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ABSTRACT

The de fo rm a tion  h is to r y  o f  a sm a ll p o r t io n  o f the  V ir g in ia  Great 

V a l le y  is  described . Pressure s o lu t io n  acted to  form two g e o m e tr ic a lly  

d is t in c t  c leavages in  the  Conococheague Form ation. Pressure s o lu t io n  

is  an im po rtan t d e fo rm a tio n  mechanism in  the  fo rm a tio n  o f  ro ck  fa b r ic s  

in  f in e  g ra ined  carbonate  rocks deformed under low  tem pera tu re , low 

c o n fin in g  pressure  and low  s t r a in  ra te  c o n d it io n s .

Limestone la y e rs  c o n ta in  a p e n e tra t iv e  c leavage  (here  termed Sp) 

formed by the  d im ens iona l o r ie n ta t io n  o f  c a lc i t e  m icrospa r and are 

th ickened  in  the h inge zones o f  fo ld s  and th inned  on the lim b s  o f  

fo ld s .  D o lom ite  la y e rs  co n ta in  a spaced s o lu t io n  c leavage  (here termed 

Ss) and m a in ta in  co n s ta n t th ickn e ss  around fo ld s .  C leavage does not 

tra n s e c t the  fo ld  axes in  the fo ld  h inge zones.

One hundred o r ie n te d  samples o f  the Conococheague Form ation were 

c o l le c te d .  Inc rem en ta l s t r a in  and accum ulated s t r a in  were measured 

us ing  s y n te c to n ic  f ib ro u s  c a lc i t e  and deformed oo ids r e s p e c t iv e ly .  

Layering  was i n i t i a l l y  in c l in e d  as much as 30° to  com pression. The 

d e fo rm a tion  was l o c a l l y  n o n -co a x ia l as viewed by the de fo rm ing  m a te r ia l 

on the  fo ld  lim b s  bu t was i r r o t a t io n a l  as viewed from a g lo b a l 

re fe re n ce  frame (p rese rved  in  fo ld  a x is ) . P e n e tra tiv e  c leavage(S p) 

p a r a l le ls  the  e lo n g a tio n  a x is  o f accum ulated s t r a in .  Spaced c le a va g e  

zones are cu rved . The i n i t i a l  and f i n a l  o r ie n ta t io n  o f  3s are n e a r ly  

id e n t ic a l  w ith  the i n i t i a l  and f in a l  o r ie n ta t io n s  o f  in c re m e n ta l 

e lo n g a tio n .

C leavage was formed by p e rva s ive  pressure  s o lu t io n  and some 

tw in n in g  ( in  c r y s ta ls  la rg e r  than 120 m icrons in  d iam ete r) in  lim e s to n e  

la y e rs  and pressure  s o lu t io n  a long  d is c re te  zones in  d o lo m ite  la y e rs . 

C ry s ta l s iz e , s t r a in  ra te  and com position  c o n t r o l le d  de fo rm a tio n  

mechanism. The presence o f  im p u r it ie s  such as p h y l lo s i  1 ic a te s  a id  in
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the fo rm a tio n  o f  d is c re te  s o lu t io n  zones. P e rvas ive  p ressure  s o lu t io n  

forms c leavage  in  m ic r i t i c  lim es tones  c o n ta in in g  le s s  than  1Î 

p h y l lo s i l ic a te s  by volume. Spaced s o lu t io n  zones form in  su c ro s ic  

d o lo m ite s  th a t  co n ta in  more than \% p h y l lo s i l ic a te s  by volum e.

Volume lo s s  due to  pressure s o lu t io n  is  estim ated 

by comparing the abundances o f  m e ta l l ic  e lem ents between m a tr ix  and 

pressure  s o lu t io n  zones us ing  e le c tro n  do t maps prepared on an EDX 

system. Hinge zones and s te e p ly  d ip p in g  lim b s  o f fo ld s  have c lo s e r  

spacing and g re a te r volume lo s s  than s h a llo w ly  d ip p in g  lim b s  o f  fo ld s .  

The h inge zones o f  fo ld s  experienced the  g re a te s t s t r a in  ra te  and 

volume lo s s . S tra in  ra te s  in  lim es tones  are g re a te r than in  d o lo m ite s .
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INTRODUCTION

Purpose and Scope o f  Study

T h is  research was undertaken to  understand the na tu re  and o r ig in  

o f  ro ck  c leavage  in  the  Conococheague Form ation in  the no rthw este rn  

p o r t io n  o f  V irg in ia  and the  West V ir g in ia  Panhandle.

The purpose o f  the  research  is  to  1) desc ribe  the s t ra in  h is to r y  

and geometry o f  c leavage  in  a n a tu r a l ly  deformed carbonate rock 

sequence, 2) determ ine which mechanism(s) acted to  form the c leavage  

fa b r ic s  and te x tu re s  observed and 3) determ ine the r e l a t i v e  t im in g  o f  

o f  the  mechanisms in v o lv e d  in  c leavage  fo rm a tio n . The procedure 

e n ta i ls  1) f i e ld  d e s c r ip t io n  and measurement o f  c leavage  occurrence 

and o r ie n ta t io n ,  2) d e s c r ip t io n  and measurement o f  c leavage  in  hand 

specimen and th in -s e c t io n  and 3) c a lc u la t io n  o f  inc rem en ta l s t r a in  

paths and measurement o f  accumulated s t r a in  o r ie n ta t io n .

Statem ent o f  Problem

In th is  paper c le a va g e  is  de fin e d  as a de fo rm a tion -induced  fa b r ic  

which c o n s is ts  o f  p la n a r d is c o n t in u it ie s  in  rocks  de fined  by p re fe rre d  

o r ie n ta t io n  o f inequant m in e ra ls , la m in a r m in e ra l aggregates o r some 

com b ina tion  o f  these (Hobbs, Means and W il l ia m s , 1976). C leavage is  a 

s h o rte n in g  fa b r ic  (S iddans, 1972; Wood, 1974; Hobbs, Means and 

W illia m s , 1976). The o r ie n ta t io n  o f  c leavage  is  g e n e ra lly  accepted 

as be ing  s t a t i s t i c a l l y  p e rp e n d ic u la r to  the  p r in c ip a l  a x is  o f  

s h o rte n in g  (Siddans, 1972; Wood, 1974; Groshong, 1975a). Cleavage 

d i f f e r s  from  fra c tu re  in  th a t  i t  is  a sh o rte n in g  fa b r ic  which produces 

a rock  fa b r ic  by the p h y s ic a l r o ta t io n  o r in te r n a l de fo rm ation  o f  rock  

c o n s t itu e n ts  o r the chem ica l mass t ra n s fe r  o r re o rg a n iz a tio n  o f  rock  

c o n s t itu e n ts  (S iddans, 1972; G e ise r, 1974, 1975; Wood, 1974; Groshong,
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1975a, 1975b, 1976; Gray, 1978; B e l l ,  1981).

Rock c leavage has been s tud ied  fo r  o v e r a cen tu ry . The na tu re  

and o r ig in  o f  rock c leavage  is  s t i l l  p o o r ly  understood. There is  no t a 

standard  c la s s i f ic a t io n  scheme fo r  rock c le a va g e  (Hobbs, Means and 

W ill ia m s , 1976; P o w e ll, 1979). Present c leavage  te rm in o lo g y  is  

ambiguous and is  o fte n  m isunderstood and m isused. The la c k  o f  a 

d e s c r ip t iv e  c la s s i f ic a t io n  scheme is  a m ajor problem in  the  

understand ing  o f  rock c leavage  fo rm a tio n  (Hobbs, Means and W ill ia m s ,  

1976; P o w e ll, 1979). A good d e s c r ip t iv e  c la s s i f ic a t io n  system shou ld  

be devo id  o f  e x p l i c i t  g e n e tic  im p lic a t io n s .  Rock c leavage  term s 

c u r r e n t ly  in  use are coup led  w ith  g e n e tic  in te rp re ta t io n s  (P o w e ll,

1979).

Two m o rp h o lo g ic a lly  d is t in c t  c leavage s  found in  the Conococheague 

Form ation in  no rthw estern  V ir g in ia  and the  West V ir g in ia  Panhandle are 

s tu d ie d  in  th is  paper. The f i r s t  c leavage ty p e , a p e n e tra t iv e  

c leavage (S p ), is  de fined  by the  d im ensiona l o r ie n ta t io n  o f  m ic rospa r 

c a lc i t e ,  such th a t the  lo n g  a x is  o f the  m icrospar p a r a l le ls  the 

c leavage . The second c leavage  type , a spaced c leavage , c o n s is ts  o f 

d is c re te  p la n a r zones d e fin e d  by the presence o f  coa lesced , 

anastamosing zones o f  p h y l lo s i l ic a te s .  There has been t ru n c a t io n  o f  

rock c o n s titu e n ts  a long  these su rfaces. The m a te r ia l a long  these 

su rfaces  is  p redom inan tly  p h y l lo s i l ic a te s  which, in  some cases, appear 

to  be c h lo r i t iz e d .

The l i t e r a t u r e  co n ta in s  d e s c r ip t io n s  o f  these two c le a va g e  types 

from th is  l o c a l i t y  (Wickham, 1969, 1972; C loos, 1971, Edmundson and 

Nunan, 1973). The p e n e tra t iv e  c leavage form has been described  as a 

s la t y  c leavage  (Wickham 1969, 1972; Edmundson and Hunan, 1973) or  

s im p ly  as c leavage (C loos , 1971). The term  s la t y  c leavage  shou ld  be 

rese rved  fo r  c leavage in  rocks  composed p redom ina n tly  o f  

p h y l lo s i l ic a te s  (Hobbs, Means and W illia m s , 1976). The spaced c leavage  

p resen t has been described  as a f ra c tu re  c le a va g e  (Edmundson and Nunan, 

1973) fo l lo w in g  the co n ve n tio n  o f  de S i t t e r  (1964), o r as a s o lu t io n  

c leavage  (Wickham, 1969, 1972; C loos, 1971). The term spaced 

cleavage(S s) w i l l  be used fo r  th is  c leavage  m orphology. The su rface  

te rm in o lo g y  Ss and Sp does n o t c a rry  any co n n o ta tio n  o f  r e la t i v e  age o f



fo rm a tio n  o f  th a t  su rfa ce .

Rock c leavage  is  a fa b r ic  which is  found in  a wide v a r ie ty  o f  

ro ck  types  and may form  in  response to  many de fo rm a tion  processes and 

env ironm en ts . More than one mechanism may a c t to  form rock c le a va g e  in  

a s in g le  p ro g re s s iv e  d e fo rm a tio n  e ven t.

Mechanisms Which Form Cleavage ( Review)

There are two g e n e ra l c a te g o r ie s  o f  mechanisms which have been 

proposed to  form c le a va g e . The f i r s t ,  p h y s ic a l mechanisms, c o n s is ts  o f  

m echanica l r o ta t io n  an d /o r f la t t e n in g  o f  m in e ra ls  w ith in  the deform ing 

ro ck  mass. The second, chem ica l mechanisms, c o n s is ts  o f 

r e c r y s t a l l i z a t io n ,  n e o c r y s ta l l iz a t io n  and pressure  s o lu t io n .

P h ys ica l Mechanisms 

During d e fo rm a tio n , p a r t ic le s  w i l l  change o r ie n ta t io n  o r shape. 

The r o ta t io n  o f  p a r t ic le s  in  a system may occur e a r ly  d u rin g  the 

i n i t i a l  dew atering  o f  a sedim ent o r d u rin g  p o s t - 1 i t h i f ic a t io n  

d e fo rm a tio n . M axwell (1962) suggested th a t  c leavage  forms d u rin g  

te c to n ic  dew atering  o f  the  sediment p r io r  to  1 i t h i f i c a t io n .  He based 

h is  model on the s im i la r i t y  in  o r ie n ta t io n  o f  c leavage  su rfaces and 

c la s t i c  d ik e s  in  an o u tc ro p  o f  the M a rtin sb u rg  S la te  in  New Jersey.

T h is  h ypo the s is  has been accepted and used by many au thors  (P o w e ll,

1969. 1972a, 1972b, 1973. 1974; C la rk , 1970, 1974; A lte rm an, 1973; 

B o u lte r ,  1974; Roy, 1978).

D e ta ile d  s tu d ie s  a t  the  l o c a l i t i e s  used by M axwell and o th e rs  

have shown th a t  the  near p a r a l le l is m  o f  c le a va g e  and c la s t ic  d ik e s  is  

c o in c id e n ta l o n ly  on some exposures, and th a t  te c to n ic  dew atering  does 

n o t e x p la in  the fo rm a tio n  o f  c leavage  (E p s te in  and E ps te in , 1969; Wood, 

1974; G e ise r, 1974, 1975; H o le y w e ll and T u l l i s ,  1975; Groshong, 1976, 

Beutner, 1978, 1980; Gregg, 1979). F u rth e r ev idence  a g a in s t the  th e o ry  

o f  te c to n ic  dew atering  is  the  presence o f  deformed f o s s i ls  w ith  the  

d ir e c t io n  o f  p r in c ip a l e lo n g a tio n  p a r a l le l  w ith  the  c leavage  tra c e , and 

the  occurrence o f  c le a va g e  in  igneous rocks  (Wood, 1974).

T u l l i s  (1976) d e r iv e d  express ions fo r  the  p e rp e n d ic u la r o f  the 

f i n a l  o r ie n ta t io n  o f  a p o p u la tio n  o f  in e q u a n t, de fo rm ab le , r o d - l ik e



g ra in s  undergoing a x ia l  s t r a in  in  a homogeneous m a tr ix  us ing  the 

p r in c ip le s  o u t l in e d  by March (1932), and fo r  a p o p u la tio n  o f  r ig id  

s p h e ro id s  o f  r e v o lu t io n  in  an a x ia l l y  deformed v isco u s  f l u i d  us ing  the  

p r in c ip le s  o f  J e f fe ry  (1923). In  bo th  the  March and J e f fe r y  m odels, 

th e  f i n a l  o r ie n ta t io n  o f  inequan t p a r t ic le s  i s  dependent on the  

d e v ia to r ic  s t r a in  o r ie n ta t io n  and the shape o f  the suspended p a r t ic le s .  

W i l l i s  (1977) d e r iv e d  k in e m a tic  l in e a r  and d isp lacem en t m odels to  

d e s c rib e  th e  f in a l  o r ie n ta t io n  o f  inequan t g ra in s  in  response to  

d e fo rm a tio n , assuming th a t  1) the re  is  no in te r fe re n c e  between 

p a r t ic le s ,  2) the d e fo rm a tio n  is  s low  and v is c o u s , 3) the  p a r t ic le s  

behave as r ig id  b o d ie s , and 4) angu la r momentum is  p rese rved . The 

W i l l  is  model p re d ic ts  th e  same o r ie n ta t io n s  as the March and J e ffe ry  

m odels g iv e n  the same i n i t i a l  and boundary c o n d it io n s . Both T u l l i s  

(1976) and W i l l i s  (1977) conc lude  th a t  ro ck  fa b r ic s  formed by p h y s ic a l 

r o ta t io n  w i l l  be p e rp e n d ic u la r  to  the a x is  o f  maximum p r in c ip a l  

s h o r te n in g .

In  lim es tones  and d o lo m ite s , Wenk e t  a l . ,  (1973), Wenk and Shore

(1975), R u tte r and Rusbridge (1977), and Wagner e t a l . ,  (1982), 

found th a t  s trong  p re fe r re d  o r ie n ta t io n  fa b r ic s  w i l l  d e ve lo p  in  c o ld  

work d e fo rm a tion  by in t r a c r y s ta l  l in e  d e fo rm a tio n .

Many workers agree th a t  p e n e tra t iv e  ro ck  fa b r ic s  formed by 

p h y s ic a l mechanisms sh o u ld  have an o r ie n ta t io n  s t a t i s t i c a l l y  

p e rp e n d ic u la r  to  the o r ie n ta t io n  a x is  o f  maximum p r in c ip a l f i n i t e  

s h o rte n in g  (Groshong, 1975a; Ramsay, 1976; T u l l i s ,  1976; W i l l i s ,  1977; 

B e l l ,  1981).

Chemical Mechanisms

The chem ical processes which can a c t to  form c leavage  are 

p ressu re  s o lu t io n ,  r e c r y s t a l l i z a t io n  and n e o c r y s ta l l iz a t io n .

Chemical fo rm a tio n  o f  c le a va g e  may i n v o l v e  the  re o r ie n ta t io n  o f  c r y s ta l  

la t t i c e s ,  the fo rm a tio n  o f  d is c re te  p la n a r d is c o n t in u i t ie s ,  o r the 

fo rm a tio n  o f  new c r y s ta l  la t t i c e s  w ith in  a deform ing system.

Pressure S o lu t io n . Pressure s o lu t io n  is  the  s o lu t io n a l  mass 

t r a n s fe r  o f  m a te r ia l from a re g io n  o f  h igh  s tre s s  to  one o f  low er 

s tre s s . Pressure s o lu t io n  in i t ia t e s  a t p o in ts  o f  g ra in  to  g ra in



c o n ta c t in  a n o n -h y d ro s ta tic  s tre s s  f i e l d  in  the presence o f  a f l u id  

(de Boer, 1977). Pressure s o lu t io n  su rfa ce s  form normal to  the 

d ir e c t io n  o f  maximum p r in c ip a l  s tre s s  (W eyl, 1959; Durney, 1972, 1976, 

1978; E l l i o t t ,  1973; R u tte r ,  1976; de Boer, 1977).

The models o f  p ressu re  s o lu t io n  use th e  p r in c ip le  [deve lop ed  by 

Gibbs (1878)3 o f  e q u i l ib r iu m  o f  a n o n -h y d ro s ta t io a l ly  s tressed  s o l id  

in  a h y d ro s ta t ic  f l u i d .  The mechanisms o f  pressure  s o lu t io n  have been 

s tu d ie d  q u a n t i t a t iv e ly  and e x p e r im e n ta lly  by Durney (1976) and R u tte r

( 1976), who concluded th a t  a l l  are e q u a lly  p o s s ib le  in  n a tu re . 

K in e t ic a l ly ,  a l l  are ra p id  enough to  produce r e a l i s t i c  s t r a in  ra te s  a t 

low  tem peratures and low  va lu e s  o f  d e v ia to r ic  s tre s s .

M a te r ia l removed by s o lu t io n  in  an area o f  r e l a t i v e l y  h igh  s tre s s  

w i l l  p re c ip ita te  l o c a l l y  in  an area o f  r e l a t i v e l y  low e r s tre s s  

(Groshong, 1975a; Durney, 1976; Sprunt and Nur, 1977; F le tc h e r  and 

P o lla r d ,  1981; F le tc h e r ,  1982).

Pressure s o lu t io n  is  im p o rta n t in  the  fo rm a tio n  o f  c le a va g e  in  

s la te s ,  carbonates, and sandstones (Durney, 1972; G e ise r, 1974, 1975; 

Groshong, 1975a, 1975b, 1976; Gray, 1978; A lv a re z , E nge lde r, and 

G e ise r, 1978; G i l l ,  1980), and as a p e rv a s iv e  phenomenon ( E l l i o t t ,

1973). The fo rm a tio n  o f  d is c re te  p la n a r d is c o n t in u i t ie s  is  im p o rta n t 

in  the  in te r p re ta t io n  o f  curved  s o lu t io n  su rfaces  in  fo ld s  (Groshong, 

1975b; F le tc h e r and P o l la r d ,  1981). F le tc h e r  and P o lla rd  (1981) show 

th a t  pressure  s o lu t io n  su rfaces  i n i t i a t e  a t  a p o in t and propagate 

outward. As the su rfa ce  form s, i t s  o r ie n ta t io n  w i l l  change as the fo ld  

lim b  ro ta te s ,  r e s u l t in g  in  an S-shaped s o lu t io n  su rfa ce .

S o lu t io n  su rfaces  have been recogn ized  as d is c re te  c leavage  

su rfa ce s  (Plessman, 1964, 1966) by the  tru n c a t io n  o f  f o s s i ls  and rock 

p a r t ic le s  a t c leavage  su rfa ce s  and by the presence o f  accum ulated 

in s o lu b le  m a te r ia l on the  s o lu t io n  c leavage  su rfaces .

R e c ry s ta l1 iz a t io n . R e c r y s ta l l iz a t io n  is  the re o rg a n iz a tio n  o f  a 

c r y s ta l  la t t i c e .  R e c r y s ta l l iz a t io n  low ers  the  fre e  energy o f  a 

deformed c r y s ta l  by e l im in a t in g  d is lo c a t io n s  ( re c o v e ry ) , fo rm ing  h igh 

ang le  c r y s ta l  boundaries (p rim a ry  r e c r y s ta l  1 iz a t io n ) , fo rm ing  n e a r ly  

equant c r y s ta ls  (norm al g ra in  grow th) or fo rm ing  a few la rg e  c r y s t a l s



(secondary r e c r y s ta l l iz a t io n ) .  R ec rys ta l 1 iz a t io n  is  th e rm a lly  

a c t iv a te d  and w i l l  produce un s tra in e d  c r y s ta ls  which may have h igh  

ang le  boundaries o r a p re fe r re d  o r ie n ta t io n  (R u tte r ,  1974; T u l l i s ,

1973. 1976; Wenk, Venkitasubramanyan and Baker, 1973; Wenk and Shore, 

1975; R u tte r and R usbridge, 1977). R e c ry s ta l l iz a t io n  may occur a f te r  

d e fo rm a tion  o r as a s y n te c to n ic  process.

During re c ry s ta l 1 iz a t io n  the  p re fe rre d  o r ie n ta t io n s  which form 

w i l l  r e f l e c t  the o r ie n ta t io n  o f  maximum com pressive s tre s s  as opposed to  

the the  o r ie n ta t io n  o f  maximum p r in c ip a l e lo n g a tio n  (Hobbs, 1968).

R u tte r (1974) es tim a tes  th a t  a t g e o lo g ic  s t r a in  ra te s  lim e s to n e  be low  a 

tem perature  o f  4000 C w i l l  deform by tw in n in g , s l i p  and pressure 

s o lu t io n .  Limestone above 4000 C w i l l  deform by in t r a c r y s ta l  1 ine  f lo w . 

In  rocks  deformed above 4000 c rock  c leavage  fa b r ic s  w i l l  form by 

r e c r y s ta l l iz a t io n .  R u tte r and Rusbridge (1977) found th a t  d u rin g  ho t 

working in  n o n -co a x ia l de fo rm a tion s  the m orpho log ic  d im ens iona l fa b r ic  

o f  c a lc i t e  w i l l  be s t a t i s t i c a l l y  p e rp e n d ic u la r to  the a x is  o f  maximum 

f i n i t e  sh o rte n in g  and the  o p t ic  a x is  w i l l  be s t a t i s t i c a l l y  

p e rp e n d ic u la r to  a x is  o f  maximum sho rten ing  o f  the  la s t  increm ent o f  

d e fo rm a tio n .

C ry s ta l 1 iz a t io n . C r y s ta l l iz a t io n  is  the  fo rm a tio n  o f new m in e ra l 

phases d u rin g  metamorphism o r d iagenes is  (Spry, 1968). C r y s ta l l iz a t io n  

in  a deform ing system r e s u l t s  from the d e s tru c t io n  o f  u n s ta b le  m a te r ia l 

w ith  d i f fu s io n  and p r e c ip i ta t io n  o f  new s ta b le  m in e ra l c o n s t itu e n ts .

The new la t t i c e  system w i l l  form w ith  an o r ie n ta t io n  which is  

the rm odynam ica lly  fa v o ra b le  w ith  the s tre s s  f i e l d  in  which i t  forms 

(Kamb, 1959).

Rock c leavage  fa b r ic s  formed by c r y s t a l l i z a t io n  w i l l  p reserve an 

express ion  o f  the de fo rm a tio n  h is to ry  o f the  system in  which i t  forms 

(Hobbs, 1966).

Summary

Rock c leavage  is  formed by a wide v a r ie ty  o f  rock  te x tu re s  in  

v a r io u s  rock  l i t h o lo g ie s  and de fo rm ation  env ironm en ts. The mechanism(s) 

which form rock c leavage  are dependent on d e v ia to r ic  s tre s s , s t r a in  

ra te ,  tem pera tu re , c r y s ta l  s iz e  and com position  o f  the rock . Rock



c leavage  may be formed by;

1) A lignm ent o f  p la t y  p a r t ic le s  d u r in g  te c to n ic  dew atering be fo re  

l i t h i f i c a t i o n  o f  the  sediment. In  many s la te s  the re  is  an 

apparent s im i la r i t y  o f  o r ie n ta t io n  o f  c leavage  su rfaces and 

c la s t ic  d ike s  (M a x w e ll, 1962; P o w e ll,  1969, 1972a, 1972b, 1973, 

1974; C la rk , 1970, 1974; A lte rm an , 1973; B o u lte r ,  1974; Roy, 

1978).

2) A lignm ent o f  inequan t p a r t ic le s  by m echanical r o ta t io n ,  o r 

f la t te n in g ,  d u r in g  de fo rm a tion , to  an o r ie n ta t io n  p e rp e n d ic u la r 

to  b u lk  f i n i t e  sh o rte n in g  (C lo o s , 1947,1971; D ie te r ic h ,  1969; 

Siddans, 1972; Wood, 1974; T u l l i s  and Wood, 1975; Beutner,

1978, 1980; B e l l ,  1981). Th is a lig n m e n t would occur a f te r  

l i t h i f i c a t i o n .

3) Formation o f  d is c re te  s o lu t io n  zones (Plessman, 1964, 1966;

Durney, 1972, 1976; G e iser, 1974, 1975; Groshong, 1975a, 1975b, 

1976; A lva re z , E nge lde r, and G e is e r, 1978, Gray, 1978).

4) N e o - c r y s ta l l iz a t io n  o r r e c r y s t a l l i z a t io n  (E th e rid g e , 1973;

E theridge  and Hobbs, 1974; H o le y w e ll and T u l l i s ,  1975; T u l l i s ,  

1976; White and Knipe, 1978).

The co n tro v e rs y  su rround ing  the o r ig in  o f  c leavage  may be due to  

se ve ra l fa c to rs  :

1) Rock c leavage  is  found in  a wide range o f  l i t h o lo g ie s  and

deform ation  env ironm en ts , suggesting  th a t  one s in g le  mechanism 

may not e x p la in  i t s  o r ig in .

2) Rock c leavage  is  formed by a w ide v a r ie ty  o f  te x tu r a l e lem ents

(W illia m s , 1972) suggesting  th a t  th e re  may be an in terdependence 

o f  c le a va g e -fo rm in g  mechanisms.

In  o rder to  d is t in g u is h  whether a p a r t ic u la r  c leavage  was formed 

by p h y s ic a l o r chem ica l mechanisms, i t  is  necessary th a t  a fundam ental 

d if fe re n c e  e x is ts  between the geometry and m orphology o f  c le a va g e  

formed by p h ys ica l mechanisms and those c leavages formed by chem ica l 

mechanisms.

In  a sm ooth ly con tinuous rook m a te r ia l th a t  has experienced a 

homogeneous, c o a x ia l de fo rm a tio n , the p r in c ip a l  axes o f  accum ulated



s t r a in  w i l l  p a r a l le l  the  p r in c ip a l axes o f  s tre s s . I f  a ro ck  volum e 

has experienced a d e fo rm a tio n  in  which the  p r in c ip a l  axes o f  

accum ulated s t ra in  d e v ia te  from the p r in c ip a l  axes o f  in c re m e n ta l 

s t r a in ,  the  de fo rm a tion  is  n o n -c o a x ia l.

A c leavage  tra c e  formed by a p u re ly  p h y s ic a l mechanism, such as 

r o ta t io n  o r f la t t e n in g  o f  m in e ra ls , shou ld  be s t a t i s t i c a l l y  norm al to  

the accum ulated p r in c ip a l  sh o rte n in g  a x is  (Groshong, 1975). A c l eavage 

formed p ro g re s s iv e ly  by a chem ica l mechanism w i l l  be g e n e ra lly  

p e rp e n d ic u la r  to  the  a x i s  o f  maximum p r in c ip a l  com pressive s tre s s  

d u r in g  c leavage  fo rm a tio n . I f  i t  is  assumed th a t  fo r  any in s ta n t  in  

tim e  the  de fo rm a tion  is  c o a x ia l fo r  th a t  in s ta n t  in  tim e a c le a va g e  

fa b r ic  formed in  th a t  tim e  frame by a chem ica l mechanism shou ld  be 

p a r a l l e l  w ith  the o r ie n ta t io n  o f  maximum e x te n s io n a l s tre s s  and 

th e re fo re  p a r a l le l  w ith  the  e lo n g a tio n  ax i s  o f  maximum p r in c ip a l  

e lo n g a tio n  fo r  th a t  increm ent o f  tim e . I f  the  de fo rm ation  is  non­

c o a x ia l o ve r the e ve n t as a w ho le , the  geometry o f  a c leavage  formed by 

a chem ica l mechanism formed e ith e r  p ro g re s s iv e ly  o r in s ta n ta n e o u s ly  

w i l l  d i f f e r  from the  geometry o f  a c le a va g e  formed by a p h y s ic a l 

mechanism, p rov ided  th a t  the d if fe re n c e  in  the  o r ie n ta t io n  o f  

in c re m e n ta l s t ra in  and accum ulated s t r a in  are m easurable.

To determ ine which mechanisms have formed in d iv id u a l c le a va g e  

su rfa ce s  da ta  shou ld  be c o l le c te d  in  an area th a t  possesses 1) a 

v a r ie ty  o f  c leavage  te x tu re s  w ith  m easurable geometry in  more than one 

l i t h o lo g y ,  2) a f o ld  h inge su rface  p a r a l l e l  c leavage  th a t  can be 

a t t r ib u te d  to  a s in g le  d e fo rm a tion  e v e n t, 3) accumulated s t r a in  

m arkers, 4) in c re m e n ta l s t r a in  markers and was deformed in  a non­

c o a x ia l environm ent.



METHODOLOGY

In a study o f  rock c le a va g e  i t  is  necessary to  f i r s t  describe  and 

c la s s i f y  the c leavage  in  such a way th a t  th e re  are  no e x p l i c i t  g ene tic  

im p lic a t io n s  in h e re n t in  the  te rm in o lo g y . Second, th e  d isp lacem en ts  

which are re la te d  to  th a t  c le a va g e  must be determ ined . T h ird , the 

h is to r y  o f  those d isp lacem en ts  must be determ ined e i th e r  th rough d ir e c t  

o b s e rv a tio n  o f  d isp lacem en t path  o r th rough the c a re fu l a p p lic a t io n  o f 

e xp e rim e n ta l techn iques. D isp lacem ent h is to r y  can be used to  in fe r  the  

mechanism o f c leavage  fo rm a tio n  in  a n a tu ra l d e fo rm a tio n  environm ent.

Rock c leavage  has been described  in  a wide v a r ie ty  o f  te c to n ic  

s e t t in g s  and rock types . In  o rd e r to  determ ine whether a c leavage  was 

formed by a p h y s ic a l o r chem ica l mechanism, com parisons must be made in  

an area possessing the  a t t r ib u te s  p re v io u s ly  d iscussed . The fo l lo w in g  

s e c tio n s  d esc ribe  the fo rm a tio n  and re g io n  s e le c te d  fo r  t h is  s tudy and 

d e s c rib e  the procedures used.

L o ca tio n  o f  Study Area

The se le c te d  s tudy area i s  in  no rthw es te rn  V ir g in ia  and the  West 

V ir g in ia  Panhandle (see F igu re  1). Th is s tudy is  l im ite d  to  the 

Cambrian Conococheague Form ation. Th is re g io n  and fo rm a tio n  s a t is fy  

th e  necessary c o n d it io n s  fo r  the  s tudy o f  the mechanisms o f  c leavage  

fo rm a tio n  d iscussed in  the  p re v io u s  s e c tio n . The Conococheague 

possesses a t le a s t  two d is t in c t  c leavage  types (Wickham, 1969, 1972: 

C lo o s , 1971). The c leavage  is  s t a t i s t i c a l l y  a x ia l  p la n a r (Wickham 

1969, 1972). The re g io n  has experienced a d e fo rm a tio n  o f  a p p ro x im a te ly  

p la n e  s t r a in  on su rfaces  normal to  the fo ld  axes (C lo o s , 1971). The 

Conococheague co n ta in s  a t le a s t  one oo id  h o rizo n  which has been used to  

measure f i n i t e  s t r a in  (C loos , 1971), and in c re m e n ta l s t r a in  markers 

(Wickham, 1973). The fo ld in g  in  the re g io n  is  asymmetric (Wickham
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F ig u re  1: G enera lized  g e o lo g ic  map o f  th e s is  area. The s tudy  is
l im i te d  to  the Conococheague Form ation on th e  eas te rn  lim b  
o f  the  Massanutten S y n c lin o riu m . Scale is  1 :500.000.
Map symbols mean:

O rdov ic ian  u n its  

Conococheague Form ation 

Cambrian u n its  

Precambrian u n its  

Form ation c o n ta c t 

F a u lt

S ta te  Boundary
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sanutten Syncline

Charles Town

u j*  Winchester

Berryville

Front Royal

i 10 km.
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1969, 1972, 1978), im p ly in g  th a t  the  de fo rm a tion  environm ent was non­

c o a x ia l ( E l l i o t t ,  1972).

F ie ld  D e s c r ip tio n

The Conococheague Form ation is  an upper Cambrian o r low er 

O rd o v ic ia n  s h a llo w  s ta b le  s h e l f  ca rbonate  sequence. The Conococheague 

Form ation is  o v e r la in  by the O rd o v ic ia n  Stonehenge Form ation and 

u n d e r la id  by the Cambrian E lb ro o k  Form ation. The Conococheague 

Form ation can be d iv id e d  in to  th re e  members based on l i t h o lo g y .  The 

lowerm ost u n it  is  a sandy lim e s to n e  w ith  in te rc a la te d  d o lo m ite  

s t r in g e rs ,  c o n ta in in g  o o id s , r ip -u p  c la s ts  and a lg a l  mats. I t  is  

s l i g h t l y  more r e s is ta n t  than the u n d e r ly in g  and o v e r ly in g  u n its ,  

p roduc ing  h i l l s  10-15 meters above the su rround ing  u n its .  The m idd le  

member o f  the fo rm a tio n  c o n s is ts  o f  r e g u la r ly  in te rbedded  lim e s to n e  and 

d o lo m ite  la y e rs  w ith  th icknesses  v a ry in g  from 1 cm. to  2 m eters. Th is 

u n i t ,  on the  average, is  le s s  r e s is ta n t  than the low er u n i t  and forms a 

s h a llo w  v a l le y  in  which the d o lo m it ic  u n its  stand in  m inor r e l i e f .  The 

upper member c o n s is ts  o f  d is t in c t i v e  t h in l y  in te rbedded  a lg a l  d o lo m ite s  

and lim e s to n e s  (which has been lo o s e ly  termed r ib b o n -ro c k )  and sandy 

b io c la s t ic  lim e s to n e s . The f o s s i l  d e b r is  found in  the  b io c la s t ic  

la y e rs  are c r in o id  and t r i l o b i t e  fragm ents. The upper member is  

s l i g h t l y  more r e s is ta n t ,  fo rm ing  a low  h i l l  o f  5-10 m eters r e l i e f .

Poor ou tc rop  q u a l i t y  and d e n s ity  made i t  im p o ss ib le  to  c o n s tru c t a 

con tinuous ou tc rop  map o f  the  s tu d y  area. The members de sc rib e d  above 

were no t recogn ized in  a l l  o f  th e  areas mapped. The fo rm a tio n  

boundaries o f  the Conococheague Form ation are assigned in  the  

l i t e r a t u r e  as the f i r s t  appearance o f  sand a t the base o f  the  

Conococheague and as the f i r s t  appearance o f  t r i l o b i t e  fragm ents a t the 

to p  o f  the Conococheague. These c r i t e r ia  were no t u s e fu l in  

d e te rm in in g  the co n ta c ts  in  t h is  s tudy. The c r i t e r io n  used fo r  

re c o g n it io n  o f  the  E lb rook  c o n ta c t is  the  presence o f  a m o d e ra te ly  

in d u ra te d  ochre m a rls tone  a t the  top  o f  the E lb rook . The c r i t e r io n  

used fo r  the  re c o g n it io n  o f  the  Stonehenge Form ation is  the  la s t  

occurrence  o f  b io c la s t ic s  and the  appearance o f  a s te e l g ra y , m assive
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w ea the ring , f i n e ly  lam ina ted  lim e s to n e . The c o n ta c ts  id e n t i f ie d ,  using 

these c r i t e r i a ,  c lo s e ly  match the  co n ta c ts  mapped by Edmundson and 

Nunan ( 1973) us ing  the c r i t e r ia  re p o rte d  in  the  l i t e r a t u r e .

The map area is  crossed by a s e r ie s  o f  asym metric and sometimes 

o v e rtu rn e d  fo ld s  (see P la te  1). F o ld in g  is  e v id e n t on a l l  s c a le s  o f  

o b s e rv a tio n  (see F igu res  2 and 3). Poles to  bedding f a l l  on a narrow 

te c to n ic  g i r d le  (see F igu re  4) su p p o rtin g  the  co n c lu s io n  th a t  the  

d e fo rm a tio n  may be cons idered  to  be a s in g le ,  u n ifo rm  e ve n t o f  p lane  

s t r a in .  P o les to  c le a va g e  f a l l  a long  a s l i g h t l y  broader b u t c o a x ia l 

g i r d le  (see F igu re  5), showing th a t  the  c leavage  is  a x ia l  p la n a r and 

s y n te c to n ic , fann ing  around the  fo ld  a x is .

Procedure

Mapping was done on a e r ia l  photographs a t s c a le s  o f  1 in . =660 f t .  

and 1 in.=1320 f t . ,  and on topog rap h ic  maps d u rin g  the summers o f  1978 

and 1979. During th a t  tim e  7 tra v e rs e s  were mapped across the  

Conococheague Form ation. These tra v e rs e s  and the samples c o l le c te d  on 

them se rve  as the  b as is  fo r  t h is  s tudy. One hundred o r ie n te d  samples 

were c o l le c te d  d u rin g  the f i e l d  seasons. These samples were c o l le c te d  

on bo th  the  s h a l lo w ly  d ip p in g  upper lim b s  o f  fo ld s  and the  steep  to  

o ve rtu rn e d  low er lim b s  o f  fo ld s .  Hinge tra c e s  were marked on the  maps 

as a c c u ra te ly  as p o s s ib le . The a c tu a l lo c a t io n  o f  the  h inge  tra c e s  is  

approxim ate because fo ld  h inges are narrow  and u s u a l ly  n o t w e l l  

exposed. L o ca tio n  r e la t i v e  to  fo ld  h inges was determ ined by the 

a n g u la r r e la t io n  o f  bedding and c le a va g e . (R efer to  F igu re  6 fo r  a 

d e s c r ip t io n  o f  the  geom etric  r e la t io n  o f  bedding to  an a x ia l  p la n a r 

c leavage  on an asymmetric fo ld . )  Samples c o l le c te d  on the  tra v e rs e s  

were lo c a te d  in  terms o f  t h e i r  s t r u c tu r a l  p o s it io n  on the fo ld  and in  

p resen t day geographic space. The samples were o r ie n te d  by m arking a 

p la n a r su rfa ce  so th a t t h is  su rfa ce  co u ld  be re o r ie n te d  in  the  la b .

The samples c o l le c te d  rep resen ted  a wide v a r ie ty  o f  c le a va g e  type  and 

occu rrence , possessed deformed o o id s , o r d is p la y e d  good p r o b a b i l i t y  o f  

c o n ta in in g  in c re m e n ta l s t r a in  m arkers.

C ro ss -se c tio n s  (F ig u re s  7a-g.) were co n s tru c te d  from the data
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F igure  2: Photograph o f  fo ld in g  in  ou tc rop . Hammer is  16 inches long ,
t h is  is  the  la rg e s t  sca le  fo ld in g  th a t is  observed d i r e c t ly  
in  the  f i e l d .  View is  to  the southwest and up -p lunge . Th is 
photograph was taken near sample 905 on the  Stone Bridge -  
F edera l H i l l  tra v e rs e  in  the ninge zone o f  the  Federal H i l l  
a n t ic l in e .

F igure  3: Photograph o f  th in  s e c tio n  o f  sample 805. The th in  se c tio n
is  a 1"x2" s e c tio n . View is  downplunge to  th e  n o r th e a s t. 
T h is  s e c tio n s  shows a v a r ia b le  fo ld  shape and a fanned 
c leavage .
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F igu re  U: Contoured d e n s ity  p lo t  fo r  po les to  bedding fo r  the t o t a l
Conococheague Form ation. Diagram prepared from  Kalsbeek 
p lo t  computer program. 223 o b s e rv a tio n s .
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F igure  5: Contoured d e n s ity  p lo t  fo r  po les  to  cleavage fo r  t o t a l
Conococheague fo rm a tio n . 184 o b s e rv a tio n s . P lo ts  fo r  
in d iv id u a l tra v e rs e s  can be seen in  f ig u re s  14 and 19.
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F igu re  6: Schematic draw ing o f  the cleavage -  bedding re la t io n s h ip s
an asymmetric fo ld  w ith  an in c lin e d  h inge s u rfa c e . The 
fo ld  shown has a s l ig h t l y  convergen t cleavage fa n . Steep 
lim b  a tte n u a tio n  is  33Ï ( t h is  i s  the mean a tte n u a tio n  in  
the  f i e ld  a re a ). The acute  ang le  formed by the cleavage 
bedding in te rs e c t io n  p o in ts  toward the fo ld  h in g e . I f  up 
can be determ ined in  the f i e ld  i t  can be used to  lo c a te  
lo c a l fo ld s  and determ ine whether they  are a n t ic l in e s  o r 
s y n c lin e s .
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F igu re  7 (a -g ): C ro ss -se c tio n s  o f  t ra v e rs e s . The s e c tio n s  show
lo c a t io n  o f  samples and lo c a l fo ld s .  The se c tio n s  
were prepared by p ro je c t in g  data onto the  plane o f  
s e c tio n . Fold shapes are modeled a f te r  fo ld s  seen on 
in d iv id u a l t ra v e rs e s . Bedding and cleavage 
o r ie n ta t io n s  have been c o rre c te d  to  apparen t d ip s  on 
the p lane o f  s e c t io n .
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c o l le c te d  on the tra v e rs e s . These can be used to  lo c a te  the sample and 

i t s  con ta ined  data on the f o ld .  The c ro s s -s e c tio n s  were prepared by 

p ro je c t in g  the data from the tra v e rs e  onto a f o ld  p r o f i l e  p lane . The 

fo ld  a x is  was determ ined by us ing  a F ishe r and Watson s t a t i s t i c a l  

program fo r  o r ie n ta t io n  data on the  sphere ( fo r  source l i s t in g s  o f  the 

programs used in  th is  paper r e fe r  to  Appendix A). The p ro je c t io n  o f  the  

data on to  the  c ro s s -s e c tio n s  was done using a Summagraphics TD 

d ig i t i z e r  to  lo c a te  the  data on an o rth o g o n a l g r id .  The data p o in ts  

were then p ro je c te d  onto the  p lane  o f  c ro s s -s e c tio n . O r ie n ta tio n  data 

c o l le c te d  in  the f i e ld  were p ro je c te d  onto t h is  p lane  using 

tr ig o n o m e tr ic  techn iques. The apparen t d ips  o f  bedding and c leavage  

p lo t te d  were p lo t te d  on the  tra v e rs e  se c tio n s . The c ro s s -s e c tio n s  were 

prepared in  two steps. The f i r s t  s tep was to  p ro je c t  e q u a lly  spaced 

l in e s  th rough the data so th a t  the  su rface  data p o in ts  were honored.

The f o ld ,  in  morphology, was pa tte rn e d  a f te r  fo ld s  seen in  the f i e l d  on

th a t  tra v e rs e  and a f te r  fo ld s  seen in  th in - s e c t io n .  Steep lim b

a tte n u a tio n  was estim ated by measuring a tte n u a tio n  on 6 fo ld s  which 

were found in  th in -s e c t io n .  The c ro s s -s e c tio n s  re p re se n t expressions o f  

the f o ld  geometry and r e la t io n s  in  the f i e l d  and can be used to  lo c a te  

samples fo r  the comparison o f  accumulated and in c re m e n ta l s t ra in  

h is to r ie s  across in d iv id u a l fo ld s  to  c leavage  geom etries in  c o lle c te d  

samples on the fo ld s .

The data fo r  these com parisons were c o l le c te d  from the o r ie n te d  

th in -s e c t io n s  using the fo l lo w in g  procedures.

E s tim a tion  o f  Accumulated S tra in

The use o f  deformed oo ids  in  the d e te rm in a tio n  o f f i n i t e  s t r a in

axes is  w e l l  documented (C lo o s , 1947, 1971; Ramsay, 1967; E l l i o t t  1968,

1970; Dunnet, 1969; Dunnet and Siddans, 1971; LeTeho ff, 1979; DePoar, 

1980; S iddans, 1980). In  most s tu d ie s  o r ie n te d  samples are cu t on 

th ree  p lanes  which are u s u a lly  b u t no t always o rth o g o n a l. Th is a llo w s  

the e s tim a tio n  o f  s t ra in  in  th re e  d im ensions. The f lu c tu a t io n  o f  a x ia l  

r a t io  and a x ia l o r ie n ta t io n  is  a fu n c tio n  o f the  amount o f  s t r a in  and 

o f  the  i n i t i a l  shape d is t r ib u t io n  o f  the p a r t ic le s  be ing deformed
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(C loos , 1947, 1971; Ramsay, 1967; E l l i o t t ,  1970, Dunnet, 1969). The 

maximum v a ria n ce  o f  a x ia l  o r ie n ta t io n  (as much as 90 degrees in  

areas o f  lo w  s t r a in )  decreases w ith  in c re a s in g  s t r a in  (C lo o s , 1947; 

Ramsay, 1967; E l l i o t t ,  1970).

In  t h is  s tudy the  c u t p la n e  o f  the  th in -s e c t io n s  is  norm al to  the 

lo c a l  f o ld  a x is  and the v iew  is  down p lunge . Deform ation in  the reg ion  

o f  sample c o l le c t io n  is  approxim ated by p lane  s t r a in  so the  deformed 

oo ids  in  t h is  s e c tio n  w i l l  o n ly  show the  va ria n ce  o f  i n i t i a l  p o p u la tio n  

shape. In  the samples s tu d ie d , the  f lu c tu a t io n  is  r e l a t i v e l y  low  and 

w e l l  w ith in  the sample p re p a ra tio n  e r ro r  m argins. For sample 

p o p u la tio n s  o f  50 o r more the oo id  long  a x is  measured shou ld  correspond 

to  the  a x is  o f  maximum b u lk  e lo n g a t io n . Accumulated s t r a in  was 

measured in  7 th in  s e c tio n s , where each th in  s e c tio n  con ta ined  a 

p o p u la tio n  o f  deformed oo ids  la rg e  enough to  in su re  r e p r o d u c ib i l i t y  o f  

the  data s e t.  The e s tim a tio n  o f  accum ulated s t r a in  in v o lv e d  two steps.

P re p a ra tio n  o f  O rien ted  Th in  S ec tions . Samples were o r ie n te d  by 

m arking s t r ik e  and d ip  and n o r th  on a su rfa ce . The p lane  o f  s e c tio n  

was then id e n t i f ie d  as the p lane  norm al to  the  lo c a l  fo ld  a x is .  This 

p lane  was lo c a te d  on the  sample u s in g  standard r o ta t io n  techn iques w ith  

a Schmidt Equal Area s te re o n e t. A th in  se c tio n  was prepared whose 

base faced down the p lunge o f  the  f o ld  on which i t  was c o l le c te d .

Measurement o f  A x ia l R a tios  and O r ie n ta t io n s . Photographs were 

prepared o f  the  o r ie n te d  th in  s e c tio n s  us ing  Kodak T e chn ica l Pan f i lm  

and a Bo lens I l lu m i t r o n  s l id e  c o p ie r  w ith  a Bolens macro le n s . The 

r e s u lta n t  h ig h  c o n tra s t n e g a tive s  were p ro je c te d  o r th o g o n a lly  onto a 

Summagraphics d ig i t i z in g  t a b le t .  The o r ie n ta t io n  o f the  p ro je c to r  and 

d ig i t i z e r  were checked by p ro je c t in g  a square g r id  onto the ta b le t  and 

c o r re c t in g  any d is to r t io n  by m oving the p ro je c to r .  D is to r t io n  due to  

s p h e r ic a l a b e rra tio n  o f  the le n se s  used was n e g l ig ib le .  The use o f 

h igh  c o n tra s t  n e g a tive s  a llo w e d  fo r  the easy id e n t i f ic a t io n  o f  deformed 

oo ids  in  the  samples.

To s im p l i f y  c a lc u la t io n  o f  a x ia l  r a t io s  and long  a x is  o r ie n ta t io n  

the  Summagraphics d ig i t i z e r  was connected to  a T e k tro n ix  computer w ith  

a p lo t t e r .  The data were s to red  in  memory as endpo in ts  o f  l in e  

segments w ith  each oo id  com pris ing  4 endpo in ts . Long a x is  o r ie n ta t io n s
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were p lo t te d  and the mean and standard d e v ia t io n  o f  a x ia l  r a t io s  and 

lo n g  a x is  o r ie n ta t io n  were c a lc u la te d . The r e s u l ta n t  p lo ts  fo r  each 

th in  s e c tio n  can be seen in  F igu res 8 a - j.  S tra in  e l l ip s o id s  w ith  the  

a p p ro p r ia te  a x ia l  r a t io s  were p lo t te d  on th e  tra v e rs e  c ro s s -s e c tio n s .

E s tim a tio n  o f  Inc rem en ta l S tra in  

Preserved p a r t ic le  d isp lacem en t pa ths in  p ro g re s s iv e  de fo rm a tion  

can be used to  c a lc u la te  the  o r ie n ta t io n  and m agnitude o f  the  p r in c ip a l  

s t r a in  axes fo r  each p o in t  on the d isp lacem en t pa th  (Wickham, 1973; and 

Ramberg, 1975). The d isp la ce m e n t path can be d iv id e d  in to  a s e r ie s  o f  

l i n e  chords o f  a r b i t r a r y  le n g th  each w ith  d e f in a b le  end p o in ts . The 

o r ie n ta t io n  o f  the p r in c ip a l  s t r a in  axes can be c a lc u la te d  fo r  each 

in c re m e n ta l l in e  chord r e la t i v e  to  an a r b i t r a r y  r o ta t in g  re fe re n ce  

frame by;

ta n  20 =
X ' 2 _ y , 2 _ x 2 + y 2 ( 1 )

where 0 = ang le  from the  a r b i t r a r y  re fe re n ce  frame to  the p r in c ip a l 

s t r a in  a x is , x ,y  is  the  i n i t i a l  lo c a t io n  o f  a p o in t ,  and 

x *,y ' is  the f i n a l  lo c a t io n  o f  th a t  p o in t.

The tra n s fo rm a tio n  co n s ta n ts  o f  each s t r a in  increm ent can be es tim a ted  

by:

®11 ®12

®21 ®22

COS0 -  sin0 
sin0 COS0

COS0 sin0  

- s in 0  COS0
(2 )

where 0 = ang le  to  p r in c ip a l  s t r a in  a x is , e n ,  e i2 .  621 . and e22 

tra n s fo rm a tio n  co n s ta n ts , E-j= x '/x  in  the  ro ta te d  re fe rence  fram e, and 

E2= y '/ y  in  the ro ta te d  re fe re n ce  frame.

The in c rem en ta l s t r a in  m a tr ix  and the  co rrespond ing  s t ra in  

measures can be estim a ted  in  a system which p rese rves  d isp lacem en t 

pa ths . F ib rous grow ths o f  c a lc i t e  on q u a rtz  g ra in s  in  the 

Conococheague Form ation p re se rve  a d isp lacem en t path fo r  the sample in  

which they occur (Wickham, 1973). The in c re m e n ta l s t r a in  h is to r y  o f  a 

sample can be accum ulated o ve r tim e to  e s tim a te  f i n i t e  s t r a in .  Wickham 

(1973) te s te d  the v a l i d i t y  o f  the  process b r i e f l y  o u t l in e d  above by 

comparing the  accum ulated s t r a in  c a lc u la te d  by t h is  process w ith  the 

f i n i t e  s t r a in  c a lc u la te d  from deformed oo id s  w ith in  the  samples
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F ig u re  8 (a -h ) :  P lo ts  o f  oo id  a x ia l r a t io s ,  accumulated s t ra in  e l l ip s e  
and s t a t i s t i c a l  va lues fo r  samples co n ta in in g  deformed 
o o id s . These p lo ts  are not o r ie n te d  in  space b u t are 
presented as they  were d ig i t iz e d .
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c o l le c te d .  In  th a t  te s t  the  c a lc u la te d  accum ulated s t r a in  c lo s e ly  

approxim ated the measured f i n i t e  s t ra in .

There has been some debate about the d isp lacem en t path assumed 

from the f ib e r  se ts  used fo r  in c re m e n ta l s t r a in  e s tim a tio n  (Wickham,

1973. 1978; Durney and Ramsay, 1973). F igure  9 shows two d i f f e r e n t  

d isp lacem en t paths. D isp lacem ent path A assumes th a t  c r y s ta l grow th 

occurs a t the  g ra in  boundary. The p a r t ic le  d isp lacem en t path w i l l  

match the  pressure shadow geometry. In case A the f ib e rs  w i l l  be 

o ld e s t  a t the  su tu re  and youngest a t the  g ra in  boundary. D isplacem ent 

path B assumes th a t c r y s ta l  grow th occurs a t the  su tu re . The p a r t ic le  

path in  case B w i l l  m ir ro r  the  pressure shadow f ib e r s .  In case B the 

f ib e r s  w i l l  be o ld e s t a t  the g ra in  boundary and youngest a t the  su tu re . 

The paths in  F igure  10 assume th a t  the g ra in  c e n tro id s  are d is p la c e d  as 

p o in t  masses. The tru e  d isp lacem en t can be determ ined from the sense o f  

r o ta t io n  o f  the  o r ie n ta t io n  o f  maximum p r in c ip a l sh o rte n in g  th a t  would 

be expected on a fo ld  lim b  d u r in g  p ro g re ss ive  de fo rm a tion . F igu re  10 

shows t h is  sense o f  r o ta t io n .  From F igure 10 i t  is  apparent th a t  f ib e r  

grow th a t the  g ra in  boundary g iv e s  the proper sense o f  ro ta t io n  o f  

sh o rte n in g  around a f o ld .

Inc rem en ta l s t r a in  pa ths were c a lc u la te d  from photom icrographs o f  

o r ie n te d  th in -s e c t io n s .  The th in  se c tio n s  were c u t w ith  the p lane  o f  

the th in - s e c t io n  normal to  the  lo c a l  fo ld  a x is  and so the obse rve r is  

lo o k in g  down plunge on the  fo ld .  The data from the  th in -s e c t io n s  can 

then be ro ta te d  in to  any re fe re n ce  frame des ired  to  show the 

de fo rm a tion  as i t  would be observed in  th a t re fe re n ce  frame as i t  

ro ta te s  d u rin g  the d e fo rm a tio n . Grain c e n tro id s  o f  f ib e r  se ts  were 

marked on the  photographs. The f ib e r  sets were then d iv id e d  as c lo s e ly  

as p o s s ib le  in to  chords o f  equa l le n g th . The marked photos were 

d ig i t iz e d  on a Summagraphics TD d ig i t i z in g  t a b le t .  The data were 

ro ta te d  so th a t  the re fe re n ce  frame used corresponded to  the p resen t 

day d ip  o f  bedding and s to re d  on d is k . The data were analyzed us ing  the 

T e k tro n ix  4051, and a p lo t  o f  the  inc rem en ta l s t r a in  path was prepared 

and com piled  in to  com posite paths fo r  each sample.

These p lo ts  are shown in  F igu re  l la - d .  These s t r a in  paths are an
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F igu re  9: P o ss ib le  d isp lacem en t pa ths drawn fo r  a p a ir  o f  q u a rtz
g ra in s .  The paths show the  path fo r  each g ra in  c e n tro id  
r e la t iv e  to  the s u tu re . The paths re p re se n t the  two 
p o s s ib le  in te rp r e ta t io n s  o f  d isp lacem ent path based on the 
assumptions th a t A) f ib e r  growth occurs a t th e  g ra in  boundary 
and B) f ib e r  growth occurs a t the s u tu re .
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F ig u re  10: Increm en ta l s t r a in  path  fo r  sh a llo w  and steep lim b s  o f a 
fo ld .  Th is f ig u re  i l l u s t r a t e s  the sense o f  range o f 
o r ie n ta t io n  fo r  in c rem en ta l sh o rte n in g  th a t  an observer 
s ta n d in g  on the  bedding p lane  would see th rough  tim e  
d u r in g  fo ld in g .  T h is  f ig u re  is  drawn assuming th a t  f ib e r  
grow th is  a t the g ra in  boundary.
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F igure  11: Composite s t r a in  paths fo r  samples 816, 850, 937 and 950.
These paths were prepared using the techn iques described 
in  t h is  s e c t io n . H o r iz o n ta l a x is  is  o r ie n ta t io n  o f 
maximum sh o rte n in g  r e la t iv e  to  bedding. V e r t ic a l a x is  is  
t im e .
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exp ress ion  o f  the  o r ie n ta t io n  o f  s im p le  q u a d ra tic  sh o rte n in g  through 

tim e . The h o r iz o n ta l a x is  o f  the  p lo ts  re p re se n ts  the a n g le  to  

p r in c ip a l  s t r a in ,  measured c lo c k w is e , fo r  th a t  increm en t (as measured 

from  an a r b i t r a r y  re fe re n ce  frame in  the deform ing m a te r ia l which is  

r o ta t in g  w ith  bedding on the  f o ld  lim b ). The tru e  amount o f  r o ta t io n  

cannot be measured, b u t an a pp rox im a tio n  o f t h is  r o ta t io n  can be made 

by comparing the o r ie n ta t io n  o f  bedding to  assumed i n i t i a l  

h o r iz o n ta l i t y .  The s t r a in  pa ths  can th e re fo re  be though t o f  as a 

measure o f  the  o r ie n ta t io n  o f  s im p le  sh o rte n in g  th rough  tim e as seen by 

an ob se rve r s tand ing  on the  bedding p lane  d u rin g  d e fo rm a tio n . The 

s t r a in  path dep ic ted  shows th e  o r ie n ta t io n  o f  maximum sh o rte n in g  fo r  

th a t  p e riod  o f  tim e  p rese rved  by the pressure  shadows.

D e r iv a t io n  o f  equa tions

Basic concepts o f  in f in i t e s im a l  s t r a in . Let R be a c losed  re g io n  

in  a p ro g re s s iv e ly  de fo rm ing  con tinuous  medium which c o n ta in s  a 

homogeneous m a te r ia l body. A t some tim e t  the  body is  deformed and 

d is p la c e d  in to  some re g io n  R'. The re g io n  R can be desc ribed  by one 

system o f  Euc lidean c u r v i l in e a r  c o o rd in a te s  (x ,y ) . The re g io n  R' can 

be described  by a second system o f  E uc lidean  c u r v i l in e a r  co o rd in a te s  

( x ' , y ' ) .  A p o in t  P (x ,y ), in  re g io n  R, i s  tra n s fo rm e d  in t o  a p o in t  

P '( x ', y ') ,  in  re g io n  R', d u r in g  th e  d e fo rm a t io n  e v e n t and may be 

described  in  terms o f  c o o rd in a te s  (x ,y ) o r x ',y ') .  I f  R is  i n i t i a l l y  

undeformed, the  f i n a l  c o n f ig u ra t io n  in  R’ may be described  as

X* = x ' ( x , y ; t )

(3)
y = y  ( x , y ; t )

i f  the  fu n c t io n s  (x ',y ')  a re  con tinuo us  and d i f f e r e n t ia b le .  This 

necessary c o n d it io n  is  s a t is f ie d  i f  the  m a te r ia l does no t f a i l  d u rin g  

th e  de fo rm a tion . S ince th e re  is  a one to  one correspondence between 

p o in ts  in  the  two re g io n s , x and y may be described  as

X = x ( x ' , y ' ; t )

(4 )
y = y ( x ' , y ' ; t )



51

For a d e fo rm a tion  s ta r t in g  a t t=o  and ending a t t r c o n s ta n t then the 

tim e  fa c to r  may be l e f t  o u t o f  equa tio ns  ( 3) and (4 ).

The d isp lacem en t o f  the p o in t P can be rep resented  by the  d isp lacem en t 

v e c to r ,  q, such th a t

q = îu+jv (5)

The components o f  the d isp lacem en t v e c to r ,  u and v , are expressed as

as Y * —V
( 6)

y - y

M a th e m a tic a lly , the necessary c o n d it io n  th a t  th e re  e x is ts  a one to  one 

correspondence o f  p o in ts  between the two re g io n s  can be w r i t te n  as

J =

3x' 3x’
3x 3y > 0 (7)
ill iZl3x 3y

o r in  terms o f  the d isp lacem en ts .

J  =
——  1 +

3u
3y
3v ( 8 )3v

3x 3y
When the  d isp lacem en t f i e l d  (u ,v )  s a t is f ie s  the c o n d it io n  in  equa tio n

( 8 ) the de fo rm a tio n  is  con tinuo us  and p ro p e r.

The e lem ents o f  the de te rm inan t c h a ra c te r iz e  the  g ra d ie n ts  o f  the 

d isp lacem en t v e c to r ,  q, w ith  re sp e c t to  x and y , such th a t

grad q = ii 1^ + ij 3v
3x

T h is  can be w r it te n  in  m a tr ix  n o ta t io n  as
3u 3v

(9)

grad q =
3x 3x

( 1 0 )3u 3v
3y 3:^

Since th is  g ra d ie n t is  a second o rd e r te n so r, i t  may be rep resented  as 

the  sum o f  a symmetric te n s o r, co rrespond ing  to  the pure s t r a in  

components, and an an tisym m etric  te n s o r, correspond ing  to  the  r ig id  

r o ta t io n  o f  the volum e:
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grad q = ®11 ®12
+ 0 (0̂ 2

fzi ®21_ ° _

(11)

T here fo re , any de fo rm ation  can be though t o f  as a component o f  pure 

s t r a in  and a component o f  r o ta t io n .

For s im p l ic i t y ,  the lo c a t io n  o f  a p o in t  a f te r  de fo rm a tio n  (x ',y ')  

may be expressed in  terms o f  the i n i t i a l  lo c a t io n  (x ,y ) and a s e t o f  

tra n s fo rm a tio n  constan ts  which d e sc rib e  the  s t r a in  o f  the  re g io n  from a 

n o n -ro ta t in g  re fe re n ce  frame. As such,

x' = ax + by

y' = ex + dy

Where a ,b ,c , and d are the  tra n s fo rm a tio n  co ns tan ts . S u b s t itu t in g  

equa tion  (12) in to  equation  (6 ), the  d isp lacem en t components can be 

expressed in  terms o f  the  i n i t i a l  lo c a t io n  and the  tra n s fo rm a tio n  

c o n s ta n ts :

( 12 )

u = ( a - l ) x  +  by 

V = cx + ( d - l ) y (13)

I t  is  p o s s ib le  to  w r ite  a l l  o f  th e  measures o f  s t r a in  (such as 

q u a d ra tic  e lo n g a tio n , shear, r o ta t io n ,  p r in c ip a l d ir e c t io n s  e tc .)  in  

term s o f  the  tra n s fo rm a tio n  co n s ta n ts . L ikew ise , the g ra d ie n t o f  the 

d isp lacem en t v e c to r ,  q, can be w r i t te n  in  terms o f  the  tra n s fo rm a tio n  

co n s ta n ts ;

grad q =
3u 3u
3x 3y _

3v 3v
3x 3y

(a-1) b

c (d-1) ( 14)

Since the d isp lacem en ts  can be fa c to re d  in to  two components, a 

sym m etric, pure s t r a in  component and an a n tis ym m e tric , pure ro ta t io n  

component, the tra n s fo rm a tio n s  in  equa tions (12), (13), and (14) 

can be fa c to re d  in to  pure s t r a in  fo llo w e d  by pure r o ta t io n  (B lo t ,  

1965):
a b cosoj - sinu ®11 ®12*
c d slnw COSÜ) f_21 ^22_

(15)
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where e i2  = ®21 w is  the  ang le  to  the ro ta te d  re fe re n ce  frame from 

which the s t r a in  m a tr ix  is  measured.

Increm en ta l na tu re  o f  p ro g re ss ive  s t r a in . So fa r  the tim e  o f  

de fo rm a tion  considered has been from some tim e t=o to  t=c  where c is  a 

co n s ta n t. During th is  t im e , P has been d is p la c e d  to  The p a r t ic le  

path from P to  P' may no t be a s t r a ig h t  l in e .  In  the  case o f a curved 

d isp lacem en t path the  o r ie n ta t io n  and a x ia l  r a t io  o f  each p ro g re ss ive  

f r a c t io n  o f  the  d isp lacem en t path w i l l  be d i f f e r e n t  from the preceding 

f r a c t io n  and the fo l lo w in g  f r a c t io n .  The t o t a l  s t r a in  fo r  the 

d isp lacem en t pa th  ove r t=o to  t= c  is  path independent. The magnitude 

and o r ie n ta t io n  o f  the  s t r a in  fo r  each f r a c t io n  o f  tim e  a long  the 

d isp lacem en t path is  path dependent. When a d isp lacem en t path is  

d iv id e d  in to  a s e r ie s  o f  increm ents , each increm ent w i l l  p reserve  the 

o r ie n ta t io n  and magnitude o f  s t r a in  fo r  th a t f r a c t io n  o f  tim e, t .  For 

each increm ent, the  lo c a t io n  o f  the p o in t a f te r  de fo rm a tion  can be 

expressed in  terms o f  the  i n i t i a l  lo c a t io n  and the  s p e c if ic  

tra n s fo rm a tio n  co n s ta n ts , as shown in  equa tion  (12). G iven a 

d isp lacem en t path d iv id e d  in to  ’ n’ increm ents, the  d isp lacem en t 

increm ent can be expressed as:

(16)

An a d d it io n a l p ro p e rty  o f  the in d iv id u a l increm ents is  th a t  they w i l l  

accumulate m u t ip l ic a t iv e ly , r e s u lt in g  in  the f in a l  c o n f ig u ra t io n .

x ’ a b b„ a. bTl X
n n 2 2 1 1

y' c
n

d
n "2 2̂_ " l "̂ 1 y

'

(17)

Where (xq, yo^ is  the  i n i t i a l  p o s it io n  and (x’ ,y’) is  the  f in a l  or 

nth  p o s it io n .

E s tim a ting  o r ie n ta t io n  and magnitude o f  in c re m e n ta l s t r a in . In  a 

system which p rese rves  n a tu ra l p a r t ic le  d isp lacem en t pa ths, i t  is  

p o s s ib le  to  determ ine the  magnitude and o r ie n ta t io n  o f  s t ra in  fo r  a 

se r ie s  o f  increm ents a long  th is  d isp lacem ent path. The p a r t ic le  

d isp lacem en t path w i l l  p rese rve  the de fo rm ation  path fo r  the re g io n  

c o n ta in in g  the d isp lacem en t path assuming th a t  the  de fo rm ation  is
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homogeneous, p ro g re s s iv e  and p roper.

From equa tion  (12) and (15) i t  is  known th a t  any homogeneous 

de fo rm a tion  can be w r i t te n  in  term s o f tra n s fo rm a tio n  cons tan ts  and can 

be fa c to re d  in to  a pure s t r a in  component and a pure r o ta t io n  component. 

I f  a homogeneous d e fo rm a tion  is  assumed to  be i r r o t a t i o n a l , equa tio n  

(15) becomes

(18)
a b

=12-

c d
- 2 1 =22_

S u b s t itu t in g  t h is  in to  equa tio n  (1 2 ),

y '

'11

'21

'12

'22

(19)

I f  the co o rd in a te  frame is  ro ta te d  to  a d ir e c t io n  o f  p r in c ip a l s t r a in  

the  equa tion  s im p l i f ie s  to

X ' 7 ,  0 - X

Y ' 0 E., Y
—  _ _  _2_

( 20)

where (X ',Y ') i s  the  f i n a l  lo c a t io n  o f  the p o in t in  the now ro ta te d  

system and (X,Y) is  the  i n i t i a l  lo c a t io n  o f  the p o in t  in  the  ro ta te d  

system. Com pleting the  m u l t ip l ic a t io n .

X ' = E^X o r = X '/x

Y ' = E^y o r  E^ = Y '/y

(21a)

(21b)

M u lt ip ly in g  equa tio n (21a ) by e q u a tio n (2 1 b ),

X 'Y ' = E^E^XY ( 2 2 )

Now, by d e f in i t io n  E1-E2/XY is  e q u iv a le n t to

de t
0

E„
*  XY (23)

To s im p l i f y  t h is  e q u a tio n , i t  is  assumed th a t  th e re  is  no area
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s t r a in  in  th e  re g io n  b e in g  cons idered  (Wickham, 1973). T h e re fo re , 

E, 0'1 

0
1 (24 )

and equa tion  (22) becomes

X 'Y ' = XY (25)

The ro ta te d  c o o rd in a te s  may be re la te d  to  th e  o r ig in a l  c o o rd in a te s  by 

X COS0 s in0  x
(26a)

Y -s in 0  COS0 y

and

X ' COS0 s ine  x '

(26b)
Y ' -s in 0  COS0 y '

where 9 is  the ang le  o f  r o ta t io n  between the  p r in c ip a l  s t r a in  and the

o r ig in a l  un ro ta te d  re fe re n c e  fram e. These l in e a r  e qua tio ns  can be 

s u b s t itu te d  in to  e q u a tio n (2 5 ), as fo l lo w s :

(x 'co s0  + y 's in 0 ) * ( - x 's in 0  + y 'c o s 0 ) =

(xcos0 + y s in 0 ) * ( - x 's in 0  + ycos0) (27)

M u lt ip ly in g  ,and c o l le c t in g  terms

( x 'y '  -  x y )(co s^0  -  s in ^ 0 ) = ( x '^  -  y '^  -  x^ +  y^) (cos0 s in 0 ) 28)

Now re a rra n g in g  te rm s,

( x 'y ' - x y )  *  (cos^0 -  s ln ^0 )
( x '^ - y '^ -x ^ + y ^  (cos0s in0 )

For s im p l ic i t y  l e t  N= x 'y ' - x y

(29)

x ’ 2 - y ’ 2-x2+ y2

Equation (29) may be r e w r i t te n  as
-]
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M * cos^9 - sin^e =  1cos0sin0
S u b s t itu t in g  the  double angle id e n t i t ie s  shown below,

(30)

008^9 - sin̂ 9 = cos29 = 1 - tan^9/l + tan̂

COS0 sin9 = y  sln29 = tan9/l + tan̂ i

(31a)

(31b)

in to  equa tion  ( 30 ) y ie ld s

M * 1 - tan^9/l + tan̂  
tan9/l + tan^9 =  1

S im p lify in g  equation  (3 2 ) ,

N * 1 - tan 
tan9

or

(32)

(33)

N =
tan9
1 - tan' (34)

Since

tan9
1 - tan = J  tan^9 (35)

Equation (35) can be r e w r it te n  as;

tan2 9 = 2(x'y'-xy)
%'2_y'2_%2+y2

(36)

Equation ( 36 ) corresponds to  e q u a tio n  ( 1 ) .

The o r ie n ta t io n  o f  a p r in c ip a l  s t r a in  a x is  can be determ ined i f  

the i n i t i a l  and f in a l  endpo in ts  o f  a s in g le  s t r a in  increm ent are known. 

0 is  the ang le  to  a p r in c ip a l  s t r a in  a x is  from an a r b i t r a r y  re fe re n ce  

frame which is  ro ta t in g  w ith  bedd ing .

In  o rde r to  determ ine the magnitude o f  the in c rem en ta l s t r a in  and 

to  c a lc u la te  the  standard s t r a in  measurements, i t  is  necessary to  know
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the  tra n s fo rm a tio n  co n s ta n ts  fo r  th a t  s t r a in  increm ent. A d ir e c t  

consequence o f  equa tion  ( 36) is  th a t  i t  is  p o s s ib le  to  r e la te  the  

s t r a in  m a tr ix ,

1 (37)

back to  the o r ig in a l  re fe re n c e  system by s u b s t i tu t in g  equa tions (26a) 

and (26b) in to  equa tion  (20 ), such th a t :

cosB sinB x ' E l 0 cosB sinB X

-s in B cos 9 y ’ 0 EZ
-s inB cosB y

(38)

— — —  — — — —

Now, s u b s t itu t in g  equa tio n  (19) in to  equa tion  (3 8 ),

cos9 sinÔ 

- s in 9 cos 9

®11 ®12~|

'21 22 

T h is  equation  can be s im p l i f ie d  i f

0

■2J L " 

cos9 s in ô l

cos9 s in9  

sinB  cos9 (39)

IS an
-s in S  cosBl

in v e r t ib le  m a tr ix . A m a tr ix  is  in v e r t ib le  i f  and o n ly  i f  the 

de te rm inan t o f  th a t  m a tr ix  does no t equal 0. Since 
cosB sinB

cos^B +  sin^B  = 1 (40)
-SinB cosB

the  ro ta t io n  m a tr ix  i s  in v e r t ib le .  The in v e rs e  o f  a m a tr ix  is  de fined  

as

= (de t A) ^ (X (41:

O'Nan ( 1971) .  (X. is  the  a d ju n c t o f  A, where

a =  [ A . . ] " (42)

In  th is  case

.-1
cos s in

cosB -s inB  

SinB cosB

( 4 3 )
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Com pleting the  in v e rs io n  and c a n c e ll in g  l i k e  term s, equa tio n  (39) 

becomes

"11

'21

'12

'22

cose -sine 

sine cos6
cose sine 

-sine cos6
(4K)

Equation (UU) corresponds to  equa tion  (2). From the  above equa tion  the 

tra n s fo rm a tio n  constan ts  o f  each s t r a in  increm ent can be c a lc u la te d  and 

the  magnitude and standard measurements o f  in c rem en ta l s t ra in  

de te rm ined .

D iscuss ion  o f  Procedure

P a r t ic le  d isp lacem en t pa ths are preserved in  th e  Conococheague 

Form ation as f ib ro u s  growth o f  c a lc i t e .  The procedure used to  es tim a te  

the in c re m e n ta l s t ra in  h is to r y  in v o lv e s  6 steps which are d iscussed 

below ,

1) C o lle c t io n  o f  o r ie n te d  sam ples; A s u ite  o f o r ie n te d  samples o f

m ic r i t i c  lim estone  c o n ta in in g  a p p rox im a te ly  23 q u a rtz  sand was

c o l le c te d .  The samples were lo c a te d  on the a e r ia l  photograph or

topog rap h ic  map r e la t i v e  to  the  lo c a l  fo ld  a x is .

2) P repa ra tion  o f  o r ie n te d  th in  s e c tio n s : The o r ie n te d  samples were

th in -s e c t io n e d  w ith  the  p lane  o f  s e c tio n  m atch ing, as c lo s e ly  as 

p o s s ib le , the p lane norm al to  the  lo c a l fo ld  a x is .  In  each 

in s ta n ce  the  observer is  lo o k in g  down plunge on the lo c a l  fo ld  

when lo o k in g  a t the th in  s e c t io n .

3) Id e n t i f ic a t io n  and photography o f  useab le  f ib e r s :  The o r ie n te d  

th in  s e c tio n s  were s tu d ie d  us ing  a p é trog rap h ie  m icroscope w ith  a 

mounted mechanical s l id e  h o ld e r . The s l id e  h o ld e r  e s ta b lis h e d  a 

re fe rence  frame o f  o b s e rv a tio n  in  which the th in  s e c tio n  was being 

s tu d ie d . The f ib ro u s  grow ths o f  c a lc i t e  were most e a s i ly  

id e n t i f ie d  using p lane  p o la r iz e d  l ig h t .  Of the  114 th in  se c tio n s  

prepared and s tud ied  o n ly  7, o r  6 Î o f  the th in  s e c tio n s  conta ined 

w e ll  p reserved f ib e rs .  The f ib e r s  se le c te d  fo r  s tudy were those 

f ib e r s  th a t  d id  not show any evidence o f  in te r n a l tw in n in g  or
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r e c r y s t a l l i z a t io n ,  bo th  o f  which would d is t o r t  the  in c re m e n ta l 

s t r a in  pa th  c a lc u la te d  from them. In  a d d it io n  o n ly  those f ib e r s  

which grew from r e l a t i v e l y  is o la te d  g ra in s  were used to  m in im ize  

th e  e f fe c t  o f  in te r fe re n c e  o f  o th e r g ra in s  on the m otion o f  the 

p a r t ic le s  o f  in te r e s t .  The e f fe c t  o f  g ra in  shape is  a ls o  a fa c to r  

in  the  s t r a in  path observed so equant o r n e a r ly  equant g ra in s  were 

s e le c te d  p r e fe r e n t ia l ly  o ve r inequant g ra in s .

S e ve ra l s e c tio n s  con ta ined  w e ll  p reserved f ib e rs  which f i t  

the  above c r i t e r ia .  In  some in s ta n ce s , however, o n ly  1 or 2 f ib e r  

se ts  were p reserved . An in d iv id u a l  f ib e r  se t does not n e c e s s a r ily  

p re se rve  the e n t ir e  d isp lacem en t h is to r y  o f  the sample in  which i t  

form s. O nly those s e c tio n s  which con ta ined  m u l t ip le  f ib e r  se ts  

can g iv e  a minimum re p re s e n ta tio n  o f  th e  t o t a l  d isp lacem en t path 

fo r  th a t  sample, assuming th a t the d isp lacem en t was a p p ro x im a te ly  

homogeneous, con tinuous and proper on the  sc a le  o f  the th in  

s e c tio n . The seven samples used in  th is  s tudy f i t  the above 

c o n d it io n s .

The f ib e r s  used in  the s tudy f a l l  in to  two c a te g o r ie s : 

s in g le ts  (see F igu re  12), and d o u b le ts  o r m u l t ip le  se ts  (see 

F ig u re  13). When useab le  f ib e r s  were id e n t i f ie d  they  were 

photographed using e i th e r  35 mm Kodak T e ch n ica l Pan f i lm  o r 4X5 

P o la ro id  Type 55 f i lm .  The o r ie n ta t io n  o f  the  photographs was 

noted so the data from  the  photographs co u ld  be ro ta te d . E leven 

in ch  by fo u rte e n  in ch  pho tog raph ic  p r in ts  were made o f each f ib e r  

s e t. The re fe rence  frame o f  the n e g a tive  is  id e n t ic a l w ith  the 

re fe re n c e  frame o f  th e  p o s it iv e  p r in t  in  two dim ensions. When the 

f ib e r  se ts  were la rg e r  than cou ld  be accommodated on a s in g le  

n e g a tiv e  a composite was made by t ra v e rs in g  the f ib e r  se t and 

p re p a rin g  o v e r la p p in g  p r in ts .  The p r in ts  were then s p lic e d  on a 

l i g h t  ta b le  so th a t  o r ie n ta t io n  was p reserved  across the f ib e r  

s e t .

4) D ig i t iz in g  the da ta : Each f ib e r  se t co n ta in s  a t le a s t  one q u a rtz

g ra in  and se ts  o f  f ib e r s .  The c e n tro id  o f  each g ra in  was 

id e n t i f ie d  by m easuring a se rie s  o f  d iam e te rs  u n t i l  a c e n tro id  was
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F igu re  12: Photom icrograph o f  f ib e r  s in g le t  from sample 816. The
f ie ld  o f  view  is  a p p rox im a te ly  1.5 mm. The technique used 
to  dete rm ine  the  in c rem en ta l s t r a in  h is to r y  from s in g le t  
f ib e r  se ts  is  described  in  t h is  s e c t io n .

F igu re  13 : Photom icrograph o f  double f ib e r  s e t from  sample 850. The 
f i e ld  o f  v iew  is  a p p ro x im a te ly  1.5mm. The technique used 
to  de te rm ine  in c re m e n ta l s t r a in  h is to r y  from these f ib e r s  
i s  d iscussed in  t h is  s e c t io n .
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approxim ated. The f i n a l  lo c a t io n  o f  the  c e n tro id  was e s ta b lis h e d  

by v is u a l ly  d e te rm in in g  the cen te r o f  the  zone id e n t i f ie d  by the 

measured d iam e te rs . The f ib e r  se ts  were v is u a l l y  d iv id e d  in to  

equa l le n g th  l i n e  segments. The endpo in ts  o f  the segments were 

marked on the  photographs. The number o f  l i n e  segments v a r ie d  

depending on the  le n g th  o f  the f ib e rs  in  the photograph. S ince 

the  tra c e  o f  th e  f ib e r  is  a measure o f  tim e the  a c tu a l number o f  

increm ents, o r l in e  segments, a long  the f ib e r  is  a r b i t r a r y .  The 

la rg e r  the  number o f  increm ents the  g re a te r  the  accuracy in  

e s tim a tin g  the a c tu a l s t r a in  path. However, in  many f ib e r  se ts  

the f ib e r s  are s h o rt enough th a t us ing a g re a t number o f  p o in ts  

was im p ra c t ic a l in  terms o f  p h y s ic a l ly  m arking the p o in ts  and in  

terms o f  the  accuracy o f  the  d ig i t i z in g  system used. T he re fo re , 

the  r e s u lts  o f  the  c a lc u la t io n  o f  r o ta t io n  w i l l  rep resen t a 

minimum.

The marked photographs were p laced on the  d ig i t i z in g  t a b le t  

so th a t the  re fe re n ce  frame o f  the photograph p a r a l le le d  the 

re fe rence  frame o f  the  d ig i t i z e r .  The endpo in ts  o f  the increm ent 

l in e  segments and the  g ra in  c e n tro id s  were d ig i t iz e d  and s to red  on 

the  T e k tro n ix  4097 f lo p p y  d isks  (see Program D ig i t ,  Appendix A). 

The d ig i t i z in g  scheme is  as fo l lo w s ,  r e fe r  to  F igures 12 and 13.

For s in g le t  f ib e r s  the motion o f  the  g ra in  c e n tro id  r e la t i v e  

to  the su tu re  was measured fo r  each f ib e r  s e t. The f i r s t  p o in t 

d ig i t iz e d  was the  su tu re  as the o r ig in .  The l in e  segments were 

d ig i t iz e d  toward the c e n tro id . The la s t  p o in t d ig i t iz e d  was the 

g ra in  c e n tro id .

For d o u b le t f ib e r  se ts  where two g ra in  c e n tro id s  co u ld  be 

measured from a common su tu re  the d ig i t i z in g  scheme was s im i la r .  

The su tu re  was d ig i t iz e d  as the o r ig in  fo llo w e d  by the l in e  

segment endpo in ts  and the  g ra in  c e n tro id . The cu rso r was re tu rn e d  

to  the o r ig in  and the process repeated in  the  oppos ite  d ir e c t io n .

Each data se t was la b e le d  w ith  the  name o f  the data f i l e ,  

the  number o f  the  specimen, and number o f  the  photograph and 

whether the da ta  se t was a s in g le t  o r d o u b le t and r ig h t  o r l e f t .  

R o ta tion  to  d e s ire d  o r ie n ta t io n :  The data se ts  sto red  on the d is k
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were d ig i t iz e d  r e la t i v e  to  a known re fe re n ce  system. The da ta  

se ts  cou ld  then be ro ta te d  to  any re fe re n ce  system.

The o r ie n ta t io n  o f  each se c tio n  r e la t i v e  to  the  h o r iz o n ta l 

in  V ir g in ia  was known. The o r ie n ta t io n  o f  the data from each 

th in - s e c t io n  has a known r e la t io n s h ip  to  bedding. I t  is  e a s ie s t 

to  th in k  o f  d e fo rm a tion  r e la t iv e  to  bedding. The data were 

ro ta te d  so th a t  the  r e s u lta n t  s t r a in  paths were measured r e la t i v e  

to  bedding. Th is  p rese rves  the s t r a in  measures and the 

re la t io n s  d e riv e d  e a r l ie r .

6) C a lc u la t io n  o f  in c re m e n ta l s t r a in  measures and o r ie n ta t io n :  The

o r ie n ta t io n  o f  a p r in c ip a l  s t r a in  a x is  can be determ ined from 

equa tion  1 fo r  the  endpo in ts  o f  an in c re m e n ta l l in e  segment on a 

d isp lacem en t path. The measures o f  the  p r in c ip a l  s t r a in  can be 

estim ated  i f  the  tra n s fo rm a tio n  cons tan ts  are known fo r  th a t  

s t r a in  increm ent. The tra n s fo rm a tio n  co n s ta n ts  can be c a lc u la te d  

us ing  equation  2. The s t r a in  measures c a lc u la te d  are 1) s im p le  

q u a d ra tic  e lo n g a t io n , 2) ang le  between a re fe re n ce  frame p a r a l le l  

w ith  bedding and the  p r in c ip a l  s t ra in  re fe re n ce  fram e, 3) a x ia l  

r a t io  o f  the  s t r a in  e l l i p s e ,  4) area s t r a in ,  and 5) components o f  

the  s t r a in  m a tr ix .

The na tu re  o f  in c re m e n ta l s t r a in  in  a p ro g re s s iv e  d e fo rm a tion  

a llo w s  the m u l t ip l i c a t iv e  in c o rp o ra tio n  o f  each s t r a in  increm ent in to  

the  accum ulated s t ra in  up to  th a t  increm ent. Th is  a llo w s  the d i r e c t  

comparison o f  the in c re m e n ta l s t r a in  to  accumulated s t r a in  up to  and 

in c lu d in g  th a t  s t r a in  increm ent.

As shown in  te x t  F igu re  10 th e re  are two p o s s ib le  d isp lacem en t 

paths fo r  each f ib e r  s e t. The d ire c t io n  o f  c r y s t a l l i z a t io n  must be 

in c o rp o ra te d  in to  c a lc u la t io n s  o f  the  s t r a in  increm ents. R e c a ll th a t  

the  d ig i t i z in g  ro u t in e  used assumed the o r ig in  a t the  su tu re  and 

p ro g re s s iv e ly  d ig i t iz e d  away. As seen in  t e x t  F igu re  10 th is  matches 

the  assumption o f  c r y s ta l  growth a t the su tu re . The data se ts  must be 

c o rre c te d  so th a t  the o r ig in  is  lo ca te d  a t the g ra in  c e n tro id . A 

v a r ie t y  o f  s t r a in  measures were c a lc u la te d  and the  o r ie n ta t io n  o f  the 

in c re m e n ta l and accumulated maximum p r in c ip a l sh o rte n in g  were p lo t te d
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fo r  119 f ib e r  se ts . These c a lc u la t io n s  were done us ing  the techn iques  

p r e v io u s ly  described . These p lo ts  are in c lu d e d  in  Appendix B.

Many o f  the f ib e r  se ts  have la rg e  a x ia l  r a t io s  in  the  f i n a l  

inc rem en t. Those samples which d isp la ye d  a x ia l  r a t io s  g re a te r  than 2.0 

in  the f i n a l  increm ent were examined to  see i f  pressure  s o lu t io n  had 

occu rred  a long  the boundaries  o f  the d e v e lo p in g  f ib e r  s e t. P rev ious  

work (Ramsay and Wood, 1972; Wickham, 1973) has shown th a t  an 

in c re m e n ta l volume lo s s  w i l l  e f fe c t  the s t r a in  path fo r  any g ive n  

specimen. Wickham, 1973, showed th a t  the presence o f  area change w i l l  

s t r o n g ly  e f fe c t  the o r ie n ta t io n s  c a lc u la te d  and the a x ia l  r a t io s .

Based on th is  work those specimens w ith  r e s u lta n t  c a lc u la te d  a x ia l  

r a t io s  g re a te r than 2.0 which d is p la y e d  s o lu t io n  a c t i v i t y  in  the  

v i c i n i t y  o f  the f ib e r  se ts  were no t used in  the  p re p a ra tio n  o f  the 

com posite  paths. The da ta  se ts  w ith  a x ia l  r a t io  v a lu e  le s s  than 2.0 

can be seen in  Appendix C a long  w ith  the c a lc u la te d  s t r a in  a t t r ib u te s  

fo r  the  la s t  increm ent.

Based on the p lo ts  o f  maximum p r in c ip a l sh o rte n in g  i t  is  apparent 

th a t  any one f ib e r  se t does no t p rese rve  th e  t o t a l  sense o f  d e fo rm a tion  

th a t  the  specimen has experienced . One way to  approxim ate the  t o t a l  

d e fo rm a tio n  is  to  p repare  com posite paths fo r  the  sample. T h is  can be 

done by superim posing those data se ts  o r those p o r t io n s  o f  da ta  se ts  

which p rese rve  n o n -o v e rla p p in g  o r ie n ta t io n s  o f  the  maximum p r in c ip a l  

sh o rte n in g  a x is . During a de fo rm a tion  even t the  o r ie n ta t io n  o f  maximum 

p r in c ip a l  sh o rte n in g  shou ld  s t a r t  n e a r ly  p a r a l l e l  w ith  la y e r in g  and 

ro ta te  toward bedding norm als . In  an asymmetric fo ld  system the  sense 

o f  r o ta t io n  on a s h a llo w ly  d ip p in g  lim b  shou ld  be from 180° toward 90°- 

The r o ta t io n  and s te e p ly  d ip p in g  lim b  shou ld  be from Qo toward 90°. In 

the  c o n s tru c t io n  o f  com posite paths the r e la t i v e  tim in g  o f  each f ib e r  

se t can be determ ined by the  r e la t iv e  p o s it io n  on the fo ld  and the 

o r ie n ta t io n  range fo r  th a t  da ta  se t. Those da ta  se ts  w ith  o r ie n ta t io n s  

c lo s e  to  p a r a l le l  w ith  bedding are r e la t i v e l y  younger than those data 

se ts  w ith  o r ie n ta t io n s  n e a r ly  to  p e rp e n d ic u la r w ith  bedding. The 

com posite paths and i t s  a t t r ib u te s  can be c a lc u la te d  by passing the  

accum ulated m a tr ix  from th e  la s t  increm ent o f  one data se t to  the  next 

data s e t where th e re  is  no o v e r la p  o f o r ie n ta t io n .  In  t h is  way the
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f i n a l  a x ia l  r a t io  fo r  a com posite  path may se rve  as an independent 

check o f  the v a l i d i t y  o f  th a t  pa th .

O nly 4 o f  the  o r ig in a l  7 samples were used to  c o n s tru c t com posite 

pa ths . These p lo ts  can be seen in  Appendix C. Of these  o n ly  sample 

816 d id  n o t have a gap in  o r ie n ta t io n  between the da ta  se ts  and 

th e re fo re  has the most reasonab le  a x ia l r a t io .  The o th e r samples, 850, 

937 and 939 a l l  have gaps between in d iv id u a l  data se ts  making up the 

com posite  path . Gaps in  o r ie n ta t io n  between da ta  se ts  induce apparent 

area s t r a in  and r e s u l t  in  la rg e  f i n a l  a x ia l  r a t io s  fo r  th a t  com posite. 

These 4 com posite paths are seen in  F igures l la - d .  These data w i l l  be 

used to  compare c leavage  o r ie n ta t io n s  to  and w i l l  g iv e  in fo rm a tio n  

re g a rd in g  the de fo rm a tion  h is to r y  o f  th is  re g io n  in  the fo l lo w in g  

s e c t io n s .



RESULTS

Folds

General O bserva tions

The f i e l d  area i s  on the sou thea s t lim b  o f  the Massanutten 

S yn c lin o riu m . F o lds  in  the study area are m o s tly  asymmetric and plunge 

g e n t ly  toward the  n o rth e a s t. Fo ld  a m p litu d e s  range from  1 km to  le s s  

th a n  1 cm.

Poles to  bedding p lo t  a long  a narrow  g i r d le  on an equal area 

s te re o g ra p h io  low e r hemisphere p ro je c t io n  ( re fe r  to  F ig u re  4 and F igure  

14). The best f i t  bedding po le  g re a t c i r c le  and the co rrespond ing  fo ld  

a x is  fo r  each t ra v e rs e  and fo r  the  t o t a l  Conococheague are compared in  

F ig u re  14. The Longwood tra v e rs e  is  no t in c lu d e d  in  th is  F igu re  due to  

la c k  o f  s u f f ic ie n t  o r ie n ta t io n  da ta . The p lo ts  in  F ig u re  14 show 

co n to u r diagrams prepared using standard  Kalsbeek co u n tin g  net ro u tin e s  

fo r  p la n a r da ta . The best f i t  g re a t c i r c le  and fo ld  a x is  were 

determ ined us ing  the techn iques described  in  Ragan (1973). The best 

f i t  p o le  g re a t c i r c le s  and fo ld  axes have s im i la r  o r ie n ta t io n s  

th roughou t the f i e l d  area.

Fold asymmetry and in te r l im b  a n g les  decrease from  south to  

n o rth  in  the f i e l d  area. Fo ld  a x ia l  su rfaces  were determ ined in  6 

p lo ts  (see F igu re  14). The o r ie n ta t io n  o f  the  fo ld  a x ia l  su rface  does 

n o t v a ry  s y s te m a t ic a lly  w ith in  the  f i e l d  area. The s te e p e s t a x ia l 

s u rfa ce  d ips  84°SE in  the C raig Run T ra ve rse , the s h a llo w e s t d ip p in g  

a x ia l  su rfa ce , 60°SE, is  in  the B u l ls k in  Run T raverse . Fo ld  axes 

determ ined by the  in te rs e c t io n  o f c le a va g e  and bedding in  the h inge o f 

fo ld s  and by s t a t i s t i c a l  a n a ly s is  o f  o r ie n ta t io n  da ta  on the sphere are 

compared in  F igu re  15. The fo ld  axes p lo t  w ith in  a 42 degree ra d iu s . 

A l l  measured and c a lc u la te d  p lunges are to  the n o rth e a s t. The fo ld  

axes approxim ated by the con tour d iagram s are w ith in  the cone o f

66
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F igure  14: D ensity  con tour p lo ts  fo r  po les  to  bedding on tra v e rs e s  in  
the f i e l d  area. Lower hemisphere p ro je c t io n .  The p lo ts  
show the lo c a l  f o ld  a x is .

a) Stone B ridge -  Federal H i l l  
b ; M illw ood -  Blandy
c) Chapel Run -  Pigeon H i l l
d) C ra ig Run
e) Long Marsh Run 
f ;  B u lls k in  Run

Symbols mean:

>25%

20-25%

15- 2 0 %

10-15%

5- 10%

0-5%
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F ig u re  15*. Lower hem isphere p lo ts  o f  fo ld  axes. Axes marked by a d o t 
are c a lc u la te d  using F ishe r and Watson s t a t i s t i c a l  
techn iques . Axes marked w ith  a + are f i e l d  measurements. 
C irc le s  a re  th e  ra d iu s  o f  cones o f  con fidence . The t r ia n g le  
is  the  t o t a l  data p o le  from the s t a t i s t i c a l  a n a ly s is .

SB-FH = S tonebridge -  Federa l H i l l ;  9 degrees ra d iu s
MB = M illw ood -  B landy; 13 degrees ra d iu s
Lw = Longwood; 42 degrees ra d iu s
CR-FH = Chapel Run -  Pigeon H i l l :  16 degrees ra d iu s
CR = C ra ig Run; 14 degrees ra d iu s
LMR = Long Marsh Run; 15 degrees ra d iu s
BR = B u lls k in  Run: 13 degrees ra d iu s
T o ta l = 6 degrees ra d iu s



70

Lw

BR
CR

R-PH
-LMRTotali

l-MB



71

con fiden ce  ra d iu s  fo r  the  s t a t i s t i c a l  ana lyses .

F o ld  a x ia l o r ie n ta t io n  shows a change from  south to  n o rth  across 

the  f i e l d  area. From south to  n o rth  the  ge n e ra l trend  is  fo r  

s h a llo w in g  o f  p lunge and r o ta t io n  o f  p lunge  d ir e c t io n  toward the n o rth . 

The s im i la r i t y  o f  a x ia l su rfa ce  o r ie n ta t io n ,  bedding p o le  p a tte rn  and 

f o ld  axes in d ic a te  th a t  the fo ld s  were formed s y n te c to n ic a l ly  and th a t 

th e y  are p a ra s it ic  on the Massanutten S y n c lin o riu m  -  B lue Ridge 

A n t ic l in o r iu m .  The presence o f  l o c a l l y  o v e rtu rn e d  fo ld s  and the 

v a r ia t io n  in  symmetry are c o n s is te n t w ith  the in te rp r e ta t io n  th a t  the 

s m a ll s c a le  fo ld s  are p a r a s it ic .

In te r l im b  ang le  was measured on 10 fo ld s  in  the f i e l d  a rea. These 

da ta  are shown in  Tab le  1.

T raverse  In te r lim b  ang le (degrees) U n it

Stone B ridge  -  Federal H i l l  90 d o lo m ite
52 lim e s to n e -d o lo m ite
89 d o lo m ite
59 lim e s to n e -d o lo m ite
65 lim e s to n e -d o lo m ite

M illw ood  -  Blandy 40 lim e s to n e -d o lo m ite
Longwood 85 d o lo m ite

71 lim e s to n e -d o lo m ite
C ra ig  Run 5o sandstone-1im estone

71 c h e rt-d o lo m ite

Table 1: In te r lim b  ang les from 10 fo ld s  in  the  f ie ld  a rea . The fo ld s
measured re p re se n t a range o f  fo ld  s ize s  from ou tc rop  sca le  
to  th in  s e c tio n  s c a le .

From these data i t  is  apparent th a t  in te r l im b  ang le  depends on 

l i t h o lo g y .  As a gene ra l tre n d  t ig h te r  fo ld s  are present in  

in te r la y e re d  lim es tones  and d o lo m ite s  and in  sandstones. Fo lds  formed 

in  d o lo m ite s  are more open. In te r l im b  ang les  in  in te r la y e re d  

lim e s to n e s  and d o lo m ite s , here termed 'R ibbon Rock', va ry  from  40° to  

710. In te r  lim b  ang les  in  d o lo s to n e s  are h ig h e r, va ry in g  from 850 to  

900 . W ith in  the f i e l d  area th e re  is  a g e n e ra l tre n d  towards more open 

fo ld s  from south to  n o rth .

The fo ld s  in  the  s tudy  area were c la s s i f ie d  using the m o d ifie d  

d ip  iso g on -c lea vage  c la s s i f ic a t io n  system (Treagus, 1982). In  t h is  

c la s s i f ic a t io n  system the a n g le  o f  d ip  and the  ang le  from the  d ip  

norm al to  c leavage  are p lo t te d  as shown in  F ig u re  16. In  these p lo ts
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F igure  16: Cleavage -  isogon p lo ts  fo r  f iv e  samples using the 
techniques described  by Treagus (1 9 8 2 ).

a) Sample 817
b) Sample 842
c) Sample 845
d) Sample 95
e) Sample 843
f )  P lo t  o f  e lo n g a tio n  d ir e c t io n  and d ip  isogon 

fo l lo w in g  the  conven tio n  o f  Hudleston (1973) showing 
the  f ie ld s  o f  v a r io u s  fo ld  models. In  t h is  p lo t  SF 
is  s im i la r  fo ld in g ,  FS is  f le x u r a l  s l i p  fo ld in g  and 
FP is  f la t te n e d  p a r a l le l  fo ld in g .  The measurements 
in  th is  p lo t  are from samples 842, 843 and 845 and 
are a l l  in  competent la y e rs .

Angular v a lu e s  in  a l l  p lo ts  are measured accord ing  to  
conven tio n . Beta is  the ang le  between the c leavage  tra c e  
and the bedding norm al. Alpha is  the  norm alized lim b  d ip . 
The f ie ld s  la b e le d  lA , IB, IC, I I ,  and I I I  are e q u iva le n ce s  
o f  the iso g o n ic  la ,  lb ,  I c ,  11 , and 11 suggested by 
Hudleston (1973) and Ramsay (1967 ).
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the  l e f t  hand s ide  o f  fo ld s  and c lo ckw ise  ang les  measured from  the d ip  

norm al on the  l e f t  hand s ide  o f  the fo ld  are  n e g a tiv e , fo l lo w in g  the 

co n ve n tio n  o f  H ud leston  (1973)* Standard isogon p lo ts  (H ud les ton ,

1973) were made o f  th re e  fo ld s  where bedding was smoothest. These are 

superimposed in  the p lo ts .  From these da ta  i t  is  c le a r  th a t  the  fo ld s  

are d o m in a n tly  type I c / l c  fo ld s  w ith  one sample be ing type I I I .  Th is 

method rep re se n ts  an easy method fo r  d e te rm in in g  the fo ld  

c la s s i f ic a t io n  in  fo ld e d  rocks  assuming th a t  the  c leavage  is  a x ia l  

p la n a r a t le a s t  in  the  f o ld  h inge. In  F ig u re  16 i t  is  seen th a t  the 

c la s s i f ic a t io n  o f  the  fo ld s  changes from  f o ld  to  fo ld  and and may 

change form la y e r  to  la y e r  w ith in  a m u l t i la y e r  f o ld .  The v a r ia t io n  o f  

f o ld  type  may be due to  v is c o s i ty  v a r ia t io n  between the la y e rs  o f  the  

fo ld .  C leavage is  re f ra c te d  a t l i t h o lo g ie  boundaries. T h is  r e f r , c t io n  

can be in te rp re te d  as r e s u l t in g  from v is c o s i t y  d if fe re n c e s  in  the  

m u l t i la y e r ,  (Treagus, 1981; 1982). P lo ts  o f  the  e lo n g a tio n  a x is  o f 

oo ids  found in  sample 845 a g a in s t d ip  isogon a n g le , see F igu re  16, 

compromise a Bg p lo t  (H u d le s to n , 1973; Treagus, 1982). Th is  p lo t  can 

be superimposed on a d iagram  showing the  c la s s ic  fo ld  model ranges 

(H u d le s to n , 1973; Treagus, 1982). Three samples are p lo t te d  on th is  

diagram . Sample 845 re p re se n ts  a tru e  e lo n g a tio n  a x is  p lo t  and is  in  

the  f la t t e n in g  f i e l d  o f  fo ld in g .  Samples 817 and 843 were p lo t te d  on 

t h is  diagram  as w e l l .  I m p l i c i t  in  t h is  p lo t  i s  the  assumption th a t  in  

samples 817 and 843 the  c le a va g e  tra ce  is  n e a r ly  p a r a l le l  w ith  the  a x is  

o f  maximum e lo n g a tio n  in  the fo ld .  From F igu re  16 i t  is  apparen t th a t  

fo r  samples 817 and 843 a t le a s t  th is  assum ption is  v a l id .  In  the 

th re e  cases te s te d  the  fo ld s  measured are f la t t e n in g  fo ld s  where 

c le a va g e  is  o r ie n te d  c lo s e  to  the a x is  o f  maximum e lo n g a tio n . The 

la y e rs  used in  the p reced ing  measurements were e i th e r  d o lo m ite  or 

c h e r t .  Measurements were no t made in  lim e s to n e  la y e rs .

Based on the  p reced ing  o b se rva tio n s  the  fo l lo w in g  s ta tem ents  can 

be made re g a rd in g  the fo ld s  w ith in  the f i e l d  area. The t ig h tn e s s  o f  

fo ld in g  d im in ish e s  to  the  n o rth e a s t w ith in  the  f i e l d  area. The o v e r a l l  

f o ld  shape changes from  south to  no rth  in  the  f i e l d  area. F o ld  h inge 

zones are narrow  and are no t w e l l  exposed in  the  f i e ld .  Exposed fo ld
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hinge zones are rounded (see F igu re  2). In te r l im b  ang les  measured on 

10 fo ld s  range from 50° to  90°. There is  th ic k e n in g  in  the h inges and 

th in n in g  on the  steep lim b s  o f  fo ld s .  The fo ld s  are f u l l y  described  as 

c lo s e  to  open, p lu n g in g , in c l in e d ,  type I c / l c ,  w ith  m inor type  I I I  

fo ld s  (Ramsay, 1967; H ud les ton , 1973: Treagus, 1981, 1982).

F in i te  s t ra in  e l l i p s e  axes (measured from  deformed oo ids) fan 

around th e  fo ld  axes in  a s im i la r  fash ion  to  c le a v a g e , (see F igu re  17). 

The v a r ia t io n  o f  oo id  a x ia l  r a t io s  about the  fo ld s  shows th a t  th in n in g  

has occurred  on the steep lim b s  o f  fo ld s ,  s h o rte n in g  has been g re a te r 

on the  a tte n u a te d  steep lim b s  o f  the fo ld s ,  d e fo rm a tion  is  the  g re a te s t 

in  fo ld  h inges and the  fo ld s  are asymmetric.

Four samples were s u ita b le  fo r  the c o n s tru c t io n  o f  com posite 

s t r a in  pa ths . These paths are shown in  F igu re  18. These com posite 

paths re p re se n t the  range in  o r ie n ta t io n  f o r  the  p r in c ip a l sh o rte n in g  

d ir e c t io n  through tim e . As d iscussed e a r l ie r  t h is  range is  p ro b a b ly  a 

minimum. In  the  id e a l,  the a x is  o f  maximum p r in c ip a l  sh o rte n in g  w i l l  

be i n i t i a l l y  p a r a l le l  w ith  bedding on o p p o s ite  lim b s  o f  fo ld s  (e ith e r  

0° o r 180° in  F igu res 10,11 and 18) and w i l l  r o ta te  toward the  bedding 

p e rp e n d ic u la r (90° on F igu res  10,11 and 18) w ith  de fo rm a tio n . S tra in  

paths c a lc u la te d  from the  f ib ro u s  growths o f  c a lc i t e  g iv e  

re p re s e n ta tio n s  o f  how fo ld s  in i t ia t e d  and grew. Anthony and Wickham 

(1978) have shown th a t  asym m etric fo ld s  in  a s in g le  la y e r  can d e ve lo p  

from sym m etric b u ck le s  i f  the  la y e r  is  in c l in e d  to  the a x is  o f  maximum 

p r in c ip a l sh o rte n in g . They concluded th a t the  lo n g  lim b  o f  the  fo ld  

w i l l  be the  lim b  th a t  was o r i g in a l l y  down w ith  re sp e c t to  the 

sh o rte n in g  d ir e c t io n ,  th a t  i f  th e re  is  a th ic k n e s s  d i f f e r e n t ia l  the  

s h a l lo w ly  d ip p in g  lim b  w i l l  be th ic k e r  and th a t  the  axes o f  accum ulated 

p r in c ip a l  s t r a in  w i l l  fan  asym m etrica l 1 y about the  fo ld .  The o r ig in  o f  

fo ld s  in  the  f i e l d  area has been discussed (Wickham and Anthony, 1978). 

In  t h e i r  paper Wickham and Anthony conclude th a t  fo ld in g  in  th is  area 

in i t ia t e d  w ith  la y e r in g  in c l in e d  as much as 15°  to  the maximum 

p r in c ip a l  sh o rte n in g  a x is .

In  t h is  study, samples c o n ta in in g  useab le  f ib e r s  were c o l le c te d  

from bo th  lim b s  o f  a fo ld .  F igu re  18 shows the com posite paths fo r  the  

f ib e r  s e ts . The p lo ts  show the o r ie n ta t io n  o f  maximum p r in c ip a l
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F igu re  17: T raverse c ro s s -s e c tio n s  w ith  superimposed accumulated s t r a in  
measures from deformed oo ids . The e l l ip s e s  are o r ie n te d  in  
space. Dashed l in e  rep re se n ts  cleavage o r ie n ta t io n  a t th a t 
lo c a t io n .  Sample number and a x ia l r a t io s  are shown.
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F igu re  18: T raverse c ro s s -s e c tio n s  w ith  superimposed in c re m e n ta l s t r a in  
p a ths . P lo ts  show o r ie n ta t io n  o f  in c rem en ta l and accumulated 
sh o rte n in g  a x is  th rough  tim e  r e la t iv e  to  bedd ing . The 
h o r iz o n ta l a x is  re p re se n ts  ang le  to  bedding o f  the 
e lo n g a tio n  a x is .  The v e r t ic a l  a x is  re p re se n ts  t im e . The 
in c rem en ta l s t r a in  pa th  is  la b e le d  i .  The accumulated 
s t r a in  path is  la b e le d  a.
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sh o rte n in g  a x is  r e la t i v e  to  bedding th rough tim e . C leavage fa b r ic s  in  

the  s tudy area are  s y n te c to n ic  w ith  fo ld in g  and the  fo rm a tio n  o f  

te n s io n  gashes. I t  is  assumed th a t  the  c a lc i t e  f ib e r s  used to  

c a lc u la te  the  in c re m e n ta l s t r a in  path are s y n te c to n ic . The p lo ts  

(F ig u re  18) show the  o r ie n ta t io n  o f  the maximum p r in c ip a l  sh o rte n in g  

a x is  d u rin g  the  fo ld in g  e ve n t.

Samples 850 and 939 are on the steep and s h a llo w  lim b s  o f  a fo ld  

re s p e c t iv e ly .  The s t r a in  path c a lc u la te d  fo r  sample 850 shows an 

i n i t i a l  o r ie n ta t io n  o f  the  a x is  o f  maximum p r in c ip a l  s h o rte n in g  o f  30 

degrees from bedding. During fo ld in g  the in c re m e n ta l maximum p r in c ip a l 

sh o rte n in g  a x is  ro ta te d  toward the bedding p e rp e n d ic u la r to  a f i n a l  

o r ie n ta t io n  o f  85°. Th is  r o ta t io n  corresponds to  a bed ro ta t in g  in  a 

f i e l d  o f  com pression. The bed would have an i n i t i a l  d ip  o f  30° and a 

f i n a l  d ip  o f  85°, assuming th a t  the a x is  o f  maximum p r in c ip a l 

sh o rte n in g  is  h o r iz o n ta l .  Th is is  in  c lo s e  agreement w ith  the p resent 

day o r ie n ta t io n  o f  bedding a t  80° o ve rtu rn e d . The i n i t i a l  o r ie n ta t io n  

o f  the  maximum p r in c ip a l  sh o rte n in g  a x is  in  sample 939 s ta r ts  22° below 

bedding and ro ta te s  th rough the bedding p a r a l l e l  to  a f i n a l  o r ie n ta t io n  

o f  430 from bedding. The f i n a l  o r ie n ta t io n  o f  maximum p r in c ip a l s t ra in  

in  sample 939 would correspond to  a d ip  o f  43°E, assuming th a t  the a x is  

o f  maximum p r in c ip a l  sh o rte n in g  was h o r iz o n ta l.  The p resen t d ip  in  

sample 939 is  450E. The o r ie n ta t io n  o f  maximum p r in c ip a l  sho rten ing  

across th is  f o ld  is  in  rem arkab le  agreement w ith  the  fo ld  o r ig in a t in g  

from an i n i t i a l l y  sym metric b u ck le  which was in c l in e d  a p p ro x im a te ly  25° 

to  the com pression. The com posite paths fo r  samples 816 and 937, both 

from  the s h a llo w  lim b s  o f  fo ld s  have the same g e n e ra l shape as sample 

339 and are c o n s is te n t w ith  the in te rp re ta t io n  th a t  the fo ld s  described 

in  the  f i e l d  area deve loped from symmetric b u ck le s  th a t  were in c lin e d  

to  the  a x is  o f  b u lk  f i n i t e  sh o rte n in g  by as much as 30°.

D iscussion

In  th is  s e c tio n  the  fo ld s  found in  the f i e l d  area have been 

described  as asym m etric f la t t e n in g  type I c / l c  fo ld s  th a t  p lunge to  the 

n o rth e a s t. The fo ld s  formed from i n i t i a l l y  sym metric fo ld s  which may 

have been in c l in e d  as much as 30° to  the  d ir e c t io n  o f  b u lk  sho rten ing .
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They were formed p r im a r i ly  by the  f la t t e n in g  o f  p a r a l le l  f o ld s ,  in  the 

competent la y e rs . Layer p a r a l l e l  shear in  lim es tone  la y e rs  may have 

been lo c a l l y  im p o rta n t. The v a r ia t io n  o f  f o ld  shape in  some samples 

may be due to  bedding p lane  s l i p  (Chappie, and Spang, 1974; Treagus, 

1981), o r la y e r  p a r a l le l  shear. There are o n ly  m inor s lic k e n s id e  

su rfaces  on bedding p lanes  sugges tin g  th a t f le x u r a l  s l i p  may have not 

been im p o rta n t. C leavage is  no t a x ia l  p la n a r th roughou t the f o ld .  

C leavage is  a x ia l  p la n a r o n ly  in  the fo ld  h inge. Fo ld  tra n s e c tio n  is  

de fin e d  as where c le a va g e  c u ts  th e  fo ld  a x ia l  su rface  a t some a n g le  in  

p r o f i le  and a long  bedding. I t  is  caused by the  in c l in a t io n  o f  bedding 

to  b u lk  sh o rte n in g  d u rin g  fo ld in g  (B o r ra d a ile ,  1978; Treagus and 

Treagus, 1981; Gray, 1982). I t  may be p o s s ib le  to  determ ine the 

o r ie n ta t io n  o f  bedding in  th re e  d im ensions us ing  the composite s t ra in  

paths as w e ll as t ra n s e c t io n  o f  f o ld  axes by c leavage .

The shape and n a tu re  o f  th e  fo ld s  described  f i t  a f la t t e n in g  

o r ig in  w ith  some la y e r  p a r a l l e l  shear in  le s s  competent members. The 

r e f r a c t io n  o f  c le a va g e  and v a r ia t io n  o f  fo ld  s ty le  w ith in  m u lt i la y e r s  

is  com pa tib le  w ith  models o f  fo ld s  us ing  v isco u s  m a te r ia ls  (Chappie and 

Spang, 1974; Anthony and Wickham, 1978, Treagus, 1981; Treagus and 

Treagus, 1981). Features seen in  the  f i e l d  area formed in  a s in g le  

de fo rm a tion  even t w ith  the  a x is  o f  compression in c l in e d  as much as 30° 

to  bedding. The rocks behaved as v is c o u s  m a te r ia ls  d u ring  de fo rm a tion . 

The na tu re  and o r ig in  o f  the fa b r ic s  p resen t in  the map area w i l l  be 

described  in  the  fo l lo w in g  s e c tio n s .

Cleavage

General O bservations

Cleavage su rfaces  n e a r ly  p a r a l l e l  f o ld  h inge su rfaces in  the  fo ld  

h inge zone. The s im i la r i t y  o f  c le a va g e  and fo ld  h inge surface  

o r ie n ta t io n  is  observed on a l l  s c a le s  o f  fo ld in g .  The p e rs is te n ce  o f  

th is  r e la t io n  on a l l  observed s c a le s  o f  fo ld in g  shows th a t  c leavage  

fa b r ic s  observed are synchronous w ith  fo ld  fo rm a tio n . Cleavage fans 

around fo ld  h inge su rfa ce s  (see F ig u re  19). F igu re  19 shows Kalsbeek 

p lo ts  fo r  p o le s  to  c le a va g e  su rfa ce s  on a l l  tra v e rs e s  except the
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F igure  19*. D ens ity  p lo ts  o f  p o le s  to  c leavage  on tra v e rs e s .
Lower hemisphere p ro je c t io n .  P lo ts  show lo c a l fo ld  
a x is .

a) Stone Bridge -  Federa l H i l l
b) M illw ood -  Blandy
c) Chapel Run -  Pigeon H i l l
d) C ra ig  Run
e) Long Marsh Run
f )  B u lls k in  Run 

Symbols mean:

>25% 120-25% ill
15-20%

10-15%

5-10%

0-5%
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Longwood tra v e rs e  ( fo r  reasons d iscussed e a r l ie r )  and fo r  a l l  

o b s e rv a tio n s  in  the  f i e l d  area. From these p lo ts  i t  is  c le a r  th a t  

c leavage  fans a s y m m e tr ic a lly  about the  f o ld  h inges and th a t  th e re  is  

c o n s id e ra b le  s c a t te r  in  the o r ie n ta t io n  o f  c le a va g e  r e la t i v e  to  the 

lo c a l  f o ld  axes as w e l l  as the  c a lc u la te d  fo ld  axes. Fanning o f 

c leavage  about the  h inge su rface  is  re la te d  to  v is c o s i ty  d if fe re n c e s  in  

the m u l t i la y e r  fo ld s  o r to  s l i p  a long  the  more incom petent lim e s to n e  

la y e rs  o f  the  fo ld  (Treagus, 1982).

C leavage in  the  s tudy area is  the  r e s u l t  o f  a p ro g re ss ive  

d e fo rm a tio n , approxim ated by p lane  s t r a in ,  th a t  i s  synchronous w ith  

fo ld in g .  There are two d is t in c t  c le a va g e  fa b r ic s  p resen t in  the s tudy 

area: p e n e tra t iv e  c leavage(S p) and spaced c leavage (S s). In  the  f i e l d  

Sp is  expressed as a p re fe rre d  d ir e c t io n  o f  ru p tu re  and w ea the ring , as 

w e ll  as a p re fe rre d  a lig n m e n t o f  rock  c o n s t itu e n ts .  In  many cases Sp 

is  v is ib le  o n ly  on weathered su rfa ce s  where i t  form s a grooved 

appearance. On fre s h  su rfaces  Sp is  expressed by the p re fe rre d  

a lig n m e n t o f  rock  c o n s t itu e n ts  such as o o id s  o r  pebb les. P e n e tra t iv e  

c leavage  is  observed o n ly  in  the  lim e s to n e  la y e rs  o f  the Conococheague 

Form ation.

The near p a r a l le l is m  o f  Sp w ith  the  h inge  su rfaces o f  fo ld s  in  

fo ld  h inge zones and the  express ion  o f  Sp by a lig n e d  rock c o n s t itu e n ts  

suggests th a t  Sp formed by sh o rte n in g  d u r in g  the fo ld in g  process.

The second c leavage  type p resen t in  the  f i e l d  area is  a spaced 

c le a va g e (S s ), c o n s is t in g  o f  r e g u la r ly  spaced c la y  seams. On weathered 

su rfaces  Ss seams stand in  1 to  2 mm p o s i t iv e  r e l i e f  above the  

su rround ing  rock  m a te r ia l.  On fre s h  su rfa ce s  Ss appears as da rk  seams 

o f c la y  in  the  l i g h t e r  rock  m a te r ia l.  The ro ck  m a te r ia l in  between the

Ss su rfa ce s  does no t appear to  be deformed. Ss is  cu rved , the

c u rv a tu re  is  more marked in  f o ld  p r o f i l e  than on bedding su rfa ce s . Ss

is  p resen t p r im a r i ly  in  the su c ro s ic  d o lo m ite  u n its  o f  the

Conococheague Form ation. In the 'r ib b o n  ro c k ' fa c ie s  o f the 

Conococheague Form ation the change from Sp to  Ss is  v is ib le .

Sp and Ss are no t p a r a l le l  w ith in  the  same l i t h o lo g y  and show 

r e f r a c t io n  a t l i t h o lo g ie  boundaries o f  up to  14° ,  The r e f r a c t io n  o f  

c leavage  a t l i t h o lo g ie  boundaries is  away from the  fo ld  hinge su rface
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in d ic a t in g  th a t  the lim e s to n e  la y e rs  have a component o f  la y e r  p a r a l le l  

shear. C leavage re f r a c t io n  a t l i t h o lo g ie  boundaries may be an 

im p o rta n t fa c to r  in  the  s tudy o f  fo ld  t ra n s e c t io n . R e fra c tio n  or 

c u rv a tu re  o f  c leavage  in  a n o n -c o a x ia lly  deformed m u l t i la y e r  m a te r ia l 

w ith  v is c o s i t y  c o n tra s ts  between la y e rs  may lead  to  m is in te rp re ta t io n  

o f  tra n s e c t io n  by g iv in g  a la rg e  range o f  c leavage  o r ie n ta t io n s  

(B o r ra d a ile ,  1974; Treagus and Treagus, 1981; Gray, 1982).

Two d is t in c t  s y n te c to n ic  c leavage  fa b r ic s  occur in  the  f i e l d  

area. C leavage fo rm a tio n  and fo ld in g  were synchronous. The de fo rm ation  

can be approxim ated by p lane  s t r a in  w ith  the fo rm a tio n  o f  f la t te n in g  

fo ld s  th a t  may have undergone some la y e r  p a r a l le l  shear in  v iscous  

m u lt i la y e r s .  The two c leavage  types w i l l  be d iscussed in  the  fo l lo w in g  

s e c t io n s .

P e n e tra tive  Cleavage(Sp)

G eneral O b se rva tio n s . Sp is  a d im ens iona l fa b r ic  c o n s is t in g  

o f e lo n g a te  c a lc i t e  m icrospa r as seen in  th in -s e c t io n  and a t h igh 

m a g n if ic a tio n s  in  SEM images (see F igu re  20). Sp is  p re se n t o n ly  in  

lim es tone  la y e rs  o f  the  Conococheague Form ation. Sp does no t r e f r a c t  

around rock  c o n s t itu e n ts  whose m a te r ia l p ro p e r t ie s  are s im i la r  to  

m ic rospa r, such as m ic r i t i c  oo ids and pebb les, bu t does r e f r a c t  

around d e t r i t a l  d o lo m ite  g ra in s  (F igu re  21) and o th e r r i g id  rock 

c o n s t itu e n ts .  C leavage r e f r a c ts  a t the boundaries o f  m ic r i te  and 

su c ro s ic  d o lo m ite  la y e rs  as much as 140’ where Sp connects w ith  Ss (see 

F igure  22). I t  shou ld  be noted , however, th a t as d e fin e d , Sp does not 

occur in  the s u c ro s ic  d o lo m ite  la y e rs . The c leavage  tra c e  is  

con tinuo us , bu t r e f ra c te d ,  a t  l i t h o lo g ie  boundaries. In  some samples 

Ss cu ts  Sp (see F igu re  23). Sp is  formed by an in te r lo c k in g  mosaic o f  

m icrospar c r y s ta ls  which have an o v e r a l l  d im ens iona l o r ie n ta t io n  

(F ig u re  2 0 ).

The o r ie n ta t io n  o f  Sp v a r ie s  th roughou t any one specimen (see 

Table 2). Sp is  no t assoc ia ted  w ith  s t r i c t  a lig n m e n t o f  p la ty  

p a r t ic le s  such as random ly d ispersed  p h y l lo s i l ic a te s  (see F igu re  24).

Sp is  l im ite d  to  the p h y l lo s i l ic a te - p o o r  m icrospar la y e rs  o f  the 

Conococheague Form ation. Sp is  a sinuous c u rv ip la n a r  fa b r ic  formed by
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F ig u re  20: Scanning E le c tro n  Photom icrograph o f  d im ens iona l fa b r ic  
(Sp) in  sample 817 .Scale bar is  10 m icrons long .

F ig u re  21 : SEM image o f  r e f r a c t io n  o f  Sp around d e t r i t a l  d o lo m ite  g ra in  
in  sample 815. M a g n if ic a tio n  is  250X.
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F igure  22: SEM image o f  cleavage r e f r a c t io n  a t  a l i t h o lo g ie  boundary 
where Sp and Ss connect in  sample 809. The upper p o r t io n  
o f  the  photograph is  su c ro s ic  d o lo m ite  w ith  1? 
p h y l lo s i l ic a te s  by volume. The low er p o r t io n  is  c a lc i t e  
m ic ro sp a r. M a g n if ic a tio n  is  500X.

F igu re  23: Photom icrograph o f  tru n c a t io n  o f  q u a rtz  g ra in  and c a lc i te  
p ressure  shadow as w e ll as t ru n c a t io n  o f  Sp ( l e f t )  by Ss. 
Sample 807.
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an in te r lo c k in g  mosaic o f  m ic rospa r c r y s ta ls .  Sp is  no t assoc ia ted  

w ith  h igh  ang le  c r y s ta l  boundaries o r w ith  the  in - s i t u  growth o f  new 

m in e ra ls . The su rfaces o f  r ig id  p a r t ic le s  in  th e  m icrospar are p i t te d ,  

in d ic a t in g  th a t  m a te r ia l has been removed by p ressure  s o lu t io n .  F igu re  

25 shows the p i t te d  s u rfa ce  o f  a q u a rtz  g ra in  w ith in  the m icrospar 

la y e rs .

Sp is  w e ll  developed in  specimens w ith  deformed oo id  a x ia l r a t io s  

o f  1:1.4 and g re a te r. F iv e  samples c o n ta in in g  deformed oo ids had w e l l  

deve loped  Sp su rfaces . T h ir ty  o r ie n ta t io n s  o f  Sp were measured in  each 

o f  these 5 samples as w e l l  as in  4 o th e r samples th a t  had w e ll  

deve loped Sp. Table 2 i s  a c o m p ila t io n  o f  the  mean, standard d e v ia t io n  

and o r ie n ta t io n  range o f  Sp as w e l l  as the  o r ie n ta t io n  o f  the  long  a x is  

and a x ia l  r a t io s  o f  deformed oo ids .

D iscuss ion . The d e fo rm a tio n  even t which formed the c leavage  is  

n o n -c o a x ia l.  Bedding was l o c a l l y  in c l in e d  to  the  a x is  o f  p r in c ip a l 

s h o rte n in g  throughout the d e fo rm a tio n . A c le a va g e  formed in  th is  

env ironm ent by p h y s ic a l processes shou ld  have an o r ie n ta t io n  s im i la r  to  

th a t  o f  accumulated s t r a in  markers w ith in  the  same rock  volume. The 

o r ie n ta t io n  o f  the  c leavage  shou ld  no t change s ig n i f i c a n t ly  across the 

a rea , ig n o r in g  lo c a l  s t r a in  inhom ogeneity. C leavage would r e f r a c t  a t 

l i t h o lo g ie  boundaries (Treagus, 1981; 1982). C leavage shou ld  no t be 

a x ia l  p la n a r bu t should tra n s e c t the a x ia l p lane  o f  the fo ld s  (Treagus 

and Treagus, 1981). Rock te x tu re s  assoc ia ted  w ith  p la s t ic  f la t t e n in g  

o r pa ss ive  ro ta t io n  o f  e lo n g a te  e lem ents shou ld  be observed.

Tab le  2 co n ta in s  o r ie n ta t io n  data gathered from deformed oo ids 

and from Sp o r ie n ta t io n s  in  a s u ite  o f  samples c o n ta in in g  w e ll 

deve loped Sp. F ive  samples con ta ined  deformed oo ids . O r ie n ta tio n s  and 

o r ie n ta t io n  ranges fo r  Sp r e la t i v e  to  bedding were measured in  these 

samples and in  4 o th e r samples in  which Sp was w e l l  deve loped. 

Measurements were made in  samples from both the steep and s h a llo w  lim b s  

o f  fo ld s  as w e ll  as in  the  core  o f  a fo ld .  From Table  2 i t  is  apparen t 

th a t  the  o r ie n ta t io n  o f Sp is  s im i la r  to  the o r ie n ta t io n  o f  the  

deformed oo ids in  the re s p e c t iv e  samples and th a t  the  o r ie n ta t io n  o f  Sp 

r e la t i v e  to  bedding is  s im i la r  fo r  sample groups on the steep lim b  or
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F igure  24: SEM photom icrograph o f  sample 809 showing non-a lignm ent o f  
p la ty  rock c o n s t itu e n ts  on Sp. The p la ty  m a te r ia l is  
m uscov ite . Large c r y s ta ls  are d o lo m ite . M a g n if ic a tio n  is  
500X.

F igu re  25: SEM photom icrograph o f  s o lu t io n  p i t t in g  o f  o u a rtz  g ra in  on 
Sp. Cleavage is  p o o r ly  deve loped. Sample 831- 
M a g n ific a tio n  is  500X.
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on the  s h a llo w  lim b s  o f  fo ld s .

The ranges o f  Sp o r ie n ta t io n  a re  le s s  than the  ranges o f 

o r ie n ta t io n  fo r  the  s t r a in  increm ents c a lc u la te d  by the  c a lc i t e  f ib e rs  

( re fe r  to  F igu res  11 and 18). The o r ie n ta t io n  o f  Sp v a r ie s  

s ig n i f i c a n t ly  across the  samples. The range o f  o r ie n ta t io n s  fo r  Sp is  

low er than Ss in  any one specimen. The o r ie n ta t io n  o f  Sp is  c lo s e  to  

the  o r ie n ta t io n  o f  e lo n g a tio n  a x is  o f  accum ulated s t r a in .

C leavage r e f r a c ts  a t l i t h o lo g ie  boundaries. At boundaries where 

m ic r i te  is  in  c o n ta c t w ith  su c ro s ic  d o lo m ite  Sp is  con tinuo us  w ith  Ss. 

Sp does n o t co n tin u e  in to  the  su c ro s ic  d o lo m ite . Sp th e re fo re  is  

l im ite d  to  a s p e c i f ic  l i t h o lo g y .  The r e f r a c t io n  o f  c le a va g e  a t 

l i t h o lo g ie  boundaries  is  no t s u f f i c ie n t  ev idence to  su p p o rt o r d isp ro ve  

any in te r p r e ta t io n  o f  the  c leavage  fo rm in g  mechanism. A c leavage  

formed by any d e fo rm a tio n  mechanism w i l l  show r e f r a c t io n  across 

l i t h o lo g ie  boundaries . The s tre s s  f i e l d  and the  a ccu m u la tin g  s t ra in  

f i e l d  have d i f f e r e n t  o r ie n ta t io n s  in  la y e rs  o f  d i f f e r e n t  competence in  

asymmetric and sym m etric fo ld s  (Treagus, 1981).

A p e n e tra t iv e  c leavage  formed by a p h y s ic a l mechanism w i l l  have a 

te x tu re  c h a r a c te r is t ic  o f  th a t  mechanism. Two p h y s ic a l mechanisms have 

been suggested as be ing  capable o f  fo rm ing  c le a va g e . The mechanisms 

( p la s t ic  f la t t e n in g  and p h y s ic a l r o ta t io n )  w i l l  be d iscussed 

s e p a ra te ly .

P h ys ica l r o ta t io n  o f  r ig id  p a r t ic le s  in  a de fo rm ing  m a te r ia l w i l l  

r e s u l t  in  the  fo rm a tio n  o f  a c leavage  fa b r ic  which is  s t a t i s t i c a l l y  

p e rp e n d ic u la r to  the  a x is  o f  maximum p r in c ip a l  s h o r te n in g . The 

r o ta t io n  o f  p la ty  p a r t ic le s  in  a v is c o u s  m a te r ia l has been considered 

t h e o r e t ic a l ly  and has been shown to  be a v ia b le  mechanism fo r  the 

fo rm a tio n  o f  c le a va g e . In  rocks where p h y s ic a l r o ta t io n  has taken 

p la c e  the o r ie n ta t io n  the lo n g  d im ension o f the  p a r t ic le  shou ld  be 

s t a t i s t i c a l l y  p e rp e n d ic u la r  to  th e  maximum p r in c ip a l  sh o rte n in g  a x is . 

The samples c o l le c te d  from the f i e l d  a rea c o n ta in  random ly d ispersed  

p h y l lo s i l i c a t e s .  In  the  m ic r i t i c  la y e rs  o f  the  Conococheague the 

p h y l lo s i l i c a t e s  are m ino r, making up le s s  than 1% o f  the  sample by 

volum e. The p h y l lo s i l i c a t e s  in  the  m ic r i te s  are no t o r ie n te d  a long  the 

c leavage  tra c e  (F ig u re  24), in d ic a t in g  th a t  p h y s ic a l r o ta t io n  is  no t a
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F igure  26: Sketches o f  cleavage o r ie n ta t io n  across two fo ld s  showing
th a t c le a va g e  does not tra n s e c t the  fo ld s .  The fo ld s  have a 
c e n t ra l d o lo m ite  la y e r  th a t  has Ss c leavage . The upper and 
low er u n its  are lim estones w ith  Sp c leavage . N e ith e r Ss or 
Sp tra n s e c t the fo ld  a x is . Note c leavage  re f r a c t io n .
Scale bar re p re se n ts  2 m il l im e te rs  on sample.

a) Sample 817
b) Sample 843
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fe a s ib le  mechanism o f  fo rm a tio n  fo r  Sp. The c leavage  m orphology 

p re se n t is  no t c o n s is te n t w ith  pass ive  r o ta t io n  as a dominant 

mechanism.

C leavage may be formed by p la s t ic  f la t t e n in g .  D eform ation by 

p la s t ic  f la t t e n in g  may in v o lv e  s l i p  o r tw in  g l id in g  a t low  tem pera tu res 

and d is lo c a t io n  creep o r g l id e  a t h igh  tem pera tu res  o r ra p id  s t r a in  

ra te s  (R u tte r , 1976). E xperim en ta l and th e o r e t ic a l  s tu d ie s  on 

lim e s to n e  show th a t  fo r  g e o lo g ic  s t r a in  ra te s  d is lo c a t io n  creep o r 

d is lo c a t io n  g l id e  are no t a c t iv e  be low  tem pera tu res  necessary to  induce 

r e c r y s t a l l i z a t io n  (R u tte r ,  1974, 1976). In  lim e s to n e s  s u b je c t to  

g e o lo g ic  s t r a in  ra te s  t h is  tem perature  may be as h igh as 400°C (R u tte r , 

1974). Evidence o f  h ig h  tem peratures has no t been found. The h ig h e s t 

grade metamorphic m in e ra l p resen t is  c h lo r i t e .  D e t r i t a l  b io t i t e  

showing r im  re a c tio n  and a l t e r a t io n  to  c h lo r i t e  is  present in  many 

sam ples. D eform ation by tw in  g l id in g  can occur a t low  tem pera tures and 

c o n f in in g  p ressures. Some samples show ev idence  o f  l im ite d  d e fo rm a tio n  

by tw in n in g  (see F igu res  27, 28). In  these samples tw in n in g  is  p resen t 

in  d e t r i t a l  d o lo m ite  g ra in s  and in  sp a rry  c a lc i t e  cement. Tw inning 

w ith in  c r y s ta ls  w i l l  be v i s ib le  on a lm ost a l l  s c a le s  i f  t h is  is  the  

p r im a ry  mechanism o f d e fo rm a tio n . Twinned c r y s ta ls  are m inor and are 

l im i te d  to  the d o lo m it ic  cores o f  deformed oo ids  (see F igure  27) and 

c a lc i t e  c r y s ta ls  th a t  a re  g re a te r than 120 m icrons in  d iam ete r. There 

is  no ev idence th a t  in d ic a te s  de fo rm a tion  by tw in n in g  in  c r y s ta ls  

s m a lle r  than 120 m icrons in  d iam ete r. R u tte r (1976) c a lc u la te d  the 

s t a b i l i t y  f i e ld s  fo r  p ressure  s o lu t io n ,  N aba rro -H erring  Creep, 

d is lo c a t io n  creep and d is lo c a t io n  g l id e  fo r  c a lc i t e  and q u a rtz  where 

the  mean c r y s ta l  s ize  was 100 m icrons. The samples are in  the  

s t a b i l i t y  f i e l d  o f  p ressure  s o lu t io n  as the  dom inant de fo rm a tion  

mechanism fo r  c r y s ta l  le s s  than 100 m icrons in  d iam eter.

D eform ation in  the  specimens is  in c o n s is te n t w ith  the  mechanism 

o f  tw in  g l id in g  a lone .

Cleavage may form by chem ica l mechanisms. Cleavage assoc ia ted  

w ith  r e c r y s t a l l i z a t io n  o r n e o - c r y s ta l l iz a t io n  shou ld  have h ig h  

tem pera tu re  te x tu re s  and m in e ra l assemblages. There is  no ev idence o f
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F ig u re  27: SEM photom icrograph o f  d e fo rm a tio n  by tw in n in g  and wedging 
o f  d o lo m ite  core o f  oo id in  sample 831. M a g n if ic a tio n  is  
200X.

F ig u re  28: SEM image o f  tw inned d o lo m ite  g ra in s  is  sample 831. 
M a g n if ic a tio n  is  1000X.
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h igh  ang le  boundaries o r new, o p t i c a l l y  o r ie n te d  m in e ra l growth. Sp is  

no t r e la te d  to  a r e c r y s ta l l iz a t io n  o r n e o - c r y s ta l l iz a t io n  process. The 

absence o f  h igh  ang le  boundaries and new m in e ra l growth a long  th e  

c le a va g e  tra c e  are in c o n s is te n t w ith  these mechanisms. The pressure  

and tem pera tu re  c o n d it io n s  o f  d e fo rm a tion  in  t h is  area are w ith in  the 

c a lc u la te d  s t a b i l i t y  f i e l d  o f  p ressure  s o lu t io n  (R u tte r , 1974, 1976). 

There is  ev idence o f pressure s o lu t io n  w ith in  the samples. Along 

c o n ta c ts  o f  more r ig id  p a r t ic le s  w ith in  the m icrospar m a tr ix  th e re  is  

s u tu r in g  and p i t t in g  o f the  r ig id  p a r t ic le  su rfa ce .

Pressure s o lu t io n  in  a c r y s t a l l i n e  m a te r ia l w i l l  be a t p o in ts  o f  

h ig h e s t s tre s s . W ith in  the m a tr ix ,  these p o in ts  w i l l  be a t c r y s ta l 

co n ta c ts . In  a c le a n  system, im p u r it ie s  w i l l  no t be concentra ted  by 

pressure  s o lu t io n .  A c leavage  formed by p e rv a s iv e  pressure s o lu t io n  in  

a c le a n  system may no t form zones o f  m a te r ia l accum u la tion  bu t may form  

a d im ens iona l fa b r ic  o f  e lo n g a te  c r y s ta ls  where the  long  a x is  is  n e a r ly  

p a r a l le l  w ith  the e lo n g a tio n  a x is  o f  the  accum ulated s t ra in .

Ooids have been used to  measure accumulated s t ra in .  Exam ination 

o f  in d iv id u a l  oo ids shows th a t  they may have been deformed, in  p a r t ,  by 

pressure  s o lu t io n .  Sp is  n e a r ly  p a r a l le l  w ith  the  e lo n g a tio n  a x is  

o f  accum ulated s t ra in .

The s im i la r i t y  o f  o r ie n ta t io n  o f  Sp w ith  deformed oo ids s t i l l  

rem ains an apparent c o n tra d ic t io n .  There are s e v e ra l types o f  oo ids  

recogn ized in  the study a rea, these have been described  f u l l y  by C loos 

(1971). M antled oo ids have been deformed by wedging and tw in n in g  o f  

the d o lo m ite  core (see f ig u re  27). The m antles  o f  these oo ids show the 

same te x tu r a l  fe a tu re s  and o r ie n ta t io n  o f  the  m ic r i te  g ra in s  as Sp.

The d o lo m it ic  cores o f  the m antled oo ids  have su tu red  con tac ts  between 

c r y s ta ls  and th rough -go ing  s o lu t io n  su rfaces  (see F igure  27, 29 and 

30). Non-mantled oo ids in  the samples co n ta in  th rough -g o ing  s o lu t io n  

su rfa ce s  and have the same te x tu re  as Sp (see F igu re  31). The presence 

o f  p ressu re  s o lu t io n  su rfaces w ith in  the deformed oo ids and the 

s im i la r i t y  o f  te x tu re s  between the  m an tles  o f  the  m antled oo ids and the  

non-m antled ooids support the co n c lu s io n  th a t the s im i la r i t y  o f 

o r ie n ta t io n  between Sp and the  deformed oo ids r e f le c t s  a common 

d e fo rm a tio n  mechanism. In t h is  in s ta n ce , deformed oo ids do not
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F igure  29 : Photom icrograph o f  oo ids  th a t  have been deformed by p ressure  
s o lu t io n  in  sample 936. The oo ids  are m antled oo ids w ith  
d o lo m it ic  co re s . The cores have been deformed by tw in n in g  
and pressure  s o lu t io n .

F igu re  30: SEM photom icrograph o f  sample 936 showing tru n c a t io n  o f
deformed oo id  by pressure  s o lu t io n  zone. M a g n ific a tio n  is  
100X.
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F igu re  31: Photom icrograph o f  sample 928 showing non-m antled o o id s
th a t  have the  some d im ens iona l fa b r ic  as Sp and have been 
c u t by s o lu t io n  zones.
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rep resen t p la s t i c a l l y  f la t te n e d  ro ck  c o n s t itu e n ts , bu t re p re s e n t rock 

c o n s t itu e n ts  deformed p r im a r i ly  by pressure  s o lu t io n .

The data presented suggest th a t  Sp was not formed by a p h y s ic a l 

process a lo n e . Based on the  te x tu re s ,  r e la t io n s h ip s  o f Sp to  the  lo c a l 

fo ld  axes and the  s im i la r i t y  o f  Sp o r ie n ta t io n s  to  the e lo n g a tio n  a x is  

o f  accum ulated s t r a in  i t  is  concluded th a t Sp formed by an in te ra c t io n  

o f  tw in n in g  and pressure  s o lu t io n  a t  c r y s ta l boundaries. The presence 

o f  tw inned c a lc i t e  c r y s ta ls  and d o lo m it ic  oo id  cores suggest th a t  

pressure s o lu t io n  and p la s t ic  de fo rm a tio n  occurred s im u lta n e o u s ly . 

C ry s ta ls  la r g e r  th a t  120 m icrons in  d iam eter deformed by tw in n in g  and 

pressure s o lu t io n .  C ry s ta ls  s m a lle r  than 120 m icrons in  d iam e te r 

deformed by p ressure  s o lu t io n  a lo n e .

Sp i s  in te rp re te d  as hav ing  re s u lte d  from p e rv a s iv e  p ressure  

s o lu t io n  a t  c r y s ta l  con tac ts  in  the p h y l lo s i l ic a te - p o o r  m ic rospa r 

la y e rs  o f  the  Conococheague Form ation. Exam ination o f  deformed rock 

c o n s titu e n ts  show s im i la r  c r y s ta l  m orpho log ies in d ic a t in g  th a t  the  

e l l i p t i c a l  shape o f  the  oo ids  is  due in  p a r t to  de fo rm a tion  by p ressure  

s o lu t io n  and tw in n in g .

Spaced Cleavage(Ss)

G eneral O bse rva tions . Ss c o n s is ts  o f m acroscopic zones o r bands 

o f  p h y l lo s i l i c a t e s  formed by coa lesced  m icrosu rfaces o f  p h y l lo s i l i c a t e s  

(see F igure  32), o r s tr in g e rs  o f  p h y l lo s i l ic a te s  (see F igu re  33). Ss 

forms in  the presence o f  p h y l lo s i l ic a te s .  Ss is  found in  

p h y l lo s i l i c a t e - r ic h  d o lo m ite  la y e rs  (a p p ro x im a te ly  1% p h y l lo s i l i c a t e s  

by volume) and extends in to  p h y l lo s i l ic a te - p o o r  lim es tones  ( le s s  than 

p h y l lo s i l i c a t e s  by volume) a t l i t h o lo g ie  boundaries where they  

connect w ith  Sp (F igu re  22). Rock c o n s t itu e n ts  are tru n ca te d  a long  Ss 

(see F igu re  23 and 34). Layers th a t  are in c lin e d  to  the  c le a va g e  tra ce  

are o f fs e t  a long  Ss (see F igu re  35).

The o r ie n ta t io n  o f Ss changes across samples (see F ig u re  36). 

F igure  36 shows the c u rv a tu re  o f  Ss in  sample 937. In t h is  sample Ss 

shows a s m a ll range o f  c u rv a tu re  in  the  su c ro s ic  d o lo m ite  la y e rs  and a 

la rg e  range o f  c u rv a tu re  in  a sandy lim es tone  la y e r  where i t  ro ta te s  to  

a bedding p a r a l le l  o r ie n ta t io n .  The change in  Ss o r ie n ta t io n  in
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F igu re  32: Photograph o f  th in  s e c tio n  o f  sample 808 in  p lane p o la r iz e d  
l i g h t .  The th in  s e c t io n  is  2 "x 3 " . Th is f ig u re  shows how 
s o lu t io n  zones curve  and how they are formed by co a le sc in g  
m ic ro su rfa ce s . The s o lu t io n  zones tend to  te rm in a te  a t 
boundaries between d o lo m ite  (d a rk ) and lim es tone  ( l i g h t ) .

F igu re  33: Photom icrograph o f  u n d u la tin g  Ss zone in  sample 937.
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F igu re  34: SEM photograph o f  sample 809 showing tru n c a t io n  o f  do lom ite  
in  Ss. Note p h y l lo s i l ic a te s  accumulated ion  the zone are 
wrapped around the d o lo m ite  c r y s ta l .  M a g n if ic a tio n  is  
1500X.

F igu re  35: Photograph o f  2 "x3 " th in  s e c tio n  o f  sample 814 showing 
v a r ia t io n  o f  apparen t o f f s e t  d ir e c t io n  and amount on Ss.
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d o lo m ite  la y e rs  i s  s im i la r  to  the  range o f  in c rem en ta l maximum 

e lo n g a tio n  axes r e la t i v e  to  bedding as measured by the c a lc i t e  f ib e r s  

( r e fe r  to  Tab le  3). Ss is  p resen t in  5 samples th a t  co n ta in  deformed 

oo ids . The o r ie n ta t io n  range o f  Ss is  shown in  Table 2. The range o f  

o r ie n ta t io n  o f  Ss in  samples where com posite s t r a in  paths were prepared 

is  shown in  Tab le  3. Ss has a w ider range o f  o r ie n ta t io n  than Sp. 

Samples w ith  la rg e  a x ia l  r a t io s  have low e r o r ie n ta t io n  ranges o f  Ss and 

Sp. The range o f  o r ie n ta t io n s  fo r  Ss i s  g re a te r than the range o f  th e  

e lo n g a tio n  a x is  o r ie n ta t io n  fo r  in c re m e n ta l and accumulated s t r a in .

Th is  may in d ic a te  th a t  the t o t a l  s t r a in  path is  not p re se rve d , o r th a t  

s t r a in  is  l o c a l l y  inhomogeneous. Most o f  the  measured o r ie n ta t io n s  fo r  

the spaced zones f a l l  w ith in  one standard d e v ia t io n  u n i t  o f  the range 

o f  o r ie n ta t io n s  o f  c a lc u la te d  e lo n g a tio n  a x is  o r ie n ta t io n .

Ss is  assoc ia ted  w ith  accum u la tion  o f  in s o lu b le  m in e ra ls  and w ith  

the tru n c a t io n  o f  rock  c o n s t itu e n ts . Ss connects w ith  f ib ro u s  c a lc i t e  

and q u a rtz  which f i l l  s y n te c to n ic  te n s io n  gashes (see F igu re  37). Ss 

is  p resent a lo n g  boundaries o f  deformed oo ids  and q u a rtz  g ra in s  from  

which c a lc i t e  f ib e r s  have grown (see F igu res  38 and 30), and in  the  

cores o f  deformed oo ids  (F igu res  29 and 31). Ss connects w ith  Sp a t 

l i t h o lo g ie  boundaries. The c leavage  tra c e  is  re fra c te d  a t  these 

boundaries. Ss cu ts  Sp in  some samples ( re fe r  to  F igu re  23). These 

re la t io n s h ip s  w i l l  be d iscussed in  the fo llo w in g  s e c tio n .

D iscuss ion . In  the p re v io u s  s e c tio n  i t  was shown th a t  Sp was 

formed by tw in n in g  and pressure  s o lu t io n .  The o r ig in  o f  Ss w i l l  be 

discussed in  t h is  s e c tio n .

The o r ie n ta t io n s  o f  Ss are no t c o n s is te n t w ith  the  range o f  

o r ie n ta t io n s  expected fo r  a c leavage  formed by a p h y s ic a l process. The 

range o f  Ss o r ie n ta t io n s  i s  g re a te r than the  range o f o r ie n ta t io n  o f  

in c rem en ta l e lo n g a tio n . Measured i n i t i a l  and f i n a l  o r ie n ta t io n s  o f  Ss 

are shown in  Tab le  3. The measurements assume th a t Ss in i t i a t e s  a t a 

p o in t near the  c e n te r o f  la y e r in g  and propagates away from  th a t  p o in t 

as de fo rm a tion  progresses ( re fe r  to  F le tc h e r  and P o lla rd ,  1981). I t  is  

fu r th e r  assumed th a t  the  p o in t o f  i n i t i a t i o n  is  near the  c e n te r o f  a 

la y e r  and th a t  the  d ir e c t io n  o f  p ropaga tion  is  toward the la y e r
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F igure  36: Photograph o f  1"x2" th in  s e c tio n  o f  sample 937 showing the 
c u rv a tu re  o f  Ss w ith in  the  d o lo m ite s . Ss becomes n e a r ly  
p a r a l le l  w ith  bedding in  the lim estone  la y e r  in d ic a t in g  th a t 
s l ip  a long lim e s to n e  la y e rs  has occu rred .

F igure  37: SEM photom icrograph o f  sample 809 showing the re la t io n s h ip  
between Ss and te n s io n  gashes. The c r y s ta ls  in  the low er 
r ig h t  are f ib ro u s  c a lc i t e  i n f i l l i n g  a te n s io n  gash. The 
sharp change in  e le v a t io n  in  the cen te r o f  the p ic tu re  is  a 
s o lu t io n  zone. The s o lu t io n  zone ends in  the te n s io n  gash. 
M a te r ia ls  d is s o lv e d  on the  s o lu t io n  zone are p re c ip ita te d  in  
the  te n s io n  gash. M a g n if ic a tio n  is  100X.
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F igure  38: Photom icrograph o f  sample 815 showing tru n c a t io n  o f  pressure  
shadow by p ressure  s o lu t io n  zone.
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t o  bedd ing and a re  in  d e g re e s .

A l l  measurements a re  r e l a t i v e
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boundary. Four samples possessed w e l l  deve loped Ss where i t  is  assumed 

th a t  no la y e r  p a r a l l e l  shear has occu rred . The zones are in  d o lo m it ic  

la y e rs  to  in s u re  th a t  la y e r  p a r a l l e l  shear o r lo c a l  s t r a in  

inhom ogeneity are  m in im a l (see F igu re  36). Layer p a r a l le l  shear w i l l  

inc rease  the  range o f  Ss o r ie n ta t io n  and w i l l  r e s u l t  in  an erroneous 

in te r p r e ta t io n  o f  th e  amount o f  la y e r  r o ta t io n  in  the com pressive 

f i e l d .  I f  la y e r  p a r a l le l  shear has occurred in  a la y e r ,  Ss w ith in  th a t  

la y e r  w i l l  r o ta te  towards the bedding p a r a l le l  (Treagus, 1981). F igure  

36 dem onstrates the  e f fe c t  o f  la y e r  p a r a l le l  shear in  incom petent 

la y e rs  on the  o r ie n ta t io n  range o f  Ss.

In  samples 816 and 937 the  i n i t i a l  and f i n a l  o r ie n ta t io n  o f  the

zones are rem arkab ly  c lo s e  to  the  i n i t i a l  and f i n a l  o r ie n ta t io n  o f  the

in c re m e n ta l e lo n g a t io n  a x is . The i n i t i a l  and f i n a l  o r ie n ta t io n s  o f  Ss

in  sample 814 are  no t compared to  a com posite s t r a in  path . Sample 814

is  in  the core  o f  a s y n c lin e . A com posite s t r a in  path is  no t a v a i la b le  

fo r  the  core o f  a f o ld .  The d if fe re n c e  between the i n i t i a l  and f i n a l  

o r ie n ta t io n  in  sample 814 is  s m a ll,  as would be expected fo r  the  core 

o f  a fo ld .  During fo ld  deve lopm ent, the  h inge sees l i t t l e  r ig id  

ro ta t io n  and de fo rm a tio n  paths are c o a x ia l.

The i n i t i a l  and f i n a l  o r ie n ta t io n  o f  Ss in  samples 816 and 937 

are n e a r ly  id e n t ic a l  to  the i n i t i a l  and f i n a l  o r ie n ta t io n  o f  the 

in c re m e n ta l e lo n g a tio n  a x is  r e la t i v e  to  bedding. Th is s im i la r i t y  is  

c o n s is te n t w ith  the  in te r p r e ta t io n  th a t  Ss is  a s o lu t io n  c le a va g e . The 

rem arkab le  agreement o f  the  assumed i n i t i a l  and f i n a l  o r ie n ta t io n  o f  the 

m acroscopic Ss zones and the in c re m e n ta l e lo n g a tio n  a x is  se rves as an 

independent check o f  the techn ique  used to  generate  the com posite paths 

and the assum ption th a t  p ressure  s o lu t io n  su rfaces  form a t a p o in t  and 

propagate away. These r e s u l t s  g iv e  s tro n g  support to  the  v a l i d i t y  o f  

t r e a t in g  p ressure  s o lu t io n  su rfa ce s  as a n t i-c ra c k s .

R e c r y s ta l l iz a t io n  and n e o - c r y s ta l l iz a t io n  have been ru le d  ou t 

based on arguments pu t fo r th  in  the  p re v io u s  s e c tio n . The same 

o b s e rv a tio n s  are a p p lic a b le  fo r  Ss. There are no h igh  ang le  boundaries 

assoc ia ted  w ith  the  fo rm a tio n  o f  Ss. The fo rm a tio n  o f  c h lo r i t e  does 

n o t re p re se n t n e o - c r y s ta l l iz a t io n  fo rm a tio n  o f  c leavage . C h lo r i te  

re p la c e s  some d e t r i t a l  p h y l lo s i l i c a t e s .  The o r ie n ta t io n  o f  c h lo r i t e  is
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id e n t ic a l  to  th a t  o f  the  m a te r ia l be ing  re p la ce d .

Based on p h y s ic a l ev idence  and o r ie n ta t io n  data i t  is  concluded 

th a t  Ss is  a p ressure  s o lu t io n  c leavage . Th is  co n c lu s io n  is  supported 

by the la c k  o f  te x tu re s  a t t r ib u ta b le  to  p h y s ic a l mechanisms w ith in  the  

s u c ro s ic  d o lo m ite  la y e rs  and the presence o f  te x tu re s  assoc ia ted  w ith  

pressure  s o lu t io n .  There is  no ev idence o f  de fo rm a tion  by tw in n in g  

w ith in  the  su c ro s ic  d o lo m ite s . The o r ie n ta t io n  o f  p h y l lo s i l ic a te s  

a long  Ss is  no t r e la te d  to  a p h y s ic a l whole ro ck  de fo rm a tion  mechanism. 

Ss zones are zones o f  m a te r ia l rem ova l. As s o lu b le  m a te r ia ls  are 

removed the  in s o lu b le  m a te r ia ls  w i l l  accum ulate in  the  s o lu t io n  zone.

As p h y l lo s i l i c a t e s  are co ncen tra te d  they may be p a s s iv e ly  ro ta te d  so 

th e i r  o r ie n ta t io n s  match the  o r ie n ta t io n  o f  the  boundaries o f  the 

s o lu t io n  zone.

The te x tu r a l  ev idence  fo r  pressure  s o lu t io n  has been described . 

M a te r ia ls  are tru n ca te d  a lo n g  Ss, in d ic a t in g  th a t  th e re  has been 

m a te r ia l rem ova l. Layers th a t  are n o t p e rp e n d ic u la r to  Ss have 

been o f f s e t  on Ss. S l ip  c le a va g e  o r f ra c tu re  c leavage  can be ru le d  

o u t. I f  s l i p  occurred  on Ss the s l i p  would be un ifo rm  a long  the 

su rface  and would have to  be compensated across the sample. F igu re  35 

shows the  o f fs e t  o f  la y e r in g  in  sample 81U. The sense o f  o f fs e t  is  no t 

un ifo rm  across samples and the  o f f s e t  is  not compensated across the  

samples. The sense o f  o f f s e t  best f i t s  a m a te r ia l rem oval process where 

the  o r ie n ta t io n  o f  la y e r in g  r e la t i v e  to  the s o lu t io n  zone e f fe c ts  the 

amount and d ir e c t io n  o f  the apparen t s l ip  (Groshong, 1975).

The m orphology o f  the  spaced c leavage  is  not c o n s is te n t w ith  a 

p h y s ic a l process. The t ru n c a t io n  o f  ro ck  c o n s t itu e n ts  by the c leavage  

su rfaces  and the accum u la tion  o f  in s o lu b le  m a te r ia l on the c leavage  

su rface  in d ic a te  th a t  p ressure  s o lu t io n  is  the  p rim ary  mechanism o f 

d e fo rm a tion  fo r  the  spaced c leavage . I f  p ressure s o lu t io n  is  the 

d e fo rm a tion  mechanism in  the  s u c ro s ic  d o lo m ite s  the re  shou ld  be a 

correspond ing  inc rease  in  m a te r ia l c o n c e n tra tio n  in  the h inge zone o f 

fo ld s  and on the a tte n u a te d  steep lim b  o f  fo ld s .  This is  r e f le c te d  

by the spacing o f  s o lu t io n  su rfaces  in  the v a r io u s  p o r t io n s  o f  the 

fo ld s .  Measurements o f  c le a va g e  spacing in  th in  se c tio n  are shown in
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Loca tion Sample Spacing (cm) M a te r ia l

Hinge 811 .42 d o lo m ite
814 .48 d o lo m ite
842 .35 lim e s to n e
911 .48 d o lo m ite

Steep lim b 808 .57 d o lo m ite
809 .85 d o lo m ite
829 .64 lim es tone

Shallow  lim b 816 1.27 d o lo m ite

Table 4: Spacing o f  s o lu t io n  zones in  8 samples from v a r io u s  p o r t io n s
o f  fo ld s .  Spacing was measured p e rp e n d ic u la r to  the  
s o lu t io n  zone t ra c e .  Measurements are in  c e n tim e te rs .

These v a lu e s  were d e r iv e d  by coun ting  the  number o f  m acroscopic 

s o lu t io n  zones on tra v e rs e s  p e rp e n d ic u la r to  the  Ss tra c e . In  the  

h inge zones o f  fo ld s  the  spacing o f  Ss is  le s s  than 4.8mm. On the  

s h a llo w  lim b , sample 816, the  spacing is  1.3cm. On the  steep lim b , the  

spacing is  between 5.7mm and 8.5mm. The spacing o f  m acroscopic 

s o lu t io n  su rfa ce s  is  r e la te d  to  the amount o f  sh o rte n in g . Spacing 

d im in ish e s  w ith  increased  sh o rte n in g  and s t r a in  ra te .  The spac ing  o f  

s o lu t io n  su rfa ce s  has been s tu d ie d  by F le tc h e r  and P o lla rd  (1981), who 

t r e a t  s o lu t io n  su rfa ce s  as a n tic ra c k s . Spacing o f  s o lu t io n  zones is  

dependent on s t r a in  ra te ,  p ressu re , tem pera tu re , e f f e c t iv e  s tre s s ,  

chem ical c h a ra c te r o f  the  s o l id s  in  the system and the th ic k n e s s  o f  the 

f i lm  o f  m a te r ia l t ra n s p o r t .  The spacing o f  pressure  s o lu t io n  su rfa ce s  

may be im p o rta n t in  unde rs tand ing  the fo ld in g  process and the 

assoc ia ted  fa b r ic  developm ent.

Both Sp and Ss have been documented as h a v ing  formed by p ressure  

s o lu t io n .  These two c le a va g e  fa b r ic s  have d i f f e r e n t  te x tu r a l  

s ig n a tu re s  which can be used to  determ ine th e i r  r e la t io n s h ip s .  Sp is  a 

d im ens iona l fa b r ic  o f  e lo n g a te  c a lc i t e  m ic r i te  to  m icrospa r th a t  formed 

by p ressure  s o lu t io n  a t p o in ts  o f  h igh  s tre s s . The m ic r i t i c  m a tr ix  in  

which Sp formed is  r e l a t i v e l y  fre e  o f  im p u r it ie s .  The la c k  o f  

accum ulated m a te r ia l p ro h ib ite d  the  fo rm a tio n  o f  m acroscopic su rfa ce s . 

The range o f  o r ie n ta t io n  o f  Sp r e f le c t s  lo c a l inhom ogeneity o f  s t r a in ,  

such as r e f r a c t io n  around r ig id  rock  c o n s t itu e n ts  o r l i t h o lo g ie  

boundaries and p o s s ib ly  some p re s e rv a tio n  o f  the  la s t  s t r a in  increm ent.
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Ss preserves the  s t r a in  h is to r y  o f  the  re g io n . Ss is  

c h a ra c te r ize d  by the  fo rm a tio n  o f  m acroscopic s o lu t io n  zones by 

coalesed m ic ro su rfa ce s . Pressure s o lu t io n  o r ig in a te d  a t p o in ts  o f 

h ig h e s t s tre s s  a t  c r y s ta l  boundaries in  the  same manner as Sp. In the 

presence o f  accum ulated m a te r ia l a s o lu t io n  zone would deve lop . As 

sh o rte n in g  con tinued pressure  s o lu t io n  occurred p e rp e n d ic u la r to  the 

maximum s tre s s  component on the pressure s o lu t io n  zone. M ic ro su rfa ce s  

fo rm ing a t ad jacen t c r y s ta l  boundaries coa lesce  as sho rten ing  

con tinue s . Macroscopic zones d eve lop  and beg in  to  c o n tro l the 

sho rten ing  in  the lo c a l  area o f  the pressure  s o lu t io n  zone. M a te r ia ls  

th a t  are removed by the  su rfa ce  are tra n s p o rte d  a long  the su rface  and 

deposited  lo c a l l y  in  te n s io n  fe a tu re s . The fo rm a tion  o f  m acroscopic 

zones c o n tro ls  the o r ie n ta t io n  ranges o f  Ss. Sp does not form  a 

macroscopic zone o f  accu m u la tio n , i t s  o r ie n ta t io n  r e f le c t s ,  fo r  the 

most p a r t ,  the  e lo n g a tio n  a x is  o f accumulated s t r a in .  The presence o f  

p h y l lo s i l ic a te s  is  one fa c to r  which may c o n tro l the s ty le  o f p ressure 

s o lu t io n  in  the samples observed.

C leavage fo rm a tio n  is  in t im a te ly  assoc ia ted  w ith  fo ld in g .  The 

geom etric  and te x tu r a l  r e la t io n s h ip s  o f  c le a va g e  can be used to  

in te r p r e t  the  o r ig in  o f  c le a va g e . The re la t io n s h ip s  o f  c leavage  to  

fo ld s  g iv e  v a lu a b le  in fo rm a tio n  re g a rd in g  the fo ld in g  process. Both Ss 

and Sp are a x ia l p la n a r w ith in  the  h inge zone o f  fo ld s .  P revious 

workers (B o r ra d a ile , 1978; Treagus and Treagus, 1981; Gray, 1982) have 

examined fo ld  tra n s e c t io n  by c leavage  and used i t  to  in fe r  th a t 

transec ted  fo ld s  formed i n i t i a l l y  as symmetric fo ld s  where the 

e n ve lo p in g  su rfaces were in c l in e d  r e la t iv e  to  the sho rten ing  d ir e c t io n .  

In  th is  s tudy two c leavage  fa b r ic s  have been described  th a t  formed 

d u rin g  a fo ld in g  even t s im i la r  to  those described  by the above 

mentioned au tho rs . I t  has been shown th a t  la y e r in g  was i n i t i a l l y  

in c l in e d  to  the d ir e c t io n  o f  sh o rte n in g , r e s u l t in g  in  asymmetric fo ld s  

w ith  a ttenua ted  steep lim b s . The c leavage  in  th is  system does not 

tra n s e c t the fo ld  a x is . The c leavages  described  have been formed 

p redom inan tly  by pressure  s o lu t io n .  The p r in c ip a l a x is  o f  ex tens ion  in  

an asymmetric fo ld  w i l l  p a r a l le l  the a x ia l  su rface  in  the hinge o f the  

fo ld .  Th is c o n c lu s io n  is  drawn from o b s e rv a tio n  o f  the r e s u lts  o f
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f i n i t e  elem ent models co n s tru c te d  o f  asym m etric fo ld s  by Wickham and 

Anthony (1978) no t from the  te x t  o f  th a t  a r t i c le .  C onclusions 

re g a rd in g  the r e la t io n s  o f  fo ld s  and c le a va g e  in  systems where the 

mechanism and na tu re  o f  de fo rm a tion  is  n o t known shou ld  be c a r e fu l ly  

drawn.

As p re v io u s ly  s ta te d  the fo ld in g  in  the re g io n  is  d o m in a n tly  

asymmetric w ith  an a tte n u a te d  steep lim b . D eform ation by pressure  

s o lu t io n  has been in te rp re te d  as f o l lo w in g  a m o d ifie d  l in e a r ,  

in co m p re ss ib le  f lo w  law  (F le tc h e r ,  1982). The data agree w ith  r e s u l ts  

o f  l in e a r ,  in c o m p re s s ib le , v isco u s  f i n i t e  e lem ent models o f  f o ld  form 

and c leavage  r e la t io n s  (Wickham and Anthony, 1978). C leavage 

r e f r a c t io n  a t l i t h o lo g ie  boundaries agrees w ith  the model proposed by 

Treagus (1982) fo r  v isco u s  m a te r ia ls .  C u rva tu re  o f  c leavage  in  

incom petent la y e rs  show th a t  some la y e r  p a r a l le l  shear occu rred .

C leavage in  the  Conococheague Form ation has been formed p r im a r i ly  

by pressure  s o lu t io n .  The geom etry, te x tu re s ,  spacing and occurrence  o f  

c leavage  in d ic a te  th a t  the  de fo rm a tio n  e ve n t which formed the  c leavage  is  

one approximated by p lane  s t r a in .  F o ld in g  was s y n te c to n ic  w ith  c le a va g e  

fo rm a tio n . Layering  was in c l in e d  as much as 30° to  the sh o rte n in g  

d ir e c t io n  r e s u l t in g  in  asymm etric f o ld s  bu t no t in  tra n s e c t io n  o f  f o ld  

axes w ith in  the  fo ld  h inge zone. The data  c o l le c te d  in d ic a te  th a t  the

de fo rm a tion  experienced by the m a te r ia l on the  lim b s  o f  fo ld s  was non­

c o a x ia l and th a t  the  de fo rm a tion  as observed from a g lo b a l re fe re n ce  

frame ( th is  re fe re n ce  frame is  p rese rved  in  the fo ld  axes) was 

i r r o t a t io n a l .  C onclus ions based s o le ly  on the  r e la t io n s h ip s  o f  

c leavage  to  fo ld  axes shou ld  be made w ith  care un le ss  the d e fo rm a tion  

h is to r y  and mechanisms can be documented. The data support a v isco u s

rh e o lo g y  fo r  the  m a te r ia ls  d u rin g  d e fo rm a tio n . D eform ation in

carbonate  rocks is  accom plished p r im a r i ly  by pressure s o lu t io n  w ith  

some tw in n in g  depending on c r y s ta l  s iz e .

The c o n c e n tra tio n  o f  in s o lu b le  m a te r ia ls  in  s o lu t io n  zones 

suggests th a t  i t  may be p o s s ib le  o f  dete rm ine  the amount o f  s h o rte n in g  

on the  macroscopic s o lu t io n  zones by comparing the c o n c e n tra tio n  o f  

m a te r ia ls  in  the zone w ith  the c o n c e n tra t io n  o f m a te r ia ls  in  the
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m a tr ix . T h is  is  d iscussed in  the  fo l lo w in g  s e c tio n .

E s tim a tio n  o f  Volume Loss by Pressure S o lu tio n  

In t r o d u c t io n . The c o n c e n tra tio n  o f  in s o lu b le  m a te r ia l in  Ss 

zones p re se n ts  a unique o p p o r tu n ity  to  es tim a te  the  amount o f  lo c a l  

volume lo s s  by pressure  s o lu t io n .  S o lu b le  ro ck  c o n s t itu e n ts  ( c a lc i t e ,  

d o lo m ite  and q u a rtz ) are removed and in s o lu b le  m a te r ia ls  (c la y s  and 

o rg a n ic  m a te r ia l)  are concen tra te d  by pressure  s o lu t io n  .

M a te r ia ls  in  s o lu t io n  zones are accumulated by d is s o lu t io n  and 

rem oval o f  s o lu b le  m a te r ia ls  a t s o lu t io n  zone boundaries. Accumulated 

in s o lu b le  m a te r ia ls  are re la te d  to  in s o lu b le  m a te r ia ls  in  the m a tr ix .  

The predom inant m in e ra ls  in  the  s o lu t io n  zones examined are 

p h y l lo s i l i c a t e s  th a t  are c h e m ic a lly  re la te d  to  the i n t e r s t i t i a l  c la y s  

w ith in  th e  m a tr ix .  I t  i s  p o s s ib le  to  determ ine the  volume lo s s  a lo n g  a 

s o lu t io n  zone by comparing the c o n c e n tra tio n  o f  an e lem ent in  the

s o lu t io n  zone to  the c o n c e n tra tio n  o f  th a t  e lem ent in  the  m a tr ix ,

assuming the e lem ent is  co ncen tra te d  by p ressure  s o lu t io n  o f  the 

d i r e c t l y  a d jo in in g  m a tr ix ,  the  system is  c lo se d  fo r  th a t  elem ent and 

the e lem ent was homogeneously d is t r ib u te d  th rough the  sample p r io r  to  

p ressure  s o lu t io n .  The e s tim a tio n  o f  volume lo s s  on the  zone can be 

made us ing  the fo l lo w in g  r e la t io n s :

I f

M = Mass o f  e lem ent.
V = Volume o f ro ck  b e fo re  pressure  s o lu t io n .
V  = Volume lo s s  due to  pressure  s o lu t io n .
A1 = C oncen tra tion  o f  e lem ent in  s o lu t io n  zone.
A2 = C oncen tra tion  o f  e lem ent in  m a tr ix .

A1 and A2 can be expressed as 

A1 = M /(V -V )

( 1)

A2 = M/V

Since A2 is  a fu n c t io n  o f  M and V

A1 = (A 2 » V )/(  V -V )  (2)

s im p l i f y in g  y ie ld s

A2/A1 = 1 -  (V '/V )  (3)

Now (1 -  (V V V )) is  a re p re s e n ta tio n  o f  the  volum e lo s s  by 

pressure  s o lu t io n .  I t  is  p o s s ib le  (us ing  equa tion  3) to  es tim a te  the
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volum e lo s s  represented  by a s o lu t io n  zone by comparing the 

c o n c e n tra tio n  o f  an e lem ent in  the zone to  the co n c e n tra tio n  o f th a t  

e lem ent in  the m a tr ix .

E s tim a tio n  o f  the  volume lo s s  by pressure  s o lu t io n  in v o lv e s  the 

d e te rm in a tio n  o f  e le m e n ta l c o n c e n tra tio n s  w ith in  s o lu t io n  zones and the 

a d jo in in g  m a tr ix . Wet chem ica l a n a ly s is  o f  b u lk  samples i s  not 

p o s s ib le  due to  sam p ling  d i f f i c u l t i e s .  The s im p le s t method in v o lv e s  

th e  measurement o f  c o n c e n tra tio n s  o f  e lem ents per u n it  us ing  su rface  

te ch n iq u e s . I t  is  assumed th a t  the  com pos ition  o f  the  rock does not 

change in  the th i r d  dim ension (p e rp e n d ic u la r to  the su rfa ce ). Two 

s u rfa ce  sam pling techn iques  are p o s s ib le . The c o n ce n tra tio n  o f 

e lem ents can be determ ined fo r  a spo t us ing  the m icroprobe o r fo r  a 

re g io n  us ing  an EDX (Energy D is p e rs iv e  X -ray  A n a lyze r). For s im p l ic i t y  

an EDX was used in  t h is  s tudy. The m icroprobe was used to  v e r i f y  the 

chem ica l d e te rm in a tio n s  made using the  EDX and to  determ ine the 

m in e ra lo g y  o f  the  sam ples. The procedures and data are d iscussed 

be low .

W ith the EDX i t  is  p o s s ib le  to  scan la rg e  su rface  areas, 

a ve ra g in g  ou t the su rfa ce  and m a tr ix  e f fe c ts  ove r the specimen. When a 

m a te r ia l is  bombarded by an e le c tro n  beam, each elem ent in  the  m a te r ia l 

g iv e s  o f f  a c h a r a c te r is t ic  w ave leng th  and energy o f  e le c tro m a g n e tic  

r a d ia t io n  th a t  is  dependent on the energy o f  the  beam s t r ik in g  the 

s u rfa ce  o f  the m a te r ia l.  The m icroprobe and EDX make use o f  t h is  

phenomenon to  de te rm ine  the chem ical makeup o f  a spot o r re g io n  under 

the  beam. In  EDX a n a ly s is  the  beam scans a c e r ta in  area on the sample 

su rfa c e . As the beam scans the su rface  i t  e x c ite s  the e lem ents on the 

m a te r ia l su rface . Each elem ent w i l l  g iv e  o f f  i t s  c h a ra c te r is t ic  

w ave leng th  and energy o f  e le c tro m a g n e tic  ra d ia t io n .  The EDX u n i t  can 

be used to  determ ine the o v e r a l l  e le m e n ta l com position  o f  a g ive n  

sample. A scan o f  sample 809 is  shown in  F igure  39. An e le c tro n  do t 

map is  a re p re s e n ta tio n  o f  the sample where each d o t re p re se n ts  an 

e x c ita t io n  s i te  on th e  sample su rfa ce , fo r  a g ive n  e lem ent. W ith the 

e le c t ro n  d o t map o f the  su rface  i t  is  p o s s ib le  to  see th e  r e la t i v e  

c o n c e n tra tio n  o r d e p le t io n  o f  v a r io u s  e lem ents in  the s o lu t io n  zones 

( r e fe r  to  F igure  40). In  theo ry  each d o t on the do t map re p re se n ts  one
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F igu re  39: P lo t o f  e lem en ta l com position  o f  sample 809 using EDX. Th is 
sample i s  re p re s e n ta tiv e  o f  the  samples ana lyzed .
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F ig u re  4 0 (a - f) :  R e p re se n ta tive  e le c tro n  do t map images o f sample 937 
showing a) Secondary e le c tro n  image o f  s u r fa c e .

b) K a lpha  fo r  magnesium showing weak 
accum ulation o f  magnesium in  zone.

c) K a lpha  fo r  aluminum showing accum u la tion  o f  
aluminum in  zone.

d) K a lpha  fo r  s i l i c o n  showing accum u la tion  o f 
s i l ic o n  in  s o lu t io n  zone.

e) K a lpha  fo r  potassium  showing accum u la tion  
in  zone.

f )  K a lpha  fo r  ca lc iu m  showing d e p le t io n  in  
zone.
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L o cu t io n  

S o l u t io n  zone

Sample

am

ilatrix

937

814

937
P ressure  shadow 937

S utu re  zone 937
Twinned c r y s t a l  937

A n a ly s is
numbur

beam
d ia m e te r

SiOg TiOg A1 gOg Ke2Ü3 HgO CaO KgO T o t a l

1 20 4 0 .3 4 0 .2 0 14.37 1.66 10.67 9 .8 8 8 .8 5 8 6 .0 1
2 20 4 3 . 4 0 1 .26 17.64 3 .4 6 1 3 .6 0 0 .91 8 .5 6 8 8 . 6 3
3 20 4 5 .7 0 1 .43 2 1 .9 8 2 .9 7 1 2 .3 2 0 . 1 0 8 .4 2 9 2 . 9 5
4 20 4 3 .4 8 1 .60 2 0 .3 5 4 .7 8 12.97 0 . 0 3 8 .9 0 9 2 .  15
5 20 44 .0 4 1 .07 2 0 .5 6 3 .43 13.81 1.16 7 .9 1 9 2 .0 1
6 20 46 .7 7 1 .69 2 0 .6 6 2 .3 6 9 .3 3 1.46 9 .8 2 9 2 .  12

13 20 34 .8 9 0 .3 5 16 .43 6 .3 2 2 7 .2 3 0 .6 4 2 .8 8 8 8 .4 8
15 1 3 3 .8 8 1.79 17 .06 7 .6 3 2 7 .7 8 0 . 3 8 0 .4 7 8 9 .0 4
16 10 30 .41 3 .8 0 12.04 4 .7 5 2 4 .5 7 5 .0 7 3 .4 8 8 4 .1 4
17 20 31.94 6.19 16.91 6.07 26.15 0.18 1.31 88.79
18 20 31 .1 5 0 .0 1 16.91 7 . 1 3 2 8 .5 2 0 .01 0 .2 6 8 4 .0 3
23 1 32 .0 9 0 .0 3 11.70 4 .4 3 2 1 .1 7 0 .0 6 0 .3 7 6 9 .8 8

7 1 4 4 .9 0 0 .0 0 37.81 2 .0 7 0 .4 7 0 .1 3 8 .7 2 9 4 .1 0
a 1 4 1 .5 8 0 .1 0 13.06 3 .6 8 2 6 .4 9 0 .1 3 8 .0 3 9 3 . 1 0
9 1 38.41 3 .0 5 1 6 .9 0 12.38 1 4 .6 0 0 .1 2 6 .9 7 9 2 . 4 3

10 1 4 3 .0 5 0 .1 1 1 4 .2 3 3 .0 6 22 .41 0 .0 7 7 .7 2 9 0 .6 8
11 1 7 .8 2 0 .0 2 3 .2 6 2 .9 5 17.74 2 6 .5 5 0 . 6 2 5 8 . 9 9
14 10 11.14 0 .0 3 3 .6 2 2 . 6 0 1 7 .4 0 2 2 .0 0 0 .0 4 5 7 . 6 5
20 1 0 .  10 0 . 2 2 0 .4 3 5 4 . 5 2 5 5 .2 9
21 10 0 .0 1 0 .2 5 0 .6 7 5 3 .5 9 5 4 .5 3
22 1 0 .0 2 0 . 1 8 0 .5 4 5 6 . 4 2 5 7 .1 9
19 1 5 .7 8 0 .0 2 0 .9 1 0 .6 0 18.27 32 .0 7 0 .4 4 5 8 .1 2
24 1 0 .1 7 0 .4 7 5 6 .0 2

■

5 6 .6 3

M in e ra lo g y  

c l a y  + f e l d s p a r

c h l o r i t e  + i l l i t e
c h l o r i t e
c h l o r i t e

c h l o r i t e  ana tase  
c h l o r i t e  
c h l o r i t e  
muscovite  
p h lo g o p i te  
b i o t i t e  
p h lo g o p i te  
d o lo m ite  + c l a y  
f e r r o a n  d o lo m ite  
c a l c i t e  
c a l c i t e  
c a l c i t e
c a l c i t e  + c la y  
c a l c i  t e

w

Data from m ic ro p rc b e  a n a l y s i s  l i s t e d  as w e ig h t  p e rc e n t  o f  7 e le m e n t s .  The p e rc e n ta g e s  a re  based on a ZAP c o r r e c t i o n  
program. The m ic ro p ro b e  was s t a n d a rd iz e d  on a 20 m ic ron  beam d ia m e t e r .  A l l  beam d ia m e te rs  a re  in  m ic ro n s .  The ZAI* 
c o r r e c t i o n  in c o r p o r a t e s  a d s o r p t io n  c o e f f i c i e n t ,  t a k e o f f  a n g le  and b a c k s c a t t e r  f lo u r e s c e n c e .  The program does not  
c o r r e c t  f o r  CO^ o r  HgO»
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atom o f  a p a r t ic u la r  e lem ent.

Carbon coated th in -s e c t io n s  were used. Beam energy was kep t 

co n s ta n t th roughou t the  sample runs. A s o lu t io n  zone was s e le c te d  in  

s ix  samples. The zone was centered and scanned a t a m a g n if ic a t io n  o f  

100X so th a t  the zone and the  m a tr ix  c o u ld  be seen. Dot maps were 

prepared fo r  magnesium, alum inum, s i l i c o n ,  potassium  and c a lc iu m . The 

c o n c e n tra tio n  o f  d o ts  on the su rface  corresponds to  the c o n c e n tra tio n  

o f  th a t  e lem ent on the su rfa ce  o f  the  sam ple. R e fe rr in g  to  equa tio n  3 

o f  t h is  s e c tio n  i t  is  p o s s ib le  to  use the  r a t io  o f  the number o f  do ts  

in  a c e r ta in  area on the su rface  w ith in  the  s o lu t io n  zone and in  the 

su rround in g  m a tr ix  to  es tim a te  the amount o f  volume lo s s  due to  

pressure  s o lu t io n  in  the  sample.

The number o f  do ts  fo r  each e lem ent was counted in  a c i r c le  

o f  100 m icrons d iam e te r (on the su rfa ce ) in  the  s o lu t io n  zone and in  

the m a tr ix .  These num erica l va lu e s  correspond to  A1 and A2 in  equa tion  

3 o f  t h is  s e c tio n . The areas where do ts  were counted were s e le c te d  a t 

random. Counts were made u n t i l  va lu e s  s ta b i l iz e d .  In  most samples 4 

count re g io n s  were s u f f i c ie n t  fo r  r e p r o d u c ib i l i t y .

General O b se rva tio n s .

Two samples were ana lyzed us ing  the  m icroprobe to  de te rm ine  the 

m in e ra lo g y  o f  accum ulated m a te r ia ls  in  Ss and in  the in te r s t ic e s  o f  the 

a d jo in in g  m a tr ix . These data are presented in  Table 5. The purpose o f  

these ana lyses was to  determ ine i f  the s o lu t io n  zone m in e ra lo g y  was 

s im i la r  to  the m in e ra lo g y  o f  the i n t e r s t i t i a l  m a te r ia l in  the  m a tr ix  

and i f  the  amount o f  volume lo s s  a long  the s o lu t io n  zones co u ld  be 

e s tim a te d .

The phases in  the  spaced c leavage  zones are id e n t ic a l  to  the 

i n t e r s t i t i a l  m a te r ia l in  the m a tr ix  (see T ab le  5). The com pos ition  o f 

accum ulated m a te r ia l i s  un ifo rm  a long  the s o lu t io n  zone, (a na lyses  1- 

6 ), c o n s is t in g  o f  c la y s  (p ro b a b ly  i l l i t e  p lu s  sm e c tite ) and fe ld s p a r .  

The com pos ition  o f  the  i n t e r s t i t i a l  m a te r ia l in  the m a tr ix  is  s im i la r ,  

(a n a lyse s  11 and 12). D e t r i t a l  m uscov ite  and b io t i t e  are p resen t as 

w e l l  as p h lo g o p ite  (ana lyses  8,9 and 10). In  sample 937 the  m a te r ia l 

on the s o lu t io n  zone has been a lte re d  to  c h lo r i t e  (a n a lyse s  13, 15, 16,
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17, 18, and 23). The i n t e r s t i t i a l  m a te r ia l in  the m a tr ix  has a ls o  been 

a lte re d  to  c h lo r i t e  (a n a ly s is  14).

Pressure shadows do no t show change in  com position  a lo n g  the 

f ib e r  (a n a ly s is  20-22). F ib rous  grow ths o f  c a lc i t e  on q u a rtz  are 

s y n te c to n ic . E lements th a t  are no t accum ulated on the s o lu t io n  zone 

would be fre e  in  the  system and may be in co rp o ra te d  in  th e  pressure  

shadows i f  a s ta b le  phase co u ld  grow. The pressure  shadows se rve  as 

independent checks o f  the  assumption th a t  the  system is  c lo se d  to  

c e r ta in  e lem ents. The pressure  shadow examined does no t show 

co n ta m in a tio n  a long  i t s  tra c e , in d ic a t in g  th a t  ca lc iu m  is  be ing removed 

a lo n g  the s o lu t io n  zones and th a t  alum inum, potassium , s i l i c o n ,  

magnesium, iro n  are l o c a l l y  concen tra ted  in  the  s o lu t io n  zone, a t le a s t  

d u r in g  the  fo rm a tio n  o f  the  pressure shadow. M icroprobe a n a ly s is  

in d ic a te s  th a t i t  i s  p o s s ib le  to  determ ine the  amount o f  volume lo s s  

rep resen ted  by the s o lu t io n  zones.

EDX scans fo r  magnesium, aluminum, s i l i c o n ,  potassium  and ca lc ium  

were made. These e lem ents were the most abundant e lem ents found in  

bo th  the  m icroprobe a n a ly s is  and in  the  EDX scans. Iro n  was p resen t in  

some o f  the  scans. E le c tro n  do t maps were no t prepared fo r  iro n  

because iro n  is  m o b ile  in  carbonate ro cks , co n c e n tra tin g  l o c a l l y  in  

hem a tite  pods o r l im o n i t ic  s ta in s  w ith in  the  m a tr ix  as w e l l  as in  

th e  s o lu t io n  zones. T ita n iu m  was p resen t in  some o f  the  specimens 

as r u t i l e  both in  the  m a tr ix  and on Ss. E le c tro n  do t maps o f  t ita n iu m  

were n o t prepared because the  c o n c e n tra tio n s  o f  t ita n iu m  were not 

s ig n i f i c a n t l y  above background. The n u m e rica l va lu e s  in  T ab le  6 are 

e s tim a te s  o f  the volum e lo s s  by p ressure  s o lu t io n  on Ss. These va lu e s  

are b e s t es tim a tes  from  do t maps o f e x c i ta t io n  s ite s  on the  su rface  

prepared w ith  an EDX. A v a lu e  o f 1 re p re se n ts  zero m a te r ia l rem oval by 

p ressu re  s o lu t io n .  F ra c t io n a l numbers re p re se n t some m a te r ia l rem oval 

w ith  s m a lle r  r a t io s  re p re s e n tin g  g re a te r  volume lo s s  due to  pressure  

s o lu t io n .  The e lem ents used in  the d o t maps were p resen t in  s u f f ic ie n t  

c o n c e n tra tio n  to  be d e te c te d  above background. The data in  Tab le  6 are 

b es t es tim a te s  o f  the  volum e lo s s  due to  pressure  s o lu t io n  assuming 

one d o t in  the m a tr ix  re p re se n ts  the same mass abundance o f  the e lem ent
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as one d o t in  the  s o lu t io n  zone. Each m e ta l l ic  e lem ent w i l l  be 

d iscussed below.

Magnesium is  a fre e  io n  formed by the d is s o lu t io n  o f  d o lo m ite  and 

a f ix e d  io n  in  c la y s . Magnesium is  p resen t in  d e t r i t a l  b io t i t e  and 

m u sco v ite . The a v a i l a b i l i t y  o f  fre e  magnesium to  the  system by 

d is s o lu t io n  o f  d o lo m ite  im p lie s  th a t magnesium may no t be u s e fu l as an 

in d ic a to r  o f  volume lo s s  by pressure s o lu t io n .  Magnesium is  no t 

in c o rp o ra te d  in to  s y n te c to n ic  pressure shadows. Magnesium is  

in c o rp o ra te d  in  c h lo r i t e  and s u b s t itu te s  f r e e ly  in  c la y s .

The v a r ia t io n  o f  magnesium is  la rg e . In  sample 811 the s o lu t io n  

zone is  d e p le te d  in  magnesium r e la t iv e  to  the m a tr ix .  Th is sample 

shows a h igh  degree o f  a l t e r a t io n .  C h lo r i te  is  p resen t in d ic a t in g  th a t  

t h is  sample has been s u b je c t to  f l u i d  m ig ra tio n  and ion  exchange o f  a t 

le a s t  magnesium. The v a ria n c e  in  magnesium v a lu e s  across the  samples 

is  g re a t enough to  e l im in a te  the use o f  magnesium as an in d ic a to r  o f  

volum e lo s s .

Aluminum is  p resen t in  c la y s  and fe ld s p a r .  The abundance o f  

fe ld s p a r  is  sm a ll ( le s s  than .1 "). Some samples c o n ta in  e u h e d ra l, 

a u th ig e n ic  fe ld s p a r . D is s o lu t io n  o f  these c r y s ta ls  would p ro v id e  a 

s m a ll amount o f  fre e  aluminum to  the system. Host o f  the aluminum is  

f ix e d  in  c la y s . Aluminum is  conserved in  metamorphic re a c tio n s  (Beach, 

1982). The d e v ia t io n  in  aluminum co n ce n tra tio n s  is  s m a ll.  Th is 

v a r ia t io n  is  a good in d ic a to r  o f  d i f f e r e n t  amounts o f  volume lo s s  by 

p ressure  s o lu t io n  in  d i f f e r e n t  p a rts  o f  a fo ld .  Sample 937 shows the  

s m a lle s t  volume lo s s ,  sample 814 the la rg e s t  volum e lo s s .

S i l ic o n  is  p resen t in  the  system as a f ix e d  ion  in  c la y s  and a 

fre e  io n  by d is s o lu t io n  o f  q u a rtz  and fe ld s p a r .  S i l ic o n  is  m ob ile  in  

the  system. Tension gashes are f i l l e d  w ith  s y n te c to n ic  q u a rtz , 

in d ic a t in g  th a t d is s o lu t io n  o f  qua rtz  has occurred  and th a t s i l i c o n  has 

been fre e  to  m ig ra te  in  the  system.

Potassium is  p resen t in  the system in  c la y s  and fe ld s p a r . The 

a v a i l a b i l i t y  o f  potassium  in  the system shou ld  be s im i la r  to  aluminum. 

The b e h a v io r o f  potassium  is  more v a r ia b le  than aluminum ( re fe r  to  

Table 6 ) .

D iscuss ion . Samples 808 and 809 were c o l le c te d  from the s te e p ly
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d ip p in g  lim b  o f  a f o ld .  Samples 811 and 814 were c o l le c te d  from the  

h inge zone o f  a s y n c lin e .  Samples 816 and 937 were c o l le c te d  from the  

g e n t ly  d ip p in g  lim b  o f  a fo ld .  Samples 811 and 814 show the  g re a te s t 

volum e lo s s . These two samples are from the  h inge zones o f  s y n c lin e s  

where the spacing o f  p ressure  s o lu t io n  su rfaces  is  the  c lo s e s t.  As 

d iscussed e a r l ie r  the  h inge  zone o f  a f o ld  is  the  re g io n  o f  g re a te s t 

volume lo s s  and the  g re a te s t s t r a in  ra te  d u rin g  fo ld  fo rm a tio n . The 

v a lu e s  fo r  808 and 809 are le s s  than the v a lu e s  o f  811 and 814.

Samples 808 and 809 are from the steep lim b  o f  a fo ld .  The spacing o f  

s o lu t io n  surfaces in  these samples is  in te rm e d ia te  between the core  and 

the  s h a llo w ly  d ip p in g  lim b s  o f  the fo ld s .  The volum e lo s s  c a lc u la te d  

in  samples 816 and 937 (from  the s h a llo w ly  d ip p in g  lim b s  o f  fo ld s )  are 

the  lo w e s t. These samples a ls o  have the la rg e s t  spacing o f  s o lu t io n  

s u rfa c e s .

Sample Magnesium Aluminum S il ic o n Potassium Loca tion

808 .43 .40 .56 .83 steep lim b
809 .63 .38 .68 .67 steep lim b
811 2.17 .37 .43 .63 hinge
814 .52 .35 .41 .47 hinge
816 .82 .42 .31 .47 sha llow  lim b
937 .65 .59 .58 .86 sha llow  lim b

Table 6: Estim ates o f  volume lo ss  due to  p ressure  s o lu t io n  using
A2/A1 = ( 1 - ( V '/V ) ) .  F ra c tio n a l numbers rep resen t samples 
th a t  show volume lo s s  fo r  th a t  e lem ent. The procedure 
used is  d iscussed in  the te x t .

Aluminum shows the  le a s t  va ria n ce  in  the c a lc u la te d  v a lu e s . 

Aluminum is  conserved in  metamorphic re a c tio n s  and has been used as the 

b a s is  fo r  gene ra l re a c t io n  d e s c r ib in g  p ressure  s o lu t io n  in  greywackes 

(Beach, 1982). The re a c t io n s  in v o lv e  rem oval o f  q u a rtz , fe ld s p a r  and 

c a lc i t e  and the grow th o f  m uscovite . The system under in v e s t ig a t io n  

c o n ta in s  c a lc i t e  and d o lo m ite  w ith  m inor q u a rtz , fe ld s p a r  and 

p h y l lo s i l ic a te s .  M uscov ite  and b io t i t e  are p resen t as d e t r i t a l  g ra in s  

and show re a c tio n  to  c h lo r i t e  and pheng ite  in  some samples. The 

accum ulated m a te r ia ls  in  s o lu t io n  zones show a l t e r a t io n  to  c h lo r i t e  in  

some samples. The c h lo r i t e  is  o r ie n te d  in  the same manner as the  o th e r  

p h y l lo s i l ic a te s .  The fo rm a tio n  o f  c h lo r i t e  may be synchronous w ith
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pressure  s o lu t io n .  C h lo r i te  w i l l  in c o rp o ra te  magnesium from d is s o lv in g  

d o lo m ite . Pressure shadows in  the  samples s tu d ie d  are pure c a lc i t e ,  

in d ic a t in g  th a t  ca lc iu m  has the g re a te s t m o b i l i t y  in  the c o n d it io n s  o f  

d e fo rm a tio n . The v a r ia t io n  o f  com pos itions  in  the  samples, e s p e c ia l ly  

the  presence o r absence o f  c h lo r i t e ,  p re c lu d e s  the  p re p a ra tio n  o f  

re a c t io n  equa tions  d e s c r ib in g  p ressure  s o lu t io n  in  th is  system.

C h lo r i te  may have formed s im u lta n e o u s ly  w ith  p ressure  s o lu t io n  and 

served  as a s in k  fo r  magnesium, o r may have formed la te r .  The a lig n m e n t 

o f  c h lo r i t e  does no t n e c e s s a r i ly  in d ic a te  a s y n te c to n ic  o r ig in .

C h lo r i te  s im p ly  assumes the  o r ie n ta t io n  o f  the  m in e ra l being re p la ce d .

The v a r i a b i l i t y  o f  com pos itions  between samples suggests th a t  

e lem ents  o th e r than aluminum reac ted  d i f f e r e n t l y  in  each sample 

s tu d ie d . Some samples show fo rm a tio n  o f  c h lo r i t e  w h ile  o th e rs  do no t. 

The chem ica l data c o l le c te d  are in te rp re te d  as in d ic a t in g  th a t  s o lu t io n  

zones a re  zones o f  m a te r ia l accum u la tion . Metamorphic re a c tio n  may 

occur on the  s o lu t io n  zones. The degree o f  metamorphism w i l l  depend on 

the  ch e m is try  o f  the  m a te r ia ls  accum u la ting  and the movement o f  w ater 

th rough  the  system. The v a r i a b i l i t y  o f  magnesium, c a lc i t e ,  s i l i c o n  and 

potassium  in  the samples suggests th a t these e lem ents are no t conserved 

and are  no t r e l ia b le  as in d ic a to rs  o f  volume lo s s  by pressure s o lu t io n .  

Aluminum is  p reserved in  re a c tio n s  (Beach, 1982) and rep resen ts  the 

b e s t e lem ent fo r  the  d e te rm in a tio n  o f  volume lo s s  by pressure s o lu t io n .  

P ressure s o lu t io n  c leavage  zones have acted as zones o f  accum u la tion  o f  

alum inum , magnesium, potassium  and s i l ic o n  and as zones o f  d e p le t io n  o f  

c a lc iu m . Metamorphic re a c tio n s  may occur on the  zones d u rin g  

d e fo rm a tio n  o r a f te r  d e fo rm a tio n . The o th e r  e lem ents s tud ied  are not 

conserved in  re a c tio n s . Pressure shadows o f  c a lc i t e  and te n s io n  gash 

i n f i l l  o f  c a lc i t e  and q u a rtz  in d ic a te  th a t  ca lc iu m  and s i l i c o n  were 

m o b ile  d u rin g  the d e fo rm a tio n . Aluminum, potassium  and magnesium were 

concen tra te d  in  the s o lu t io n  zohes.

E s tim a tio n  o f  s t r a in  ra te  from s o lu t io n  zone spacing 

Using the r e la t io n  d e r iv e d  by F le tc h e r  and P o lla rd  (1981) fo r  the  

spacing o f  s o lu t io n  zones i t  is  p o s s ib le  to  es tim a te  s t r a in  ra te .  The 

spac ing  in  Tab le  4 can be used to  c a lc u la te  the s t r a in  ra te  in  p o r t io n s
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o f  fo ld s  in  the  f i e l d  area. The exp ress ion  fo r  the  s t r a in  ra te  as a 

fu n c t io n  o f  e f fe c t iv e  s tre s s ,  s o lu t io n  zone spac ing , and m in e ra lo g y  is

XX = 6(Co/RT)Vo2(Dk/d3)(Oxx_cryy) (4 )

where Co is  the  mean c o n c e n tra t io n  o f  the s o l id  in  the  f lu id  f i lm  
Vo is  the  s p e c if ic  volume o f  the  s o lid  
D is  the  d i f f u s i v i t y  o f  the s o lu te  in  w ater
k is  the  e f fe c t iv e  f i lm  th ic kn e ss
R is  th e  gas cons tan t 
T is  abso lu te  tem pera tu re  
d is  the  spacing o f  the  s o lu t io n  zones 
°xx-ofyy is  the d e v ia to r ic  s tre s s .

The v a lu e s  used fo r  these v a r ia b le s  are as fo l lo w s .  The mean 

c o n c e n tra tio n  o f  the s o l id  in  the  f l u i d  f i lm  fo r  c a lc i t e  is  taken from 

F le tc h e r  and P o lla rd  (1981). S yn te c to n ic  grow ths o f  c a lc i t e  f ib e r s

in d ic a te s  th a t  as d o lo m ite  is  d is s o lv e d  magnesium is  removed from

s o lu t io n  w ith in  the s o lu t io n  zone. Magnesium is  e a s i ly  in co rp o ra te d  

in to  c la y s  th a t  d i r e c t l y  a d jo in  th e  p o in t o f  p ressu re  s o lu t io n .  I t  is  

assumed th e re fo re  th a t  magnesium does not remain in  s o lu t io n  and need 

no t be cons idered  in  d e r iv in g  the mean c o n c e n tra tio n  o f  the s o l id  in  

s o lu t io n .  The va lu e  used is  3x10-7M/cm3. The s p e c if ic  volume o f  

d o lo m ite  is  64.35 cm3/M, The d i f f u s i v i t y  o f  the s o lu te  is  10-5 /s 

(F le tc h e r  and P o lla rd ,  1981). The e f fe c t iv e  f i lm  th ic k n e s s  is  10-3 cm 

(F le tc h e r  and P o lla rd ,  1981). The gas co n s ta n t is  83.147 bar cm3/deg. 

KM. The a b s o lu te  tem pera tu re  is  373°K o r 100°C. The va lu e s  fo r  

spacing are taken from T ab le  5. The e f fe c t iv e  s tre s s  is  30 bars 

(F le tc h e r  and P o lla rd ,  1981). The c a lc u la te d  s t r a in  ra te s  are shown in  

Table 7 .

L o ca tio n Sample Spacing S tra in rate,
10-11/sec.Core 811 .42 cm. 9.73 X

Core 814 .48 cm. 6.52 X 10-11/sec.
Core 842 .35 cm. 1.68 X 10-10/sec.
Core 911 .48 cm. 6.52 X 10-11/sec.
Steep lim b  
Steep lim b

808
809

.57 cm. 
.85 cm.

10-11/sec. 
10-11/sec.

Steep lim b 829 .64 cm. 2.57 X 10-11/sec.
S h a llo w  lim b 816 1.37 cm. 3.28 X 10-12/sec.

T ab le  7: C a lc u la te d  s t r a in  ra te s  us ing  equa tion  4 (from  F le tc h e r and 
P o lla r d ,  1981). The s t r a in  ra te s  are fo r  s o lu t io n  c leavage  
spacings measured in  samples from' d i f f e r e n t  p a rts  o f  fo ld s .

The above va lu e s  were c a lc u la te d  fo r  tem pera tu res  o f  100 OC. The
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e f fe c t  o f  r a is in g  the tem pera tu re  to  200° w i l l  be to  m u l t ip ly  the 

s t r a in  ra te  by 0.79. The presence o f  c h lo r i t e  in  the  samples does no t 

im p ly  e le v a te d  tem peratures d u rin g  de fo rm a tion , i t  may s im p ly  be 

rep lacem ent o f  e x is t in g  c la y s .  The s t r a in  ra te s  c a lc u la te d  fo r  e ith e r  

tem pera tu re  are in  the  s t a b i l i t y  f i e l d  o f pressure  s o lu t io n  fo r  c a lc i t e  

w ith  c r y s ta l  s ize s  o f  100 m icrons in  d iam eter o r s m a lle r .  The presence 

o f  tw inned c r y s ta ls  la rg e r  than 120 m icrons in  d iam ete r suggests th a t  

the v a lu e s  used in  the c a lc u la t io n  are reasonab le , R u tte r (1976) shows 

th a t  under g e o lo g ic  c o n d it io n s , d e fo rm a tion  o f  c r y s ta ls  s m a lle r  than 

100 m icrons in  d iam eter w i l l  occur by pressure  s o lu t io n  and, fo r  

c r y s ta ls  la rg e r  than 100 m icrons, the  de fo rm a tion  w i l l  be by p la s t ic  

mechanisms. The va lu e s  l i s t e d  in  Tab le  7 are app rox im a tions  o f  the 

c o n d it io n s  o f  de fo rm a tion  and shou ld  no t be tre a te d  as a b so lu te  

numbers.

The v a lu e s  in  Table 7 are fo r  spacing o f  s o lu t io n  zones measured 

in  d o lo m ite  la y e rs  o f  the Conococheague Form ation. Both the  lim es tone  

and d o lo m ite  have deformed p r im a r i ly  by pressure  s o lu t io n .  In t h is  

case the  d if fe re n c e  in  spacing o f  s o lu t io n  su rfa ce s  o r zones may be an 

im p o rta n t c lu e  in  the  unders tand ing  o f  the fo rm a tio n  o f  the fa b r ic s  and 

s t r u c tu r a l  e lem ents seen in  the  u n its .  As p re v io u s ly  s ta te d  Sp is  no t 

marked by th e  fo rm a tio n  o f  d is c re te  s o lu t io n  zones o r su rfaces .

Pressure s o lu t io n  form ing Sp has occurred a t c r y s t a l l i n e  boundaries so 

the spacing o f  Sp is  the c r y s ta l  s ize  o r a p p ro x im a te ly  100 m icrons. 

S u b s t itu t in g  th is  v a lu e  in to  equa tion  4 o f  th is  s e c tio n  a long  w ith  the 

a p p ro p r ia te  m o la r volume r e s u l t s  in  s t r a in  ra te s  o f  2.36 x 10-9 and 

1.86 X 10-9 fo r  de fo rm a tion  a t  100° and 2000 re s p e c t iv e ly .  The s t r a in  

ra te s  c a lc u la te d  are w ith in  the  range o f g e o lo g ic  s t r a in  ra te s  quoted 

in  the l i t e r a t u r e  (Hobbs, Means and W ill ia m s , 1976,; F le tc h e r and 

P o lla rd ,  1981). The s t r a in  ra te s  are g re a te s t in  the  h inges o f fo ld s  

and le a s t  on the s h a llo w ly  d ip p in g  lim b s  o f  fo ld s .  S tra in  ra te s  are 

g re a te r w ith in  the le s s  competent lim es tone  la y e rs .  The r e s u l t  o f  t h is  

d if fe re n c e  in  s t r a in  ra te  is  r e a d i ly  v is ib le  in  the  c h a ra c te r o f  the 

pressure s o lu t io n  and the spacing o f  s o lu t io n  su rfa ce s  as w e l l  as in  

the na tu re  o f  the fo ld s .  The s t i f f e r  d o lo m ite  la y e rs  are the b u c k lin g
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members th a t  c o n tro l the fo ld  fo rm a tio n . The lim es tone  la y e rs  flow ed  

around the d o lo m ite  la y e rs . The d o lo m ite  la y e rs  deform by the s lo w e r 

process o f  b u c k lin g  w h ile  the  lim e s to n e  la y e rs  deform by the more ra p id  

process o f  f lo w . As a g e n e ra l i ty  the d if fe re n c e  in  s t r a in  ra te s  can be 

though t to  re p re se n t the  d if fe re n c e  in  k inem a tic  v is c o s ity  o f  the  two 

m a te r ia ls  being deformed.

The data in d ic a te  th a t  the c o n d it io n s  o f  de fo rm a tion  which caused 

the fo rm a tio n  o f  c le a va g e  in  the  f i e l d  area was w ith in  the  s t a b i l i t y  

f i e l d  o f  pressure  s o lu t io n  fo r  f in e  g ra ined  m a te r ia l and may have been 

in  the s t a b i l i t y  f i e l d  o f  p la s t ic  f la t t e n in g  fo r  more c o a rs e ly  

c r y s t a l l in e  m a te r ia ls  as shown by the  te x tu re s  d iscussed e a r l ie r .  The 

data in d ic a te  th a t  volume lo s s  and s t r a in  ra te  was g re a te s t in  the 

h inge zone o f  fo ld s  and le a s t  in  the s h a l lo w ly  d ip p in g  lim b s  o f  fo ld s .
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The Conococheague Formation co n ta in s  two d is t in c t  s y n te c to n ic  

cleavage fa b r ic s .  A p e n e tra t iv e  c leavage(S p) formed in  c le a n  

lim es tone  la y e rs ,  and a spaced c leavage (S s) formed in  s u c ro s ic  d o lo m ite  

la y e rs  c o n ta in in g  p h y l lo s i l ic a te s .  Both c leavages  formed p re d o m in a n tly  

by pressure s o lu t io n .  The d i f f e r e n t  appearances o f  these two types o f 

pressure s o lu t io n  is  a fu n c tio n  o f  s t r a in  ra te  (a t a g iv e n  s tre s s )  and 

m a te r ia l p ro p e rty . The presence o f im p u r it ie s  such as p h y l lo s i l i c a t e s  

may h e lp  to  lo c a l iz e  d is c re te  s o lu t io n  zones.

Pressure s o lu t io n  zones o r ig in a te  a t a p o in t and propagate 

away, c u rv in g  as the  s tre s s  f i e l d  changes o r ie n ta t io n  r e la t i v e  to  

bedding d u rin g  de fo rm a tio n . Im p u r it ie s  are  concentra ted  in  d is c re te  

s o lu t io n  zones. The o r ie n ta t io n  o f  these s o lu t io n  zones t ra c k  the  

o r ie n ta t io n  o f  maximum p r in c ip a l e x tens ion  as the zone propagates away 

form i t s  p o in t  o f  o r ig in .  I f  im p u r it ie s  are  not p re se n t, d is c re te  

s o lu t io n  zones do no t deve lop . In im p u r ity - f r e e  systems p ressure  

s o lu t io n  occurs a t  c r y s ta l  o r g ra in  c o n ta c ts . As the o r ie n ta t io n  o f 

maximum com pressive s tre s s  changes r e la t i v e  to  bedding the  p o in ts  o f  

h ig h e s t s tre s s  on c r y s ta l  o r g ra in  boundaries change. Th is forms a 

d im ensiona l fa b r ic  by the s e le c t iv e  rem ova l o f  a s p e r it ie s .  C leavage 

fa b r ic s  formed by p e rv a s iv e  pressure s o lu t io n  p a r a l le l  the  a x is  o f  

accumulated e lo n g a tio n . The spacing o f  pressure  s o lu t io n  su rfaces  o r 

zones depends on the  s t r a in  ra te  ( fo r  a g iv e n  s tre s s ) which v a r ie s  w ith  

lo c a t io n  on fo ld s  and w ith  m a te r ia l p ro p e rty . M a te r ia ls  w ith  the 

c lo s e s t spacing ( lim e s to n e ) flow ed , w h ile  d o lo m ite  la y e rs  bu ck le d .

Both m a te r ia ls  were deformed p r im a r i ly  by pressure s o lu t io n .

Increm en ta l s t r a in  markers show th a t  la y e r in g  was no t i n i t i a l l y  

h o r iz o n ta l w ith  re sp e c t to  the a p p lie d  s tre s s  f i e ld .  The ang le  o f  

in c l in a t io n  may have been as much as 30° from the a p p lie d  s tre s s . Th is
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re s u lte d  in  the fo rm a tio n  o f  asymmetric fo ld s  w ith  a s y m m e tr ic a lly  

fanned c leavage  n e a r ly  p a r a l l e l  w ith  the  hinge su rfa ce  o f  the  fo ld s ,  in  

the  hinge zone.

The m orphology o f  c le a va g e  in  deformed oo ids  in d ic a te s  th a t  

p ressure  s o lu t io n  was the  dom inant de fo rm a tion  mechanism o f  the  oo ids. 

Ooids w ith  d o lo m it ic  cores are tw inned and show ev idence  o f  p ressure  

s o lu t io n  in d ic a t in g  a com b ina tion  o f  de fo rm a tion  mechanisms. C ry s ta ls  

la rg e r  than 120 m icrons in  d iam e te r are tw inned.

C a lc u la t io n  o f  volume lo s s  by pressure s o lu t io n  shows th a t  volume 

lo s s  was g re a te s t in  the  h inge  zones o f  fo ld s  and le a s t  in  the  

s h a l lo w ly  d ip p in g  lim b s  o f  fo ld s .  S tra in  ra te s  c a lc u la te d  from 

s o lu t io n  zone spacing show th a t  the  s t r a in  ra te  is  the  g re a te s t in  the 

h inge  o f  fo ld s  and the  le a s t  in  s h a llo w ly  d ip p in g  lim b s . S tra in  ra te s  

in  lim es tones  are g re a te r than s t r a in  ra te s  in  d o lo m ite s . C a lcu la ted  

s t r a in  ra te s  are in  the  s t a b i l i t y  f i e l d  o f  pressure  s o lu t io n  as a 

d e fo rm a tio n  mechanism fo r  c r y s ta ls  s m a lle r  than 100 m icrons in  d iam eter 

under the c o n d it io n s  assumed. D eform ation o f  c r y s ta ls  la rg e r  than 120 

m icrons occurred by p la s t ic  mechanisms. These r e s u l ts  are v e r i f ie d  

by the  presence o f  tw in n in g  in  c r y s ta ls  la rg e r  than 120 m icrons in  

d ia m e te r.

F o lds  are type I c / l c  w ith  m inor I I I  fo ld s .  In m u l t i la y e r s  the 

competent members are type  I c / l c  f la t t e n in g  fo ld s .  D o lom ite  la y e rs  

ro ta te d  and f la t te n e d  d u rin g  fo ld in g  w h ile  lim e s to n e  la y e rs  experienced 

la y e r  p a r a l le l  shear and f lo w . D eform ation s t y le ,  c le a va g e  r e f r a c t io n ,  

v a r ia t io n  o f  fo ld  type and de fo rm a tio n  mechanism a l l  in d ic a te  th a t  the 

m a te r ia ls  deformed v is c o u s ly .

The fo l lo w in g  s ta tem ents can be made from the da ta .

1) The maximum p r in c ip a l  s h o rte n in g  a x is , measured by in c re m e n ta l 

s t r a in  m arkers, shows an i n i t i a l  o r ie n ta t io n  in c l in e d  as much as 

30° to  bedding. There is  no ev idence to  in d ic a te  whether

the  u n its  were t i l t e d  r e la t i v e  to  the h o r iz o n ta l o r whether the 

compression was t i l t e d  r e la t i v e  to  h o r iz o n ta l la y e r in g .

2) The p rim a ry  de fo rm a tion  mechanism is  p ressure  s o lu t io n .  C ry s ta ls  

la rg e r  than 120 m icrons in  d iam ete r deformed by tw in n in g  and some
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pressure s o lu t io n .  S tra in  ra te s  c a lc u la te d  from s o lu t io n  c leavage  

spacing p la ce  the  d e fo rm a tio n  near the  pressure  s o lu t io n  -  

d is lo c a t io n  g l id e  boundary (R u tte r ,  1976) fo r  tem peratures between 

100 and 20ÛOC and c r y s ta ls  a p p ro x im a te ly  100 m icrons in  d iam e te r.

3) The presence o f  in s o lu b le  m a te r ia ls  in  some la y e rs  o f  the 

Conococheague caused the fo rm a tio n  o f  s o lu t io n  zones which i n i t i a t e  

a t c r y s t a l l in e  boundaries  and coa lesce  in to  spaced s o lu t io n  zones. 

The spacing o f  these s o lu t io n  zones is  dependent on lo c a t io n  in  the  

fo ld  and is  a fu n c t io n  o f  s t r a in  ra te .  D isc re te  s o lu t io n  zones do 

not form in  the  lim e s to n e  la y e rs  o f  the  Conococheague Form ation. 

Pressure s o lu t io n  in  the  lim e s to n e s  occurs a t c r y s ta l  boundaries a t 

a spacing o f  a p p ro x im a te ly  100 m icrons. The o r ie n ta t io n  o f  the 

spaced c le a va g e  zones in d ic a te  change in  bedding o r ie n ta t io n  

r e la t iv e  to  the s tre s s  f i e l d  d u rin g  fo ld  fo rm a tio n . The o r ie n ta t io n  

o f  bedding r e la t i v e  to  the a p p lie d  s tre s s  f i e l d  and the  r e s u l ta n t  

s t ra in  f i e l d  can be approxim ated from the  a n a ly s is  o f  s y n te c to n ic  

f ib ro u s  grow ths o f  c a lc i t e  which p re se rve  p a r t ic le  path in  the 

deform ing m a t r ix .

4) Aluminum is  conserved and is  u s e fu l as a volume lo s s  in d ic a to r .  

Magnesium, potassium , s i l i c o n  and ca lc iu m  are not conserved and are 

no t u s e fu l as volum e lo s s  in d ic a to rs .  The d is s o lu t io n  o f d o lo m ite  

is  not fo llo w e d  by the  p r e c ip i ta t io n  o f  d o lo m ite . Magnesium is  

concen tra ted  in  the  s o lu t io n  su rfa ce s . C a lc ite  is  p re c ip ita te d  in  

pressure shadows and te n s io n  gashes. S i l ic o n  is  concentra ted  in  the 

s o lu t io n  zones and to  a degree in  te n s io n  gashes. Magnesium may be 

concen tra ted  in  c la y s  o r may be used in  the fo rm a tio n  o f  c h lo r i t e  in  

the s o lu t io n  zones.

I t  has been shown th a t  p reserved  s t r a in  paths can be used a long  

w ith  c a re fu l o b s e rv a tio n s  o f  c leavage  morphology to  determ ine the 

de fo rm a tion  h is to r y  o f  an area. A n a ly s is  y ie ld s  in fo rm a tio n  re g a rd in g  

de fo rm a tion  mechanisms th a t  formed c le a va g e  w ith in  the re g io n  and 

a llo w s  the e s tim a tio n  o f  volume lo s s  due to  pressure s o lu t io n .

The de fo rm a tio n  h is to r y  o f  a s m a ll p o r t io n  o f  the V ir g in ia  Great 

V a lle y  has been d e sc rib e d . Pressure s o lu t io n  was the dominant 

mechanism th a t  acted to  form two g e o m e tr ic a lly  d is t in c t  c leavage s . The
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in te rp r e ta t io n s  d e r iv e d  in  t h is  paper are v a l id  fo r  the de fo rm a tio n  o f  

any carbonate sequence under s im i la r  c o n d it io n s . Pressure s o lu t io n  is  

an im p o rta n t d e fo rm a tion  mechanism th a t  is  re s p o n s ib le  rock  fa b r ic s  in  

f in e  g ra ined  carbonate  rocks deformed under low  tem pera tu re , low  

c o n fin in g  pressure  and low  s t r a in  ra te  c o n d it io n s .
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2149-2158.

P ow e ll, C. McA., 1972b, T e c to n ic a lly  dewatered s la te s  in  the  L u d lo r ia n  
o f  the Lake D is t r i c t ,  England: Geol. J o u r . ,  v . 8, p. 95-110.

Pow ell, C. McA., 1973 , C la s t ic  d ike s  in  the  B u ll Form ation o f  Cambrian 
age, Taconic A llo c h th o n , Vermont: G eol. Soc. Amer. B u l l . ,  v . 84,
p. 5045-3050.

P ow e ll, C. McA., 1974 , T im ing o f  s la ty  cleavage d u rin g  fo ld in g  o f
Precambrian ro c k s , no rthw est Tasmania: Geol. Soc. Amer. B u l l . ,
V .  85, p . 1043-1060.



150

P o w e ll, C. McA., 1979. A m o rp h o lo g ica l c la s s i f ic a t io n  o f  rock  c le a va g e ; 
Tectonophys ics , v . 58, p . 21-34.

Ragan, D. M ., 1973, S tru c tu ra l geo logy: an in t ro d u c t io n  to  g e o m e trica l 
te ch n iq u e s : secona e d i t io n ,  John WTTeV"and Sons, tlHW Turk,
TO g-W :—

Ramberg, H ., 1975, P a r t ic le  pa ths , d isp lacem en t and p ro g re ss ive  s t r a in  
a p p lic a b le  to  ro cks : Tectonophys ics , v .  28, p . 1-38.

Ramsay, J . G ., 1967, F o ld in g  and F ra c tu r in g  o f  Rocks: McGraw H i l l  
Book Co., New ïo rK , boSTJp.

Ramsay, J . G ., and Wood, D. S ., 1973, The geom etric  e f fe c ts  o f  volume 
change d u rin g  de fo rm a tion  processes: Tectonophys ics , v . 16,
p. 263-277.

Robin, P. Y. F . , 1978a, On the thermodynamics o f  pressure  s o lu t io n ,
in te ra c t io n  between therm a l and m echanical fo rc e s  : d is c u s s io n :
Geochim. e t  Cosmochim. A cta , v .  31 , no. 3, p . 333-336.

Robin, P. Y, F . , 1978b, Pressure s o lu t io n  a t  g ra in  to  g ra in  c o n ta c ts : 
Geochim. Cosmochim. A c ta , v .  42, no. 9, p . 1383-1389.

Roy, A. B ., 1978, E v o lu tio n  o f  s la ty  cleavage in  r e la t io n  to  d iagen es is  
and metamorphism: A s tudy from the H u n s ru cksch ie fe r: G eol. Soc.
Amer. B u l l . ,  v .  89, p . 1775-1785.

R u tte r, E. H., 1974, The in f lu e n c e  o f  tem pera tu re , s t r a in  ra te  and 
i n t e r s t i t i a l  w ater in  the  e xpe rim en ta l de fo rm a tion  o f  c a lc i t e  
ro c k s : Tectonophys ics, v .  22, p . 311-334.

R u tte r, E. H ., 1976, The k in e t ic s  o f  rock  d e fo rm a tion  by pressure
s o lu t io n :  P h il .  T rans. Roy. Soc. London, Ser. A ., v . 283, no.
1312, p. 203- 219 .

R u tte r, E. H., and Rusbridge, H., 1977, The e f fe c t  o f  n o n -co a x ia l 
s t r a in  paths on c r y s ta l lo g ra p h ic  p re fe rre d  o r ie n ta t io n  
development in  the expe rim en ta l d e fo rm a tion  o f  a marble : 
T ectonophys ics, v . 39, p . 73-86.

S iddans, A. W. B . , 1972, S la ty  cleavage -  a re v ie w  o f  research  s ince  
1815: Earth  S c i. Rev., v . 8, pT 205-232.

Siddans, A. W. B., 1980, A n a ly s is  o f  th re e -d im e n s io n a l, homogeneous, 
f i n i t e  s t r a in  us ing  e l l i p s o id a l  o b je c ts : Tectonophysics, v. 64,
no. 1 /2 , p. 1—16.

S prun t, E. S ., and Nur, A ., 1977, D e s tru c tio n  o f  p o ro s ity  th rough 
pressure s o lu t io n :  Geophysics, v .  42, n o .4, p. 726-741.

Spry, A ., 1969, Metamorphic Textu res : Pergamon Press, O xford , 350 pp.

Treagus, S. H ., 1981, A th e o ry  o f  s tre s s  and s t r a in  v a r ia t io n s  in
VISCOUS la y e rs  and i t s  g e o lo g ic  im p lic a t io n s :  Tectonophys ics,
v . 72, p. 75- 103 .

Treagus, S. H ., 1982, A new isogon-c leavage  c la s s i f ic a t io n  and i t s
a p p lic a t io n  to  n a tu ra l and model fo ld s :  Geol. J o u r . ,  v .  17,
p . 49-64.

T reagus , J. E., and T re a g u s , S. H., 1981, F o ld s  and th e  s t r a in
e l l ip s o id  : a gene ra l model: Jou r. S t ru c t .  G e o l., v . 3, p . 1-17.

T u l l i s ,  T. E ., 1976, Experim ents on the o r ig in  o f  s la ty  c leavage and 
s c h is to s i ty :  Geol. Soc. Amer. B u l l . ,  v . 87, p. 745-753.



151

T u l l i s ,  T. E .,  and Wood, D. S., 1975, C o r ré la t io n  o f  f i n i t e  s t r a in  from 
both re d u c t io n  bodies and p re fe r re d  o r ie n ta t io n  o f  mica in  s la te  
from Wales: Geol. Soc. Amer. B u l l . ,  v .  86, p. 632-638.

Wagner, F., Wenk, H. R., Kern, H., Van h o u t t e .  P., and E s l i n g ,  C.,
1982, Development o f  p re fe r re d  o r ie n t a t io n  in  plane s t r a in  
deformed l im e s to n e :  Experiment and Theory: C o n tr ib u t io n s  to
Minera logy and Pe tro logy , v .  80, p. 132-139.

Wenk, H. R., and S hore , J ., 1975, P r e fe r r e d  o r i e n t a t i o n  in
e x p e r im e n ta l ly  deformed d o lo m ite :  C o n tr ib u t io n s  to  M inera logy
and P e tro lo g y ,  v .  50, p. 115-126.

Wenk, H. R., V e n b i ta s u b ra m a n y a n , C. S., and B ake r,  D. W., and T u rn e r ,
F. J . ,  1973i P re fe rred  o r ie n ta t io n  in  e x p e r im e n ta l ly  deformed 
l im es tone : C o n tr ib u t io n s  to  M ineralogy and P e tro logy , v . 38, 
p. 81—114.

Weyl, P. K . , 1959. Pressure s o lu t io n  and the fo rc e  o f  c r y s t a l l i z a t i o n  
a phenomenological the o ry :  Jour. Geophy. Res., v . 64, no. 11,
p. 2001-2025.

W hite, S. H . , and Knipe, R. J . ,  1978, M ic ro s t ru c tu re  and cleavage
development o f  se lec ted  s la te s :  Cont. Min. P e t . ,  v .  66, no. 2,
p. 165-174.

Wickham, J. S . ,  1969. S t r u c tu ra l  Geology o f  the  western s lope o f  the
Blue Ridge near Front Royal, V i r g in ia :  PhD. D is s e r ta t io n ,  Johns
Hopkins U n iv . ,  129 pp.

Wickham, J. S., 1972, S t r u c tu r a l  geo logy o f  a p o r t io n  o f  the Blue 
Ridge, no r the rn  V i r g in ia :  Geol. Soc. Amer. B u l l . ,  v .  83.
p. 723-760.

Wickham. J. S . ,  1973. An estim ate  o f  s t r a in  increments in  a n a t u r a l l y  
deformed carbonate rock : Amer. Jour. S c i . ,  v . 273. p. 23-47.

Wickham. J. S . ,  and Anthony, M., 1978. S t ra in  paths and f o ld in g  o f  
carbonate rocks near Blue Ridge, c e n t r a l  Appalach ians: G eo l.
Soc. Amer. B u l l . ,  v .  88, p . 920-924,

W il l ia m s ,  P. R . , 1972, Development o f  metamorphic la y e r in g  and cleavage 
in  low grade metamorphic rocks a t  Bermagui, A u s t r a l ia :  American
Journa l o f  Science, v .  272, p. 1-47.

W i l l i s ,  D. G . , 1977. A k inem atic  model o f  p re fe r re d  o r ie n ta t io n  : Geol.
Soc. Am. B u l l . ,  V .  88. p. 883-894.

Wintsch, R. P ., 1978. A chemical approach to  the p re fe r re d  o r ie n ta t io n  
o f  mica: Geol. Soc. Am. B u l l . ,  v . 89. p. 1(15-1718.

Wood, D, S .,  1974. Current views o f  the development o f  s la t y  c leavage : 
Ann. Rev. Earth P lane t.  S c i . ,  v . 2, p. 3o9-401.



APPENDIX A 

PROGRAMS

152



153

PROGRAM D IG IT



154

100
110
120
130
140
150
160
170
ISO
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
360
370
330
390
400
410
420
430
440
450
460
470
480
491)
500
510
520
530
540
550
560
570
530
590
600
610
620
630
640
650
660
670
630
690
700
710

PAGE
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT

"Data transfer prcsram from Summasraphics to disk"

"Mount the disk y o u  mil 1 store data on. This program will" 
"load data in dicrete packs onto disk. The data files will be" 
"created bv the program on Y o u r  command and will be titled." 
"Turn on the hard c o p y  unit for a c o p y  of rour data "
To hook UP the digitizer, plug light graY cord into modem oh" 
Summasraphics and into RS232 on Tectronix. This program is " 
set to recieve at 1200 baud. The data format is for 7 data " 
bits and 2 stop bits with even parity and no parity error" 
action. These parameters can be changed in the program or" 
in the Summagraphics. See Tectronix Communication Interface" 

PRINT "manual or Summagraphics Technical Information. If data"
PRINT "format does not match program, no transmission will occur." 
PRINT 
PRINT 
PRINT
PRINT "Suture

Digitize using the following format:"
(WHITE) on cursor F=3"first data point use flas#l 

PRINT " The suture will be the origin"
PRINT "Fiber points use f1ag#Z (YELLOW) F=l"
PRINT "To end data set, make a c o p y  of the data and go on to a new " 

data set and file use, centroid f1ag#3 (GREEN) F=2"
To end the program, close all files, reset all parameters"

flag#2 (BLUE) F=4"

PRINT 
PRINT
PRINT "and c o p y  the screen use

Press RETURN to continue"
PRINT 
PRINT 
INPUT Z*
REM
PAGE
PRINT "Enter file identifier."
INPUT C*
PRINT "Input file size."
INPUT Cl
CREATE C*,"aucn"?Cl,0 
OPEN C*!I,"F",M«
CALL "rewind",1 
PRINT
PRINT "The file had been created and is ready for data "
PRINT
PRINT "Press RETURN TO BASIC key. The terminal is ready for data" 
REM SET UP MICR0PR0S3ES0R AND SEND PROMPT TO SUMMAGRAPHICS 
CALL "TERMIN''
PRINT
PRINT "Enter the title of this data set"
INPUT E«
PAGE
PRINT E»
PRINT #1:E$
REM SET BAUD RATE, EVEN PARITY AND NO PARITY ERROR ACTION 
CALL "RATE",1200,0,0
REM SET UP FLAG CONTROL AND DATA MANIPULATION 
REM
INPUT @40:F,X,Y 
IF F=4 THEN 910 
PRINT F,X,Y
REM SET UP HARD COPIER TO COPY ON PAGE FULL CONDITION 
PRINT @32.26:3 
PRINT #1:F,X,Y 
IF F=2 THEN 730
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720 GO TO 650 
730 GLOSE 1 
740 COPY 
750 PACE
760 PRINT " —  INPUT NEW FILE NAME— "
770 INPUT B*
780 PRINT "INPUT FILE SIZE"
790 INPUT C3
800 CREATE B*i"AUCN"!C3,0 
310 OPEN B«!1."F".M$
320 CALL "REWIND",!
330.PRINT "READY FOR DATA __"
340 PRINT
350 PRINT "INPUT TITLE OF DATA SET"
860 INPUT Ft 
370 PAGE 
330 PRINT Ft 
390 PRINT #l:Ft 
900 GO TO 640
910 REM RESTORE ALL PARAMETERS TO ORIGINAL POWER UP CONDITION 
920 COPY
930 PRINT @37.0:13.255,255 
940 PRINT @32.26:0 
950 INIT 
960 END
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PROGRAM DRAFT
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1230 PRINT 
1240 PRINT
1260 REM —  SET UP DIGITIZER INTERFACE 
1270 G03UB 6000 
2000 PRINT
2010 PRINT "DEPRESS "ORIGIN' BUTTON AND SIMULTANEOUSLY"
2020 PRINT " DIGITIZE THE LOWER LEFT CORNER OF MAP"
2030 INPUT 940:F.X0.Y0 
2040 PRINT 
2050 PRINT
2060 PRINT "DIGITIZE THE UPPER RIGHT CORNER OF MAP 
2070 INPUT @40:F,X9,Y9 
2030 PRINT
2120 DIM X(500),Y (500)
2230 1=1
2240 INPUT @40:F.X(I),Y(I)
2250 REM GET SECOND AND SUBSEQUENT POINTS 
2260 1=2
2270 INPUT @40:F,X(I),Y(I)
2230 REM IF X<0 THEN WE ARE DONE WITH THIS CURVE
2290 REM ELSE, KEEP GETTING POINTS
2300 IF X C I X O  THEN 3000
2310 1=1+1
2320 GO TO 2270
3000 REM COMPUTE LENGTH AND AREA OF CURVE, AND PLOT IT IF LAST Y WAS >0 
3010 N=I-1
3220 REM —  PLOT CURVE 
3230 GOSUB 4000
3240 REM DIGITIZE ANOTHER CURVE 
3250 PRINT 
3260 GO TO 2230
4000 REM SUBROUTINE TO PLOT A CURVE 
4030 WINDOW 0,150,0,100 
4040 VIEWPORT 0,150,0,100 
4100 U=X(1)
4110 V=Y(1)
4120 REM SCALE X AND Y (U AND V)
4130 GOSUB 5000 
4140 MOVE @1:U,V 
4150 FOR 1=2 TO N 
4160 U=X(I)
4170 V=Y(I)
4130 GOSUB 5000 
4190 DRAW Sl:U,V 
4200 NEXT I 
4210 MOVE @1:0,0 
4220 Q=1 
4230 RETURN
5000 REM —  SCALES X AND Y
5010 REM X9, Y9, ARE MAX VALUES IN X AND Y DIRECTIONS
5020 U=U/X9*150 
5030 V=V/Y9*100 
5040 RETURN
6000 REM SET UP DIGITIZER INTERFACE"
6010 PRINT
6020 PRINT "HIT 'RETURN TO BASIC' KEY"
6030 CALL "TERMIN''
6040 CALL "RATE",1200,0,0 
6050 RETURN
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PROGRAM ELLIPSE
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100 PAGE
110 PRINT "Input long axis dimension of ellipse. A="* 
120 INIT 
130 INPUT A
140 PRINT "Enter short axis dimension of eelipse. B=" 
ISO INPUT B
160 PRINT "Enter location of center of ellipse. H.K 
170 INPUT H.K 
ISO PAGE
190 VIEWPORT 0.150.0.100 
200 WINDOW -15.15.-10.10 
210 DIM X(143).Y(14S)
220 FOR 1=0 TO 2*PI STEP PI/72
230 Z=I*72/PI+1
240 X ( Z ) = A * C OS < n+ H
250 Y(Z)=B*SIN(I)+K
260 NEXT I
270 GOSUB 300
230 HOME ai:
290 END .
300 REM SUBROUTINE TO draw ELLIPSE 
310 MOVE ei:X C1).Y(1)
320 FOR J=1 TO 145 
330 DRAW ai:X(J).Y(J)
340 NEXT J 
350 MOVE a i : - A . O  
360 DRAW a i : A . O  
370 MOVE a i : 0 . - B  
330 DRAW a i : O . B  
390 HOME ai:
400 PRINT ei:"AXIAL RATIO = "îA 
410 RETURN
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PROGRAM F IS H
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*«** ISO FOEEGHOUND EAHDCOPT ♦*»*
DSNAME=Ai0041.FISa. FOHT
C LAST ACCESS 5-18 
C MAIN FROGBAM 
C
C SOGEB FESNSTEA, MODIFIED 31 GAYLE TAPP(1979)
C FISHES AND WATSON ANALYSIS OF DISECTIONAL DATA ON THE
C SPHESE
C 
C
C NOTE: INCLINATION ODTPDT IS FOE TOTAL SPHERE -
C NOT JOST THE LOWEH HEMISPHERE OF THE
C STEHEONET —  CONS ECU ENTLY, NEGATIVE
C INCLINATIONS POINT UPWABD INTO UPPEB
C H2MISPHEBE AND POSITIVE POINT DOWNWARD
C INTO LOWER BEMISPHEBE.
C
C THIS PROGHAB OSES THE SAME DATASET AS THE KALSSECX PROGBAM 
C
C THE FIEST CARD OF THE DATASET IS READ SOT IGNORED 
C
C THE PROGRAM HAS BEEN CHANGED TO READ ONLY STRIKE AND DIP 
C
C THE PROGRAM WILL READ ONLY ONE DATASET AT A TIME 
C
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 

DIMENSION 1(3.3) ,KP (3) ,1(3) ,D(3) ,ER(3,3) .TITLE (60) ,
I D U M M Y ( l t O )

C O a M O N / O N E / A Z C ( 5 0 0 )  . R O S C ( 5 0 0 )
ECDIVALENCE (1 (1 ) ,XL), (Y(2),XM), (Y(3),XN)
DATA KP/'L’.'M'.’N'/
DATA ID17,ID26.ID31,ID35/1HE, IHN, 1HS.1HW/
HEAD (5,993) (DUMMY (I) .1-1,40)

9 93 FORMAT (40 AI)
C NCASE = NDMBER OF DATA SETS

DATA K0DE,NCAS2/1,1/
C aSAD(5,2) NCASE
2 FORMAT (12)

IF (NCASE-LE.O) STOP 
DO 92 LCSS=1,NCASE 

C SITE = NAME OF DATA SET
C READ(5, 14) KOOE
14 FOHMAT(II)
C WRITE (6,998) LCS2
998 FORMAT [//, IX, >**CASE ',14)

a £ A D ( 5 , 9 9 7 )  N. (TITLE(I) ,1=1,60)
997 FORMAT (I4,60A1)

C WBITE(6,997)
C READ (5, 702) N
732 F0RMAT(I4)

C WRITE (6,777) N
777 FORMAT (1H1,/,14)

SXL=0-0 
SXM=0.0 
SXN=0.0 
CL=0- 10 
ZEBO=0.0 
DO 16 1=1,3 
DO 16 J=1,3 

16 X(I,J) = 0-0
SUM = 0.0 
KOO = 0
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c CHECK KOOE FOB TTPE OF DATA SET.
150 IF {KÛDE-BÛ.2) GO TO 17

CALL P0LE2 (ID 17,1026,1031,1035,N)
GO TO 20 

17 aEA0(5,86)THE,Pai 
86 FOH.>1AT(2F10.3)

IF (THE ♦ 900.0)20,40,20 
20 COHTIHOE

00 701 II = 1,H 
HPHI = BOEC(II) * 0.0174533 

HTHE=AZC(II) *0.0174533 
KOU = II

C COMPOTE DIBECTION COSINES, IBVINGS CONTENTIONS
XL = COS(HPHI) * COS(BTHE) 
xa = COS(EPHI) * SIN(BTHE)
XN = SIN(EPHI)
IPHI = IFIX (BOEC (II))
ITHE = IFIX (AZC (II) )
00 25 K=1,3 
OO 25 1=1,3 

25 X(K,I)=X(K,I) ♦ X(K) * 1(1)
SXL = SXL f XL
sxM = sxa ♦ xa
SXH = SXN * XN 

701 CONTINÜE 
40 XKOU = KOO

HBITE (6,888) (TITLE (I) ,1 = 1, 60) , N 
888 FOBMAT (1H1, 60A1 ,5X,I4, 14H OBSEBVATIONS///)

WHITE (6,38) SXL, SXM, SXN 
38 FOBMAT (3X,6HT0TALS,22X,3F11.4) '
43 aSQ = SXL«SIL + SXM*SXa ♦ SXN*3XN 

B = SOBT(BSO)
C WBIIS (6,44)KOO
44 FOBMAT (/3X, lOHNOaSEB OBS,16)

IF (KOO-LE. 2) GO TO 46 
WaiTE(6,45) a

45 F0SMAT(/3X,3HB =,F10.3|
46 CONTINOE 

HBITE (6,49)
49 FOBMAT(//3I,27H*** EIGENVALOE ANALISIS ***/)

WHITE (6,5)
5 FOBMAT (//3X,24HS0a CBOSS PROOOCT MATHII//12X, 1HL, 11 X, 1HM, 12X , 1HN/)

DO 50 K=l,3
50 HBITE(6,6) KP(K) , (X(K,I), 1=1,K)
5 FOaaAT(3X.A3,3F12.5)

00 60 1 = 1,3  
60 s a a = 3 0 M + x ( i , i )

WHITE (6 ,  10) soa 
10 FOBMAT (/3X,9HSUa OF 50,F13.5//)

CALL EIGEN (2,3,D,aa,ITEa,SEE)
00 90 1=1,3 
00 82 J=l,3 

82 Hfi(I,J) =-HH ( I ,J )
WHITE (6,33) 1,0 (I)

33 FOBMAT (/,3X, 12HZIGS N7 ALUE (,I1,3H) =,F13.5)
WBITE(6,85) (aa(I,J) ,J=1,3)

85 F0BMAT(5X,12HEIGENVECT0aS,5X,3F15.5)
AZ = ATAN2(BB (1,2) , SB (1,1)) « 57.2957795 
IF(AZ.LT.Q.O) AZ = AZ * 360.
ZIN =ABCSIN (as (1,3) ) *57.2957795 
WEITE(6,87) AZ,ZIN 

37 F0BMAT(5X,9HA2IM0TH =,F7.2,1X,3H0EG,3X,13HINCLINATI0N =,
SF7. 2, 1X,3H0EG/)

90 CUNTINHE
T = ATAH2 (SXH,SXL) * 57. 2957795 
IF (T.LT.O.Ol T=T +360-
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s = AaCSIN{SXH/B) *57.2957795 
Ï K  =  (XKOD -  1 . 0 ) / ( X K O t I  -  Q)
COS A = 1. - (XKoa - a)*  ̂ i-/cl** (i./ixaoo-1.) ) -i.)/a
A = 1.57079633 - ASCSISiCOSA)
A = 4*57.2957795 
8&ITE (6,98) T,P,XK,A 

48 F0aaAT(/3X,26H*** CLUSIEH STATISTICS «**//
G5X, 10HT, AZIMUTH, 171, F7.2, 1X,3H0EG/
65X. I4HP, IHCLIHATIOH,13X.F7.2,U,38020/
65X,12HK, PHECISIQH, 15I,F7.2/
S5X.27HA, HADIOS OF CORE OF COHFIO,F7.2, IX,3HDEG/)

92 COHTINOE
IF(HCASE.EQ. 1) GO 10 100 

100 STOP 
END
SUBBOOTIHE EIGEN (I, M, D, H, ITEE, NES)

C X=INPOT MATHIX,N=OflDEE OF X, D= El GEN7 ALOES, H (I, J) =EIG£U TSCIOES
C FOB D(l) EIGENVALUES, ITEB=IIEB ATIONS, NEB=ESBOB CODE(IF 0
C OK, IF 1 CHECK MATfilX NOT AGHEE WITH INPUT
C

DIMENSION 1(3,3),a (3,3),D(3)
DIMENSION ISAVE (50) , JSAVE(50), SINS (50), C0S3 (50)
MÀXIT=100 
E=.0000 1 
DO 1 1=1, N 
DO 1 J=1,N

1 a(i,j)=x(i,j)
c SET IIEBATION COUNTEB

ITEB=0 
NL=N-1

C SEAECH FOB LABGEST OFF DIAGONAL ELEMENT
2 BIGB=E

DO 4 K=1,NL 
LL=K*1 
DO 4 L=LL,N 
FBEZ=ABS (B(S,L))
IF(FBEE-BIGB) 4, 4,3

3 BIGB=FBEE 
I=K
J=L

4 CONTINUE
IF (BIGB-S) 10,10,5 

C NOT TET C0N7EBGED ACCORDING TO 2
5 IF (MAXII-ITEH) 6,6,7
C DID HOT CONVERGE WITHIN MAXIMON NUMBER OF ITERATIONS ALLOWED
6 WaiTE(6,315) MAXIT
3 1 5  FOaaAI (1HO,32HPHOBLEM DID HOT COHVSBGE WITHIN , 1 4 ,

G10HIT EBATTONS //)
GO TO 15 

C ZEBO ELEMENT B (I,J)
C IHCBEASE COUNT OH ITERATIONS
7 ITE2=ITEE+1
C COMPOTE SIN AND COS

AMBDA=-a (1,0)
U=. 5* (B (1,1)-a (0,0))
OMEGA = AMBDA/SQBT (AM3DA**2*U**2)
IF(U) 8,9,9 

a OMEGA=-OMEGA
9 SXN = OMEGA/S JBI (2- * (1.*SwET ( 1.-OMEGA**2) ) )

CXS = SQBT (1.-SXN**2)
ISAVE(ITSB) = I 
OSAVE (ITS2) = 0 
SINS(IIEH) = SXN 
COSS(ITEH) = CXS

c
C SUBaOüTIKS TO PR2:iULTIPLY 3Y TEA;iSP0S2 OF TRANSFORMA :ION MATRIX
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130 DU 101 K=1,H 
BI=a(I,K)
BJ=H(J,K)
B lI.K) =CïS*ai-SXN*BJ 

101 B (J,K) =SX.N*ai*CXS*BJ
C SOBEOÜTIBE TO POST MULTIPLY BY TEAUSFOEBATIOS MATRIX
230 DO 201 K=1,S 

CI=B(K,I)
CJ=B(K, J)
aiK,I)=CXS*CI-SXS*CJ 

201 B(K,J)=SXH»CI+CXS»CJ 
GO TO 2

C
C C0NVS2G2D ACCOBDXBG TO E
C GENEBATE IDENTITY BAIHIX AND SAYS EIGEHVALOES
10 DO 12 1=1,N 

DlI)=R(I,I)
DO 11 J=1,B

11 B(I,J)=0-0
12 E(I,X) = 1,0 
C
C COflPUTE EIGESYECTOSS
C TEST IP THEBE WEBE ANY ITERATIONS

IF(ITEB) 15,15,13 
C THEBE WEBS ITEBATIONS
13 00 400 1=1,ITER 

I = ISA YE (I)
J = JSAYE(L)
SXN = SINS (I.)
CXS = COSS (L)
DO 901 K=1,N 
BI=aiI,K)
BJ=B(J,K)
B(I,K)=CXS*HI-SXN*HJ 

901 B (J,K) =SXN*BI+CXS»BJ 
400 CONTINOE
C COMPOTE CHECK, CHECK AITH INPUT

NEB = 0 
15 DO 220 1=1,N

00 22 J=1,I 
FBEE=0.0
DO 21 X=1,N

21 FBEE=B (K.I) *B (K, J) »D (X) ♦FHEE
IF(ABS ( (FBEE-X (I,J) ) »2./(FREE + X (I,J) ) ) - 5T.0.0U 1) NEE=1

22 CONTINUE
220 CONTINUE

BETOBH
END

C
FUNCTION AECSIN (Y)

C
C RANGE X GE OB = TO -1 BUT IT OB = 1

X = Y
SIGN = 1.0 
IF (X) 10,20,20 

10 SIGN =-1-0
X = -X

20 ?HI= ( i ( ((-002295954 8*X-.0 11 1462294) *X*- 02 689994 82) »X-
8.0488025043) *X».0887556236) »X-. 21 45352547) *X+1. 570 79617 
AECSIN = SIGN » (-PHI * SwHT(1.0 - X) ♦ 1-57079617) 
BETUBN 
END
FUNCTION ANG(ANGt,WHLC2L)
1 = ANGi/WHICai 
X = I
IF tANGL) 1.2.3
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1 X = ABS(X) f 1.
GO TO 3

2 X = -X
3 ANG = ANGL *  £ *  WH1C2L

BETaRH
END
SaBBOOTISE P0LE2 (ID 17,ID26, ID3 1 ,XD35,N)

: ROniINB FOB PLANAR SURFACES DATA
COHHÛN/ONE/A2C (500) , BO EC (500)

: WRITE (5,220)
220 FORMAT (5X,15iîDATA ABE PLAKES/1 HI,3X,6HSTEIKE,7X,3nDI?///) 

DO 221 1=1,N
BEAD (5,222) ST,ISD ,DIP ,ID?D 

222 FORMAT (II, F3.0 , U ,  AI, F8. 0, IX, A 1)
BOEC (I) = 90. 0-DIP 

AZ=270.0+ST
IF (ISD.EQ.ID35) AZ=270.0-ST 
IF (IDPD.EQ.ID35) AZ=90.0-ST 
IF (IDPD.Eû.ID35.AHD.ISD-Ea-ID17) AZ=90.0+ST 
AZC (I) =AZ

221 CONTINUE 
BETUBN 
END
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PROGRAM INCREMENT
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1 O' I  PAOü  
1 1 0  ( H I T
1 2 0  P R I N T  "COMP OS I TE  S T R A I N  PATH PROGRAM"  
t o o  P R I N T  "DO YOU WANT PLOT'S Y Y / N  " !
1 4 0  i n p u t  0. Î
1 Y'O P R I N T  "TOTAL P R I N T  OUT,  F I N A L  I NCRE ME NT ,  OR NO P R I N  ' OUT' '  T / R / N  
1 6 0  I N P U T  PS 
1 7 0  P R I N T
I S O  CALL " R A T E " , 1 2 0 0 , 0 , 0  
I 'r'O DE LE TE  D3
2 0 0  P R I N T  " E n t e r -  F I  ,;,f , J a t a  t i l e .  E n t e r  ' S T O P '  t o  e n d  Ht-oer  arn"
2 1 0  IN P U T  D*
2 2 0  I F  D $ = " S T O P "  THEN 1 6 1 0  
2'SO REM

, CO2 4 0  DELETE Z $ , C $ , P 1 , F 2 , F 3 , F 4 , N , X ,  Y,  XO,  VO,  X I ,  Y l ,  XS,  VS ,  X'-', Y'-', TO,  DO,  SC 
2 0 0  DEL NO,  N1 , N 2 ,  N' i ,  N4 , E 1 , E 2  , E S , E 4 , 0  1 , 0 2  , OS , 0 4 ,  A 1 , R 1 , R 2 , R S , ED , £ 6  , AO . RO 
2 6 0  DELETE R 6 ,  R 7 ,  A 2 ,  AS,  01  , C:2, CS , C S , 0 1  , 0 2 , T 1  , T 2 , M - . 0 , S 2 , M S , D S . M , S :  , O'V. 0  
2 / 0  P R I N T  "HOW MANY I NCREMENTS OF 1 H I S  DATASET DO YOU WANT'" '
2 S 0  I N P U T  I.-!
2'PO OPEN D 3 ! 1 , " R " , M S  
SOO IN P U T  r t l i C S  
. n o  D I M  G ( S O ,  2 )
S 2 0  M=1
S 3 0  I N P U r  t t 1 : F , X , Y
3 4 0  I F  F= S  THEN 3 6 0
35(.) GO' TO 3'70
3 6 0  S 1 = X
3 7 0  ' 3 2 - Y
3S:0 'j O TO 3 3 0
3'vO I F  F = 1 THEN 4 1 0
4 0 0  I F  F = 2 1 HEN 4 6 0
4 1 0  REM
4 2 0  01 M,  D - . X
4 3 0  0 ( M , 2 ) - Y
4 4 0  M - M + 1
4 5 0  0 0  TO 3 3 0
4 6 0  ' I LUSE 1
4 7 0  XS--X
4S( j  ' t'S=Y
4'70  X'v = X S - 0 ( M - l . 1 )
5 0 0  Y ' ? = Y S - G ( M - 1 , 2 )
5 1 0  FOR 1=1 TO n - 1  
5 2 0  0 (  I  , 1 ) = G (  I . I  ) -t-X'7 
5 3 0  0 (  I , 2 ) = G ( I , 2 ) * Y ' 7  
5 4 0  NEXT I  
5 5 0  N=1
5 6 0  P R I N T  " INPUT F 1 , P 2 , F 3 . F 4 ,  ACCUMULATED S T R A I N  M A T R I X "
5 7 0  I N P U T  F 1 , F 2 , F 3 , F 4  
5 S 0  U I M  0:3 ( M - 1 ) , G'7 ( M - 1 )
Z 9 0  FOR K=1 10 M - 2  
cOO  I F  K=0  THEN 6 2 0  
6 1 0  CO TO 6 3 0  
6 2 0  K- -M- 2
6 ' i O DE LE TE  X O , Y 0 , X l , Y l  
6 4 0  X 0 = 0 ( K , 1 )
6 5 0  ' r ' 0 = G ( R , 2 >
6 6 0  X l = 0 ( t . - * 1 , 1 )
6 / 0  Y l - G I K - M  , 2 )
6 S 0  P R I N T  N;
6"4:1 I F  p s  = " N"  I 'HEN 7 9 0  
7 0 0  I F  P » - " V  THEN 7 30  
7 1 0  I F  F. : :M-2 yhEN 79 0  
7 2 0  P R I N T  N 4 0 : D S
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7Î0 PRINT i-ï40:i.;ïî
730 i-'K INT Ü 40: U'iXNO 7 6 0 : " I n c r  em'en X n u m b e r" , ,'l
/ 6 O IM A o t  /  > Ic ' - t i  f d i  /
77'.) PRINT &40: U'cUN'j ?):U: " X0=" , XO, "Y'.'=" , YO, " Xl = " , X 1, " Y1-" , Yl
7:i'j IMAOe lOT.FA.FD.i'D.iOr .FA, KD. iD . oO T , FA , FD. iO. 40T , FA, FD. ÎD. /
790 TO=Z* < X l*YJ.-40*Y0)/(Xl • '2-Y 1 " 2- XU" 2+YU' '2 )
200 ;F XI 2-Y 1 2-X':)"2+Y':i"2<0 THEN 230 
310 D0=ATN(T0)/2 
320 00 TO 340 
3:iO D0=( ATN(TO)-rFI ) /2 
340 REN 
350 30=3.;N(D0)
360 00=003(DO)
370 N0=XChp:0+Y'’.'*3.'.'
330) N1 = - <0>30+YO-<-CO'
3':'0 N2=X 1 *00+Y 1 «-30 
90)0) N3=-X 1 «SOi+Y 1 *1:0)
■-'10 E1=N2/N0 
■:'2o> £2=0 
30) E;3=0 

■440 E4=N3/N1 
■450 30= -30
■760) 0 1 =E 1 «00 ■ 2- ( E2-t-E3 ) *3i:)«)20-)-E4«30"2 
■••'70 0)2=£2«0iT ■ 2-t- ( E 1-E4 ) «30«CO-E3«30^''2 
■730 '33=E3«00 '■2-)-(El-E4)«30«CO-£2*30 "2 
■.4■70 04=E4«i:0''2-)-( E2-t-E3 ) •»30«CO-hE 1 *3'T'2 
1000 El=01 
lOl'D E2=02 
1020 E3=03 
l0'3O £4=04 
1040 0031JB 2':'0':i 
lOiJOj M=N-H
106.0 IF P$="N" THEN 1300 
10)70 IF P*="T" THEM 1090 
1030 IF K:M-2 THEN 1300
10^70 PRINT %40: "THE ANOLE TO THE PR INC STRAIN AXIS IN RAD I ANS=
IlOo PRINT Ii40: U3IN0 "FD.5Û": AI
1110 PRINT @40: "THE AXIAL RATIO OF THE RESULT I NO STRAIN ELL1F3.E=
1120 PRINT @40): USIMO ”FD.SD":R2
1130 PRINT «40: "THE ANOLE BETWEEN THE 'SOORDINATE 3YSTEMS=
1140 PRINT «40: USING ■'FD.SD":R3 
1150 PRINT £-40:"_"
114.0 PRINT @40: USING 1170: "INCREMENTAL STRAIN MATRIX"
1170 IMAGE 25T,F A ,/
1130 PRINT '240: USING 1 L^O: "El 1 = " ! El, "E12=" : E2. "E21 = " ! ES. "E22=" ! E4 
1 II'O I riAG£ 25T. FA .FD.2D. 40T . F A . FD. 20. X25T. FA. FD. 2D. 40T. F A . FÜ. -D. / . /
1200 PRINT @40: USING 1210: "SIMPLE ELONGATION" . E5. E6. "ORIENTATION" . AO. R':
1210 I.NAI..E FA. S5T. FD. 5Ü. 45T .FD.5D. ,'FA. S5T.FD.5D. 45T. FD.5U
1220 PRINT @40: USING 12S0: "■SIMPLE RECIPROCAL ORIENTAT ION" . AI. R1
1230 IMAGE FA.35T.FD.50.45T,F D .5D
124i.) PRINT «40: USING 1250: "ELONGATION" . R/;.. R7
1250 IMAGE FA.35T.FD.5D.45T.FD.5D
1260 PRINT «40: USING 1270:"AXIAL RATIO".A2,"RECIP AXIAL RATIO".R2 
1270 1MAGE FA.35T,F D .5D./.FA .S5T.FD.5D
12̂ S0 F^RINT 240: USING 12̂ 70: "ROTATION",R:S. "AREA ■STRAIN", A3 
12^70 IMAGE FA, 05T.FD.SD. / .FA. 35T.FD. SD. / . /
1300 Ĝ 7 ' K ) =A 1 
1310 G1=£1«F1+£2«F3 
132:) G2=E1«F2+E2»F4 
1330 G3=E3«F1)-£4«F3 
1 340 G.1=E3YP2*E4«F4 
1350 FI =01
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1360 F3=02
1370 F3=03
1330 F4==Ci4
1390 E1=F1
1400 E2-F2
1410 E3=;F3
1420 E4=F4
1430 0030B 2000
1440 IF Pÿ="N" THEN 1560
1450 IF P$-;"T" THEM 1470
1460 IF k: '.r-i-2 THEN 1560
1470 PRINT @40: U3ING 1430:"ACCOM FINITE 3TR4IN MATRIX",FI,F2,F3,F4 
1430 IrlAOE 25T.FA, / . 7 . 25T,FD. 2D. 45Ï ,FD. 2D, 7 , 25T , F D . 2D , 45T , F D . 2D, / . /
1490 r'RIMT @40: U3ING 1210: "3IMFLE ELOrHOAT I HiN" , F.5. E6 , “ ORIENTA I •'jM" Ai;
1500 PRINT @40: 031 NO 1230 : "3IMPLE RECIPROCAL OR lENT.AV ION" , A 1 , lU
1510 PRINT @40 : U31 NO 1250 : " ELIjNOA TIC'N" , R6 , P:7
1520 PRINT @4v: U3IM0 1270:"AXIAL RATIO",A2,"RECIP AXIAL RATIO",R2 
1530 PRINT @40: USING 1290:"RÛTAION",R3,"AREA STRAIN",A3 
1540 PR I @40 : " <
1550 PRINT @40:
1560 D3(K)=A1 
1570 NEXT K '
1530 IF 0*="N" THEN 1600 
1590 GOSUB 3000 
160':i GO TO 190 
1610 END
2000 REM THIS 13 THE SUBROUTINE
2010 C1=E1''2+E3'"2
2020 02=2*(E H ‘E2*E3*E4)
2030 C3=E2''2*£4''2 
2040 T1=C27(C1-C:S)
2050 A0=ATN(T11/2 
2060 IF A030 THEN 2030 
2070 A0=A0*PI 
20SO R0=A0+PI/2
209":' 0! 1=01 *003 ( AO ) *2+02*31N ( AO ) *CD3 ( AO ) +0:3*31N (AO) '2
2100 0.2=01 *003 (P.O ) *2+02*31N1RO ) *003 ( RO ) +03*3 IN ( R':i ) *2
2110 0:3=i;!2-Q1
2120 IF OSIO THEN 2190
2130 03=01
2140 01=02
2150 012=03
2160 C:2=A0
2170 AO=RO
2130 P0=03
2190 04=E3'2+E4-2
2200 05=2*(E 1*E3+E2*E4)
2210 C6=E1'2+E2"2 
2220 C7=(E1*E4-E2*E3>"2 
2230 T2=057(C6-C4)
2240 Al=ATM(T2)/2 
2250 IF AI: 0 THEN 2270 
2260 .A1--A1+PI 
2270 Rl=Al+PI/2
2230 R4=(04*OOI3( AI ) 2-05*3 IN (AI ) *003 ( ft 1 )+0:6*3 IN ( AI ) '2) /C7

R5=(04*C03(R1 ) 2-'
2300 C3=P5-R4
2310 IF 03 :0 THEN 2330

C3=R4
23301 R4=RS
2340 R5=C3

C3=A1
Al+Pl
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23:::0 ES-iGlR^ Qi i
E 6 " : . Q k ( A B S ( u 2 )  )

2*00
2410 R6=:::i;iR(K’4)
2-*-0 R7=S0K(R5)
243:0 R:2=R7/H6 
2440 A;3=R0R 027 )
24?0 R 3:=AO-41
2460 IF AO<PI THEN 24:20
2470 A':i-AO-P I
24:3:0 IF RO 2PI THEN 2500
24-'0 R0=R0-PI
2500 IF A M P  I THEN 2520
2510 Al'^Al-PI
2520 IF RlOPl THEN 2540
253:0 Rl = Rl-PX
2540 RETURN
3:000 REM DRAFTING SUBROUTINE 
3.01 DELETE .J ■ K: . I . E . H *. W i . 2
3:020 PRINT " plot'' v/n_____
3:'T3:0 INPUT L$
3:040 PRINT "ENTER NUMBER OF INCREMENT:: 
3:050 INPUT I
3:060 IF L*="N" THEN 5410 
3070 HOME ai:
30:3:0 PRINT @1:0$
3:0':'0 PRINT
3100 WINDOW 0.PI,0,Z 
3110 VIEWPORT 30, 120, lOuSO 
3120 MOVE Si:0,0 
3130 DRAW 'S1 : P1, 0 
3140 MOVE @l:PI/2.0 
3150 DRAW ,ai:PI/2,Z 
3160 T=Z*0.01
3170 FOR 1=0 TO PI 'STEP PI/1:3
31:30 MOVE @1:1,0
31'-'0 DRAW @1: I,T
3200 NEXT I
3:210 T=PI/l:30
3220 FOR 1=0 TO Z 'STEP 1
3230 MOVE @l:PI/2-T,I
3240 DRAW @l:PI/2+T,I
3250 NEXT I
3260 MOVE @1 : D:3( 1 ), 1
3270 FOR E=1 TO 0-1
3230 DRAW S 1 : D:3 ( E 1 , E
32':'0 NEXT £
3300 PRINT SI:" A"
3310 00:3UB 33:30 
332'3 MOVE S 1 : O'? ( 1 ) , 1

F 1)4 c = 1 Vn 
3340 DRAW S 1 : i3 ? ( E ) , E 
3350 NEXT E 
3360 PRINT Sl:"__I"
3371? :30 TO 3470 
33-30 MOVE .21:0,0 
3:3':'(:i PRINT Sl:"_0"
3400 MOVE ai:PI72,0 
3410 PRINT ,2i;"__PI/"2"
3420 MOVE @ 1 :P1,0 
3 ", 3':, PRINT .ii:"__PI"
3440 MOVE Sl;PI/4,0
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3450 HOME 0 1 : 
3460 RETURN 
3470 RETURN
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PROGRAM KALSB
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ISO FOHEGSOUND HABDCOPÏ 
DSaiHE=AA0041.KiLSB-rOET
C LAST ACCESS 6-20 BRIAN
C STEHEO-MET POINT COONT PBOGBAB DEVELOPED 3Ï JEFFREY EARNER,
C FOR THE KANSAS GEOLOGICAL SURVEY COMPUTER CONTRI- NO. 33 (1969).
C MODIFIED BY RON STEIN AND TONY HAAS (1977), GAYLE TAPP
C (1979) , GAYLE TAPP AND BRYAN TAPP (1981).
C PROGRAM WAS DEVELOPED FOB POINT COUNTING OF LXNEATIONS AND
C POLES TO PLANAR SURFACES,
C PROGRAM HAS BEEN MODIFIED FOB PLANAR SURFACES ONLY
C
C MAIN PROGRAM CONSISTS OF POINT COUNTING ROUTINE.
C SUBROUTINE P0LE1 IS FOB LINRATION DATA.
C SUBROUTINE POLES IS FOR PLANAR SURFACE DATA.
C SUBROUTINE PRINT1 IS FOR THE PRINT SYMBOL TABLE.
C
C CARD 1 OF INPUT DECK IS FOE THE PRINT SYMBOLS
C PRINT SYMBOLS ARE PLACED IN COLUMNS 1-40 AS FOLLOWS:
C Â0-123456739ADCDEFGHIJKLMNOPQRSTOVWIYZ'B WHERE %= BLANK.
C SIZE OF COUNT CIRCLE IS FIXED BY A DATA STATEMENT
C RECOMMENDED VALUE FOB A ONE PERCENT COONT = 0.16.
C
C CARD 2 OF INPUT DECK IS THE CONTROL AND TITLE CARO.
C PUT NUMBER OF DATA POINTS IN COLUMNS 1-4, RIGHT JUSTIFIED
C IN COLUMNS 5-65 PLACE THE TITLE OF THE DIAGRAM OB ANY
C ALPHANUMERIC STRING OF CHARACTERS AS A TITLE OR
C OTHER IDENTIFICATION.
C
C CARDS 3-??? ARE DATA CARDS (ONE CARD PER DATA POINT)
C
C PLANAR SURFACE DATA IS AS FOLLOWS: STRIKE: COLUMN 4 = N
C COLUMNS 6-7 = VALUE OF STRIKE IN DEGRESS, COLUMN 9 =
C E OB W. DIP: COLUMNS 16-17 = VALUE OF DIP IN DEGREES, AND
C COLUMN 19 = E OB i.
C
c 
c
c THE PROGRAM IS SET FOB AN 8 LINE PER INCH PRINTER. IF YOU
C USE ANY OTHER TYPE OF PRINTER YOU MUST CHANGE NCOL AND NROW
C OB THE COUNTING NET BILL HE ELLIPTICAL.
C
C
C FOR TECTH0NI2 SCREEN PLOT (7 LINES PER INCH)
C LET NCOL = 71 AND NROW = 49
C
C FOR PRINTER PLOT (6 LINES PER INCH)
C LET NCOL = 95 AND NROW = 57
C
C FOR PRINTER PLOT (3 LINES PER INCH)
C LET NCOL = 71 AND NROW = 57
C
C FOR a LINES PER INCH NROW = (8*NCOL)/10
C FOR 7 LINES PER INCH NROW = (7*NCOL)/10
C FOR 6 LINES PER INCH NROW = (6*NCOL)/10
C
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 

DIMENSION JM(5) ,IM(5) ,AZC(500) ,30EC (5ÛU) ,DUMMY(40) ,
C MATRIX SIZE - CHANGE CTPC (NEOW,NCOL) FOR PRINTER PLOT
C OB SCREEN PLOT

1XV (50 0) ,YV (500) ,ZV(500) ,CT?C(57,71) , TITLE(60)
COMMON AZC.ROIC.T.S.N,DUMMY
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INTEGEB T,S
DATA ID1,ID2,ID17, ID26,ID31,ID35/1HB,1HL,ia£, IHN, 1 HE, IHN/

C CHANGE FOLLOWING CARO FOR FRINTSB FLOT OR SCREEN FLOT
DATA NCOL,NBOW/71,57/
JM (1) = NCOL 
JH(2) = 1
JH [3) = IFIX (FLOAT (MCDL/2) )
IF (HOD (NCOL, 2) .GS. 0.5) JH(3) = JH(3) +1
JH (U) = JH(3)
JM(5 ) = JH (3)

IM(1) = IFIX (FLOAT (NHOW/2) )
IF (MOD (NCOL,2) -GE. 0.5) IH(1) = IH(1) +1
la  (2) = la ( 1 )
ia(3) = IH(1)
IH (4) = NROW 
IM (5) = 1

C DO LOOP TO INITIALLY FILL CTPC MATRIX
DO 990 1=1,NROW 
DO 990 J=1,NC0L 

990 CTPC (I, J) =0.0 
5=6 
T=5

C DATA DUMHY/" ,' O ' , ' 1','2’,’3 ' 9 ' , •  5','6‘,'7', ' 8',
C 1'9','A','B','C','D','S','F','G','a','I','J','K','L',
C 2'M' ,'N' ,'0', '?' , 'O' ,'R' ,'S', 'T' ,' O' , ' V  ,'W  , 'X' ,'Y' ,
C 3'Z'

DATA DIFLIM/0.16/
READ (1,299) (DUHMY (I) ,1=1,90)

299 FORMAT (90A1)
DATA INDEX,IND/1,2/

105 HEAD (T.100) N, (TITLE(I) ,1=1,60)
100 FORMAT (I9,60A1)
777 IF (INDEX. SQ.O) GO TO 101

WHITE (3,115) (TITLE(I) ,1=1,60) ,N 
115 FORMAT (60A1,51,19, 19H OBSERVATIONS/)

C P0LS1 IS LINEATIONS SOBHOOTINE
IF (IND.EQ.1) CALL P0LE1(ID1,ID2,ID17,ID26,ID31,ID35)

C P0LE2 IS PLANAR SUEFACES SOBROOTINE
IF (IND. EO. 2) CALL P0L32 (ID 1 ,ID2, ID 17.ID26, ID3 1, ID3 5)

173 DO 106 1 = 1 ,8
B0SIH=SIN(R0EC (I) )
XV (I) =SIN(AZC(I) ) «ROSIN 
Y7 (I) =COS (AZC (I) ) «ROSIN 
ZV(I) =COS(ROEC(I))

106 CONTINOE 
XN=N

C ROOTINE TO PEBPOHM POINT COONT AND FILL THE CTPC MATRIX
C WITH PERCENT POPOLAIION PSH ONIT AHEA
102 DO 107 1=1,N

EAD=TAN (ROEC (I) /2.0)
2=RAD«SIN(AZC (!))«( (3.0«FLOAT (NCOL) ) /2. 0) ♦ ( (3. 0 «FLOAI (NCOL) ) /2. 0) 
Y=EiD«COS(AZC(I) ) *( (3.0«FLOAT (NCOL) ) /2.0) r( (3.0 «FLOAT (NCOL) ) /2. 0) 
CO0NT=0,0 
DO 301 J=1,H
D0TP=ABS(I7(I) «X7(J) +17  (I) «Y7(J) +ZV(I) «Z7 (J) )
IF (DOIP.GE. 1.0. AND.DOTP.LT. 1.001) DOTP=0.999 
ANG=ARCOS(DOTP)
IF (ANG. LE.DIFLIM) COONT=COONT+1. 0 

301 CONTINOE
COTPC=COONT«100.0/XN 
K=FL0AT(NB0W + 1) -Y«0.2 
M=X«0.333333 + 0. 5 
IF (K.LT. 1) X=1 
IF (M.LT. 1) a=1
IF (COTPC.GT.CTPC (K,M) ) CTPC (K,H) =COT?C

107 CONTINOE
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1ÛU CONTINOE
C OSE tUAHTEB OF X CIBCLE IS PLACED ONTO THE CTPC MATRIX
C WHILE THE BEMAINDEB IS GENEBATED 3Ï SÏBHETBÏ

XXX=-999-9 
DO 150 1=1,5 
K=IM(I)
IF (CTPC LE-0.0) CTPC (K, 3) =XXX

150 CONTINOE
DO 151 I = 1,90
ANG = 360-0 - FLOAT[I)
ANG = ANG *0.0171)533 
X = J H ( 3 )  * COS (ANG)
T =  I H  (1 )  *  S IN  (ANG)
X = 0H(3) ♦ X 
Ï = IN(1) - r 
IF(X-LT. 1-0) X = 1-0 
IF (Ï-LT-1-0) Ï = 1.0 
J1 = IFIX (I)
11 = IFIX(T)
J 2  = MCÛL+1 - 01
1 2  = NEÛH+1 -  I I
IF (CTPC (II, 01) .LE.0-0) CTPC(I1,01) =XXX 
IF (CTPC (II ,02) .LE-0-0) CTPC (11,02) =XXX 
IF (CTPC(I2,02)-LE-0-0) CTPC (12, 02) =XXX 
IF (CIPC(I2,01)-LE-0.0) CTPC(I2,01)=XXX 

151 CONTINOE
C ROOTINE TO CONVERT THE CTPC MATRIX FBOM NOMEBICAL VALUES TO
C PRINT SYMBOLS

DO 312 I=1,NB0W 
DO 812 0=1,NCOL
IF (CTPC (1,0) .LE- (-999-9) ) GO TO 8 U  
IF (CTPC (1,0) .LE-0.0) GO TO 810
IF (CTPC (1,0) .LT-0-5) GO TO 811
M=3 

813 aH=H-2 
xaa=aa
IF (CTPC (1,0) -LT- xaa) GO TO 815 
a=a*i
IF (H-LE-37) GO TO 813 
CTPC(I,0)=D0aai (38)
GO TO 812 

815 CTPC (1,0) =DOaaY (M)
GO TO 812 

811* CTPC (1,0) =D0aaY (39)
GO TO 812 

310 CTPC (1,0) =Doaar (1)
GO TO 8 1 2

811 CTPC (1,0) =DUaaY (2)
812 CONTINUE

DO 886 0=1,100000 
886 CONTINUE

W HITE ( S , 1 1 0 )
C CHANGE 35 TO NCOL/2 FOB PBISTER PLOT
110 FOBMAT (1Hl,35X,ia*)

DO 1 11  I= 1 ,N B 0 W
WHITE (S, 112) (CTPC (1,0) ,0=1, NCOL)

C CHANGE 71 TO NCOL FOB PHISTEB PLOT
112 FOHBAT (1X,71A1)

DO 111 0=1,NCOL
CTPC (1,0) =0-0

111 CONTINUE
CALL PHINI1 (ID1 ,ID2,ID 17,ID26.ID3 1,1035)

C ROOTINE FOB PRINT SYMBOL TABLE 
INDEX = 0 
GO TO 777
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101 STOP 
END
SUBSODTINS POLE 1 (ID 1, ID2, ID 17, ID26, ID31 , ID35)

C BO o n  NE FOB LINEAIION DATA
DIHEMSIOH AZC [500) .BOEC (500) ,DUSHÏ(ttO>
COMMON A2C,B0EC,T,S,N,D0MHÏ 
INTEGEB T,S 

C «BITE (S.201)
201 FOBMAT (5X,19HDATA ABE LINEATIONS/1 HI, 31, 5aSIBIKS, 4X, SapLUNGE///)

DO 202 1=1,N
HEAD (1,200) ISDB,ST,ISD,DIP 

C KBITS (S,200) ISDB.SI.ISD.DIP
200 FORMAT (3X, A 1 ,F3, 0, IX, A 1,F8. 0)

BOEC (I) = (90. 0-DIP) *0.01745332 
AZ = ST
IF (ISDB.E0.ID31) AZ=130.0-ST 
IF (ISD.EQ.ID35) AZ = 180.0*ST
IF (ISD.EQ.ID35.AND.ISDB.EQ.ID26) A2=360.0-ST 
AZC (I) =AZ*0.01745332

202 CONTINUE 
BETUBN 
END
SOBBOUTINE P0LE2 (ID 1,102,ID 17, ID2 6, ID31,ID35)

C BODTINE FOB PLANAB SUBFACES DATA
DIMENSION A2C(500) ,BOEC(500) ,DUMMY(40)
COMMON A2C,B0SC,T,S,N,DUMMÏ
INTEGEB T,S
KEITE(S,220)

220 FORMAT (3X,6aSIHIKE,5X,3aDIP/) ‘
DO 221 1=1,N
BEAD (T.222) ST,ISO,DIP,IDPO 
WRITE (S,223) ST,ISD,DIP,IDPD 

223 FOBMAT (4M N, F3.0 , IX, AI ,F8. 0, 1X,A 1)
222 FOBMAT (4X, F3. 0 ,1X, AI ,f 8.0, 1X,A 1)

BOEC (I) =OIP*0;0 1745332 
AZ=270.0*ST
IF (ISD.EQ.ID35) A2=270.0-ST 
IF (I0PD.Eg.ID35) A2=90 .0-ST 
IF (IDPD-EQ.ID35.AND.ISD.EQ.ID17) A2=90.0+ST 
AZC (I) =A2*0. 01745332

221 CONTINUE 
RETURN 
END
SUBHOUTINE PHINT1 (101,102,ID 17,10 26,1031,10 35)

C ROOTINE FOB PRINT SYMBOL TABLE
DIMENSION AZC (500) , BOEC (500) , DUMMY (40)
COMMON AZC,BOEC,T,S,N,DUMMY 
INTEGEB T,S 
DO 887 0=1,100000 

887 CONTINUE
WRITE (3,550) (DOMMY(I) ,1=1,4)

550 FOBMAT (28H1 SYMBOLS ON STESEO-NET MEAN////5X,SHSYMBCL, 71, 13HPZSI 
1ENT BANGE//8X,A1,9X,9H0 OB LESS/8 X, AI, 9X, 1 HO, 3X, 3B1/2/8 X, A 1 ,8X, 
23H1/2,4X,A1)
DO 551 1=4,37
MB0=I-3
MT0=I-2

551 WRITE (S,552) DUMMY (I) , MBO, MTO
552 FORMAT (3X, A 1 ,3 X,I2 ,4X,I2)

WRITE (S,553) DUMMY (33)
553 FOBMAT (3X,A1 ,8X, 14335 AND GBEATES///////)

BETUBN
END
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PROGRAM GGID
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100 REM brvan tapp 12-21-81 
110 PAGE
120 PRINT " ****001D****"
130 INIT
140 PRI "This program calculates the axial ratio and axial orientation" 
150 PRINT "of deformed ooids. The long axis of each ooid is plotted and" 
160 PRI "the mean and standard deviation for the sample is calculated " 
170 PRINT "for both axial ratio and axial orientation."
130 PRINT “Turn on the hard c o p y  unit if y o u  want copies."
190 PRINT @32,26:3
200 SET DEGREES
210 CALL "RATE ".1200.0,0
220 PRINT "PRESS RETURN TO BASIC__"
230 CALL "TERMIN''
240 GO TO 230
250 PRINT "ANOTHER SAMPLE?  Y/N":
260 INPUT A*
270 IF A*="N" THEN 330
230 DELETE F.X.Y.XO,XI.X9.VO,Yl.Y9.X3.X4.0.L I .L2.R.31.32.S3.S4.S5.S6 
290 DELETE S7.S3.C4.Z 
300 PAGE
310 PRINT "TYPE IN SAMPLE ID."
320 INPUT C»
330 PRINT "ENTER AMOUNT AND DIRECTION OF ROTATION TO ORIENTED SPACE":
340 INPUT Z
350 PRINT "..DIGITIZE LOWER LEFT AS ORIGIN.."
360 INPUT @40:F.X0,Y0
370 PRINT "..DIGITIZE UPPER RIGHT.."
330 INPUT S40:F,X9.Y9
390 DIM X(4).Y(4).X1(400>.Y1(400),S3(200).S4(200).R(200).0(200)
400 32=0 
410 31=0 
420 N=1 
430 M=1 
440 N=1
450 PRINT "..DIGITIZE OOIDS "
460 1=1
470 PRINT "_____ "
430 INPUT @40:F.X(I).Y(I)
490 PRINT ".."
500 IF X d X O  THEN 540 
510 IF 1=4 THEN 360 
520 1=1+1 
530 GO TO 480
540 REM STATISTICS SUBROUTINE SORTA 
545 M=M-1
550 PRINT "___________PLOT? Y/N"
560 INPUT D*
570 IF D*="N" THEN 830
530 WINDOW 0.150.0.100
590 VIEWPORT 0.150.0.100
600 FOR J=l TO N-1 STEP 2
610 MOVE @1:X1(J)/X9*150.Y1(J)/Y9*100
620 DRAW ei:Xl(J+l)/X9*l50.Yl(J+l)/Y9*100
630 NEXT J
640 HOME @1:
650 X3=S1/M 
660 X4=S2/M 
670 DIM S7(M),S3(M)
630 FOR J=1 TO M 
690 33(.J) = (R(J)-X3)'-2 
700 S4(.J) = (0(J)-X4)-'2
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710 S7(J)=S3(.J)
720 33(J)=34(.J)
730 NEXT J
740 S5=SGlR(SUM(S7)/(M-l ) )
750 36=3QR(SUM(38>/(M-1))
760 X4=X4+Z 
770 PRINT ei:Ci
730 PRI @1: USI 810:"-AXIAL RATIO MEAN =":X3:" STANDARD DEVIATION ="!35
790 PRI ei: US I 810:"-ORIENTATION MEAN =";X4:" STANDARD DEVIATION ="iS6
300 PRINT ei:"-NUMBER OF OOIDS = "ÎM
310 IMAGE FA.2X,FD.2D,30T.FA.2X.FD.20
320 GO TO 250
330 PRINT @32,26:0
340 INIT
350 END
360 REM ASSIGNMENT SUBROUTINE
370 L1=3QR( ( X(2)-X( 1 ) >''2+( Y (2)-Y( 1 ) )^2)
330 L2=SQR( ( X(4)-X(3) )''2+(Y(4>-Y(3) )^2)
890 R(M)=L1/L2 
900 31=S1+R(M)
910 0(M)=ATN<(Y(2)-Y(l))/(X(2)-X(1)))
920 32=32+0(M )
930 X1(N)=X(1)
940 YKN)=Y( 1)
950 X1(N+1)=X(2)
960 Yl(N+l)=Y(2)
970 N=N+2 
930 M=M+1
990 IF M=200 THEN 540 
1000 GO TO 460
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100 PAGE
110 REM SPROTATE 
120 SET DEGREES
130 PRINT "INPUT MASTERFILE FI"
140 INPUT D$
150 OPEN D$;1."R",N$
160 CALL "REWIND".1
170 DEL A*.Bi,E*.F*.G*,H*i I«, 15*,0*. A. B.C. D. E. F, G, H, I, U. K. L. M. M*. N$. X, Y 
ISO DELETE Xl.Yl.Q.N.Z 
190 INPUT #1:A$
200 ON EOF (1) THEN 800 
210 A=1
220 DIM M*(300)
230 OPEN A$;2."R".M$
240 CALL "REWIND".2 
250 N=POS(M*."used".1)-6 
260 0*=SEG(M*.N.5)
270 N=VAL(0*)
230 INPUT *2:E$
290 DIM F(IOO)
300 DIM X(IOO)
310 DIM V(IOO)
320 INPUT #2:F(A).X(A).Y(A)
330 ON EOF (2) THEN 360
340 A=A+1
350 GO TO 320
360 CLOSE 2
370 PAGE
330 A=A-1
390 PRINT E$
400 FOR L=1 TO A
410 PRINT F(L).X(L).Y(L)
420 NEXT L 
430 PRINT
440 PRINT "Angle of rotation. CLOCKWISE OF REFEERENCE FROM ORIGINAL" 
450 DIM Xl(A)
460 DIM Yl(A)
470 INPUT B
490 PRINT
500 FOR K=1 TO A
510 X1(K)=X(K)*C0S(B)+Y(K)*SIN(B)
520 Y1(K)=Y(K>*C0S(B)-X(K)*SIN(B)
530 NEXT K 
540 PAGE 
545 PRINT A$
550 PRINT ES
560 PRINT "Rotated data set".B;" degrees"
570 PRINT
530 FOR L=1 TO A
590 PRINT F(L).X1(L).Y1(L)
600 NEXT L 
610 REM 
620 PRINT
630 PRINT "To save Your rotated data enter FI of rotated data file " 
640 INPUT HS 
650 PRINT 
670 PRINT
630 CREATE HS,"AUCN"?N+500. 0 
690 REM
700 OPEN HS!3."F".MS 
710 CALL "REWIND".3 
720 PRINT #3:ES
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730 FOR M=l TO A
740 PRINT #3:F(M).X1(M),Y1(M)
750 ON EOF (0) THEN 770
760 NEXT M
770 CLOSE 3
730 00 TO 170
790 PAGE
300 CLOSE 1
310 END
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SAMPLE 816



STONE1BE
PHT 1 . 11 .6 0 * 5 ,6 ,7 ;SAMPLE 8 .8 .7 8  D16 PAIR,LEFT SET,FILE 30

0 P I /2 P I

CO
Ln



ST0NE2BE
PHT 1 .1 1 .8 0 * 5 ,6 ,7 ;SAMPLE 8 .8 .7 8  0 1 6 ,PAIR, RIGHT SET, DATA FILE 31

0 P I /2 P I

00



ST0NE3BE
PHOTO 1 .1 1 .8 0 *8 ;  SAMPLE 8 . 8 . 7 8  016, PAIR, LEFT SET, PATA FILE 32

P I/20 P I

00



STÛNE4SE

PHOTO ,.„.80.e, SAMPLE 8,8.78 0,6. PAIR.
, F ILE 33

P I/2
P I

00oo



ST0NE6BE
PHOTO 1 .1 1 .8 0 *9 ;  SAMPLE 8 . 8 . 7 8  D16, PAIR, RIGHT, FILE 35

P I /2 P I



ST0NE7BE
PHOTO 1 .11 ,80*10 ;  sample 8 . 8 . 7 8  016, SINGLET, LEFT, FILE 36

P I/2 P I

<o
o
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SAMPLE 8.50



CRAI67BE
PHOTO 1 .11 .80 *20 ;  SAMPLE 8 . 1 4 . 7 8  050, PAIR, LEFT, FILE 46

P I/2 P I0

VO



SAMPLE 8
14.76 DS0; P&IR' RIGHT, FILE

P l/2
0

vOW



CRAIG11BE
PHOTO 1 .1 1 .8 0 *2 3 ,2 4 ;  SAMPLE 8 .1 4 .7 8  050; PAIR, LEFT, FILE 50

P IP I /20



CRAI6I3BE
PHOTO 1.11.80+25; SAMPLE 8 . 1 4 . 7 8  050, PAIR, LEFT, FILE 52

P IP I /20

VOLn



CRAIG14BE
PHOTO 1 .11 .80 *25 ;  SAMPLE 8 . 1 4 . 7 8  D50, PAIR, RIGHT, FILE 53

P IP I /20

V Oo\



CRAIG17BEP
PHOTO 1.1 I .8 0 *2 6 -3 2 ; SAMPLE 8 . 1 4 .7 8  050; CHAIN, PAIR,RIGHT, FILE 56

P IP I /20

V£)



CRAIG20BEP
PHT 1 . I l . 80#26-32; SAMPLE 8 . 1 4 . 7 8  P50, CHAIN CENTROID 3 -4 , LEFT, FILE 59

0 P I /2 P I

VO
00



CRAIG2IBEP _ _
PHT 1 .11 .80 *26 -32 ;  SAMPLE 8 . 1 4 . 7 8  D50; CHAIN CENTROID 3 - 4 ; RIGHT. FILE 60

P IP I /20

VOvO



CRAIG22BEP
PHT 1 .11 .80 *26 -32 ;  SAMPLE 8 . 1 4 . 7 8  D50, CHAIN SE SINGLET, FILE 61

0 P I /2 P I

hO
OO
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SAMPLE 937



CHAPEL7BE
chope I 7 p3b 937o l e f t  l e f t

P I/2 P I0

N)
oN3



CHAPEL12BE
chapel 12 p2b 937a l e f t  r ig h t

0 P I /2 P I

IX)OW



C h apeliqbe
te  p3b S37o

r ' e h l  r i g h t

P l /2
P I

rsj
o



c ha pel15BE
chapel 15 P6B 937A DOUBLET RIGHT,LEFT

0 P I/2

N5OLn

P I



CHAPEL160E
CHAPEL 16 P6B 937A DOUBLET LEFT,RIGHT

P IP I /20

N5O



CHAPEL29BE
chapel 29 p ib  937a SINGLET LEFT

P IP I /20
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SAMPLE 939



CRAI6230E
e ra Ig run 23 7279—39 9p—10pC6—297 doublet le ft

XL X X

N7O
vO

0 P I /2 P I



CRAIG26B

hO
O

0 P I/2 P I



CRAlG27e

P I/2
0



CRAIG28B

PI/2
PI



CRAIG30B

P IP I /2

to
U>



CRAIGSIB

PIP I/2

-P-



CRAIG32B

PIP I/2

ro
Ln



C R/IG 34B

PIP I/2

hO
o\



CRAI635B

P IP I /2

N?



CRAIG36B

P I / 2 P I

N?
00



Id

ON

rv

2/Id
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SAMPLE 932



CHAPEL20B

PIPI/2

t o
t o
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SAMPLE 934



CHAPEL3B

4. JL X X X PI/2 PI

hOroU)
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SAMPLE 943



BULL16B

P I/2 P I0

N5hOLn



226

SAMPLE 944



BULL22B

PIP I/2

r \ jN3
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SAMPLE 816



STONE126

0 P I/2 P I

WLOO



ST0NE5B

PIP I/2

hOLO



ST0NE8B

P IP I /2

hO
OJN)



ST0NE9B

P IP I /2

hOWLO



STONE18B

0 P I/2 P I

ro
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SAMPLE 848



CRAIGIB

PIP I/2

roU)O'



CRAIG2B

hOLO

0 P I/2 P I



CRAI630

PIPL/2

row
00



CRAl64a

PIPI/2

to
u>VÛ



CRAIG5B

P I /2 P I0

N3
O



CRAI66B

X. X X X XPI/2 PI



CRAI68B

XX XXL 4.

t o

to

0 P I/2 P I
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SAMPLE 850



CRAIG9B

0 P I/2 P I

N)



CRAIGI2B

PIP I/2

ro

Ui



CRAIGI5B

PIP I/2

IsJ

G\



CRAIGI6B

PIP I/2

hO



CRAIG18B

P I/2 P I0

-P*
00



CRAIGI8B

P IP I /2

to4>
V C
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SAMPLE 902



STONE1 IB

0 P I/2 P I

N J
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SAMPLE 920



MILLIB

P IP I /20

LnW



M IU .2B

P IP I /2

toLn



MILL3B

PIP I/2

fs5
Ln
Ln



MILL4B

PIP I/2

N)LnON



MILL5B

PI/2 PI

roLn



HILL6B

PIP I/2

hOLn
00



MILL7B

XXXX X

LnVO

0 P I/2 P I



MILL8B

P IP I/2

N5
ONO



MILLQB

PIPI/ 2



H ILL10B

P IP I/2

N3
N3
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SAMPLE 939



CRAI624B

ON

0 P I/2 P I



CRA1625B

0 P I/2 P I

hOONU1



CRAIG29B

P IP I /20

t s jON



CRAI633B

X X X XPI/2 PI

N3
ON



2o3

SAMPLE 942



BULLIB

AXXX

N3OVO

0 P I/2 P I



BULL2B

4.A. PIP I/2

N3
O



BULL3B

X XXX
0 P I/2 P I



BULL4B

0 P I/2 P I

ro
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SAMPLE 943



BULL5B

PI
PI/2

0

to-O



BULL6B

P I/20 P I



BULL7B

PIP I/2

hO-vj
On



BULL8B

PI/2 PI

N5



BULL9B

P IP I/2



BULLI0B

P I/2 P I

tsJ
VO



BULLIIB

P I / 2
P I

K)
00O



BULLI2B

PI/2 PI

N3
00



BULLI3G

P IP I/2

N>COto



BULLI4B

P IP I/2

00U)



BULLISB

P IP I/2

hJOO
4̂
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SAMPLE 944



BULL170

PIPI/2

ro
00



BULLI8B

P I/2 P I

N)
00



BULLI96

0 P I/2 P I

N)
00
00



BULL20B

P IP I/2

ro
00VO



BULL2IB

PI/2 PIa

NIvOO
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SAMPLE 946



BULL23B

X XX

tokO
t o

0 P I/2 P I



BIILL24B

P I

ho
VO
Co



BULL25B

4.4. 4. 4. 4.

hO
<o-P-

0 P I/2 P I



BULL26B

P I/2

N)v£>Ln

P I



BULL27B

0 Pl/2 PI

K)
\oo\
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