p a r t  o f  a  d isc o n tin u o u s  

s t r i n g  o f  C o rd i l le ra n  m etam orphic c o re  com plexes e x ten d in g  from  

so u th e a s t B r i t i s h  Columbia to  n o r th e rn  Mexico (C r it te n d e n  and o th e r s ,  

1980; A rm strong , 1 9 8 2 )(F ig .  1 ) .  Use o f th e  te rm s g n e is s  dome (Fox and 

o th e r s ,  1977) and m etam orphic co re  complex (Coney, 1980; Cheney, 1980) 

to  d e s c r ib e  th e  Okanogan dome a re  c o m p a tib le ; how ever, the. l a t t e r  i s  

more in c lu s iv e  o f  th e  c h a r a c t e r i s t i c s  sh a red  by many c r y s t a l l i n e  

t e r r a i n s  o f th e  C o r d i l l e r a .  Use o f th e  term  "dome" in  t h i s  pap er r e f e r s  

to  b o th  geom orphic and s t r u c t u r a l  f e a t u r e s .  G eom orphically  th e  Okanogan 

range e x h ib i ts  a  low domal p r o f i l e  betw een th e  Okanogan and S an p o il 

R iv e rs ,  p a r t i c u la r l y  as  view ed to  th e  e a s t  from  th e  Okanogan R iv er 

V a lle y . G ently  w e s t-d ip p in g  f la n k s  r e s u l t  from  p r e f e r e n t i a l  e ro s io n  

a long  f o l i a t i o n  p la n e s  in  a  b ro ad  domal m y lo n ite  zone. F orm ation  o f th e  

dome r e f e r s  to  s t r u c t u r a l  and p lu to n ic  e v e n ts  which r a i s e d  h ig h -g ra d e , 

deform ed c r y s t a l l i n e  ro ck s  from  dep th  to  t h e i r  p re s e n t  p o s i t io n  and 

which p reced ed  e ro s io n a l  exposure  o f  th e  domal c r y s t a l l i n e  t e r r a i n .  

D isc u ss io n  in  t h i s  p ap er i s  l im i te d  to  th e  sou thw est p o r t io n  o f  th e  

Okanogan dome and stem s from  g e o lo g ic  mapping and s t r u c t u r a l  a n a ly s is  o f  

ro c k s  in  th e  Omak Lake, W ashington 1 5 ' q u ad ran g le  (F ig .  3 ) .
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FIG. 1 . L o c a tio n  map o f th e  N orth A m erican C o r d i l l e r a  ( a f t e r  Coney, 
1980). M etamorphic c o re  com plexes shown in  b la c k .
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FIG. . 2 .  L o c a tio n  map o f  n o r th e a s te r n  W ashington ( a f t e r  Cheney, 19 8 0 ), 
showing lo c a t io n  o f  th e  Okanogan, K e t t l e ,  and Spokane domes. B a l l  and 
s t i c k  symbols show downthrown s id e  a lo n g  h ig h -a n g le  f a u l t s  o f  th e  
R ep u b lic  G raben. Study a re a  o u t l in e d  by r e c ta n g le ,  and i s  a re a  o f map 
in  F ig u re  3 .
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48 * 30 '

119* 30 '

48*lÿ

119* 15'

>5 km
OMAK LA K E QUADRANGLE, W A S H IN G T O N

FIG. 3 .  G eolog ic  map and c ro s s  s e c t io n  o f s tu d y  a re a  in  Okanogan dome, 
Omak Lake 1 5 ' q u a d ra n g le , W ashington; geo logy  by J .  W. Goodge and V. 
L . Hansen in  1982. Course o f  th e  Okanogan R iv er shown in  n o rth w e s t 
c o rn e r  o f  map a re a  by long doub le  l i n e .  C o n v en tio n a l s t r u c tu r e  symbols 
u se d , as  e x p la in e d  in  leg en d .
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Sroaltic recks: omUoformed: ages unknom.
Ltned: upper piste rocks, including «gel* 
gmottltr btotlte grtnodlorlte and K-feldsper- 
megacryst blotlte granodiorite. Crosses: 
loner plate rocks, leucoeretlc porphyrltic 
grenlte. Intrudes loner plate or tiwgnelsses.

Orthogneisses of Okanogan dome loner plate. 
Includes K>f*ldspar-negacryst Motlte grano
diorite. oqelgranutar blotlte granodiorite. 
and hemblende-biotlte tonalité, all containing 
mmmrous pegmatite and aplite dikes. All major 
phases contain a qrlomltlc fabric consisting 
of foliation and minéral lineation. increasing 
In IntenslQi tonerd tho dome nargln. Intrudes 
paragneisses of the toner plate.

layered paragneisses. undivided assemblage in 
upper plate (lines and dots) and louer plate 
(lines). Upper plate rocks Include hornblende- 
blotlte gneiss, awgan gneiss, sllllmanlte- 
■iscovite-blo tite schist, amphlbollte. guartzlte. 
marble, pyroxene calc-slllcate gneiss and 
met amerphlc dunlte. loner plate rocks (Tonasket 
gneiss) include homblende-blotlte gneiss, augen 
gneiss, siIIImanlte-gamet-muscovlte-biotlte 
schist, blotlte guartzlte. amphlbollte. and 
pyroxene calc-slllcate gneiss. Both saouances 
am cosfosltlonally layered, contain a uell- 
fomed schistosity and minorai Hnoatlon, and 
am folded locally Into tight similar-style 
folds. Loner plate rocks contain a superimposed 
eyionltic fabric near the margin of Okanogan dome.

NAP SYWOLS
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X -
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low angle fault; Inferred between- 
arses of chloritle breccia

llsrtt of mylonitic dofonmtloo: 
gradational ; mylonltlzed rock 
on hatchured side

trace and plunge of anti form 

trace and plunge of synfoma

strike and dip of mylonitic 
foliation

trend and plunge of mylonitic 
lineation
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A u th o rs  o f p re v io u s  s tu d ie s  p ro v id e  s e v e ra l  i n t e r p r e t a t i o n s  o f  

s t r u c tu r e s  in  th e  Okanogan dome, and fo rm u la te  q u i te  d i f f e r e n t  m odels o f 

th e  o r ig i n  o f  t h i s  c r y s t a l l i n e  com plex. I n i t i a l  in v e s t ig a t io n s  by 

P ardee  (1918) and W aters and K rauskopf (1941) le d  th e s e  w o rk ers  to  

i n t e r p r e t  th e  c r y s t a l l i n e - c o r e d  dome as  an e x te n s iv e  p lu to n ic  sequence 

which developed  m y lo n it ic  and c a t a c l a s t i c  t e x tu r e s  a lo n g  i t s  b o rd e r  

d u rin g  em placem ent. Fox and o th e r s  (1976 , 1977) concur w ith  th e  th e rm a l 

mechanism in v o lv ed  in  t h i s  h y p o th e s is ;  how ever, th ey  p ropose  t h a t  

h ig h -g ra d e  metamorphism and p lu to n ism  r e l a t e d  to  " m o b il iz a t io n  and 

d i a p i r i c  in t r u s io n "  o f  c r y s t a l l i n e  ro ck s  in to  lo w er-g rad e  m etam orphic 

ro ck s  was accom panied by b r i t t l e  d e fo rm a tio n  a lo n g  th e  p e r im e te r  o f  th e  

th e rm a lly  u p l i f t e d  g n e is s  dome. Snook (1965) d is a g re e s  w ith  th e s e  

i n t e r p r e t a t i o n s .  Based on a  s tu d y  o f  g n e i s s ic  ro ck s  a lo n g  th e  w e s te rn  

s id e  o f  th e  Okanogan dome, he su g g e s ts  th a t  metamorphism o f  ro ck s  in  th e  

dome s ig n i f i c a n t l y  p re -d a te d  m y lo n i t iz a t io n  a lo n g  th e  dome b o rd e r ,  and 

th a t  dome fo rm a tio n  i s  a  consequence o f r e g io n a l  g e n t le  f o ld in g  and 

h ig h -a n g le  b lo ck  f a u l t i n g .  Cheney (1980) p ro p o ses  a fo u r th  h y p o th e s is  

which a tte m p ts  to  u n ify  fo rm a tio n  o f th e  K e t t le  and Okanogan domes; he 

con tends th a t  e a r ly  Cenozoic th r u s t in g  and c a t a c l a s i s  s e p a ra te d  

m etam orphic and p lu to n ic  basem ent ro ck s  from  u p p e r -p la te  P recam brian  and 

T e r t i a r y  la y e re d  ro c k s ,  fo llo w e d  by s t r u c t u r a l  doming d u rin g  p o st-E o cen e  

g e n t le  f o ld in g .

T h is  p ap er summarizes s t r u c t u r a l  r e l a t io n s h ip s  o f deform ed ro ck s  in  

th e  sou thw est p o r t io n  o f  th e  Okanogan dome, o u t l in e s  an e a r ly  

d e fo rm a tio n  h i s to r y  p r io r  to  s t r u c t u r a l  dom ing, p re s e n ts  ev id en ce  f o r  

r e g io n a l  to p - to - th e - e a s t  d u c t i l e  c r u s t a l  sh e a r  from  s t r u c t u r a l  a n a ly s is  

o f  f o ld s  and q u a r tz  c - a x is  p r e f e r r e d  o r i e n t a t i o n s ,  and su g g e s ts
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k in e m a tic  and te c to n ic  i n t e r p r e t a t i o n s  f o r  e a r ly  d e fo rm a tio n  o f ro c k s  in  

th e  Okanogan dome. R e s u lts  o f  t h i s  s tu d y  expand on more g e n e ra l  

g e o lo g ic  and s t r u c t u r a l  r e l a t io n s h ip s  in  th e  so u th w est p o r t io n  o f th e  

Okanogan dome p re v io u s ly  d is c u s s e d  by Goodge (1983) and Goodge and 

Hansen ( in  p r e s s ) .

GEOLOGIC SETTING

M etamorphic co re  com plexes, o r  g n e is s  domes, o f  th e  n o r th e rn  

C o r d i l le r a  re g io n  in  Canada and th e  n o r th e rn  U n ited  S ta te s  l i e  w ith in  

th e  Omineca c r y s t a l l i n e  b e l t ,  a  re g io n  com prised  la r g e ly  o f  p lu to n ic  and 

m etam orphic ro ck s  (Monger and o th e r s ,  1 9 7 2 ). In  so u th e rn  B r i t i s h  

Columbia th e s e  domes com prise h ig h -g ra d e  m etam orphic and p lu to n ic  ro c k s  

o f  th e  Monashee Complex, and th e y  a r e  bounded a lo n g  th e  Okanogan and 

Columbia R iv e rs  by superim posed  m y lo n ite  zones and lo w -an g le  f a u l t s  

(Read and Brown, 1981; R oss, 1981; Brown and Murphy, 1982; Brown and 

Read, 1983). Such s u p e rp o s i t io n  o f s t r u c tu r e s  c o n tin u e s  southw ard a lo n g  

th e  Columbia R iv er in  th e  e a s t  f la n k  o f th e  K e t t le  dome and a lo n g  th e  

Okanogan R iver in  th e  w e s te rn  f la n k  o f th e  Okanogan dome (Snook, 1965; 

Cheney, 1980; Rhodes and Cheney, 1981; H ansen, 1983a; Goodge and 

Hansen, in  p r e s s ) .  In  a d d i t io n  to  s t r u c t u r a l  s i m i l a r i t i e s ,  th e  Okanogan 

dome i s  co n tin u o u s in  l i th o lo g y  and m etam orphic g rad e  to  th e  n o r th  w ith  

h ig h -g ra d e  c r y s t a l l i n e  ro ck s  o f  th e  Shuswap m etam orphic com plex. 

Okanogan dome i s  s e p a ra te d  from  th e  K e t t le  dome to  th e  e a s t  by T e r t i a r y  

v o lc a n ic s  and c l a s t i c  sed im en ts  o f  th e  R ep u b lic  g ra b e n , form ed a lo n g  

s te e p  norm al f a u l t s  ( F ig .  2 ) .  Miocene b a s a l t s  o f  th e  Columbia P la te a u  

l i e  sou thw est o f  th e  Okanogan dome and end a b ru p tly  a t  th e  sou thw est 

dome boundary marked by th e  Okanogan R iv er V a lley  and Omak L ake.
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Okanogan dome i s  f la n k e d  to  th e  sou thw est by p lu to n ic  and h ig h -g ra d e  

c r y s t a l l i n e  ro c k s  a c ro s s  th e  Omak Lake f a u l t ,  and to  th e  v e s t  by 

T r i a s s i c  sed im en ta ry  ro ck s  a c ro ss  th e  Okanogan f a u l t  (Snook, 1 9 6 5 ).

Rocks in  th e  sou thw est p o r t io n  o f  th e  Okanogan dome in c lu d e , in  

d e c re a s in g  o rd e r  o f  abundance, homogeneous c o a r s e -g ra in e d  o r th o g n e is s ,  

h ig h -g ra d e  la y e re d  p a ra g n e is s ,  le u c o c r a t ic  p o r p h y r i t ic  g r a n i t e  and 

m ic ro d io r i te  d ik e s  (Goodge and H ansen, in  p r e s s ) ( F ig .  3 ) .  Of p rim ary  

im portance to  t h i s  s tu d y  a re  th e  p a ra g n e is s e s  and o r th o g n e is s e s .  

C o m p o sitio n a lly  v a r ie d  p a ra g n e is s  ( tg n )  c o n ta in s  fo ld s  w hich s e rv e  a s

p a s s iv e  s t r a i n  m arkers  in  th e  m y lo n ite  zo n e , and th e  dom inant

o r th o g n e is s  ro ck  ty p e ,  K -fe ld sp a r-m e g a c ry s t b i o t i t e  g r a n o d io r i te  ( o lg d ) ,

d is p la y s  a  w e ll-d e v e lo p e d  m y lo n it ic  q u a r tz  c - a x is  f a b r i c .  A lthough 

c o n ta c t  r e l a t io n s h ip s  betw een o r th o g n e is s  and p a ra g n e is s  a re  o b scu red  by 

d e fo rm a tio n , o r th o g n e is s  i s  th e  younger o f  th e s e  m ajor u n i t s .  T h is

r e l a t io n s h ip  i s  shown by p la n a r ,  l a t e - s t a g e  p e g m a tite  and a p l i t e  d ik e s  

in  o r th o g n e is s ,  in d ic a t in g  in t r u s io n  a f t e r  fo ld in g  o f la y e re d  

p a ra g n e is s e s .

The la y e re d  assem blage o f  h ig h -g ra d e  m etased im en tary  g n e is s e s  

in c lu d e s  h o r n b le n d e - b io t i te - p la g io c la s e  g n e is s ,  b i o t i t e  g n e is s ,  

K -fe ld s p a r  augen g n e is s ,  s i l l i m a n i t e - g a r n e t - o r t h o c l a s e - b io t i t e  p e l i t i c  

s c h i s t ,  b i o t i t e  q u a r t z i t e ,  a m p h ib o lite , d io p s id e  c a l c - s i l i c a t e  g n e is s ,  

and g a rn e t-b e a r in g  a l a s k i t e  g n e i s s .  Layered c o m p o s itio n a l v a r i a t i o n  and 

th e  p re sen ce  o f c a lc a re o u s ,  p e l i t i c  and q u a r t z i t i c  u n i t s  in d ic a te s  th e se  

ro ck s  a re  o f sed im en ta ry  o r i g i n .  H o rn b le n d e -b io t i te  g n e is s  and b i o t i t e  

g n e is s  a re  a r e a ly  do m in an t. Metamorphism reach ed  s i l l i m a n i t e  zone o f 

th e  a m p h ib o lite  f a c ie s  b u t p ro b ab ly  d id  n o t exceed t h i s  l e v e l ;
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s i l l im a n i t e - o r th o c la s e  d is e q u i l ib r iu m  in d ic a te s  l e s s  th a n  

s i l l im a n i t e - o r th o c la s e  zone m etam orphism . Throughout th e  p a r a g n e is s e s , 

s e v e ra l  o f  th e  b ro ad  l i t h o l o g i e  u n i t s  a r e  t h in ly  la y e re d  on a  s c a le  

ran g in g  from  m il l im e te r s  to  s e v e ra l  c e n t im e te r s .  Broad c o m p o s itio n a l o r  

l i t h o l o g i e  d i f f e r e n c e s  p ro b ab ly  r e f l e c t  p rim ary  sed im en ta ry  v a r i a t i o n ,  

w hereas th e  s m a ll - s c a le  s tro n g ly  la y e re d  ap p earan ce  may be th e  r e s u l t  o f  

m etam orphic d i f f e r e n t i a t i o n .  Most ro c k s ,  p a r t i c u l a r l y  f in e - g r a in e d  

m a f ic - r ic h  u n i t s ,  c o n ta in  a prom inent m in e ra l  l i n e a t i o n  and s c h i s t o s i t y  

formed by b i o t i t e ,  h o rn b len d e  and s i l l i m a n i t e .  M etamorphic s c h i s t o s i t y  

i s  everyw here s u b p a r a l le l  to  la y e r in g ,  and combined th e y  form a g e n e ra l  

m etam orphic f o l i a t i o n .

M egacryS tic g r a n o d io r i te  i s  a l i g h t -  to  m edium -gray (C l « 5 - 7 ) ,

hom ogeneous-tex tu red  p lu to n ic  ro ck  c o n ta in in g  consp icuous p in k  to  g ray  

K -fe ld s p a r  m egacryats (2 -8  cm lo n g ) co m pris ing  1 to  5 p e rc e n t t o t a l  ro ck  

volum e. The g r a n o d io r i te  m a tr ix  i s  m edium -grained  (0 « 5 -5 .0  mm) and 

e q u ig ra n u la r , and i t  c o n ta in s  q u a r tz ,  p la g io c la s e ,  b i o t i t e ,  and m inor 

o r th o c la s e ,  sp hene , a l l a n i t e  and opaque o x id e . M eg acry stic  g r a n o d io r i te  

and two su b o rd in a te  o r th o g n e is s  ro c k  ty p e s ,  e q u ig ra n u la r  b i o t i t e  

g r a n o d io r i te  and h o r n b le n d e -b io t i te  t o n a l i t é ,  a r e  p ro b ab ly  

contem poraneous phases o f a s in g le  p lu to n  as in d ic a te d  by t e x t u r a l  and 

c o n ta c t  r e l a t io n s h ip s  (Goodge and H ansen, in  p r e s s ) .  Snook (1963) 

p roposed  a m etasom atic  o r ig in  f o r  th e  o r th o g n e is s  u n i t s  in  th e  Okanogan 

dome, b u t I  a g re e  w ith  th e  c o n c lu s io n s  o f  W aters and R rauskopf (1941) 

and Fox and o th e r s  (1976) t h a t  th e s e  u n i t s  a re  o f  igneous p a re n ta g e  fo r  

th e  fo llo w in g  re a s o n s :  (1 ) co m p o s itio n a l hom ogeneity , (2 ) p rim ary

igneous te x tu r e s  in  th e  g r a n o d io r i t e s ,  in c lu d in g  abundant e u h e d ra l 

sp h en e , w e ll- tw in n e d  p la g io c la s e ,  and p e r t h i t i c  o r th o c la s e ,  (3 )
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in c lu s io n s  o f K -fe ld sp a r-m e g a c ry s t g r a n o d io r i te  in  e q u ig ra n u la r  

g r a n o d io r i t e ,  i n d ic a t iv e  o f  magmatic p ro c e s s e s ,  and (4 ) in v a r ia n t  

m ajo r-e lem en t g eo ch em is try  o f  K -fe ld sp a r-m e g a c ry s t g r a n o d io r i te  (H ansen, 

1 983b).

Dom inating th e  form  and s t r u c t u r a l  f a b r i c  o f  Okanogan dome ro c k s  i s  

a  zone o f p e n e t r a t iv e  d u c t i l e  m y lo n ite , as  d e f in e d  by B e ll  and E th e r id g e  

(1 9 7 3 ), which i s  n o t p re s e n t  in  ro ck s  sou thw est o f  th e  dome b o rd e r .  

T h is b road  m y lo n ite  zone i s  co n co rd an t w ith  th e  dome p e r im e te r ,  and 

form s th e  " f l a t - i r o n " - l i k e  ap ro n s  s la n t in g  up ea s tw ard  from  th e  Okanogan 

V a lle y . T h ickness o f  th e  m y lo n ite  zone g e n e r a l ly  ran g e s  from  1 .0  to  1 .5  

km. The zone i s  c h a r a c te r iz e d  by a  g r a d a t io n a l  change in  i n t e n s i t y  o f 

d e fo rm atio n  such th a t  s t r u c t u r a l l y  h ig h e r  l e v e ls  w ith in  th e  zone d is p la y  

g r e a te r  d eg rees  o f d e fo rm a tio n . D eform ation  in  th e  m y lo n ite  zone i s  

d u c t i l e  a s  in  m ost m ajor o ro g e n ic  sh e a r  zones (M a tta u e r , 1975; Ramsay 

and Graham, 1970; Ramsay, 1980; M attau e r and o th e r s ,  1983), and s tu d y  

of f e ld s p a r  e q u i l i b r i a  by Hansen (1983b) in d ic a te s  th a t  th e  Okanogan 

m y lo n ite  formed under m idd le  g r e e n s c h is t  f a c ie s  m etam orphic c o n d i t io n s .  

Thus, m y lo n it iz a t  io n  te m p e ra tu re s  o f  l e s s  th a n  AOÔ ’c (H ansen, 1983b) and 

s i l l im a n i te - z o n e  metamorphism in  ex cess  o f  500°C (Hyndman, 1972, p . 

313) d e s c r ib e  n o t o n ly  a  th e rm a l gap b u t a  r e l a t i v e  age gap betw een 

metamorphism and l a t e r  m y lo n i t iz a t io n .  Along th e  so u th w este rn  boundary 

o f  Okanogan dome, w ide f a u l t  zones marked by e x te n s iv e  b r e c c ia t io n  and 

c h l o r i t i z a t i o n  in d ic a te  th a t  d e fo rm a tio n  th e r e  o c c u rre d  in  a  b r i t t l e  

lo w -tem p era tu re  h y d ro th e rm al environm ent (Goodge and H ansen, in  p r e s s ) .  

B re c c ia t io n  w ith in  th e se  b r i t t l e  f a u l t  zones co m p le te ly  d i s r u p ts  h ig h ly  

sym m etrica l m y lo n it ic  f a b r i c  e le m e n ts . Such c r o s s - c u t t in g  s t r u c t u r a l  

r e l a t io n s h ip s  and a s ig n i f i c a n t  d i f f e r e n c e  in  th e rm a l c o n d it io n s  d u r in g
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d e fo rm a tio n  in d ic a te  t h a t  m y lo n ite  and b r e c c ia  r e p re s e n t  d i f f e r e n t  

s ta g e s  in  th e  s t r u c t u r a l  e v o lu t io n  o f  th e  Okanogan dome. D isc u ss io n  to  

fo llo w  fo c u se s  on d e fo rm a tio n  r e l a t e d  to  r e g io n a l  fo ld in g  and 

m y lo n i t iz a t io n  o n ly . The s ig n i f ic a n c e  o f  th e  c h l o r i t e  b r e c c ia  zone i s  

p re se n te d  in  o th e r  e a r l i e r  s tu d ie s  (Snook, 1965; Fox and o th e r s ,  1977; 

Goodge and H ansen, in  p r e s s ) .

The m y lo n ite  zone a s  d e f in e d  by m y lo n it ic  f o l i a t i o n  i s  w arped in to  

sh a llo w ly  n o r th w e s t-p lu n g in g  g e n t le  f o ld s ,  axes o f  which p a r a l l e l  

r e g io n a l  tre n d s  o f a  u n id i r e c t io n a l  m y lo n it ic  l i n e a t i o n  ( F ig .  3 ) .  

Numerous n o r th - n o r th e a s t - t r e n d in g  s te e p  j o i n t s  c u t  th e  m y lo n it ic  f a b r i c  

app ro x im ate ly  norm al to  m y lo n it ic  l i n e a t i o n  and a re  in tru d e d  by 

undeformed m ic ro d io r i te  d ik e s .

STRUCTURAL RELATIONSHIPS OF GNEISSIC ROCKS 

O rth o g n e iss .

The te x tu r e  and f a b r i c  o f th e  Okanogan m y lo n ite  i s  w e ll  d e f in e d  in  

o r th o g n e is se s  n e a r  b o rd e r  a re a s  o f th e  Okanogan dome and becomes 

in c re a s in g ly  f a i n t  w ith  s t r u c t u r a l  d ep th  to  th e  e a s t  ( s e e  c r o s s - s e c t io n .  

F ig . 3 ) .  In  c o n t r a s t  to  s e v e ra l  re c o rd e d  d e fo rm a tio n  e p iso d e s  in  ro ck s  

o f th e  p a ra g n e is s  a ssem b lag e , o n ly  m y lo n i t iz a t io n  a f f e c te d  th e  

o r th o g n e is s  u n i t s .  A bsence o f  any ev id en ce  fo r  e a r l i e r  d e fo rm a tio n  in  

th e  o r th o g n e is s e s  in d ic a te s  th e s e  p lu to n s  were em placed d u rin g  o r  a f t e r  

th e  peak o f h ig h -g ra d e  metamorphism and f o ld in g ,  and makes th e  

o r th o g n e is s e s  id e a l  f o r  s tu d y  o f q u a r tz  p r e f e r r e d  o r i e n ta t i o n  r e l a t e d  to  

m y lo n i t iz a t io n .  In  t h i s  s tu d y  I  c o n s id e r  m y lo n it ic  d e fo rm a tio n  o f 

K -fe ld sp a r-m e g a c ry s t g r a n o d io r i te  ( o lg d ) .
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The m y lo n it ic  f a b r i c  c o n s is t s  o f  s e v e ra l  m esoscopic  and m ic ro sc o p ic  

f e a tu r e s ,  in c lu d in g  a c o p la n a r  m in e ra l f o l i a t i o n  and l i n e a t i o n .  The 

m y lo n it ic  f o l i a t i o n  i s  a  b ro a d ly  p la n a r  b i o t i t e  and q u a r tz  f a b r i c  w hich , 

on a  g r a in  s c a l e ,  ap p ea rs  wavy. The m ost con sp icu o u s form  o f  th e  

m y lo n it ic  f o l i a t i o n  o c cu rs  in  K -fe ld sp a r-m e g a c ry s t g r a n o d io r i t e ,  in  

which curved  b i o t i t e  f la k e s  and l e n t i c u l a r  q u a r tz  wrap around  e u h e d ra l 

to  su b h ed ra l c o a rse  K - fe ld s p a r  c r y s t a l s .  In  th e  m y lo n ite  f o l i a t i o n  

p la n e , e lo n g a te  le n se s  and s t r e a k s  o f  b i o t i t e ,  q u a r tz ,  and p la g io c la s e  

d e f in e  a u n id i r e c t io n a l  m y lo n ite  l i n e a t i o n ;  th e  s t r e tc h e d  and 

ro d -sh ap ed  m in e ra l a g g re g a te s  w hich form  th e  l i n e a t io n  r e p re s e n t  

e lo n g a tio n  o r e x te n s io n a l  s t r u c tu r e s  a l ig n e d  p a r a l l e l  to  th e  d i r e c t io n  

o f t e c to n ic  t r a n s p o r t  in  th e  m y lo n ite  zone (M attau er and o th e r s ,  1983; 

Goodge and H ansen, in  p r e s s ) .  M ylon ite  f o l i a t i o n  i s  g e n tly  fo ld e d  ab o u t 

sh a llo w -p lu n g in g , m acro sco p ic  f o ld  axes w hich p a r a l l e l  th e  t r e n d  o f 

m y lo n it ic  l i n e a t io n  in  t h i s  a r e a  (F ig .  4 ) ,  and hence may be " a "  fo ld s  

(M a ttau e r , 1975) i f  th e y  form ed w ith  axes p a r a l l e l  to  th e  d i r e c t io n  o f 

t e c to n ic  t r a n s p o r t  d u rin g  m y lo n i t iz a t io n .

Prom inent in  m egacryst i c  g r a n o d io r i te  on b o th  m esoscopic  and 

m ic ro sco p ic  s c a le s  a re  sh a rp  p la n a r  d i s c o n t i n u i t i e s ,  th in  sh e a r  s u r fa c e s  

(Mm, a f t e r  Hansen, 1983b), w hich c u t a c ro s s  m y lo n it ic  f o l i a t i o n  a t  a c u te  

a n g le s .  In  t h e i r  form  and r e l a t i o n  to  f o l i a t i o n  p la n es  th e s e  sh e a r  

s u r fa c e s  resem ble  S s u r fa c e s  in  o th e r  m y lo n ite  zones d e s c r ib e d  by Ramsay 

and Graham (1 9 7 0 ), B erth e  and o th e r s  (1979b) and Brown and Murphy 

(1 9 8 2 ). Hansen (1983) d is c u s s e s  t h e i r  k in e m a tic  s ig n i f i c a n c e .  

S h e a r -s u rfa c e  p la n e s  d ip  ' u n ifo rm ly  w est to  sou thw est p a r a l l e l  to  

m y lo n it ic  l i n e a t io n  p lunge and a t  a  s te e p e r  i n c l in a t io n  th a n  m y lo n it ic  

f o l i a t i o n .  L o c a lly  in  m e g a c ry s tic  g r a n o d io r i te  m y lo n it ic  f o l i a t i o n  i s
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FIG. 4 . S te reo n e t o f  m y lo n itic  f a b r ic  elem ents in  o r th o g n e is s , showing 
contours o f 350 p o le s  to  m y lo n itic  f o l i a t i o n ,  117 m y lo n itic  l in e a t io n  
p o les  ( d o ts ) ,  and g r e a t - c i r c l e  t r a c e  o f p lane  p e rp en d icu la r  to  f o l i a t i o n  
fo ld  a x i s .  Contours 5 .0 0 , 8 .7 5 , 12 .50 , 16 .25 , and 20.00 p e rc e n t,  per 1% 
a re a .

O '

FIG. 5 . Layer p a r a l l e l  fo ld  o f m y lo n itic  f a b r ic  in  o r th o g n e is s . View 
p e rp en d icu la r  to  m y lo n itic  f o l i a t i o n  and p a r a l l e l  to  m y lo n itic  
l in e a t io n ,  e a s t to  th e  r i g h t .  K -fe ld sp a r d o tte d , l in e s  show t r a c e  of 
b i o t i t e ,  and w hite  a rea s  c o n ta in  q u a r tz , p la g io c la s e ,  and b i o t i t e .
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fo ld e d  around axes ly in g  in  th e  p la n e  o f  f o l i a t i o n  b u t p e rp e n d ic u la r  to  

m y lo n it ic  l i n e a t io n  ( F ig .  5 ) .  M y lo n itic  f o l i a t i o n  i s  co n co rd an t to  th e  

lim bs o f th e s e  i n t r a f o l i a l  f o ld s ,  y e t  a l s o  form s a  s tro n g  a x ia l - p la n e  

f a b r i c  th ro u g h  t h e i r  h in g e s .  I n i t i a l  b u c k lin g  o f  th e  f o l i a t i o n  s u r fa c e  

in  th e  d i r e c t io n  o f  sh e a r  and su b seq u en t la y e r  p a r a l l e l  sh e a r  o f  th e  

fo ld  h in g e s  a t  in c re a s e d  le v e l s  o f  s t r a i n  may acco u n t f o r  fo rm a tio n  o f 

th e s e  fo ld s  (Rhodes and G ayer, 19 7 7 ).

On a  sm a lle r  s c a le ,  p la n a r  f r a c tu r e s  o r ie n te d  p e rp e n d ic u la r  to  

m y lo n it ic  l i n e a t io n  c u t e u h e d ra l m eg acry sts  in  th e  g r a n o d io r i t e .  The 

f r a c tu r e s  end a b ru p tly  a t  c r y s t a l  b o u n d a r ie s , do n o t c u t in to  m y lo n it ic  

f o l i a t i o n ,  appear u n r e la te d  to  c r y s t a l  o r i e n t a t i o n  o r  c le a v a g e , and 

commonly c o n ta in  a  q u a r tz -b io t i te - m u s c o v i te - e p id o te  m in e ra l assem b lag e . 

Form ation o f  th e  f r a c tu r e s  m ust be a  re sp o n se  to  m y lo n i t iz a t io n ,  and n o t 

a  p o s t-m y lo n it ic  p e r io d  o f b r i t t l e  d e fo rm a tio n , b ecause  th ey  c u t o n ly  

m egacrysts  and n o t th e  m y lo n it ic  f a b r i c .  Such p u l l - a p a r t  f r a c tu r e s  

in d ic a te  t h a t  m y lo n i t iz a t io n  in v o lv ed  lo c a l  e x te n s io n a l  s t r a i n .  As 

c o a rse  f e ld s p a r  m eg acry sts  respond  w ith  b r i t t l e  b e h av io r  to  

m y lo n i t iz a t io n ,  f in e r - g r a in e d  m a tr ix  m in e ra ls  deform  as  a d u c t i l e  

a g g re g a te  around th e  l a r g e r  c r y s t a l s .  Q uartz  deform s under d u c t i l e  

c o n d it io n s  by a  co m b in a tio n  o f g r a in - s i z e  re d u c t io n  and 

r e c r y s t a l l i z a t i o n ,  b o th  m easures o f  s t r a i n  w hich becomes more pronounced 

a t  h ig h e r  s t r u c t u r a l  l e v e ls  in  Okanogan dome. Rocks o f g r e a t e s t  

r e l a t i v e  s t r a i n  c o n ta in  r ib b o n  q u a r tz  g r a in s  marked by ex trem e 

e lo n g a tio n  in  th e  f o l i a t i o n  p la n e  p a r a l l e l  to  l i n e a t i o n .  As w ith  

q u a r tz ,  b i o t i t e  g r a in - s i z e  i s  p ro g re s s iv e ly  reduced  w ith  in c re a s e d  

r e l a t i v e  s t r a i n .
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In  summary, K -fe ld sp a r-m e g a c ry s t g r a n o d io r i te  e x h ib i t s  p r o g re s s iv e  

o v e r a l l  sh e a r  s t r a i n  upward w ith in  th e  m y lo n ite  zone from  an undeform ed 

s t a t e  exposed a t  deep s t r u c t u r a l  l e v e ls  in  th e  Okanogan dome. Â 

m y lo n it ic  f a b r i c  marked by f o l i a t i o n  and a  u n id i r e c t i o n a l

e a s t - s o u th e a s t - t r e n d in g  l i n e a t io n  form ed in  a  d i r e c t io n  p a r a l l e l  to  

t e c to n ic  t r a n s p o r t  w ith in  th e  sh e a r  zo n e . "A”- ty p e  f o ld s ,  axes o f w hich 

p a r a l l e l  r e g io n a l  m y lo n it ic  l i n e a t i o n ,  s u b s t a n t i a t e  a  sh e a r  d i r e c t io n  

p a r a l l e l  to  l i n e a t io n  i f  th ey  form ed contem poraneous ly  w ith  

m y lo n i t iz a t io n  (M attau er and o th e r s ,  1 9 8 3 ). Â d e x t r a l  sen se  o f  sh e a r  as  

view ed no rthw ard  w ith in  th e  Okanogan m y lo n ite  i s  g iv e n  by sh e a r  fo ld s  in  

m y lo n it ic  f o l i a t i o n .  L o ca l e x te n s io n  o f  b r i t t l e  f e ld s p a r  m eg acry sts  

o cc u rred  d u rin g  d e fo rm a tio n  o f a  q u a r tz -  and b i o t i t e - r i c h  d u c t i l e  

m a tr ix .

P a ra g n e is s .

Rocks o f  th e  m e tased im en ta ry  g n e is s  sequence c o n ta in  s t r u c tu r e s  

r e p r e s e n ta t iv e  o f s e v e ra l  p e r io d s  o f d e fo rm a tio n  and m etam orphism , w hich 

appear c o r r e l a t i v e  to  s im i la r  e v e n ts  i n t e r p r e te d  in  h ig h -g ra d e  ro ck s  o f 

th e  Shuswap m etam orphic complex (W heeler, 1965; Hyndman, 1968; F y le s ,  

1970; R eeso r, 1965; R eesor and Moore, 1971 ; M cM illen, 1973; Brown

and T ip p e t t ,  1978; Read, 1980; Read and Brown, 1981; Read and

K la p a ck i, 1981; Brown and Read, 19 8 3 ). S e q u e n t ia l ly  re c o g n iz e d  in  th e  

Okanogan dome a re  d e fo rm a tio n  s t r u c tu r e s  a s s o c ia te d  w ith  m etam orphism , 

f o ld in g ,  e x te n s io n a l  c r e n u la t io n ,  and m y lo n i t iz a t io n .
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The o ld e s t  r e c o g n iz a b le  d e fo rm a tio n  f a b r i c  i s  r e l a t e d  to  h ig h -g ra d e  

r e g io n a l  m etam orphism , and i s  d e f in e d  by a  w e ll-d e v e lo p e d  f o l i a t i o n  and 

l i n e a t i o n .  F o l i a t io n  c o n s is t s  o f  c o m p o s itio n a l la y e r in g  and 

s c h i s t o s i t y .  M ap-scale la y e r in g  in c lu d e s  th e  b ro ad  l i t h o l o g i e  v a r i a t i o n  

d e sc r ib e d  above , and th e s e  l i t h o l o g i c a l l y  d i s t i n c t  u n i t s  a re  t h in ly  

la y e re d  on a  s c a le  ran g in g  from  m il l im e te r s  to  s e v e ra l  c e n t im e te r s .  A ll  

ro c k s ,  w ith  th e  e x c e p tio n  o f c a l c - s i l i c a t e  and a l a s k i t e  g n e is s  w hich 

c o n ta in  n e g l ig ib le  m icas and am p h ib o les , c o n ta in  a  p la n a r  

b io t i te -h o rn b le n d e  s c h i s t o s i t y  p a r a l l e l  to  t h i n  c o m p o s itio n a l l a y e r s .  

Most ro c k s ,  p a r t i c u l a r l y  f in e -g r a in e d  m a f ic - r ic h  u n i t s ,  c o n ta in  a  

m in e ra l l i n e a t io n  form ed by r e c r y s t a l l i z e d  b i o t i t e ,  h o rn b le n d e , an d , 

where p r e s e n t ,  s i l l i m a n i t e .  T h is  l i n e a t io n  i s  d is t in g u is h e d  from  a 

younger m y lo n it ic  l i n e a t i o n  b ecause  i t  i s  even ly  d i s t r i b u t e d  on 

s c h i s t o s i t y  s u r f a c e s ,  i s  form ed by th e  p r e f e r r e d  o r i e n ta t i o n  o f 

undeform ed b i o t i t e  and h o rn b le n d e , and does n o t in c lu d e  s t r e tc h e d  q u a r tz  

ro d s  o r  p la g io c la s e  augen . M ic ro s c o p ic a lly , th e  p a ra g n e is s  u n i t s  

e x h ib i t  b l a s t i c  m etam orphic t e x t u r e s ,  in c lu d in g  w e l l - f o l i a t e d  b u t 

undeform ed b i o t i t e ,  h o rn b le n d e , and s i l l i m a n i t e  ( 0 .5 - 3 .0  mm lo n g ) ,  

g a rn e t p o rp h y ro b la s ts  (2 -3  mm) w ith  no d e te c ta b le  r o t a t i o n ,  u n s tr a in e d  

p la g io c la s e ,  and w eakly un d u lo se  to  u n s tr a in e d ,  s e r r a t e  q u a r tz  ( 0 .2 5 -3 .0  

mm). These te x tu r e s  in d ic a te  t h a t  h ig h -g ra d e  m etam orphic 

r e c r y s t a l l i z a t i o n  and concom itan t s t r e s s  form ed a s tro n g  p r e f e r r e d  

m in e ra l o r ie n ta t i o n  w ith o u t s ig n i f i c a n t  sh e a r  o r  t r a n s l a t i o n a l  s t r a i n s .
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The p e rv a s iv e  m etam orphic f a b r i c  i s  fo ld e d  lo c a l ly  th ro u g h o u t th e  

s tu d y  a re a  (F ig*  3 ) ,  and t e x t u r a l  ev id en ce  su g g e s ts  t h i s  d e fo rm a tio n  

o c c u rre d  d u rin g  o r  a f t e r  th e  l a t e s t  s ta g e s  o f  r e g io n a l  m etam orphism . 

These f o ld s  g e n e ra l ly  have a m p litu d es  ran g in g  from  s e v e ra l  c e n tim e te r s  

to  one m e te r , have in te r l im b  a n g le s  ra n g in g  from  30 to  60 d e g re e s , and 

a re  u n ifo rm ly  o f  s im i la r  s t y l e  (F ig .  6 ) (Ramsay, 1 9 6 7 ). Â s te re o g ra p h ic  

p lo t  o f  m etam orphic f o l i a t i o n  r e v e a ls  a  r e g io n a l  m egascopic f o ld  o r  s e t  

o f  la rg e  fo ld s  in  th e  n o r th e a s t  p a r t  o f  th e  s tu d y  a re a  (F ig .  7 a ) .  Â 

co n tin u o u s d i s t r i b u t i o n  o f p o le s  to  f o l i a t i o n  a lo n g  th e  co n n ec tin g  

g r e a t - c i r c l e  g i r d l e  in d ic a te s  no un ique  sen se  o f  v e rg e n c e , b u t two 

c o n c e n tra tio n s  o f  p o le s  su g g e s ts  n o r th e a s t -  and s o u th -d ip p in g  l im b s . 

F ig u re  8 shows common m esoscopic f o ld  p r o f i l e s ,  which in d ic a te  a 

n o rth e a s tw a rd  d i r e c t io n  o f  f o ld  v e rg en ce  n o t d i s c e r n ib le  from  

m acroscopic s t r u c t u r e s .  F o ld in g  o f  m etam orphic f o l i a t i o n  and 

b io t i te -h o r n b le n d e  s c h i s t o s i t y  ( F ig .  9 ) ,  a s  w e ll  a s  th e  fo rm a tio n  o f 

f o ld  axes p e rp e n d ic u la r  to  m in e ra l l i n e a t i o n ,  d em o n stra te  t h a t  fo ld in g  

o c c u rre d  as a post-m etam orph ic  phase o f  d e fo rm a tio n . However, some 

ro ck s  c o n ta in  m ic ro sco p ic  r e c r y s t a l l i z e d  p o ly g o n a l a rc s  o f  b i o t i t e  

around f o ld  h in g es  and a  weak a x ia l - p la n e  s c h i s t o s i t y ,  in d ic a t in g  th a t  

fo ld in g  p o s s ib ly  o c c u rre d  d u r in g  th e  l a t e s t  s ta g e s  o f  r e g io n a l  

m etam orphism . F o ld in g , th e n , o c c u rre d  lo c a l ly  th ro u g h o u t th e  r e g io n ,  

d u rin g  o r  a f t e r  h ig h -g ra d e  m etam orphism , and i s  o f  a  s ty l e  in d ic a t in g  

d e fo rm a tio n  by d u c t i l e  s t r a i n  w ith  a s ig n i f i c a n t  sh e a r  component 

(Ramsay, 1967; Hobbs and o th e r s ,  1976; H u d le s to n , 1977). 

S o u th e a s t -d i r e c te d  t e c to n ic  com pressive  s t r e s s e s  a re  co m p a tib le  w ith  th e  

r e g io n a l  v erg en ce  ex p re ssed  by m esoscopic  f o ld s .
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FIG. 6 . Graphs o f th ic k n e ss  v a r ia t io n  of fo ld s  in  p a ra g n e is s . S o lid  
l in e s  from 8 fo ld s  in  metamorphic t e x tu r a l  domain; dashed l in e s  from 12 
fo ld s  in  m y lo n itic  t e x tu r a l  domain. T ' i s  th ic k n e ss  p a r a l l e l  to  th e  
a x ia l  su rfa c e s ;  t'  i s  th e  o rth o g o n a l th ic k n e s s .  Values o f determ ined  
as in  Ramsay (1967, p . 3 6 1 ).
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FIG. 7 . S te re o n e t o f s t r u c tu r e s  in  p a ra g n e is s . (a ) 50 p o les  to
metamorphic f o l i a t i o n  in  n o n -m y lo n itic  p a ra g n e is s e s . C irc le d  do t shows 
p o s i t io n  of p o le  to  g r e a t - c i r c l e  g i r d le  d i s t r i b u t io n  of d a ta .  (b) 32
p o les  to  p lan es o f e x te n s io n a l c re n u la t io n  c leavage in  n o n -m y lo n itic  
p a ra g n e is s e s .
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FIG. 8 . Common fo ld  s ty le s  in  p a ra g n e is s , p r o f i l e  views approxim ately  
normal to  fo ld  a x e s . H o riz o n ta l s c a le  o f a l l  sk e tch es i s  0 .5  to  2 .0  m.
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FIG. 9 .  M icroscop ic  te x tu r e  in  th e  h in g e  o f  a  p a ra g n e is s  f o ld ,  view  
p e rp e n d ic u la r  to  f o ld  h in g e . F o ld  h in g e  opens to  r i g h t ,  and i s  m arked 
by a  b i o t i t e  ( l in e d )  l a y e r . W hite a re a s  p red o m in an tly  c o n ta in  q u a r tz .  
T h is  example o f  n o n -m y lo n itic  p a ra g n e is s  c o n ta in s  no a x i a l  p la n e  
s c h i s t o s i t y .

S E

\

NW S E

\  ^

FIG. 10 . E x te n s io n a l c r e n u la t io n  c lea v a g e  s t r u c t u r e s ,  (a )  P r o f i l e  o f  
e x te n s io n a l  c r e n u la t io n  c leav ag e  in  la y e re d  p a ra g n e is s  p e rp e n d ic u la r  to  
m etam orphic f o l i a t i o n  (S) and c leav ag e  p la n e ,  (b ) View o f  e x te n s io n a l  
c r e n u la t io n  c leav ag e  and o f f s e t  o f  d is te n d e d  a m p h ib o lite  boudin  ( d o tte d )  
showing downward d isp lac e m e n t to  th e  s o u th e a s t  a lo n g  c le a v a g e  z o n e s .
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D eform ation  o f m esoscopic fo ld s  by an e x te n s io n a l  c r e n u la t io n  

c leav ag e  ( P l a t t  and V is s e r s ,  1980; D. G ray, p e r s .  comm., 1983) may be 

d i r e c t l y  a s s o c ia te d  w ith  m y lo n i t iz a t io n .  The e x te n s io n a l  c r e n u la t io n  

c leav ag e  o ccu rs  in  th e  p a ra g n e is s  as  s o u th e a s t-d ip p in g  narrow  (1 -4  cm 

w ide) sh e a r  bands which o f f s e t  m etam orphic la y e r in g  and s c h i s t o s i t y  much 

l i k e  norm al f a u l t s  ( F ig .  1 0 a ) . Whereas sh e a r  bands o f  th e  e x te n s io n a l  

c r e n u la t io n  c leav ag e  c o n s is t e n t ly  d ip  s te e p ly  to  th e  s o u th e a s t  (F ig .  

7 b ) , th e y  i n t e r s e c t  m etam orphic la y e r in g  a t  an a c u te  an g le  ra n g in g  from  

20 to  55 d e g re e s , and open ing  to  th e  n o rth w e st (F ig .  10a and b ) .  A 

norm al sen se  o f  o f f s e t  on c r e n u la t io n  c leav ag e  bands i s  in f e r r e d  from  

drag  o f  la y e r s  and s c h i s t o s i t y  in to  th e  c r e n u la t io n  c le a v a g e , and 

s o u th e a s t  down-dropped b lo c k s  o f  an a m p h ib o lite  boud in  in  

h o r n b le n d e -b io t i te  g n e is s  (F ig .  1 0 b ). I n m o s t  c a s e s ,  la y e r  c o n t in u i ty  

i s  p re se rv e d  a c ro s s  th e  c r e n u la t io n  c le a v a g e , a lth o u g h  ex trem ely  

a t te n u a te d  in d iv id u a l  la y e r s  p ass  th ro u g h  th e  c lea v a g e  zone. G e n e ra lly  

wide sp ac in g  betw een a d ja c e n t c leav ag e  zones p re c lu d e s  exposure o f  more 

th a n  one o r two s e ts  a t  a  s in g le  o u tc ro p ; m u l t ip le  c leav ag e  s e ts  a re  

r a r e .  U n r e c ry s ta l l iz e d  and w eakly s t r a in e d  q u a r tz  g r a in s  c h a r a c te r iz e  

ro ck  te x tu r e s  betw een c lea v a g e  p la n e s .  At one lo c a t io n ,  s e v e ra l  

c leav ag e  zones d is r u p t  lim bs o f a  s in g le  s im i l a r - s t y l e  f o ld ,  in d ic a t in g  

th a t  fo rm a tio n  o f c r e n u la t io n  c leav ag e  p o s t- d a te s  f o ld in g .  I  o b serv ed  

no d i r e c t  r e l a t io n s h ip  betw een c r e n u la t io n  c leav ag e  and th e  m y lo n it ic  

f a b r i c ,  b u t th e  c r e n u la t io n  c le av ag e  o cc u rs  s p a t i a l l y  a t  in te rm e d ia te  

s t r u c t u r a l  l e v e l s  in  th e  Okanogan dome below  th e  most s tro n g ly  form ed 

my I o n i t e .  D u c ti le  d e fo rm a tio n  in f e r r e d  a lo n g  th e  c r e n u la t io n  c leav ag e  

sh e a r  bands i s  co m p a tib le  w ith  th e  ty p e  o f sh ea r  s t r a i n  c o n s id e re d  

im p o rtan t f o r  th e  fo rm a tio n  o f b o th  s im i la r  f o ld s  and m y lo n it ic  f a b r i c s .
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b u t c le av ag e  fo rm a tio n  ap p e a rs  to  p o s t - d a te  s im i l a r - s t y l e  f o ld in g .

From a p p a re n t la y e r  d rag  and o f f s e t  b o u d in s , I  i n f e r  d e x t r a l  

d isp lace m e n t a lo n g  th e  sh e a r  bands a s  view ed to  th e  n o r th e a s t .  The 

absence o f  sh ea r f a b r i c s  p a r a l l e l  to  la y e r in g  im p lie s  t h a t  m ajor

movement took  p la c e  a lo n g  sh e a r  b a n d s , n o t m etam orphic f o l i a t i o n .  

Asymmetric developm ent o f c r e n u la t io n  c leav ag e  depends in  p a r t  on th e  

o r i e n ta t i o n  o f  p r e - e x i s t in g  la y e r s  r e l a t i v e  to  th e  d i r e c t io n  o f  maximum 

com pressive s t r e s s  (Cobbold and o th e r s ,  1971; C osgrove, 1976; P l a t t  

and V is s e r s ,  1 9 8 0 ). A d d i t io n a l ly ,  c r e n u la t io n  c leav ag e  w hich i s  

a sy n m e tric  w ith  r e s p e c t  to  p r e - e x i s t in g  la y e r s  may form  e i t h e r  under 

dom inant c o a x ia l  o r  n o n -c o a x ia l  s t r e s s  ( P l a t t  and V is s e r s ,  1 9 8 0 ). The

asym m etric developm ent o f  s o u th e a s t-d ip p in g  c r e n u la t io n  c leav ag e  bands 

in  th e  p a ra g n e is s e s  im p lie s  n o n -c o a x ia l  d e fo rm a tio n , o r  o th e r  th a n  

p r in c ip a l  com pressive  s t r e s s  norm al to  g n e i s s ic  f o l i a t i o n  (F ig .  1 1 a ) . . 

S im i la r ly ,  an absence  o f  s l i p  o r  sh e a r  s t r a i n  a lo n g  f o l i a t i o n  p la n e s  

su g g ested  by q u a r tz  t e x tu r e s  im p lie s  m inor com pressive  s t r e s s  a t  a  h ig h  

an g le  to  la y e r in g  ( F ig .  11b) and i n s ig n i f i c a n t  sh e a r  s t r e s s  p a r a l l e l  to  

la y e r in g  (F ig .  1 1 c ) . Thus, a  model in v o lv in g  sh e a r  s t r a i n  a t  an an g le  

to  p r e - e x is t in g  la y e r s  p roposed  by P l a t t  and V is se rs  (1980, F ig .  11c) 

ap p ears  to  b e s t  acco u n t f o r  th e  s t r u c tu r e s  form ed in  Okanogan dome 

g n e is s e s  (F ig .  l i d ) .  In  g e n e r a l ,  dom inant d e x t r a l  sh e a r  s t r e s s  form s 

sh e a r  bands a t  an a n g le  a c u te  to  th e  d i r e c t io n  o f  maximum e lo n g a t io n ,

and th e  d i r e c t io n  o f maximum com pression  d is p la c e s  "hanging  w a ll"  b lo c k s

downward. T h is  model assum es sh e a r  bands form  p a r a l l e l  to  th e  d i r e c t io n  

o f  sh e a r  s t r e s s .
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FIG. I I .  I n te r p r e ta t io n  o f e x te n s io n a l c re n u la tio n  c leavage types in  
lay e red  a n is o tro p ic  rocks ( a f t e r  P l a t t  and V is se rs ,  1980). L igh t l in e s  
show tr a c e s  o f com positional la y e rs  (S ); heavy l in e s  show t r a c e  o f
cleavage zones w ith  sense o f o f f s e t  (a rro w s). Dashed l in e s  show 
d ire c t io n s  o f maximum sh o rte n in g  and e x te n s io n . (a) C oaxial 
defo rm ation , maximum sh o rten in g  p e rp e n d ic u la r  to  S, and fo rm ation  of a 
con jugate  c leavage s e t .  (b) C oaxial defo rm atio n , maximum sh o rten in g  a t  
non-normal ang le  to  S, fo rm atio n  of con jugate  shear bands where s e t  a t  a
low ang le  to  S w i l l  
in te r la y e r  s h e a r . (c )

dom inate. C ren u la tio n  sh ear bands form w ith
N on-coaxial defo rm atio n , sim ple sh ear p a r a l l e l  to

la y e rs  S, fo rm ation  o f sh ear bands p a r a l l e l  to  S w ith o u t c re n u la tio n  of 
la y e r s .  (d) N on-coaxial d efo rm atio n , sim ple sh ear a t  an ang le  to  
lay e rin g  S, fo rm ation  o f dominant s e t  o f c re n u la tio n  cleavage sh ear
bands in  the  d i r e c t io n  of shear and in  the absence of in te r la y e r  s h e a r .

/

FIG. 12. Model fo r  the  fo rm atio n  o f e x te n s io n a l c re n u la tio n  c leavage 
in  la y e re d  p a rag n e isse s  o f th e  Okanogan dome, showing p ro g re s s iv e  
d e x tr a l  sim ple s h e a r , fo rm atio n  o f c re n u la t io n  c leav ag e , and f l a t t e n in g ,  
r e s u l t in g  in  s te e p ly  so u th e a s t-d ip p in g  c leav ag e .
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U sing th e  model o f  P l a t t  and V is s e r s ,  1 p ropose  t h a t  th e  

e x te n s io n a l  c r e n u la t io n  c lea v a g e  form ed in  Okanogan dome la y e re d  

g n e is s e s  a t  a  h ig h  a n g le  to  th e  maximum e lo n g a tio n  d i r e c t io n  d u rin g  

d u c t i l e  s im p le  s h e a r . F u r th e r ,  th e  sen se  o f  o f f s e t  e x p re sse d  by la y e r  

d rag  r e f l e c t s  d e x t r a l  sh e a r  a lo n g  th e  e x te n s io n a l  c r e n u la t io n  c le av ag e  

as  view ed n o r th e a s t .  As n o te d  by P l a t t  and V is s e r s  (1 9 8 0 ), t h i s  

c r e n u la t io n  sh e a r  f a b r i c  i s  n o t ex p ec ted  in  homogeneous o r  s t r u c t u r a l l y  

i s o t r o p ic  ro c k s ,  such as  th e  Okanogan dome o r th o g n e is s e s ,  s in c e  th e y  

c o n ta in  no p o te n t i a l  m arkers  l i k e  g n e is s ic  la y e r in g  (compare w ith  sh e a r  

s u r fa c e s  in  o r th o g n e is s e s  d e s c r ib e d  by B erth e  and o th e r s  (1979b) and 

Hansen (1 9 8 3 b )) .

The model f o r  fo rm a tio n  o f  e x te n s io n a l  c r e n u la t io n  c le av ag e  in  

la y e re d  ro ck s  p ro p o sed  by P l a t t  and V is s e r s  p r e d ic t s  th a t  c leav ag e  

p la n e s  w i l l  form p a r a l l e l  to  th e  o v e r a l l  sh e a r  d i r e c t io n  as  shown in  

F ig .  l i d .  However, Okanogan dome c leav ag e  p la n e s  d ip  u n ifo rm ly  

s o u th e a s t  r e l a t i v e  to  th e  p lan e  o f o v e r a l l  sh e a r  in  a d i r e c t io n  p a r a l l e l  

to  m y lo n it ic  l i n e a t i o n .  I  e x p la in  t h i s  d i f f e r e n c e  by a s ig n i f i c a n t  

component o f f l a t t e n i n g  s t r a i n  norm al to  m y lo n it ic  sh e a r  p la n e s  in  

a d d i t io n  to  s im p le  sh e a r  d e fo rm a tio n  e x p re ssed  by th e  m y Io n ite  f a b r i c .  

T h is f l a t t e n i n g  i s  c o n s is te n t  w ith  a  t e c to n ic  model o f deep c r u s t a l  

sh e a r  under c o n s id e ra b le  lo a d  p r e s s u re ,  o r  norm al s t r e s s .  A com b in atio n  

o f  s im p le  sh ea r and f l a t t e n i n g  norm al to  s im ple  sh e a r  p la n e s  r e s u l t s  in  

a  model s t r a i n  geom etry a s  d e p ic te d  in  F ig .  12 (Ramsay, 1967, p .  5 7 ) , 

and th e  com bination  p ro v id e s  f o r  th e  fo rm a tio n  o f c o n ju g a te  sh ea r bands 

a t  a n g le s  to  th e  sh e a r  p la n e s .  The sh e a r  band s e t  a t  a low a n g le  to  th e  

p lan e  o f  b u lk  sh e a r  w i l l  dom inate in  fo rm a tio n  o f  e x te n s io n a l  

c r e n u la t io n  c leav ag e  ( P l a t t  and V is s e r s ,  1 9 8 0 ). C re n u la tio n  c le av a g e
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o r ie n ta t i o n s  shown in  F ig s .  7 and 11 th u s  r e s u l t  from  

s o u th e a s t - d i r e c te d  s im p le  sh e a r  d e fo rm a tio n  in  c o n ju n c tio n  w ith  b u lk  

su b h o r iz o n ta l  sh e a r  and f l a t t e n i n g .

A m y lo n it ic  f a b r i c  superim posed on th e  f o l i a t e d  and fo ld e d  

p a ra g n e is s e s  le a d s  me to  d iv id e  th e  s tu d y  a r e a  in to  two t e x t u r a l  

dom ains: th e  f i r s t  domain a t  d eep er s t r u c t u r a l  l e v e ls  to  th e  n o r th e a s t

c o n s is t s  s o le ly  o f  a  h ig h -g ra d e  m etam orphic f a b r i c ,  and a  second a t  

h ig h e r  s t r u c t u r a l  l e v e l s  tow ard th e  dome b o rd e r  c o n s is t in g  o f 

superim posed m etam orphic and m y lo n it ic  f a b r i c s  (F ig .  3 ) .  M y lo n itic  

f a b r i c  in  th e  p a ra g n e is s  i s  co n tin u o u s  w ith  t h a t  in  th e  o r th o g n e is s e s  to  

th e  s o u th ,  and i t  i s  exposed on th e  s o u th w e s t- fa c in g  lim b o f a  la rg e  

g e n t le  f o ld  in  th e  Okanogan m y Io n ite  zone (F ig .  3 ) .  As in  

o r th o g n e is s e s ,  a  s h e a r  f o l i a t i o n  and m in e ra l  l i n e a t io n  d e f in e  th e  

m esoscopic m y lo n it ic  f a b r i c  in  th e  Okanogan dome p a ra g n e is s e s .  E astw ard  

tow ard th e  dome i n t e r i o r  t h i s  f a b r i c  i s  commonly d i f f i c u l t  to  

d i s t in g u is h  from m etam orphic t e x tu r e s  a ls o  com prised by c o p la n a r  m in e ra l 

f o l i a t i o n  and l i n e a t i o n .  In  h o rn b le n d e -  and b i o t i t e - r i c h  la y e re d  

s c h is t s  and g n e is s e s ,  m y lo n it ic  f o l i a t i o n  and l i n e a t io n  ap p ear m arkedly 

d i f f e r e n t  from  th e  p r e - e x i s t in g  m etam orphic t e x t u r e s .  In  m y lo n it ic  

ro ck s  f o l i a t i o n  fo llo w s  a  weak s ig m o id a l t r e n d ,  w hereas i t  i s  q u i te  

p la n a r  and co n tin u o u s  in  ro ck s  c o n ta in in g  o n ly  a  m etam orphic f a b r i c ;  

m y lo n it ic  l i n e a t i o n  c o n s is t s  o f  sm eared , ro d -sh ap ed  and e lo n g a te  

q u a r t z - p l a g io c l a s e - b io t i t e  a g g re g a te s ,  w hereas th e  m etam orphic l i n e a t io n  

c o n s is t s  on ly  o f a  b io t i te -h o r n b le n d e  shape p r e f e r r e d  o r i e n t a t i o n .
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In  m y lo n it ic  p a r a g n e is s e s ,  subequan t to  e l l i p t i c a l  f e ld s p a r  g r a in s  

(2 -8  mm) e x h ib i t  a u g e n - l ik e  sh a p e s , p a r t i c u l a r l y  a p p a re n t where wrapped 

by f in e -g r a in e d  b i o t i t e  sh e a th s  th a t  p in ch  o u t in  t a i l s  w i th in  th e  

f o l i a t i o n  p la n e .  M icro sco p ic  t e x tu r e s  a re  a ls o  s im i la r  to  th o se  in  th e  

orthomy I o n i te s  : f e ld s p a r  g r a in s  a re  ro u n d ed , f r a c tu r e d ,  and f l o a t  in

w e ll-fo rm ed  q u a r tz  p r e s s u re  shadow s; b i o t i t e  i s  v e ry  f in e - g r a in e d  

(<0.25  mm), ra g g ed , and a t te n u a te d  in to  e lo n g a te  s t r e a k s ;  q u a r tz  i s  

f in e r - g r a in e d  th a n  in  m etam orphic ro c k s ,  showing w e ll-fo rm ed  d e fo rm a tio n  

la m e lla e ,  s u b g ra in s ,  r e c r y s t a l l i z e d  g r a in s ,  r ib b o n  t e x t u r e s ,  and 

p re s s u re  f r in g e s  around  f e ld s p a r  p o rp h y ro c la s ts .  These te x tu r e s  a re  

q u i te  d i s t i n c t  from  th e  b l a s t i c  m in e ra l t e x tu r e s  and p r e f e r r e d  

o r ie n ta t io n s  shown by th e  p a ra g n e is s e s  tow ard th e  dome i n t e r i o r .  Thus, 

th e  o ld e r  m etam orphic f a b r i c  i s  in c r e a s in g ly  deform ed in  th e  m y Io n ite  

zone tow ard  th e  dome m arg in  where th e  m y lo n it ic  f a b r i c  d o m in a te s .

W est-d ip p in g  sh e a r  s u r f a c e s ,  "Mb” in  th e  o r th o rn y Io n ite s , a r e  p r e s e n t  

lo c a l ly  in  th e  m y lo n it iz e d  p a ra g n e is s e s  and e x h ib i t  th e  same g e o m e tr ic a l 

r e l a t io n s h ip  w ith  m y lo n it ic  f o l i a t i o n .  These m ight be th e  secondary  s e t  

o f  co n ju g a te  sh e a r  bands d is c u s s e d  above (F ig s .  9d and 1 0 ) , in v o lv in g  

s i n i s t r a l  lo c a l  o f f s e t  lo o k in g  n o r th e a s t .

The g eo m etric  r e l a t io n s h i p  betw een ro ck  f a b r i c  and m esoscopic f o ld s  

a ls o  d i f f e r s .  To r e i t e r a t e ,  c o p la n a r  m etam orphic f o l i a t i o n  and

l i n e a t io n  a re  fo ld e d  in  th e  m etam orphic dom ain, r e s u l t i n g  in  weak 

a x ia l - p la n e  s c h i s t o s i t y  and m in e ra l l i n e a t io n  a t  a h ig h  a n g le  to  f o ld  

a x e s . In  th e  m y lo n it ic  dom ain, m y lo n it ic  f o l i a t i o n  form s a s tro n g

a x ia l - p la n e  s c h i s t o s i t y  and m in e ra l l i n e a t io n  l i e s  p a r a l l e l  to  fo ld  

a x e s , form ing c o p la n a r  f o l i a t i o n  and a x ia l  s u r f a c e s ,  as  w e ll  as c o l in e a r  

m in e ra l  l i n e a t io n  and f o ld  axes (F ig .  1 3 ) .
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FIG. 13. S te re o n e t of s t r u c tu r e s  in  m y lo n itic  p a ra g n e is s , showing 
p o les  to  fo ld  a x ia l  p lan es (open s q u a re s ) ,  p o les  to  m y lo n itic  f o l i a t i o n  
(c lo se d  c i r c l e s ) ,  fo ld  axes (open c i r c l e s ) , and m y lo n itic  l in e a t io n  
( c ro s s e s ) .
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In  summary, t e x t u r a l  and s t r u c t u r a l  ev id en ce  from  p a ra g n e is s e s  in  

Okanogan dome in d ic a te  th e  fo llo w in g  b r i e f  g e o lo g ic  h i s to r y  b e fo re  dome 

fo rm a tio n . H ig h -g rad e  metam orphism  and c o n c u rre n t d e fo rm a tio n  o f 

p o ta s s iu m -d e f ic ie n t  sed im en ts  form ed s i l l im a n ite -z o n e  g n e is s e s  w ith  a 

s tro n g  m etam orphic f a b r i c  which was l a t e r  f o ld e d .  S ou th eastw ard  f o ld  

v e rg en ce  r e f l e c t s  r e g io n a l  t e c to n ic  s t r e s s e s .  An e x te n s io n a l  

c r e n u la t io n  c le a v a g e  form ed in  th e  la y e re d  p a ra g n e is s e s ,  p o s s ib ly  

a s s o c ia te d  w ith  m y lo n i t iz a t io n  b u t a t  r e l a t i v e l y  deep le v e ls  below th e  

lo cu s  o f m y lo n it ic  d e fo rm a tio n . M y lo n it iz a t io n  su b se q u en tly  deform ed 

th e  m etam orphic ro c k s  in  a  b road  zone o f  d e fo rm a tio n . W hile I  c i t e  

ev id en ce  above f o r  d i s t i n c t  r e l a t i v e  ages o f  e v e n ts ,  d u c t i l e  p ro c e sse s  

a ls o  c h a r a c te r iz e  th e  p a t t e r n  o f  m etasiorphism  and a s s o c ia te d  d e fo rm a tio n  

in  th e  p a ra g n e is s e s .  Lack o f  fo ld e d  la y e r in g  and th e  p re se n c e  o f  a 

w e l l -d e f in e d  m y Io n ite  f a b r i c  in  th e  o r th o g n e is s e s  in d ic a te s  t h a t  

emplacement o f g r a n o d io r i te  p lu to n s  p o s t-d a te d  metamorphism and f o ld in g ,  

b u t o c c u rre d  b e fo re  r e g io n a l  m y lo n i t iz a t io n .

FOLD REORIENTATION IN THE OKANOGAN 
MYLONITE ZONE

From th e  g e o lo g ic  and s t r u c t u r a l  h i s to r y  o u t l in e d  above f o r  

p a ra g n e is s e s  in  th e  Okanogan dome, i t  i s  p o s s ib le  n o t on ly  to  d e f in e  

t e x t u r a l  dom ains, b u t to  d e te rm in e  a  sen se  o f sh e a r  w ith in  th e  m y Io n ite  

zone u s in g  th e  geom etry  o f  s i m i l a r - s t y l e  f o ld s .  P ro g re s s iv e  changes in  

o r i e n ta t i o n  o f f o ld  e lem en ts  upward in  th e  m y Io n ite  zone re c o rd  th e  

t r a n s i t i o n  betw een m etam orphic and m y lo n it ic  t e x t u r a l  dom ains.
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I  subdivided, f i e l d  d a ta  in to  th r e e  s t r u c t u r a l  domains b ased  on 

s t r u c t u r a l  hom ogeneity  and g eo g rap h ic  d i s t r i b u t i o n  o f d a ta :  Domain A

in c lu d e s  d a ta  from  th e  m etam orphic t e x t u r a l  dom ain; domains B and C 

each c o n ta in  f o ld  d a ta  from  th e  m y lo n it ic  t e x t u r a l  domain ( s e e  F ig .  

1 4 ) . The r e l a t i v e  s t r u c t u r a l  p o s i t io n  o f th e s e  domains in  th e  m y Io n ite  

zone i s  f ix e d  by g eo g ra p h ic  d is ta n c e  from  th e  dome m arg in  and lo c a l  

e le v a t io n ;  th u s ,  domain A r e p r e s e n ts  r e l a t i v e l y  deep l e v e l s  w ith in  th e  

dome, and domains B and C l i e  in  s im i la r  p o s i t io n s  w ith in  th e  m y Io n ite  

zone above domain A. L ocal r e l i e f  betw een domains A and B ran g es  up to  

700 m.

In  each  dom ain, I  c a lc u la te d  s p h e r ic a l  means o f m y lo n it ic  

f o l i a t i o n ,  m y lo n it ic  l i n e a t i o n ,  f o ld  a x i a l  p la n e s  and f o ld  a x e s , a s  w e ll  

a s  v a lu e s  f o r  each  o f  a g g , k , and 6 , r e s p e c t iv e ly  th e  r a d iu s  o f a  c i r c l e  

o f 95% c o n fid e n c e , th e  p r e c i s io n  p a ra m e te r , and th e  an g u la r  s ta n d a rd  

d e v ia t io n  (M ard ia , 1972; I r v in g ,  1 9 6 4 ). T ab le  1 p r e s e n ts  a  c o m p ila tio n  

o f th e  s p h e r ic a l  mean s t a t i s t i c s ,  and e q u a tio n s  used  in  c a lc u la t io n  o f 

s p h e r ic a l  means a re  g iv en  in  Appendix I .  A f te r  c a lc u la t in g  th e  mean 

d i r e c t io n s  o f th e s e  s t r u c t u r a l  e lem en ts  f o r  each  dom ain, I  p lo t te d  them 

on a  low er-hem isphere  e q u a 1 -a re a  s te r e o n e t  w ith  ugg c i r c l e s  o f

co n fid en c e  ( F ig .  1 4 ) . In  o rd e r  to  compare m y lo n it ic  f a b r i c  and f o ld  

o r ie n ta t io n s  c o n s i s t e n t ly ,  I  r o ta te d  a l l  f o ld  elem ent means such th a t  

m y lo n it ic  f o l i a t i o n  in  each  domain i s  h o r iz o n ta l  (F ig .  1 5 ) . T h is  

m a n ip u la tio n  o f d a ta  i s  b ased  on an assum ption  from  f i e l d

i n t e r p r e t a t i o n s  t h a t  th e  m y Io n ite  zone form ed in  a b ro ad ly  p la n a r  

f a s h io n .  I  r o ta te d  th e  f o ld  d a ta  in  domain A, w hich c o n ta in s  no

superim posed  m y lo n it ic  f a b r i c ,  by b r in g in g  th e  mean m y lo n it ic  f o l i a t i o n  

o f  domain B to  h o r iz o n ta l ,  under th e  assum ption  th a t  r e g io n a l  m y lo n it ic
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FIG. 14 . Sketch map o f s t r u c tu r a l  domains in  p a ra g n e is s , n o r th - h a l f ,  
lOmak Lake 15" q u ad ran g le . S tru c tu re  and l i th o lo g ie  symbols same as used 
in  F ig u re  3 .

N

AP,

MF

ML

FIG. 15 . S te re o n e t c o n s tru c tio n  o f fo ld  r e o r ie n ta t io n  in  the  m y lon ite  
zone, lower hem isphere p r o je c t io n .  MF = p o les  to  m y lo n itic  f o l i a t i o n ;  
ML ■ m y lo n itic  l in e a t io n ;  AP * p o le s  to  fo ld  a x ia l  p la n e s ; A = fo ld  
a x e s . S u b sc rip ts  r e f e r  to  s t r u c tu r a l  domains A, B, and C. E l l ip s e s  
show p ro je c te d  shape of c i r c l e s  o f 95% confidence about mean d i r e c t io n s .
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sh e a r  f o l i a t i o n  may be e x t r a p o la te d  g e o m e tr ic a l ly  o v er domain A. The 

t i g h t  c l u s t e r  o f  m y lo n it ic  f o l i a t i o n  d a ta  around  t h e i r  mean in  domain B 

v a l id a te s  t h i s  a ssu m p tio n . R eg io n a l g e o lo g ic  c o n s id e ra t io n s  in d ic a te  

t h a t  th e  d ip  o f  m y lo n it ic  f o l i a t i o n  above domain A sh o u ld  be l e s s  th a n

o r  eq u a l to  th e  d ip  o b se rv ed  in  domain B; t h e r e f o r e , th e  amount o f  fo ld

d a ta  r o t a t i o n  in  domain A u s in g  t h i s  method i s  a maximum.

To i n t e r p r e t  th e  f o ld  o r i e n ta t i o n s  ( F ig .  1 5 ) , I  assume th e  

fo llo w in g  to  be t r u e :

1 . F o ld in g  s ig n i f i c a n t l y  p reced ed  m y lo n i t iz a t io n ,  as

in d ic a te d  by th e  w id esp read  o c c u rre n c e  o f fo ld s  which a re

p e n e t r a t iv e ly  deform ed by a  m y lo n it ic  f a b r i c  on ly  n e a r

th e  m arg in s o f  th e  Okanogan dome.

2 . F o lded  la y e r s  in  th e  p a ra g n e is s e s  do n o t e x h ib i t  d u c t i l i t y

c o n t r a s t s  under m y lo n it ic  c o n d i t io n s ,  and th u s  a c t  a s  

p a s s iv e  m ark ers  in  th e  m y lo n ite  zone.

3 . S t r u c tu r a l  domains w ith in  th e  s tu d y  a r e a  a re  t e x t u r a l l y

and s t r u c t u r a l l y  d i s t i n c t .

4 .  The a n a ly s is  i s  s t a t i s t i c a l l y  s e n s i t i v e  to  independen t

s p a t i a l  changes o f  i n c l i n a t i o n  and azim uth  d i r e c t io n s  o f 

s t r u c t u r a l  e lem en ts  such a s  f o ld  axes and fo ld  a x ia l  

p la n e s .

Given th a t  th e  above assu m p tio n s a re  v a l i d ,  i n t e r p r e t a t i o n  o f  th e  

fo ld  d a ta  encom passing m y lo n it iz e d  and n o n -m y lo n itiz e d  domains in  th e  

p a ra g n e is s e s  i s  b ased  on th e  fo llo w in g  o b s e rv a t io n s  (F ig .  1 6 ) . 

P o p u la tio n  means o f  fo ld  d a ta  from  domains A, B, and C a re  s t a t i s t i c a l l y  

d is c e rn a b le  a t  th e  95% co n fid e n c e  l e v e l .  Both fo ld  axes and f o ld  a x ia l
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a b

FIG. 16. Components o f fo ld  r e o r ie n ta t io n  w ith  p ro g re s s iv e  
m y lo n it iz a tio n  upward in  th e  m y lo n ite  zone from domains Â to  B, as shown 
in  F ig u re  15. (a )  F la t te n in g  o f fo ld  a x ia l  p lan es  and fo ld  axes toward
m y lo n itic  f o l i a t i o n  (MF), (b ) Clockwise r o ta t io n  of fo ld  a x is  t r e n d s .
Cc) Clockwise r o ta t io n  o f s t r i k e  d i r e c t io n s  o f fo ld  a x ia l  p la n e s . (d) 
S t a t i s t i c a l l y  co p lan ar m y lo n itic  f o l i a t i o n  and fo ld  a x ia l  p la n e s , and 
s t a t i s t i c a l l y  c o l in e a r  m y lo n itic  l in e a t io n  and fo ld  ax e s , domain C.
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p la n e s  show f l a t t e n i n g  tow ard  m y lo n it ic  f o l i a t i o n ,  which in  t h i s  

a n a ly s is  i s  r o ta te d  to  a  h o r iz o n ta l  p o s i t i o n ,  from  domain A to  domain C 

(F ig .  1 6 a ) . F o ld  axes show b u lk  c lo ck w ise  o r  southw ard r o t a t i o n  ab o u t 

th e  s te r e o n e t  azim uth  from  domain A to  domain B, and a  re v e rs e  sen se  o f 

c o u n te rc lo c k w ise  r o t a t i o n  from  domain B to  domain C (F ig .  1 6 b ). The 

s t r i k e  o f  p o le s  to  a x i a l  p la n e s ,  w ith  th e  e x c e p tio n  o f domain C w hich 

has no s t r i k e  to  i t s  s t a t i s t i c a l l y  v e r t i c a l  p o le  p o s i t io n ,  a ls o  shows 

b u lk  c lo ck w ise  o r  ea s tw ard  r o t a t i o n  from  domain A to  domain B, a lth o u g h  

le s s  th a n  th a t  shown by f o ld  axes (F ig .  1 6 c ) . Domain C e x h ib i t s  

s t a t i s t i c a l l y  c o l in e a r  f o ld  axes and m y lo n it ic  l i n e a t i o n ,  and 

s t a t i s t i c a l l y  c o p la n a r  f o ld  a x i a l  p la n e s  and m y lo n it ic  f o l i a t i o n  (F ig .  

1 6 d ). These g eo m e tric  r e l a t io n s h ip s  in d ic a te  a  s im u ltan eo u s  f l a t t e n i n g  

and p a s s iv e  c lo ck w ise  r o t a t i o n  o f  f o ld  e le m e n ts , co m p atib le  w ith  

f l a t t e n i n g  and d e x t r a l  s im p le  sh e a r  in  a  zone o f  d u c t i l e  m y lo n i t iz a t io n ,  

a s  view ed n o r th e a s t .

The c o n c lu s io n  th a t  r e o r ie n te d  f o ld s  in  th e  Okanogan m y lo n ite  zone 

d e s c r ib e  c lo ck w ise  r o t a t i o n  and f l a t t e n i n g  in  a t o p - to - th e - e a s t  sh e a r  

environm ent depends p r im a r i ly  on k in e m a tic  a n a ly s is  o f  d a ta  from  domains 

A and B. O r ie n ta t io n  o f  f o ld  axes in  domain C, i f  c o n s id e re d , show a 

p o s s ib le  o p p o s ite  sen se  o f  r o t a t i o n  from  domain B. I  d id  n o t c o n s id e r  

th e  d a ta  from  domain C in  t h i s  p a r t  o f  th e  a n a ly s is ,  how ever, f o r  two 

re a so n s  : (1 )  domain C i s  g e o g ra p h ic a lly  d i s t a n t  from  domains A and B,

making p r o je c t io n  o f  d a ta  from  domain C a lo n g  s t r i k e  to  domains A and B 

p o s s ib ly  an in v a l id  method o f ju x ta p o s in g  domains in  th e  sen se  th a t  

domains A and B a re  jo in e d ,  and (2 ) f o ld s  in  domain C a re  c o n s id e ra b ly  

l a r g e r  s t r u c tu r e s  th a n  in  th e  o th e r  two dom ains, and p o s s ib ly  g r e a t  

i n t e r n a l  m easurem ent v a r ia n c e  m ust be c o n s id e re d . N o n e th e le s s , t e x tu r e s
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in  domain C in d ic a te  t h a t  ex trem e m y lo n it ic  s t r a i n  r e s u l t s  in  f l a t t e n i n g  

o f f o ld s  in to  m y lo n it ic  sh e a r  f o l i a t i o n  and e v e n tu a l c o l in e a r i ty  o f  f o ld  

a x e s , w ith  th e  d i r e c t io n  o f t e c to n ic  t r a n s p o r t  p a r a l l e l  to  m y lo n it ic  

l i n e a t i o n .

The i n t e r p r e t a t i o n  t h a t  c lo ck w ise  r o t a t i o n  o f  f o ld  axes from  

domains Â and B in d ic a te s  t o p - t o - t h e - e a s t  s h e a r  in  th e  Okanogan m y lo n ite  

zone depends on th e  o r ig i n a l  o r i e n t a t i o n  o f  f o ld s  w ith  r e s p e c t  to  th e  

r e g io n a l  se n se  o f  s h e a r .  A l l  f o ld  axes p lunge  s o u th e a s t ,  b u t ,  more 

im p o r ta n tly ,  th e  t r e n d  o f  f o ld  a x is  means from  domains A and B l i e  so u th  

o f th e  mean m y lo n it ic  l i n e a t i o n  t r e n d  in  t h i s  p a r t  o f  th e  Okanogan dome. 

Given s im p le  sh e a r  d e fo rm a tio n  and a s s o c ia te d  o v e r a l l  f l a t t e n i n g ,  w hich 

ap p ea rs  to  be a  re a so n a b le  m odel o f s t r a i n  from  t e x t u r a l  and s t r u c t u r a l  

c r i t e r i a ,  p a s s iv e  f o ld s  m ust rem ain  c o n fin e d  a t  m ost to  th e  o r ig i n a l  

th ic k n e s s  o f  sh e a red  ro c k  w i th in  w hich th e y  o c c u r ; t h a t  i s ,  th ey  w i l l  

n o t " tu m b le” w ith in  th e  m y lo n it ic  sh e a r  f a b r i c  a s  would a r ig id -b o d y  

p o rp h y ro c la s t  o f  f e ld s p a r .  T hus, a  l i n e a r  elem ent a t  a s l i g h t  an g le  

from  th e  t re n d  o f  th e  b u lk  sh e a r  d i r e c t io n  may i n i t i a l l y  r o t a t e  away 

from  th a t  n e t  t r a n s p o r t  d i r e c t io n  (F ig .  1 7 ) .  A t h ig h e r  l e v e ls  o f  sh e a r  

s t r a i n ,  most l i n e a r  e lem en ts  w ith in  th e  sh e a r  zone w i l l  t r e n d  tow ard 

p a r a l l e l i s m  w ith  th e  n e t  t r a n s p o r t  d i r e c t i o n ,  even th o se  o r ig in a l ly  a t  a 

h ig h  an g le  to  th e  sh e a r  d i r e c t io n  (E sch er and W a tte rso n , 1974; Ramsay, 

1 9 8 0 ). In  F ig .  17a , th e  c i r c l e d  l i n e  p lunges in  th e  d i r e c t io n  of 

s h e a r ,  b u t i t s  azim uth  d i r e c t io n  l i e s  a t  a  s l i g h t  an g le  to  th e  sh e a r  

d i r e c t i o n .  At m oderate  l e v e l s  o f  sh e a r  s t r a i n ,  a s  shown by th e  s t r a i n  

e l l i p s e  in  F ig .  17b, th e  b e a r in g  o f  th e  same l i n e  i s  r o ta te d  to  a 

g r e a te r  an g le  from  th e  sh e a r  d i r e c t i o n .  The r o t a t i o n  o f  l in e s  away from 

th e  b u lk  sh e a r  d i r e c t io n  i s  shown in  a  p la n  view  o f th e  upper s u r fa c e  o f
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FIG. 17. Model o f fo ld  r e o r ie n ta t io n  d u ring  p ro g re ss iv e  sim ple sh e a r , 
from an undeformed cube c o n ta in in g  s e v e ra l  randomly o r ie n te d  l i n e s . 
Heavy arrows show d i r e c t io n  o f o v e r a l l  sim ple sh e a r; s t r a i n  e l l ip s e s  
drawn fo r  each phase o f th e  d e fo rm atio n , shown by ( a ) ,  (b ) ,  and ( c ) .  
(d) P lan  view o f th e  cube upper s u r fa c e ,  showing r o ta t io n  pa th  of 
c i r c le d  l in e  away from sh ear d i r e c t io n .
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th e  deform ed cube (F ig .  1 7 d ), where th e  b o ld  l i n e s  show th e  c lo ck w ise  

r o t a t i o n  in  t r e n d  o f  th e  c i r c l e d  l i n e s  in  th e  b lo ck  d iag ram s. C ontinued  

d e fo rm a tio n  would r e s u l t  in  in c r e a s in g  p a r a l l e l i s m  betw een t h i s  and 

o th e r  l i n e a r  e le m e n ts , tow ard  c o l i n e a r i t y  o f  a l l  l i n e s  w ith  th e  

e x te n s io n  d i r e c t io n  ( F ig .  1 7 c ) .  C om pletely  random o r ig i n a l  l i n e a r  

e lem en ts  w i l l  n ev e r  become e x a c t ly  p a r a l l e l  b u t w i l l  in c re a s e  in  

r e l a t i v e  c o l i n e a r i t y  tow ard  th e  l im i t in g  s ta g e s  o f  t o t a l  sh e a r  s t r a i n  

(S k je rn a a , 1 9 8 0 ). S tag es  o f  t h i s  model shown in  F ig s .  17a and 17b 

d e p ic t  th e  p ro g re s s iv e  r e o r i e n t a t i o n  o f p a ra g n e is s  f o ld  axes in  domains 

Â and B. Such a  m odel a p p l ie s  to  p ro g re s s iv e  r e o r i e n t a t i o n  o f  p la n a r  

s t r u c tu r e s  e q u a lly  w e l l .  M arker p la n e s  d ip p in g  g e n t ly  w ith  r e s p e c t  to  

th e  p la n e s  o f  s h e a r  w i l l  undergo o n ly  s l i g h t  s t r i k e  d i r e c t io n  

r e o r i e n t a t i o n ,  a s  seen  in  th e  sm a ll amounts o f  p a ra g n e is s  f o ld  

a x ia l - p la n e  r o t a t i o n  r e l a t i v e  to  f o ld  a x is  r o t a t i o n  (F ig .  1 5 ) . 

Examples o f  n a tu r a l ly - o c c u r r in g  e a se s  o f  f o ld  r e o r i e n t a t i o n  in  d u c t i l e  

sh e a r  zones a re  p re s e n te d  by Bak and o th e r s  (1 9 7 5 ), and B e ll  (1 9 7 8 ).

The p a t te r n s  developed  in  t h i s  ty p e  o f  a n a ly s is  c l e a r ly  show th a t  

f o ld  o r ie n ta t io n s  in  p a ra g n e is s e s  o f  Okanogan dome change p ro g re s s iv e ly  

w ith  r e s p e c t  to  m y lo n it ic  f a b r i c .  A d d itio n a l ev id en ce  c o r ro b o ra te s  th e  

c o n c lu s io n  th a t  m y lo n i t iz a t io n  a f f e c te d  th e  s t r u c tu r e  and o r ie n ta t i o n  of 

th e s e  f o ld s .  In te r l im b  a n g le s  o f  f o ld s  d e c re a se  upward from  an av erag e  

o f  43 to  15 d eg re e s  in  th e  m y lo n ite  zone, in d ic a t in g  th a t  m y lo n i t iz a t io n  

in v o lv e d  a  s ig n i f i c a n t  amount o f  f l a t t e n i n g  and shape a t t e n u a t io n .  In  

handsam ples, m etam orphic m in e ra l l i n e a t io n  o r ig i n a l l y  a t  a  h ig h  an g le  to  

f o ld  axes in  domain A g iv e s  way to  a  m oderate  m in e ra l l i n e a t io n  -  fo ld  

a x is  a n g le  in  domain B, and f i n a l l y ,  p a r a l l e l  s t r u c tu r e s  in  domain C. 

S im ila r ly  in  t h i n  s e c t io n ,  f o ld  h in g e s  in  domain A a re  c h a r a c te r iz e d  by
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r e c r y s t a l l i z e d  p o ly g o n a l a rc s  o f  b i o t i t e ,  g rad in g  t e x t u r a l l y  upward to  

dom ains B and C, th e  l a t t e r  c h a r a c te r iz e d  by a  p rom inen t a x ia l - p la n e  

s c h i s t o s i t y .

In  summary, f i e l d  d a ta  c o n s is t in g  o f  f o ld  and m y lo n it ic  f a b r i c  

o r ie n ta t i o n s  from  p a ra g n e is s e s  exposed in  th e  n o r th e rn  h a l f  o f  th e  s tu d y  

a re a  were used  in  a  k in e m a tic  a ssessm en t o f  th e  Okanogan m y lo n ite . 

Assuming th a t  th e  f o ld s  a c te d  a s  p a s s iv e  s t r u c tu r e s  w ith in  a  m y lo n it ic  

f a b r i c  c h a r a c te r iz e d  by s im p le  sh e a r  d e fo rm a tio n , p ro g re s s iv e  f o ld  

r e o r i e n t a t i o n  o c c u rre d  by s im u ltan eo u s  f l a t t e n i n g  and c lo ck w ise  r o ta t i o n  

o f  f o ld s  a s  v iew ed o n to  th e  p lan e  o f  m y lo n it ic  sh e a r  f o l i a t i o n .  

Presum ably f l a t t e n i n g  d id  n o t a f f e c t  th e  d i r e c t io n  o f r o t a t i o n ,  b u t i t  

may have in c re a s e d  th e  r a t e  o f  r o t a t i o n  in to  th e  m y lo n it ic  f o l i a t i o n  

p la n e . Such r o t a t i o n  a p p e a rs  co m p a tib le  w ith  a to p - to - th e - e a s t  sen se  o f  

sh e a r  w ith in  th e  m y lo n ite  zo n e , w hich i s  a  n e t  t r a n s p o r t  d i r e c t io n  

c o n s is te n t  w ith  t h a t  in d ic a te d  by numerous o th e r  t e x t u r a l  

i n t e r p r e t a t i o n s  th ro u g h o u t th e  sou thw est p o r t io n  o f Okanogan dome ( t h i s  

p a p e r ; H ansen, 1983b; Goodge and H ansen, in  p r e s s ) .

QUARTZ C-AXIS MICROFABRICS

Okanogan dome p a ra g n e is s e s  c o n ta in  ev id en ce  o f  s u c c e s s iv e  p e r io d s  

o f  metamorphism and d e fo rm a tio n , in c lu d in g  e a r ly  r e g io n a l  h ig h -g ra d e  

m etam orphism , f o ld in g ,  and m y lo n i t i z a t io n .  O rth o g n e isse s  o f  th e  

Okanogan dome, a s  d e s c r ib e d  above , c o n ta in  t e x t u r a l  and c o m p o s itio n a l 

f e a tu r e s  in d ic a t iv e  o f a p lu to n ic  o r i g i n .  tb r e o v e r ,  th ey  show no 

ev id en ce  o f  invo lvem ent in  s i l l im a n i te - z o n e  r e g io n a l  metamorphism o r 

f o ld in g ;  th ey  a re  p red o m in an tly  g r a n o d io r i te  in  c o m p o sitio n , and
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numerous s p l i c e  and p e g m a tite  d ik e s  ap p ear undeform ed ex cep t where they  

a re  sh e a re d  in  th e  m y lo n it ic  f a b r i c .  The m ajor o r th o g n e is s  u n i t ,  

K - f e ld s p a r - h io t i t e  g r a n o d io r i t e ,  i s  v i s i b l y  sh e a re d  th ro u g h  a  m ajor 

s e c t io n  o f  Okanogan m y lo n ite ,  and i t  i s  an id e a l  in d ic a to r  o f  q u a r tz  

c - a x is  p r e f e r r e d  o r i e n ta t i o n s  form ed d u r in g  m y lo n i t iz a t io n .  The q u a r tz  

m ic ro fa b r ic  in  th e s e  p lu to n ic  m y Io n ite s  i s  r e l a t e d  to  c o n d it io n s  o f  

m y lo n i t iz a t io n  in  Okanogan dome, and by com parison  w ith  f a b r i c  p a t t e r n s  

re p o r te d  from  o th e r  s tu d ie s  I  am a b le  to  co n c lu d e  th a t  d u c t i l e  m y lo n it ic  

d e fo rm a tio n  in v o lv e d  e a s t e r l y - d i r e c t e d  p ro g re s s iv e  s im ple sh e a r  in  th e  

p la n e  o f  f o l i a t i o n .

Â sequence o f  o r ie n te d  sam ples c o l l e c te d  in  th e  K -fe ld s p a r  

m egacryst g r a n o d io r i te  u n i t  c o v e r s ,  from  n o r th e a s t  to  so u th w e st, a 

s t r u c t u r a l  s e c t io n  upward th ro u g h  th e  Okanogan m y lo n ite  zone from  weakly 

to  h ig h ly  deform ed p lu to n ic  ro ck s  ( s e e  F ig .  3 ) .  O rie n te d  th in  s e c t io n s  

were c u t  p e rp e n d ic u la r  to  m y lo n it ic  f o l i a t i o n  in  two d i r e c t io n s ,  

p a r a l l e l  and p e rp e n d ic u la r  to  m y lo n it ic  l i n e a t i o n .  I  m easured c - a x is  

o r ie n ta t io n s  o f  q u a r tz  g r a in s  on a  p é tro g ra p h ie  m icroscope  equipped w ith  

a  f o u r - a x is  u n iv e r s a l  s ta g e .  T ra v e rse s  w ere made a c ro s s  s l id e s  a t  1 mm 

i n t e r v a l s ,  and a l l  g r a in s  p a s s in g  b e n ea th  th e  c r o s s - h a i r s  were m easured 

in  o rd e r  to  o b ta in  a  l a r g e r  number o f p o in ts  in  th e  q u a r tz -p o o r  

g r a n o d io r i t e .  Only q u a r tz  g r a in s  o f  th e  g r a n o d io r i te  m a tr ix  w ere 

m easured , and o n ly  one s e c t io n  (203N) c o n ta in e d  s ig n i f i c a n t  p o r t io n s  o f 

a  c o a rse  K -fe ld s p a r  m e g a c ry s t. Q uartz  g r a in s  o f  a l l  s iz e s  w ere in c lu d ed  

and n o t d is c r im in a te d  on th e  b a s is  o f  s i z e .  In  g e n e r a l ,  1 m easured 

s in g le  su b g ra in s  from  c o a rse  q u a r tz  g r a in s ,  u n le s s  two o r  more su b g ra in s  

d is p la y e d  g r e a t ly  d i f f e r e n t  e x t in c t io n  p o s i t i o n s .  S in g le  r e c r y s t a l l i z e d  

g r a in s  judged  r e p r e s e n ta t iv e  o f a g roup  w ere m easured where p o s s ib le .
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y e t  v e ry  f in e  r e c r y s t a l l i z e d  g r a in s  w ere commonly too  sm all f o r  a c c u ra te  

m easurem ent. In  s e v e ra l  s e c t io n s  250 c -a z e s  were m easured , b u t in  

w eakly deform ed ro ck s  w hich c o n ta in  g e n e ra l ly  c o a rse  g r a in  s iz e s  

( 0 .5 - 1 .0  mm) I  was a b le  to  m easure o n ly  few er th a n  two hundred  g r a in s .  

M il le r  and C h r i s t i e  (1981) d is c u s s  th e  s ig n i f ic a n c e  o f  c o l l e c t in g  a s  few 

a s  200 d a ta .  C -a z is  m easurem ents a re  p lo t t e d  on low er-hem isphere  

e q u a l- a re a  s te r e o n e ts  ( F ig .  1 8 ) ,  and co n to u red  u s in g  th e  Schm idt method 

(T urner and W eiss, 1963, p .  6 1 ) .  I ty lo n i t ic  f o l i a t i o n  Me, m y lo n it ic  

l i n e a t io n  Ml', and m y lo n it ic  sh e a r  s u r fa c e s  Mm a re  shown on a l l  f a b r i c  

d iagram s f o r  w hich th e r e  i s  d a ta .  The a n g le  betw een Me and Mm i s  th e  

mean o f  a n g le s  m easured d i r e c t l y  in  th in  s e c t io n s  c u t p a r a l l e l  to  

m y lo n it ic  l i n e a t i o n .

For th e  s e r i e s  o f  f a b r i c  d iagram s shown in  F ig .  18, m y lo n it ic  

f a b r i c  i s  m ost s tro n g ly  e z p re s se d  t e z t u r a l l y  a t  lo c a t io n  203N and g rad es  

downward th ro u g h  th e  sh e a r  zone to  21ON, where m y lo n it ic  f a b r i c  i s  

b a re ly  p e r c e p t ib l e .  The g e n e ra l  p a t t e r n  shown in  th e  f a b r i c  d iagram s 

s u b s ta n t ia te s  t h i s  t r e n d  o f  in c r e a s in g ly  weak f a b r ic s  w ith  s t r u c t u r a l  

d e p th ; th e  q u a r tz  f a b r i c  i s  v e ry  s tro n g  a t  203N and becomes 

in c re a s in g ly  d i f f u s e  tow ard  210N, which d is p la y s  a  n e a r ly  random 

d i s t r i b u t i o n  o f  c - a z i s  o r i e n t a t i o n s .  The la c k  o f  a  re c o g n iz a b le

p r e f e r r e d  o r i e n t a t i o n  a t  21ON a ls o  in d ic a te s  a r e l a t i v e l y  s t r u c t u r e l e s s  

ro ck  te z tu r e  p r io r  to  m y lo n i t iz a t io n ,  co n firm in g  th a t  g r a n o d io r i t e  

in tru d e d  betw een r e g io n a l  fo ld in g  and m y lo n i t iz a t io n .
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Most o f th e  q u a r tz  f a b r i c  d iagram s (204N, 205N, 207N) d is p la y  a

w e a k ly fo rm e d  c r o s s e d - g i r d le  p a t t e r n  s im i la r  to  th o se  d e s c r ib e d  from  

n a tu r a l ly  and e x p e r im e n ta lly  deform ed q u a r t z i t es  by C h r i s t i e  (1 9 6 3 ), 

S y lv e s te r  and C h r i s t i e  (1 9 6 8 ), Bouchez and P echer (1 9 7 6 ), T u l l i s  (1977) 

and Compton (1 9 8 0 )( F ig s .  18 and 1 9 a ) . The two g i r d l e s  i n t e r s e c t  a lo n g  

a  l i n e  in  th e  p la n e  o f  f o l i a t i o n ,  p e rp e n d ic u la r  to  m y lo n it ic  l i n e a t io n  

L . Diagram 203N shows a  s in g le  g i r d l e  o r ie n te d  ap p ro x im a te ly  norm al to  

b o th  m y lo n it ic  f o l i a t i o n  and l i n e a t i o n ,  and i t  resem b les  q u a r tz  f a b r i c  

d iagram s from  ro c k s  in  n a tu r a l  sh e a r  zones d e s c r ib e d  by a h o s t  o f  

a u th o rs  (E isb a c h e r , 1970; H ara and o th e r s ,  1973; Bouchez and P e ch e r , 

1976; L au ren t and E tc h e c o p a r , 1976; C a r re ra s  and o th e r s ,  1977; Burg 

and L a u re n t,  1978; B erth e  and o th e r s ,  1979a, 1979b; Compton, 1980; 

Sim pson, 19 8 0 ).

More ap p a re n t th a n  th e  a c tu a l  ty p e  o f  f a b r i c  p a t t e r n ,  i s  th e  

r e l a t i v e  symmetry o f  th e  g i r d l e ( s )  w ith  r e s p e c t  to  m y lo n it ic  f o l i a t i o n  

Me, th e  p la n e  o f s h e a r .  S e v e ra l  d iagram s p r o je c te d  p a r a l l e l  to  th e  

d i r e c t io n  o f  m y lo n it ic  l i n e a t i o n  c o n ta in  c ro sse d  g i r d l e s  which re s o lv e  

to  a s in g le  c e n t r a l  g i r d l e  o r ie n te d  p e rp e n d ic u la r  to  m y lo n it ic  f o l i a t i o n  

and l i n e a t i o n .  T h is  symmetry w ith  r e s p e c t  to  sh e a r  p la n e s  i s  m a in ta in ed

even a s  g i r d le s  fa n  o u t tow ard  th e  to p  o f  th e  d iag ram s.

Symmetry o f th e  q u a r tz  c - a x is  g i r d l e s  w ith  r e s p e c t  to  m y lo n it ic

f o l i a t i o n  i s  a ls o  shown in  d iagram  204W, which i s  o r ie n te d  w ith

l in e a t io n  norm al to  th e  p la n e  o f  p r o je c t io n  (F ig .  1 8 ) . The p a t t e r n  in  

204W f u r th e r  r e in f o r c e s  th e  sen se  o f a s tro n g  c e n t r a l  g i r d l e  shown in  

204N.

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



44

S

FIG* 19. C ro a sed -g ird le  c -a x is  f a b r ic  p a t te r n s  in  g ra n o d io r i te  
m y Io n ite . (a )  Contoured c ro s s e d -g ird le  f a b r ic  p a t te r n ;  sample 204N. 
(b ) S ynoptic  s k e le ta l  diagram  o f contoured  f a b r ic  diagram s shown in  
F igu re  18 ( a f t e r  L is te r  and W illiam s, 1979). H o rizo n ta l l in e  shows 
t r a c e  o f m y lo n itic  f o l i a t i o n ;  d o ts  show m y lo n itic  l in e a t io n  d i r e c t io n .

Iz

FIG. 20, I n te r p r e ta t io n  o f c ro s s e d -g ird le  c -a x is  p a t te rn s  in  q u a rtz  
m yIon ites (from  Behrmann and P l a t t ,  1982). S k e le ta l  o u t l in e s  o f
c ro s s e d -g ird le  f a b r ic s  r e s u l t in g  from (a ) c o a x ia l com pression
p e rp e n d ic u la r  to  f o l i a t i o n  p la n e , and (b) n o n -co ax ia l sim ple shear 
p a r a l l e l  to  f o l i a t i o n  p la n e .
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Â sy n o p tic  s k e l e t a l  f a b r i c  d iagram  ( L i s t e r  and W illiam s, 1979;

Behrmann and P l a t t ,  1982) com bines in d iv id u a l  c - a x is  p r e f e r r e d  

o r i e n t a t i o n  p a t t e r n s ,  and i s  a  co n v en ien t method o f  d e te rm in in g  g e n e ra l  

symmetry e lem en ts  i n  th e  f a b r i c  p a t t e r n s  o f  deform ed r o c k s .  S k e le ta l  

d iag ram s a re  sim ply c o n s tru c te d  by co n n ec tin g  peaks and r id g e s  o f  

in d iv id u a l  co n to u red  c - a x is  d iag ram s. A sy n o p tic  s k e le t a l  d iagram  o f

th e  Okanogan m y Io n ite  q u a r tz  c - a x is  p a t t e r n s  (F ig .  1 9 b ), shows th e  

f a b r i c  p a t t e r n s  o f  th e s e  ro c k s  in c lu d e  a  s in g le  s t r a i g h t  g i r d l e  in c l in e d  

in  a  c lo ck w ise  d i r e c t io n  and s h o r te r  " le g s "  p r o je c t in g  to  th e  n o rth w est 

and s o u th e a s t  q u a d ra n ts .  T h is  sy n o p tic  s k e l e t a l  d iagram  th u s  shows th e  

m y Io n ite  q u a r tz  f a b r i c s  to  be asym m etric c r o s s e d - g i r d le ,  o r  ty p e  I  

c r o s s e d - g i r d le  p a t t e r n s  a s  used  by L i s t e r  and W illiam s (1 9 7 9 ).

At fo u r  lo c a t io n s  (204N, 205N, 207N, and 209N), Mm sh e a r  p la n e s  d ip  

w estw ard w ith  r e s p e c t  to  sh e a r  f o l i a t i o n .  Mean a n g le s  betw een Mm and Me 

d e c re a se  w ith  in c re a s in g  m y lo n i t iz a t io n ,  from  209M to  204N, b u t t h i s  

g e n e ra l  t r e n d  ap p ea rs  to  be in d ependen t o f th e  r e l a t i v e l y  c o n s ta n t an g le  

betw een c - a x is  g i r d l e s  and m y lo n it ic  f o l i a t i o n .

The c u r re n t  l i t e r a t u r e  c o n ta in s  two g e n e ra l ly  d i s t i n c t  app roaches

to  th e  i n t e r p r e t a t i o n  o f  q u a r tz  c - a x is  p r e f e r r e d  o r i e n t a t i o n s .  On th e

one hand , many m odelers  and e x p e r im e n ta l is ts  c i t e  ev id en ce  f o r  th e  

fo rm a tio n  o f  sym m etric c r o s s e d - g i r d le  f a b r i c  p a t t e r n s  d u rin g  p lan e  

s t r a i n  (F ig .  2 0 a ) , and asym m etric  c r o s s e d - g i r d le s  in c l in e d  w ith  th e  

sen se  o f  sh e a r  in  s im p le  sh e a r  reg im es (F ig .  2 0 b ) ( C h r is t ie ,  1963 

S y lv e s te r  and C h r i s t i e ,  1968; R ie k e ls  and B aker, 1977; T u l l i s ,  1977 

L i s t e r  and o th e r s ,  1978; L i s t e r  and P r ic e ,  1978; Compton, 1980 

L i s t e r  and Hobbs, 1980; L i s t e r  and W illiam s, 1980; M il le r  and
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C h r i s t i e ,  1981; Behrmann and P l a t t ,  1 9 8 2 ). On th e  o th e r  hand e x i s t  

s tu d e n ts  o f  n a tu r a l ly  deform ed ro ck s  who document c - a x is  f a b r i c s  in  

c o n ju n c tio n  w ith  presum ably  in d ep en d en t m ethods o f  d e te rm in in g  sen se  o f 

movement in  sh e a r  z o n e s , and who prom ote an asy m m etrica l r e l a t io n s h ip  

betw en s in g le  g i r d l e s  and sh e a r  d i r e c t io n s  such th a t  th e  g i r d l e s  a re  

in c l in e d  sy m p a th e tic  to  th e  sen se  o f  sh e a r  (E isb a c h e r , 1970; Bouchez 

and P e c h e r , 1976; L au ren t and E tc h e c o p a r, 1976; C a rre ra s  and o th e r s ,  

1977; Burg and L a u re n t, 1978; B erth e  and o th e r s ,  1979a, 1979b;

Sim pson, 1980; M a tta u e r , 1 9 8 1 ). Most a u th o rs  from  th e se  two camps 

appear to  a g re e  t h a t  s i n g l e -  o r  c r o s s e d - g i r d le s  sy m m etrica lly  r e l a t e d  to  

sh e a r  p la n e s  in  deform ed ro c k s  r e f l e c t  o v e r a l l  f l a t t e n i n g  p e rp e n d ic u la r  

to  th e  p la n e  o f  sh e a r  ( s e e  T u l l i s ,  1 9 7 7 ). T h is  s i t u a t i o n  most 

re a so n a b ly  f i t s  a  model o f  c o a x ia l  p la n e  s t r a i n ,  which im p lie s  b u lk  

l a t e r a l  sh e a r  in  a l l  d i r e c t io n s  o f  th e  sh e a r  p la n e .  These same w orkers 

ap p ear to  ag ree  a s  w e l l ,  t h a t  asym m etric c - a x is  g i r d l e  p a t t e r n s  p ro v id e  

a means o f  in te r p r e t i n g  sh e a r  d i r e c t io n s  r e g a rd le s s  o f th e  a c tu a l  

p a t t e r n ,  w hether o f a  c ro s s e d -  o r  s in g l e - g i r d l e  ty p e .

L i s t e r  and o th e r s  (1978a, 1978b, 1980a, 1980b) base  t h e i r

c o n c lu s io n s  on com puter s im u la t io n s  o f  p o ly c r y s ta l l in e  q u a r t z i t e  

defo rm atio n  under d i f f e r e n t  c o n d i t io n s ,  in c lu d in g  c o a x ia l  and 

n o n -c o a x ia l d e fo rm a tio n . Combining th e  v a r io u s  s l i p  system s o f q u a r tz  

in to  s e v e ra l  model q u a r t z i t e s .  L i s t e r ' s  g roup  d e te rm in e s  t h e o r e t i c a l  

q u a r tz  c - a x is  p r e f e r r e d  o r i e n ta t i o n s  f o r  d e fo rm a tio n  p a th s  in c lu d in g  

components o f c o a x ia l  e x te n s io n ,  c o a x ia l  s h o r te n in g , and n o n -c o a x ia l 

s im ple  s h e a r .  The r e s u l t s  o f  work by L i s t e r ' s  group show th a t  

asym m etric c r o s s e d -g i r d le  p a t t e r n s  d evelop  a s  a r e s u l t  o f n o n -c o a x ia l 

s im p le  s h e a r ,  and th a t  th e  p a t t e r n  asymmetry in d ic a te s  an o v e r a l l  sen se
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o f  s h e a r  (G. L i s t e r ,  p e r s .  comm., 1 9 8 3 ). E x p erim en ta l s tu d ie s  by 

T u l l i s  (1977) p r im a r i ly  c o n s id e r  c o a x ia l  com pression  and p la n e  s t r a i n  o f  

a r t i f i c i a l  and n a tu r a l  q u a r t z i t e s .  The q u a r tz  m ic ro fa b r ic  p a t t e r n s  

r e s u l t i n g  from  p la n e  s t r a i n  ex p erim en ts  ap p ear as  sym m etrical g i r d l e s  

w ith  r e s p e c t  to  sh e a r  d i r e c t i o n ,  in  agreem ent w ith  r e s u l t s  o f th e  L i s t e r  

c o a x ia l  R efo rm ation  m o d e ls . These s tu d ie s  c o n s t i t u t e  th e  t h e o r e t i c a l  

and e x p e r im e n ta l fram ework f o r  th e  i n t e r p r e t a t i o n  th a t  c - a x is  g i r d l e s  

form ed by s im p le  sh e a r  d e fo rm a tio n  shou ld  l i e  in c l in e d  in  th e  d i r e c t io n  

o f  s h e a r .

A b a t t e r y  o f  f a b r i c  s tu d ie s  in  n a tu r a l  ro c k s ,  m o stly  from European 

sh e a r  b e l t s ,  combine a n a ly s is  o f  r e g io n a l  s t r u c t u r e s ,  m ic ro te x tu ra l  

s tu d y , and q u a r tz  c - a x is  p r e f e r r e d  o r i e n ta t i o n  a n a ly s is  in  o rd e r  to  

d e r iv e  a sh e a r  sen se  i n t e r p r e t a t i o n  f o r  o b se rv ed  q u a r tz  f a b r i c s .  

S t r u c tu r a l  m ethods f o r  d e f in in g  a  sen se  o f  sh e a r  a r e ,  o f  c o u rse , 

s p e c i f i c  to  lo c a l  g e o lo g ic  o c c u re n c e s , b u t once a  sh ea r sen se  i s  

d e te rm in e d , i t  may be e m p ir ic a lly  compared w ith  th e  q u a r tz  m ic ro fa b r ic .  

R e s u lts  o f  m ost s tu d ie s  in d ic a te  th a t  s in g le  g i r d le s  o r  weak 

c r o s s e d -g i r d le s  a r e  in c l in e d  w ith  th e  d i r e c t io n  o f b u lk  s im ple  sh e a r  

(se e  Burg and L au ren t (1 9 7 8 ), B erthe  and o th e r s  (1 9 7 9 a ), and M attauer 

and o th e r s  (1981) f o r  ex a m p le s). The c o n c lu s io n  o f w orkers s tu d y in g  

n a tu r a l ly  deform ed ro c k s  t h a t  s in g l e -  o r  c r o s s e d - g i r d le  p a t t e r n s  l i e  

in c l in e d  sy m p a th e tic  to  th e  sen se  o f sh e a r  i s  th u s  in  agreem ent w ith  th e  

r e s u l t s  o f  e x p e r im e n ta l and t h e o r e t i c a l  a n a ly s is .
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By com paring q u a r tz  c - a x is  p a t t e r n s  o f  Okanogan m y Io n ite s  to  

p a t t e r n s  in  p u b lish e d  m ic ro fa b r ic  s tu d i e s ,  I  draw s e v e ra l  c o n c lu s io n s  

c o n ce rn in g  t h e i r  k in e m a tic  s ig n i f i c a n c e .  (1 ) The o v e r a l l  f a b r i c  p a t t e r n  

in  th e  Okanogan m y Io n ite s  i s  c h a r a c te r iz e d  by a b road  g i r d l e  

p e rp e n d ic u la r  to  th e  p la n e  o f m y lo n it ic  f o l i a t i o n  (F ig .  1 9 a ) . (2 )

C o n s tru c tio n  o f  a  s y n o p tic  s k e l e t a l  d iagram  from  co n to u red  c - a x is  

p a t t e r n s  shows th a t  th e  f a b r i c  i s  more c o r r e c t ly  c h a r a c te r iz e d  a s  an 

asym m etric c r o s s e d - g i r d le  p a t t e r n ,  w ith  a  s in g le  s t r a i g h t  g i r d l e  

in c l in e d  to  th e  e a s t  (F ig .  1 9 b ). (3 )  Based on in t e r p r e t a t i o n s

p re s e n te d  by L i s t e r  and W illiam s (1 9 7 9 ), Behrmann and P l a t t  (1 9 8 2 ), and 

L i s t e r  ( p e r s .  comm., 19 8 3 ), I  conclude th a t  th e  asym m etric 

c r o s s e d - g i r d le  p a t t e r n  o f  th e  Okanogan q u a r tz  m y Io n ite s  r e s u l t s  from  

n o n -c o a x ia l  p ro g re s s iv e  s im p le  sh e a r  and a  d e x t r a l  o r  to p - to - th e - e a s t  

b u lk  sh e a r  d i r e c t i o n .  T h is  c o n c lu s io n  a g re e s  w ith  i n t e r p r e t a t i o n s  

p re se n te d  in  th e  s t r u c t u r a l  a n a ly s is  o f  f o ld s  above, b u t d is a g re e s  a t  

t h i s  tim e  w ith  th e  c o n c lu s io n s  reach ed  by Hansen (1 9 8 3 b ), who su g g e s ts  

th a t  m y lo n it ic  m ic ro s t ru c tu r e s  in d ic a te  a to p - to - th e -w e s t  sen se  o f 

s h e a r .

DISCUSSION

Â g e n e ra l  summary o f  s t r u c t u r a l  and p e t r o lo g ic  ev en ts  a f f e c t in g  

ro ck s  o f Okanogan dome b e fo re  dome fo rm a tio n  in c lu d e s  m etam orphism , 

f o ld in g ,  in t r u s io n ,  and m y lo n i t i z a t io n .  The m ost p e r t in e n t  e a r l i e r  

s tu d ie s  in  th e  a re a  in c lu d e  work by Snook (1 9 6 3 ), Fox and o th e r s  (1976, 

1977), Hansen (1 9 8 3 b ), and Goodge and Hansen ( in  p r e s s ) .  S nook 's  

sequence o f e v en ts  in  Okanogan dome in v o lv e s  s e q u e n t ia l  m etam orphism , 

in t r u s io n ,  and d u c t i l e  m y lo n i t i z a t io n ,  a  sequence w hich ag rees  w e ll  w ith
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th e  r e s u l t s  o f  t h i s  s tu d y . Snook i n t e r p r e t s  th e  Okanogan m y Io n ite  as  a 

lo w -an g le  d i s t r i b u t e d  t h r u s t  f a u l t ,  and he p ro p o ses  t h a t  t h i s  s t r u c tu r e  

p r e -d a te s  b r i t t l e  f a u l t i n g  a t  th e  dome m arg in . Fox and o th e r s  (1976, 

1977) i n t e r p r e t  m etam orphism , igneous a c t i v i t y ,  and r e g io n a l  c a t a c l a s i s  

a s  a l l  o c c u r in g  d u rin g  d i a p i r i c  r i s e  o f  h o t h ig h -g ra d e  m etam orphic and 

igneous ro c k s .  C a ta c la s is  o f  t h i s  r i s i n g  mass o c c u rre d  d u rin g  sh e a r  

a lo n g  i t s  o u te r  b o u n d a r ie s  a g a in s t  low er te m p e ra tu re  co u n try  ro c k s .  

T hus, th e s e  a u th o rs  view  d i a p i r i c  r i s e ,  d u c t i l e  sp re a d in g , and 

c a t a c l a s i s  a s  a  co n tin u o u s  p ro c e ss  d u rin g  metamorphism and in t r u s io n  of 

ro ck s  w ith in  Okanogan dome. R e s u lts  o f  t h i s  s tu d y  ag re e  g e n e ra l ly  w e ll  

w ith  S n ook 's  model o f  d e fo rm a tio n  and metamorphism in  g n e is s e s  o f 

Okanogan dome, and a r e  s im i la r  to  th e  c o n c lu s io n s  p roposed  by Hansen 

(1 9 8 3 b ), and Goodge and Hansen ( in  p r e s s ) .  Expanding on S nook 's  

i n t e r p r e t a t i o n s ,  I  b e l ie v e  th e r e  i s  s tro n g  ev id en ce  to  in d ic a te  th a t  

d i s t i n c t  e a r ly  p h ases  o f  d e fo rm a tio n  o c c u rre d  in  g n e is s e s  o f  Okanogan 

dome; metamorphism fo llo w e d  in  th e  waning s ta g e s  by fo ld in g  w as, in  

t u r n ,  fo llo w ed  a t  a s ig n i f i c a n t l y  l a t e r  tim e by th e  c r u s t a l  sh e a r  ev en t 

which form ed th e  Okanogan my I o n i t e .  Evidence th a t  metamorphism and 

m y lo n i t iz a t io n  d id  n o t o ccu r s im u lta n e o u s ly  in c lu d e s :  (1 ) d i f f e r e n c e s

in  te m p e ra tu re  o f m etamorphism and m y lo n i t iz a t io n  o f g r e a te r  th a n  100*C, 

a s  in d ic a te d  by s i l l im a n i te - z o n e  m etam orphic assem blages and m y Io n ite  

f e ld s p a r  geo therm om etry , (2 ) i n t r u s io n  o f  g r a n o d io r i te  p lu to n s  which 

c o n ta in  numerous n o n -fo ld e d  b u t m y lo n itiz e d  d ik e s ,  in d ic a t in g  in t r u s io n  

in te rv e n e d  betw een m etam orphism  and m y lo n i t iz a t io n ,  th e re b y  p ic k in g  up 

on ly  m y lo n it ic  t e x t u r e s ,  (3 )  m esoscopic and m ic ro sco p ic  s t r u c tu r e s  show 

th a t  an e a r ly  m etam orphic p a ra g n e is s  f o l i a t i o n  and l i n e a t io n  were l a t e r  

fo ld e d ,  a lth o u g h  such fo ld s  c o n ta in  a weak a x ia l - p la n e  s c h i s t o s i t y ;  as
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th e y  w ere p ro g re s s iv e ly  m y lo n it iz e d  an  in c r e a s in g ly  s tro n g  a x ia l - p la n e  

s c h i s t o s i t y  fo rm ed, (4 )  m ic ro sco p ic  f a b r i c s  a ls o  in d ic a te  a g r a d a t io n a l  

t r a n s i t i o n  upward in  th e  m y Io n ite  zone from  r e l a t i v e l y  c o a rs e -g ra in e d  

m e ta b la s t ic  m in e ra l t e x t u r e s ,  to  f in e -g r a in e d  q u a r tz  r e c r y s t a l l i z a t i o n  

and b r i t t l e  f e ld s p a r  b e h a v io r  in  th e  same m etam orphic ro ck  u n i t s ,  (3 ) 

fo ld -s h a p e  com pression  and fo ld -e le m e n t r e o r i e n t a t i o n  b o th  su g g es t 

g r a d u a l ly  in c re a s e d  sh e a r  d e fo rm a tio n  o f  a  u b iq u ito u s  f o ld  f a b r i c  tow ard 

th e  m arg in  o f  Okanogan dome, in d ic a t in g  m y lo n i t iz a t io n  o f  p r e - e x i s t in g  

s t r u c t u r e s .

I  summarize th e  i n t e r p r e t a t i o n s  o f  t h i s  s tu d y  by f i t t i n g  them in to  

a  b ro a d e r  t e c to n ic  fram ew ork, in  th e  hope o f  draw ing s i m i l a r i t i e s

betw een th e s e  and th e  s t r u c t u r a l  i n t e r p r e t a t i o n s  o f  o th e r  c r y s t a l l i n e  

t e r r e n e s  o f  th e  n o r th e rn  C o r d i l l e r a .  F ig u re  21 p re s e n ts  a c a r to o n  

sk e tc h  o f  th e  p ro g re s s iv e  developm ent o f  ro c k s  and s t r u c tu r e s

in te r p r e te d  fo r  Okanogan dome.

The o ld e s t  ro c k s  o f  so u th w este rn  Okanogan dome form a sequence o f 

m etased im en tary  g n e is s e s  c o n s is t in g  m o stly  o f

h o r n b le n d e - b io t i te - p la g io c la s e  la y e re d  g n e is s ,  w ith  m inor amounts o f 

a m p h ib o lite , s i l l im a n i t e - b e a r in g  p o l i t i c  s c h i s t ,  and d io p s id e -b e a r in g  

c a l c - s i l i c a t e  g n e i s s .  The l i t h o l o g i e  v a r i a t io n  o f th e  g n e is s e s  

in d ic a te s  a sed im en ta ry  p a re n t  ro c k , and th e  p o ta s s iu m -d e f ic ie n t

co m p o sitio n  o f  th e s e  u n i t s  r e f l e c t s  a  c l a s t i c  d e p o s i t io n a l  environm ent

in  th e  v i c i n i t y  o f  a c o n t in e n ta l  m arg in  v o lc a n ic  a r c  w ith in  an a n c ie n t  

e u g e o c lin e  (F ig .  2 1 a ) . The v o lc a n ic  a r c  i t s e l f  would p ro v id e  th e  

g r e a t e s t  so u rce  o f  sed im ent in  t h i s  en v iro n m en t, and may e x p la in  th e  

monotonous r e p e t i t i o n  o f  h o rn b le n d e -p la g io c la s e  g n e is s  and c a l c - s i l i c a t e
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g n e is s  th ro u g h o u t Okanogan dome (Fox and o th e r s ,  1976, 1 9 7 7 ).

H ig h -g rad e  r e g io n a l  m etam orphism  in  th e  s i l l i m a n i t e  zone o f  th e  

a m p h ib o lite  f a c ie s  in d ic a te s  t h a t  sed im en ta ry  p a re n ts  o f  Okanogan 

p a ra g n e is s e s  were d e p o s ite d  co n tin en tw a rd  o f ,  o r  p o s s ib ly  w i th in ,  th e  

v o lc a n ic  a r c .  H ig h -te m p e ra tu re  iso th e rm s  on th e  tre n c h  s id e  o f  a 

v o lc a n ic  a r c  p lu n g e  d eep ly  b e n e a th  th e  a r c  and p re c lu d e  e x te n s iv e  h ig h  * 

te m p e ra tu re  metamorphism o f  a r c -d e r iv e d  se d im e n ts . A deep b a c k -a rc  

sed im en ta ry  b a s in  may have developed  in  a m a rg in a l sea  betw een a r c  and 

c o n tin e n t  a f t e r  L a te  F recam brian  o r  E a rly  P a le o z o ic  r i f t i n g  o f  th e  N orth 

A m erican c ra to n  (TempeIm a n -K lu it, 1 9 7 9 ). Form ation  o f a  L a te  T r ia s s i c  

i s l a n d - a r c  system  a lo n g  th e  w e s te rn  edge o f  N orth Am erica i s  a ls o  

su g g e s te d  by TempeIm an -K lu it (1 9 7 9 ), and M attau er and o th e r s  (1 9 8 3 ), who 

c i t e  ev id en ce  f o r  an o c e a n ic  a r c  s e p a ra te d  from  c o n t in e n ta l  c r u s t  by a 

r i f t - g e n e r a t e d  o c e a n ic  b a s in  and b u i l t  upon a  w e s t-d ip p in g  su b d u c tio n  

zone. The a r c -d e r iv e d  sed im en ta ry  ro ck s  o f  Okanogan dome a re  s im i la r  to  

ro ck  ty p e s  co m p ris in g  th e  Q u e s n e llia  a llo c h th o n o u s  te r r a n e  o f  th e  

Canadian C o r d i l le r a  (Monger and o th e r s ,  1982). By com parison i t  ap p ears  

l i k e l y  th a t  m etased im en ta ry  ro ck s  o f  Okanogan dome r e p re s e n t  v o lc a n ic  

sed im ents shed from  an  o c e a n ic  a r c  in  th e  co re  o f a L a te  P a leo zo ic  to  

E a rly  M esozoic a llo c h th o n o u s  te r r a n e  developed  o v er a  w e s t-d ip p in g  

su b d u c tio n  zone.

A weak to  n o n e x is ta n t  a x ia l - p la n e  s c h i s t o s i t y  in  th e  h in g e s  o f 

m esoscopic f o ld s  in  Okanogan p a ra g n e is s e s  i s  ev idence  fo r  l a t e  

syn-m etam orphic to  p o s t—m etam orphic d e fo rm a tio n . The d ip  o f  a x ia l  

p la n e s  in  th e s e  f o ld s  i s  r e g io n a l ly  sh a llo w  i f  th e  e f f e c t s  o f l a t e r  

doming a re  rem oved, in d ic a t in g  p o s s ib le  r e l a t i o n  to  b road  f l a t - l y i n g  

nappe s t r u c t u r e s .  F u rth e rm o re , w h ile  many m esoscopic f o ld s  show
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am biguous v e rg e n c e , s e v e ra l  exam ples show v erg en ce  g e n e ra l ly  to  th e  e a s t  

( F ig .  2 1 b ), r e f l e c t i n g  v e rg en ce  o f  l a r g e - s c a le  f o ld s .  S h a llo w -d ip p in g  

and e a s t -v e r g e n t  f o ld  nappes r e f l e c t  e a s t e r ly - d i r e c t e d  te c to n ism  d u rin g  

o r  a f t e r  th e  peak o f  r e g io n a l  m etam orphism . The g rad e  o f m etam orphism , 

s ty l e  o f  f o ld in g ,  and v e rg en ce  sen se  a re  co m p a tib le  w ith  numerous 

g e n e r a l ly  e a s t -v e r g e n t  s t r u c tu r e s  in  th e  Shuswap m etam orphic complex 

(W heeler, 1965; Hyndman, 1968; F y le s ,  1970; R eeso r, 1970; R eesor and 

Moore, 1971; Brown and T ip p e t t ,  1978; Read, 1980; Read and Brown, 

1981; Read and K la p a c k i, 1 9 8 1 ). The f re q u e n t ly  r e p o r te d  s ty l e  o f 

combined h ig h -g ra d e  metamorphism and fo ld in g  in  th e  Shuswap te r r a n e  i s  

now w id e ly  b e l ie v e d  to  be th e  r e s u l t  o f  m idd le  J u r a s s ic  a c c r e t io n  o f th e  

Q u e s n e ll ia  a l lo c h th o n o u s  t e r r a n e  to  th e  N orth American c o n t in e n ta l  

m arg in , w hich i t  may have p a r t ly  o v e rr id d e n  (F ig .  2 1 b )(TempeIm a n -R lu it, 

1979; Monger and o th e r s ,  1982; Brown and Read, 1983; M attau e r and 

o th e r s ,  1 9 8 3 ).

I n t r u s io n  o f  m assiv e  h o rn b 1e n d e - b io t i t e  g r a n o d io r i te  p lu to n s  in to  

Okanogan p a ra g n e is s e s  m ust have p o s t-d a te d  th e  peak o f r e g io n a l  

metamorphism and f o ld in g ,  b ecau se  th e  ro ck s  d is p la y  p rim ary  igneous 

t e x tu r e s ,  a re  unm etam orphosed, and c o n ta in  numerous sh e e ted  p la n a r  

p eg m a tite  and a p l i t e  d ik e s  w hich p ro b ab ly  in tru d e d  in  th e  l a t e s t  s ta g e s  

o f emplacement o f th e  p lu to n s  (F ig .  2 1 d ) . N o n e th e le s s , i t  seems l i k e ly  

t h a t  th e  d e r iv a t io n  and em placem ent o f  th e s e  p lu to n s  i s  t e c to n i c a l ly  

r e l a t e d  to  g e n e ra t io n  by o ro g e n ic  metamorphism and fo ld in g  which 

p re -d a te d  in t r u s io n .  A lthough  on t e x t u r a l  grounds th e  p lu to n s  ap p ear to  

be p o s t-o ro g e n ic  i n t r u s i o n s ,  m id -J u r a s s i c  metamorphism and d e fo rm a tio n  

in  th e  Canadian C o r d i l l e r a  i s  a s s o c ia te d  w ith  w idesp read  p lu to n ism  

(Hyndman, 1968; F ig a g e , 1977; TempeIm a n -K lu it, 1979; Read and Brown,
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1981; Brown and Read, 1 9 8 3 ), in c lu d in g  th e  Ruskanax b a th o l i t h  in  

B r i t i s h  Columbia w ith  a  171 m .y . age (Brown and Read, 1 9 8 3 ). The 

g r a n o d io r i t e  to  t o n a l i t é  p lu to n ic  phases in  th e  Okanogan dome have 

c o m p o s itio n a l a f f i n i t i e s  w ith  a  m a rg in a l a r c  t e c to n ic  environm ent and 

may have been g e n e ra te d  by p a r t i a l  m e ltin g  o f  o ce a n ic  o r  t r a n s i t i o n a l  

c r u s t .  I t  i s  u n l ik e ly  t h a t  th e  g r a n o d io r i t e  magmas were g e n e ra te d  from 

c o n t in e n ta l  c r u s t  a s  a  r e s u l t  o f  t e c to n ic  lo a d in g  by o v e r th ru s t  

a llo c h th o n o u s  t e r r a n e s  b ecause  th ey  were em placed p r io r  to  

i n t r a c o n t in e n ta l  c r u s t a l  s h e a r in g .  The r e l a t i v e  age o f  emplacement does 

ap p ear to  be  b ra c k e te d  betw een metamorphism and m y lo n i t iz a t io n ,  how ever, 

in d ic a t in g  th a t  th e  p lu to n s  may be syn-m etam orphic in t r u s io n s ,  and 

c e r t a in ly  no younger th an  m y lo n i t iz a t io n .

P o s t - p lu to n ic  p e n e t r a t iv e  m y lo n i t iz a t io n  in  a wide zone i s  r e l a t e d  

to  lo w er- o r  m id d le - c r u s ta l  d u c t i l e  sh e a r  th ro u g h  c r u s t  o f  th e  com posite  

c o n t in e n ta l  m arg in . tty I o n i t e  form ed as  a  r e s u l t  o f  d e e p -se a te d  

th r u s t in g  o r  d eco llem en t in  f r o n t  o f  th e  le a d in g  edge o f a s u tu re  

betw een a  w estw ard m ic ro p la te ,  Q u e s n e ll ia ,  and th e  N orth American p la t e  

(TempeIm a n -K lu it, 1979; Read and Brown, 1981; Monger and o th e r s ,  1982; 

Brown and Read, 1983; H ansen, 1983b; M attau e r and o th e r s ,  1983)(F ig .  

2 1 d ). A u n id i r e c t io n a l  m y lo n it ic  l i n e a t io n  in  th e  Okanogan dome, as 

w e ll  as  p a r a l l e l  c o r ru g a te d  " a " - ty p e  f o ld s  in  th e  m y lo n ite  f a b r i c ,  

t r a n s v e r s e  to  th e  n o r th e rn  t r e n d  o f  m y lo n ite  zones in  W ashington and 

B r i t i s h  Colum bia, in d ic a te s  t h a t  th e  m y lo n ite  zone formed as a 

r e l a t i v e l y  f l a t  and s u b h o r iz o n ta l  d i s t r i b u t e d  th r u s t  (Brown and Read, 

1983; M attauer and o th e r s ,  1 9 8 3 ). A lthough th e  m y lo n ite  zone p ro b ab ly  

d ipped  r e g io n a l ly  w estw ard , t e x t u r a l  and s t r u c t u r a l  ev id en ce  in d ic a te s  

t h a t  upper p la t e  ro ck s  moved ea s tw a rd  o v er low er p la t e  ro ck s  now exposed
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in  Okanogan dome (Goodge* 1983; Goodge and H ansen, in  p r e s s ) ( F ig .  

2 1 e ) .  A n a ly s is  o f  r e o r ie n te d  fo ld s  in  t h i s  s tu d y  su p p o rts  an 

i n t e r p r e t a t i o n  o f ea s tw ard  d isp lace m en t a lo n g  th e  Okanogan m y lo n ite  

zo n e , a s  do asym m etric q u a r tz  c - a x is  p r e f e r r e d  o r ie n ta t i o n  p a t t e r n s .  

S im ila r  argum ents a re  p re s e n te d  f o r  r e l a t i v e  eastw ard  d isp lacem e n t o f 

upper p l a t e  ro ck s  a lo n g  m y lo n ite  zones in  th e  Mbnashee Complex (Brown 

and Murphy, 1982; M attau e r and o th e r s ,  1983), th e  Spokane dome (Rhodes, 

1 9 8 3 ), and th e  B i t t e r r o o t  dome (Hyndman, 19 8 0 ). T o p - to - th e -e a s t

t r a n s p o r t  w ith in  th e  Okanogan m y lo n ite  zone p la c ed  h ig h -g ra d e  g n e is s e s  

now exposed to  th e  w est o f  th e  Okanogan dome o v er e q u iv a le n t-g ra d e  ro ck s  

w ith in  th e  dome. The ev id en ce  p re se n te d  in  t h i s  paper su p p o rts  

i n t e r p r e t a t i o n s  p roposed  by e a r l i e r  w orkers t h a t  m y lo n ite  zones f la n k in g  

m etam orphic co re  com plexes in  th e  n o r th e rn  C o r d i l le r a  r e p re s e n t  

i n t r a c o n t in e n ta l  d u c t i l e  t h r u s t  f a u l t s  r e s u l t i n g  from eas tw ard  

com pression  d u r in g  m id - J u ra s s ic  a c c r e t io n  o f  com posite  a llo c h th o n o u s  

t e r r a n e s .  Based on th e  age o f c r o s s - c u t t in g  p lu to n s ,  movement on 

m y lo n ite  zones in  th e  re g io n  p ro b ab ly  ended by abou t 160 m .y . ago 

(Brown and Read, 1 9 8 3 ). F a b r ic  and s t r u c t u r a l  s tu d ie s  by Brown and 

Murphy (1 9 8 2 ), Hansen (1 9 8 3 b ), and h e r e in  in d ic a te  c l e a r ly  th a t  

m y lo n i t iz a t io n  in v o lv e d  d u c t i l e  c r u s t a l  sh e a r  s t r a i n  and d id  n o t r e s u l t  

from  re g io n a l  e x te n s io n ,  a s  has  been proposed  f o r  m y lo n ite  zones o f 

o th e r  m etam orphic co re  com plexes (D avis and Coney, 1979; D av is , 1980; 

D avis and o t h e r s ,  1 9 8 0 ). M ylon ite  zones a long  th e  f la n k s  o f th e  

Monashee Complex to  th e  n o r th  may o r  may n o t be d i r e c t l y  connected  w ith  

th e  Okanogan and K e t t l e  dome m y lo n ite  zo n e s , bu t as su g g ested  by o th e r s ,  

i t  i s  l i k e l y  th a t  th e s e  e x te n s iv e  sh e a r  zones a re  p a r t  o f  a system  o f 

lo w -an g le  t h r u s t  f a u l t s  w hich emerge f a r  to  th e  e a s t  as  th e  N o rth ern
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Rocky M ountain f o ld  and t h r u s t  b e l t  (Brown and Read, 1983; M attau er and 

o t h e r s ,  1 9 8 3 ). R eaders sh o u ld  n o te  t h a t  a t o p - to - th e - e a s t  

i n t e r p r e t a t i o n  o f  movement in  th e  m y lo n ite  zone d is a g re e s  w ith  r e v is e d  

c o n c lu s io n s  co n cern in g  m ic ro s t ru c tu r e s  (H ansen, 1983b), and th a t  f u r th e r  

s tu d y  o f  th e  Okanogan m y Io n ite s  i s  c e r t a in ly  w a rra n te d .

P o s t - m y lo n i t iz a t io n  u p l i f t  and doming o f  h ig h -g ra d e  c r y s t a l l i n e  

t e r r a n e s  in  th e  Omineca c r y s t a l l i n e  b e l t  in  Eocene tim e i s  r e l a t e d  to  

anom alously  h ig h  th e rm a l c o n d it io n s  w ith in  t e c to n ic a l ly  te le sc o p e d  and 

th ic k e n e d  c o n t in e n ta l  c r u s t .  U p l i f t  p ro b ab ly  was in f lu e n c e d  by th e  

em placement o f  la r g e  q u a n t i t i e s  o f l e u c o c r a t ic  g r a n i te s  (Fox and o th e r s ,  

1976, 1 9 7 7 ), w hich h e lp e d  c a r ry  th e  Okanogan m y lo n ite  zone upward to

form a dome (F ig .  2 1 f ) .  A s so c ia te d  w ith  th e rm a l r i s e  o f h ig h -g ra d e  

c r y s t a l l i n e  ro c k s  to  form  th e  Okanogan dome, t e c to n ic  d en u d a tio n  o f 

c o o le r  co v er ro c k s  to  th e  w est o v e r ro c k s  now exposed in  th e  dome 

o c c u rre d  a lo n g  lo w -a n g le , b r i t t l e  norm al f a u l t s .  B re c c ia tio n  o f 

m y lo n ite  a lo n g  th e s e  b r i t t l e  f a u l t  zones in d ic a te s  th ey  formed 

s ig n i f i c a n t ly  l a t e r  th a n  th e  m y lo n it ic  sh e a r  f a b r i c  (Goodge and H ansen, 

in  p r e s s ) .  Weakly l in e a te d  Eocene p lu to n s  o f  th e  Okanogan dome and 

h y p ab y ssa l i n t r u s iv e s  o f  th e  R ep u b lic  g rab en  p ro b ab ly  were deform ed 

d u rin g  t e c to n ic  d e n u d a tio n  o f  Okanogan dome in  a lo c a l ly  d u c t i l e  

environm ent c r e a te d  by t h e i r  own h e a t .  In  a d d i t io n ,  I  conclude th a t  

dome fo rm a tio n  and b r i t t l e  f a u l t i n g  a re  r e l a t i v e l y  lo c a l  f e a tu r e s  formed 

by th e rm a l p ro c e s s e s ,  w hereas sh e a r  zones such  a s  th e  Okanogan m y lo n ite  

form ed in  d i r e c t  re sp o n se  to  r e g io n a l  m ic ro p la te  a c c r e t io n  from  th e  w est 

and c r u s t a l  o ro g e n e s is .
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APPENDIX I

M ardia (1972) p r e s e n ts  a method f o r  c a lc u la t in g  s p h e r ic a l  mean 

d i r e c t io n s  o f l i n e a r  d a ta  w hich I  used  in  th e  s t a t i s t i c a l  a n a ly s is  o f 

f o ld  o r i e n t a t i o n s .  Assuming v a l i d  a p p l ic a t io n  o f a F is h e r  d i s t r i b u t i o n  

( F is h e r ,  1 9 5 3 ), I r v in g  (1964) d e s c r ib e s  p a ra m e te rs  w hich , when 

c a lc u la te d ,  p ro v id e  a  means o f  d e te rm in in g  v a r ia n c e  from  a s p h e r ic a l  

mean d i r e c t i o n .  I  summarize m ethods o f c a lc u la t in g  s p h e r ic a l  mean 

d i r e c t io n s  and summary s t a t i s t i c s  fo r  th e  d i r e c t io n a l  d a ta  below .

1 . C a lc u la tio n  o f s p h e r ic a l  mean d i r e c t i o n .  From f i e l d  m easurem ents D 

i s  th e  an g le  o f d e c l in a t io n  (b e a r in g )  and I  i s  th e  an g le  o f in c l in a t io n  

(p lu n g e) o f l i n e s .  C o n v ertin g  th e s e  m easurem ents to  p o la r  c o o rd in a te s  

g iv e s

(1 ) 0 -  360* -  D 

0 -  I  + 90*

where 0* < D < 360*, and -90* < I  < 90* . D ire c t io n  co s in e s  l ( i ) ,  m ( i ) ,  

and n ( i )  a re  c a lc u la te d  by

(2) l ( i )  » s i n 0 ( i )  c o s 0 ( i )
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m (i)  = s in d C i)  s in ^ ( i )  

n ( i )  ■ c o s 6 ( i )

w here i  "  {1, 2 , 3 . . .N }  and N i s  th e  number o f  m easurem ents. The

r e s u l t a n t  le n g th  R o f  th e  d i r e c t io n  c o s in e s  i s  g iv en  by

(3 ) R -  /  iiz l ( i ) ) ^  + (2  m ( i ) ) ^  + (2  n ( i ) ) ^ .

From ( 3 ) ;  th e  d i r e c t io n  c o s in e s  o f  th e  mean d i r e c t io n  may be c a lc u la te d  

from

(4 ) Î  -  2 K i )  /  R

n •  E n ( i )  /  R.

P o la r  c o o rd in a te s  o f  th e  mean d i r e c t io n  a re  g iv en  by

(5 ) x (o )  ■ a rc c o s  n

y (o )  ■ a rc c o s  [ 1 /  s in  z (o )  I .

We have t h e r e f o r e , th e  mean d e c l in a t io n  and i n c l in a t io n  o f th e  

p o p u la t io n  o f  l i n e a r  e lem en ts

(6 ) D ■ x (o )  -  90*

I  ■ y ( o ) .

2 . C a lc u la t io n  o f  ag g , K, and 6 . From I rv in g  (1 9 6 4 ), th e  ra d iu s  o f 

a  c i r c l e  o f 95% c o n f id e n c e , @9 5 , i s

(1 ) 140 X ( k ) ^  d e g re e s ,

where th e  b e s t  e s t im a te  o f  k , th e  p r e c is io n  p a ra m e te r , i s  g iven  by

(2 ) K -  (N -  1) /  (N -  R ).

The a n g u la r  s ta n d a rd  d e v ia t io n ,  6 ,  i s  c a lc u la te d  from

(3 ) 6 ■ (1 /  c o s )(R  /  N ).

Sm all v a lu e s  o f  ugg h e lp  to  d i s t i n g u i s h  means of p o p u la t io n s ,  la rg e  

v a lu e s  o f  < in d ic a te  g r e a te r  p a r a l l e l i s m  o f l i n e s ,  and v a lu e s  o f 

 ̂ d e s c r ib e  a n g u la r  s ta n d a rd  d e v ia t io n  from  th e  mean.
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