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ABSTRACT

This thesis is concerned with an analysis of 
deformation of and associated metamorphic effects in, The 
Durness Formation in the Moine Thrust Zone of North West 
Scotland. The Durness Formation, also referred to as the 
Durness Carbonates, forms the topmost lithologic formation 
of the Cambrian-Ordovician succession of North West 
Scotland. As a result of the Caledonian deformation the 
entire succession was involved in a series of thrusting 
episodes which culminated in the emplacement of the Moine 
nappe over the carbonates in many places.

Field research was carried out to study the 
macroscopic structures and metamorphism resulting from 
the deformation and rock samples from various stages of 
deformation were collected. By means of x-ray diffraction 
and backscattered electron microscopy these samples were 
analysed for stable phases. Mineral microchemistry, 
particularly of calcite, mica and chlorite was studied by 
means of electron probe microanalysers with and without 
backscattered viewing facilities. Detailed study of the 
samples in thin and ultrathin - thin sections was carried 
out by optical and scanning electron microscopy to provide 
a general and dynamic view of the deformation, to measure 
grain size and also to analyse the crystallographic fabric 
of deformed minerals.



By means of calcite/dolomite geothermometry
temperatures in the Durness Carbonates below the Moines
were estimated as 295.0 - 55°c at Knockan and approximately 

+ o390.0 - 41 c at Eriboll. The difference in temperature 
was confirmed by differences in crystallinity index of 
mica minerals, deformation microstructure and stable 
phase assemblage between the two areas. A new relation
ship is proposed between chlorite microchemistry and 
temperature while that between dolomite c-axis crystallo
graphic preferred orientation and temperature is not that 
obvious.

Fluid pressure estimates ranged between 143 and 
186 MPa while confining pressures had similar ranges viz: 
from 133 to 176 MPa between Knockan and Eriboll respectively. 
Deviatoric stresses associated with the last phase of 
carbonate deformation were estimated by means of calcite/ 
dolomite grain sizes, yielding values of approximately 44 
to 76 MPa in the whole area.

C-axis crystallographic fabrics showed a transition 
from complex orthorhombic patterns in Assynt towards more 
foliation-normal patterns at Eriboll. These highly 
symmetric dolomite fabrics are not only characteristic of 
plane strain deformation paths but also different from 
calcite fabrics in the same rocks.

It is proposed that thermal energy for the metamor
phism of the carbonate rocks below the Moine Thrust could 
have resulted from (1) the emplacement of a hotter suite of 
Moine rocks over the carbonates (2) retrogressive chemical 
reactions in the Moine rocks (3) heat produced from deforma
tion of minerals within the Moines and (4) warm siliceous 
fluids accompanying Moine thrusting.
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CHAPTER ONE 

INTRO DUCTION

1 . 1  AIMS AND SCOPE OF THE T H E S IS

T h is  t h e s i s  i s  a r e p o r t  o f  t h e  d e f o r m a t io n  o f  a  

c a r b o n a t e  ( m a in ly  d o l o m it ic )  r o c k  ty p e  i n  a n a t u r a l  s e t t i n g  -  

t h e  M oine T h r u s t  Z o n e . The o r i g i n a l  a im  o f  th e  r e s e a r c h  was t o  

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

m e ch a n ism  i n  t h i s  r o c k  t y p e .  T h is  a im  was l a t e r  e x p a n d e d  when 

i t s  l i m i t a t i o n s  w ere r e a l i s e d ,  l e a d in g  t o  t h e  e s t a b l is h m e n t  o f  

a schem e b a s e d  on t h e  f o l lo w in g  a im s :

( i )  To a n a ly s e  t h e  d e f o r m a t io n  o f  th e  D u r n e s s  F o r m a t io n  

fro m  t h e  C a le d o n ia n  f o r e l a n d  t o  t h e  M oine t h r u s t  p l a n e .

( i i )  To i l l u s t r a t e  th e  ch a n g e  i n  m ic r o c h e m is t r y  an d  m ic r o 

s t r u c t u r e  e s p e c i a l l y  b e tw ee n  E r i b o l l  an d  A s s y n t  a n d  how t h e s e  

c o u ld  be u se d  t o  d e t e r m in e  p a r a m e t e r s  a s s o c i a t e d  w it h  t h e  

c a r b o n a t e  m a t e r i a l  d e f o r m a t io n .

( i i i )  To show how c h a n g e s  i n  d e f o r m a t io n  m e ch a n ism s r e l a t e  

t o  t h e  p h y s i c a l / c h e m i c a l  c h a r a c t e r i s t i c s  o f  th e  e n v ir o n m e n t  

o f  w h ic h  t h e  c a r b o n a t e  r o c k s  a r e  a p a r t .

The m a in  a r e a s  c o v e r e d  b y th e  t h e s i s  i n c l u d e  e s t im a t e s  

o f  t e m p e r a t u r e  a s s o c i a t e d  w it h  t h e  d e fo r m a tio n /m e ta m o r p h is m  o f  

th e  c a r b o n a t e  r o c k s  an d  m o d e ls  t o  e x p l a i n  t h e  s o u r c e s  o f  e n e r g y ,  

e s t im a t e s  o f  t e c t o n i c  s t r e s s e s ,  f l u i d  p r e s s u r e s  a n d  c o n f i n i n g  

p r e s s u r e s  a s s o c i a t e s  w it h  t h e  l a s t  p h a s e  o f  d e f o r m a t io n  and a 

d e t a i l e d  s t u d y  o f  t h e  m i c r o s t r u c t u r e  o f  t h e  c a r b o n a t e  r o c k s .

O t h e r  a s p e c t s  a l s o  c o v e r e d  i n  t h e  t h e s i s  a r e  th e  v a r i a t i o n  o f  

m ic r o c h e m is t r y  o f  c l ' in o c h lo r e  -  t h e  m a in  n e o m in e r a l p h y l l o s i l i c a t e  

i n  t h e  c a r b o n a t e  r o c k s  an d  an  a n a l y s i s  o f  t h e  p r e f e r r e d  o r i e n t a t i o n  

o f  d o lo m it e  an d  c a l c i t e  c r y s t a l l i t e s  a lo n g  t h e  M oine t h r u s t  z o n e .
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Due m a in ly  t o  th e  v a s t n e s s  o f  th e  a r e a  c o v e r e d  b y t h e  

f i e l d  r e s e a r c h  i n  o r d e r  t o  do j u s t i c e  t o  th e  o u t l i n e d  a im s ,  

t h e  g r e a t  d e t a i l  t o  w h ic h  m o st o f  i t  h a s  b e e n  m apped b y  e a r l i e r  

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

m aps o f  t h e  a u t h o r .  A l l  m aps u s e d  f o r  p r e s e n t a t i o n  o f  sa m p le  

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

1 . 2  METHODS

The r e s e a r c h  c o n s i s t e d  o f  two u n e q u a l p a r t s :  t h e

f ie ld w o r k  and th e  la b o r a t o r y  s t u d y ,  t h e  l a t t e r  o f  w h ic h  to o k  

t h e  g r e a t e r  p a r t  o f  t h e  t im e  a n d  e f f o r t .  The m a in  a im  o f  t h e  

f ie ld w o r k  was t o  p r o v id e  s a m p le s  f o r  l a b o r a t o r y  s t u d y ,  a lt h o u g h  

i t  becam e i n e v i t a b l e  t o  s t u d y  t h e  m a c r o s c o p ic  s t r u c t u r e s  i n  

t h e  f i e l d .  R o ck s a m p le s  o f  D u r n e s s  C a r b o n a t e s  w ere c o l l e c t e d  a s  

w e l l  a s  t h o s e  o f  c o n t ig u o u s  r o c k  t y p e s  -  M o in e S c h i s t s /  

m y I o n i t e s ,  S e r p u l i t e  G r i t ,  F u c o id  B e d s an d  some q u a r t z i t e s .

T h in  s e c t i o n s  and u l t r a t h i n - t h i n  s e c t i o n s  w ere  

p r e p a r e d  o f  t h e s e  sa m p le s  f o r  o p t i c a l  m i c r o s c o p ic a l  s t u d i e s ,  

e l e c t r o n  m ic r o s c o p y  an d  e l e c t r o n  p ro b e  m i c r o a n a l y s i s .  B u lk  

r o c k  p h a s e  a n a l y s i s  was a c h ie v e d  b y  a c o m b in a t io n  o f  x - r a y  

d i f f r a c t i o n ,  o p t i c a l  m ic r o s c o p y  an d  b a c k s c a t t e r e d  e l e c t r o n  

m ic r o s c o p y , w h ile  s p e c i f i c  m in e r a l  m ic r o c h e m is t r y  was s t u d i e d  

b y  m eans o f  e l e c t r o n  p ro b e  m ic r o a n a ly s e r s  w it h  an d  w it h o u t  

b a c k s c a t t e r e d  im a g in g . C r y s t a l l o g r a p h i c  p r e f e r r e d  o r i e n t a t i o n  

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

m ic r o s c o p e . I n  a l l  c a s e s  a n a l y t i c a l  f a c i l i t i e s  w ere c h o s e n  

on t h e i r  a b i l i t y  t o  p r o v id e  v e r y  a c c u r a t e  a n a l y t i c a l  d a t a .
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1 . 3  STRUCTURE OF T H E S IS

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

o f  c o n t e n t s . The i n t r o d u c t o r y  C h a p t e r  One i s  f o l lo w e d  b y  a  

r e v ie w  o f  d e f o r m a t io n  an d  m etam o rp h ism  o f  c a r b o n a t e  r o c k s  and  

m i n e r a l s ,  i n  p a r t i c u l a r  c a l c i t e  an d  d o lo m it e .  C h a p t e r  T h re e  

s t a r t s  w it h  a  r e v ie w  o f  l i t e r a t u r e  on t h e  M oine T h r u s t  Zone an d  

e n d s w it h  a r e p o r t  o f  f ie ld w o r k  c a r r i e d  o u t  a n d  p r e s e n t a t i o n  

o f  sa m p le  l o c a t i o n s .  I n  C h a p t e r  F o u r  t h e  a n a l y s i s  o f  

t e m p e r a t u r e s  a s s o c i a t e d  w it h  c a r b o n a t e  d e f o r m a t io n  an d  

m e tam o rp h ism  i s  p r e s e n t e d  an d  m o d e ls  a r e  s u g g e s t e d  t o  e x p l a i n  th e  

o b s e r v e d  t h e r m a l a n o m a ly , w h ile  C h a p t e r  F i v e  p r e s e n t s  th e  

v a r i a t i o n  o f  th e  m ic r o c h e m is t r y  o f  c h l o r i t e  w it h  r e s p e c t  t o  th e  

o b s e r v e d  t e m p e r a t u r e  d i f f e r e n c e s .  C h a p t e r  F i v e  e n d s w it h  an  

a n a l y s i s  o f  f l u i d  p r e s s u r e s  an d  c o n f i n i n g  p r e s s u r e s  l i k e l y  t o  

h a v e  o b t a in e d  i n  th e  l a s t  p h a se  o f  c a r b o n a t e  d e f o r m a t io n . The  

e v o l u t io n  o f  d e f o r m a t io n  m ic r o s t r u c t u r e  i n  th e  D u r n e s s  

c a r b o n a t e s  i s  t r a c e d  i n  C h a p t e r  S i x ,  t h e r e b y  p r o v i d i n g  t h e  

b a c k g r o u n d  t o  t h e  e s t im a t io n  o f  t e c t o n i c  s t r e s s e s  a s s o c i a t e d  

w it h  M oine t h r u s t i n g  and th e  a n a l y s i s  o f  t h e  f a b r i c  o f  t h e  

d e fo rm e d  r o c k s .

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

an d  s u g g e s t io n s  f o r  f u r t h e r  r e s e a r c h  a r e  p r e s e n t e d  i n

C h a p t e r  S e v e n .
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CHAPTER TWO

REVIEW OF ASPECTS OF THE DEFORMATION AND METAMORPHISM OF

CARBONATE ROCKS

2.1 INTRODUCTION
The Durness Formation is a dolomitic rock with local 

changes to calcite marble and calcareous dolostones. In 
this chapter the deformation and metamorphism of calcite 
and dolomite are reviewed to the extent that they are likely 
to throw light on or be the basis on which work in later 
chapters develops. The bulk of the literature on deformation 
and metamorphism of carbonate rocks is too great to contain 
in a single chapter, hence only those aspects which are 
closely related to the present study are chosen for inclusion 
here. Deformation mechanisms of dolomite and calcite are 
presented in separate sections, while their metamorphism 
is, of necessity, treated together.

2.2 DEFORMATION OF CALCITE - THE PLASTIC FIELD
2.2.1 Introduction
Calcite, the most abundant carbonate mineral (Lipmann, 

1973), is the trigonal (3m) polymorph of calcium carbonate 
(CaCO^)r with a rhombohedral symmetry and space group R3C 
(see Fig. 2.1). The low rhombohedral symmetry, together 
with the ease of calcite deformation, have greatly enabled 
rock mechanicists to study and separate effects of glide 
activity on individual planes on the overall texture in 
trigonal calcite. The deformation mechanisms of calcite 
are now discussed, starting from the most common, but first 
an illustration of the type of indices adopted and the
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F i g ,  2 . 1

(a )  A p r i m i t i v e  rh o m b o h e d ra l u n i t  c e l l  o f  c a l c i t e  o r  
d o lo m it e .  2 l ' h i s  one c o n t a in s  one f o r m u la  Cd M gfCO O ^
The two CO^ p la n e s  a r e  o p p o se d  i n  o r i e n t a t i o n ,  w h ile  
c a lc iu m  p o s i t i o n s  a r e  m a rk e d  1 , 2 , 3 , 4  ( a f t e r  L ip p m an n  1 9 7 3 ) .

(b ) The c a l c i t e  an d  d o lo m it e  s t r u c t u r e s  a s  s e e n  i n  a 
s e c t i o n  n o rm a l t o  an  a - a x i s .  I n  t h e  c a s e  o f  c a l c i t e  
a l l  c a t i o n  s i t e s  a r e  o c c u p ie d  b y  c a l c iu m  a n d  i n  t h e  
c a s e  o f  d o lo m it e  a l t e r n a t e  b a s a l  p la n e  c a t i o n  s i t e s  
a r e  o c c u p ie d  b y  m a g n e siu m , a s  shown i n  p a r e n t h e s i s .



Fig. 2.2
Stereographic projection showing principal glide planes and 
directions in calcite and dolomite. For calcite, all 
possible non-equivalent orientations can be represented by 
the unit triangle (60° sector), while for dolomite a 120° 
sector is needed (after Paterson 1979).

Fig. 2.3 Definition of the twinning shear
(a) A mechanical twin develops in a crystal under the 

influence of a shear stress. The plane of drawing 
is perpendicular to the twin plane, 'f is the angle 
of shear.

(b) A large number of thin, lamellar-shaped twins (black) 
in a crystallite produce an approximately homogeneous 
shear. The amount of shear is determined by the 
twinning shear-tanY , and the volume fraction of the 
twins (black after Wagner et al. 1982).



7

Fig. 2.3 (a)
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crystal planes referred to in the rest of the thesis.
2.2.2 Important Glide Planes in Carbonate Minerals
The important planes in calcite and dolomite to which 

deformation is referred are listed in Table 2.1. The two 
commonly used unit cells are: the rhombohedral unit cell 
based on 2 (CaC0 3), and the hexagonal unit cell, 6 (CaCO^).
In this report Miller-Bravais indices referred to the more 
commonly used morphological unit cell of 2 (CaCC>3 ) are adopted, 
and where reference is made using the Miller-Bravais structural 
unit cell, the letter designation of the particular plane is 
also attached to reduce the risk of confusion (see also 
Figure 2.2).

Table 2.1 Designation of the important planes in carbonate 
minerals in Miller-Bravais Hexagonal and Rhombo
hedral indices (after Paterson, 1976)

Miller-Bravais Hexagonal Indices Rhombohedral Indices
Plane Structural Morphological Structural Morpho

logical
C 0001 0001 111 111
m 1010 10T0 2TT 2TT
M 1 o Ti 4041 100 3TT
f 0 1T2 0221 110 11T
r 1 0 T4 10T1 211 100
a 2TT0 2TT0 1T0 1T0
e 0 1 T8 01T2 332 110

2.2.3 Twinning
Twinning in calcite has been widely studied, due mostly 

to its abundance. The most common twinning systems in calcite 
are shown in Table 2.2. A complete description of a "twinning



Number o f  C r y s t -  
a l l o g r a p h i c a l l y  
e q u iv a l e n t  s y s te m s

Sym b o l C r i t i c a l  SI 
MPa f o r  S i  
a t  4 0 0 °c

l e a r  S t r e s s e s  
n g le  C r y s t a l s  

a t  600 c

R e f e r e n c e

T w in n in g  S y ste m s  

( 1 0 1 8 )  < 4 0 4 1> 3
+

e 1 0 1 0 H e a rd  e t  a l .  ( 19 6 5 )  
T u r n e r  e t  a l .  ( 19 5 4 )  
F r ie d m a n  ( 19 6 7 )

(loll) <1102> 3
+

r P a t e r s o n  & T u r n e r  
( 19 7 0 )

( 0 2 2 1 )  < b l l 4 > 3 f “ P a t e r s o n  & T u r n e r  
( 19 7 0 )

S l i p  S y ste m s

3
+

r 40 16 S p i e r s  & Wenk (19 8 0 )  
G r ig g s  e t  a l  (19 6 0 )

( 1 0 1 4 )  < 2 0 2  £>

( 1 0 1 4 )  < 2 0 2 1> 3 r 25 1 0 H e a rd  e t  a l .  ( 19 6 5 )  
T u r n e r  e t  a l  ( 19 5 4 )

( 1 0 1 2 )  < 2 0 2 1 >  
( 1 0 1 2 )  <20 2 )> 6 f + 70 1 8 S p i e r s  &. Wenk ( 19 8 0 )

( 1 0 1 2 )  < 2 2 0 1 ^  
( 1 0 1 2 )  < 0 2 2 l> 6 f " 40 1 0 H e a rd  e t  a l  ( 19 6 5 )

( 1 2 1 0 )  < 110 2 > 3 a B o rg  & H a n d in  ( 1 9 6 7 )  
F r ie d m a n  ( 1 9 6 7 )

( 1 0 1 0 )  < $ 2 1 ^ > 3 m Thom as & Renshaw  
( 1 9 6 7

(0 0 0 1)  <J2l<^> 3 c T u r n e r  & O ro z c o  (19 7 6 ]
i

TABLE 2 . 2 The d i f f e r e n t  g l i d e  s y s te m s  i n  c a l c i t e  an d  some o f  t h e  known c r i t i c a l  
s h e a r  s t r e s s e s .  S l i p  an d  t w in n in g  s e n s e s  a r e  s p e c i f i e d  (+) o r  ( - )  
a c c o r d in g  t o  th e  c o n v e n t io n  o f  T u r n e r  e t  a l .  ( 1 9 5 4 )
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V a r i a t i o n  o f  c r i t i c a l  r e s o lv e d  s h e a r  s t r e s s  d a t a  a t  y i e l d  
f o r  e - t w i n n i n g , r ( - ) , a nd f ( - )  s l i p  i n  c a l c i t e .  A l l  d a t a  
was o b t a in e d  a t  e = 1 0 “ 3 t o  1 0 “  ̂ s“l , u n d e r  a  c o n f in in g  
p r e s s u r e  o f  5 0 0  MPa ( a f t e r -  T u r n e r  e t  a l .  1 9 5 4 ;  G r ig g s  e t  a l .  
1 9 6 0 ;  B r a i l l o n  e t  a l .  1 9 7 2 ;  S p i e r s  1 9 8 2 ) .



system" in a similar manner as a slip system requires the 
knowledge of the twin plane, the twinning direction and, 
in addition, the twinning shear K = tanT (Wagner et al, 
1982, and also fig. 2.3). Although twinning on e(T018), 
r (1oTl) and f (0221) are now known, the commonest and 
earliest known system is the e (Table 2.2). It starts from 
room temperature, becoming less important at around 700 to 
800°C (Turner et al, 1954; Griggs et al, 1960; Spiers, 1981; 
see also fig. 2.4). Although the critical resolved shear 
stress (CRSS) for e-twinriing remains almost constant within 
this range of temperatures, those for the other competing 
systems, namely f- and r-slip decrease so rapidly that at 
the higher temperatures CRSS values for the three systems 
are almost equal.

The twinning field in calcite depends on the grain 
size, the stress, the strain rate as well as the temperature. 
Spiers (1981) showed that for a given grain size the tempera
ture marking the transition from e-twinning to non-twinning, 
that is, the temperature at which a twinning polycrystal 
gets rid of its twins, decreases as the strain rate decreases. 
Also, the larger the grain size, the lower is the transition 
temperature at a particular strain rate, or at a particular 
twinning temperature. The larger the grain size, the greater 
the strain rate required to cross the texture transition 
boundary into slip. This behaviour is illustrated for 
Solnhofen limestone as well as Carrara marble in Figure 2.5. 
The way the grain size, strain rate and stress are related 
is shown in Figure.2.6, where Spiers (1981) showed experi
mentally that the stress to initiate .e-twins at a particular 
strain rate is higher for fine grained limestones than for
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The t w in n in g  f i e l d  b o u n d a r ie s  f o r  C a r r a r a  m a r b le  a n d  S o ln h o f e n  
l im e s t o n e  ( a f t e r  S p i e r s  1 9 8 1 ) .  The t w in n in g  f i e l d  s i d e  o f  
e a c h  b o u n d a ry  i s  i n d i c a t e d  b y  s t i p p l i n g .  B o th  d a s h e d  b o u n d a r ie s  
a f t e r  -  L o g ^ o  (£ )  o f  a b o u t  7 a r e  o b t a in e d  b y  e x t r a  p o l a t i o n .
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F i g  2 .6  (a  an d  b)

T h e  t w in n in g  f i e l d  b o u n d a r ie s  ( d o t t e d  l i n e )  f o r  C a r r a r a  
M a rb le  and S o ln h o f e n  l im e s t o n e  p l o t t e d  i n  <5/e s p a c e  
( a f t e r  S p ie r s  1 9 8 2 ) .  G d e n o te s  t h e  d i f f e r e n t i a l  f lo w  

s t r e s s  a t  lo %  s t r a i n ;  d d e n o te s  th e  s t r a i n  r a t e .
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coarse marble. This stress is almost independent of strain 
rate and, as shown in figure 2.4, the temperature also.

Within the twinning field (0-400°C), Friedman and Higgs 
(1981) showed that only a very modest increase in grain 
aspect ratios (long axis f short axis) is possible, even in 
simple shear (fig. 2.7). This is very little compared to 
the extensive increase in grain aspect ratios at higher 
temperatures where competition among various glide systems 
is very keen. Twinning porphyroclasts develop thin profuse 
twin lamellae at lower temperatures. As the temperature 
increases, the lamellae broaden and twinning tends to 
completion in particular grains (Wenk et al, 1973; Friedman 
and Higgs, 1981; Spiers, 1981). A critical shear stress for 
twinning is, according to Spiers and Wenk (1980), Wagner et 
al- (1982) a very tentative parameter because the stress to 
nucleate a twin is much higher than that to propagate it, 
but the use of CRSS generally as a means of predicting the 
possible combination of glide systems at particular tempera
tures cannot be doubted.

2.2.4 Lattice Preferred Orientation (Fabric or Texture) 
The crystallographic preferred orientation (CPO) of 

calcite can be divided into three broad fields in temperature 
space:

2.2.4.1 At Low Homologous Temperatures (0.03 Tm to 0.43 T^) 
Between 25°C - 400°C, the C-axis (0001) orients in a 

point maximum or small circle girdle of 10-26° radius about 
the principal compression axis (Turner et al, 1956; Rutter 
and Rusbridge, 1977; Friedman and Higgs, 1981; Wenk et al, 
1973; Kern, 1979; Wagner et al, 1982). This is in response 
to the rotation of the .e(0lT8) twin plane, which tends to
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Chang e i n  a s p e c t  r a t i o s  o f  p o r p h y r o c l a s t s  o f  s h e a r e d  c a l c i t e  
w it h  i n c r e a s i n g  t e m p e r a t u r e . S . M.  i s  s t a r t i n g  m a t e r i a l ,  
an d  v a lu e s  a lo n g  t h e  c u r v e  a r e  c o r r e s p o n d in g  s h e a r  s t r a i n  
( a f t e r  H ig g s  an d  H a n d in , 1 9 8 1 ) .
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a l i g n  t h e  n o r m a ls  t o  p a r a l l e l  t o  t h e  maximum s t r e s s  a x i s ,  

r e d u c in g  S Q -  th e  r e s o lv e d  s h e a r  s t r e s s  c o e f f i c i e n t  t o  z e r o  

(F r ie d m a n  a n d  H ig g s ,  1 9 8 1 ,  a l s o  F i g .  2 . 8 ) .  T h e r e  i s  no  

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

2 . 2 . 4 . 2  A t  in t e r m e d ia t e  t e m p e r a t u r e s  ( 0 . 4 3  T m t o  0 . 7 5  T )

Between 400°C and 700°C CRSS values for_r(10T4) - the main 
slip system, f(10T2), (To 12) and possibly other slip systems 
are so close to e^T018) - (see Fig. 2.4) that for practical 
purposes Von Mises criterion could be assumed attained.
H e n c e , a p a r t  fro m  t h e  d e f o r m a t io n  b e co m in g  more hom ogeneous  

a t  t h a t  t e m p e r a t u r e  r a n g e  (F r ie d m a n  an d  H ig g s ,  1 9 8 1 ;  S p i e r s ,  

1 9 8 1 ;  W agner e t  a l ,  1 9 8 2 ) ,  i t  i s  n o t  p o s s i b l e  t o  s e p a r a t e  

t h e  t e x t u r e  i n t o  co m p o n e n ts o r  d o m a in s i n  w h ic h  o n ly  one  

g l i d e  s y s te m  c o u ld  be i n f e r r e d .  The lo n g  a x e s  an d  t h e  a x i a l  

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

(F r ie d m a n  a n d  H ig g s ,  1 9 8 1 ;  se e  a l s o  F i g .  2 . 7 ) ,  u s u a l l y  f o r m in g  

a f o l i a t i o n  n o rm a l t o  t h e  a x i s  o f  p r i n c i p a l  f i n i t e  s h o r t e n in g  

. I n  p u r e  s h e a r  e x p e r im e n t s  i s  p a r a l l e l  t o  t h e

p r i n c i p a l  c o m p r e s s iv e  s t r e s s  a x i s , w h ile  i n  s im p le  a n d  

p u r e  s h e a r  e x p e r im e n t s  i n c r e a s i n g l y  r o t a t e s  to w a rd s  t h e  

s h e a r  zo n e  n o r m a l, d e v i a t i n g  fro m  a s  s t r a i n  i s  i n c r e a s e d  

(K e rn  an d  W enk, 1 9 8 3 ) .  I n  s im p le  s h e a r  e x p e r im e n t s ,  F r ie d m a n  

an d  H ig g s  ( 1 9 8 1 )  n o t ic e d  t h a t  a t  6 5 0 ° C  g r a i n  sh a p e  f a b r i c  

d e f in e d  a  f o l i a t i o n  p la n e  i n c l i n e d  a t  1 1 °  t o  t h e  s h e a r  

zo n e b o u n d a r y .

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

r a n g e  b y  T r a n s m is s io n  E l e c t r o n  M ic r o s c o p y  i l l u s t r a t e  t h a t  i n  

e a c h  g r a i n  many d i f f e r e n t  s y s te m s  o f  d i s l o c a t i o n s  a r e  a c t i v e ,  

c r o s s  s l i p  i s  common a n d  a t  t h e  h ig h e r  t e m p e r a t u r e  c l im b  o f  

d i s l o c a t i o n s  a l s o  o c c u r s  (G o e tz e  a n d  K o h ls t e d t  1 9 7 7 ;  B a r b e r  a n d  

W enk, 1 9 7 9 a ;  1 9 7 9 b ) .
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a i <*i

C-axes preferred Poles to e-twin
orientation. planes.

F i g .  2 . 8  (a) (b)
Y u le  m a rb le  d e fo rm e d  a t  4 0 0 °c  ( T u r n e r  an d  W e is s ,  1 9 6 3 )

(a) C - a x i s  c r y s t a l l o g r a p h i c  p r e f e r r e d  o r i e n t a t i o n

(b) P o le s  t o  e -t w in  p l a n e s .
m arks th e  d i r e c t i o n  o f  p r i n c i p a l  c o m p r e s s s io n .

F i g .  2 . 9

F lo w  r e g im e s  f o r  S o ln h o f e n  l im e s t o n e  ( a f t e r  S c h m id  e t  a l .  
1 9 7 7 )
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T h e  s u p p r e s s io n  o f  e -t w in n in g  i n  t h e  in t e r m e d ia t e  

t e m p e r a t u r e  r a n g e  i s  shown b y  S p i e r s  ( 1 9 8 1 )  t o  b e  a s s o c i a t e d  

w it h  an  e —> e /a h  t e x t u r e  t r a n s i t i o n .  F r ie d m a n  an d  H ig g s  

( 1 9 8 1 )  n o t ic e d  an i n c i p i e n t  r e c r y s t a l l i z a t i o n  o f  e lo n g a t e d  

p o r p h y r o c l a s t s  a t  a b o u t  - 5 5 0 ° C  a n d  s h e a r  s t r a i n s  o f  n e a r l y  3 .  

T h i s  b eco m es more p e r v a s iv e  a t  6 0 0 ° C ,  w it h  m o st o f  t h e  f i n e 

g r a in e d  n e o b l a s t s  b e in g  s t r a i n - f r e e .

2 . 2 . 4 . 3  A t  h ig h  t e m p e r a t u r e s  (> 0 . 7 5  T )

A t  t e m p e r a t u r e s  a b o v e  7 0 0 ° C ,  r e c r y s t a l l i z a t i o n  i s  d o m in a n t ,  

p r o d u c in g  m o s a ic s  o f  c o a r s e - g r a i n e d  t w i n - f r e e  n e o b l a s t s ,  w h ic h  

s u b s e q u e n t ly  t w in  (F r ie d m a n  an d  H ig g s ,  1 9 8 1 ) .  Th e c r y s t a l l o 

g r a p h ic  p r e f e r r e d  o r i e n t a t i o n  o f  t h e  s t r a i n - f r e e  n e o b la s t s  

may e i t h e r  b e random  (F rie d m a n  an d  H ig g s ,  1 9 8 1 )  o r  be c o n 

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

o r i e n t a t i o n  i n  t h e  s t r e s s  f i e l d  (Wenk e t  a l , 1 9 7 3 ) .  U n l ik e  

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

b o u n d a ry  d i f f u s i o n  a t  t h e s e  h ig h  t e m p e r a t u r e s  i s  v e r y  h ig h  

(Wenk e t  a l ,  1 9 7 3 ) ,  h e n c e  F r ie d m a n  a n d  H ig g s  ( 1 9 8 1 )  n o t ic e d  

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

e x p e c t e d  fro m  d i s l o c a t i o n  g l i d e  a l o n e .  T h e  l a t t e r  fo u n d  t h a t  

t h e  C - a x i s  f a b r i c s  f o r  th e  s y n t e c t o n i c a l l y  r e c r y s t a l l i z e d  

g r a i n s  g e o m e t r i c a l l y  t r a c k e d  n e i t h e r  t h e  in c r e m e n t a l  s t r e s s  

n o r  t h e  f i n i t e  s t r a i n  a x e s  i n  s im p le  s h e a r  e x p e r im e n t s  on 

c a l c i t e .

2 . 2 . 5  R h e o lo g i c a l  B e h a v io u r  o f  C a l c i t e

Th e r h e o l o g i c a l  b e h a v io u r  o f  s o ln h o f e n  l im e s t o n e ,

C a r r a r a  a n d  Y u le  m a r b le s ,  w h ic h  a r e  s i m i l a r  ( R u t t e r ,  1 9 7 4 ) ,  

show a w o r k -h a r d e n in g  f lo w  i n  s t r e s s / s t r a i n  s p a c e ,  w it h  

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

fro m  2 0 ° - 4 0 0 ° C .  T h e s e  c h a r a c t e r i s t i c s  a r e  u n a f f e c t e d  b y  p o re
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REGIM E 1 REGIM E 2 REGIM E 3

e = A . e x p  ( -  ^  H /R T )  exp (CO) e = A . e x p  ( -  A  H /R T  JCT^ 6 = A .e x p ( ~ A H / R T ) 0 -n

----------2 . 1 -------2 . 2 -------2 . 3

l o g 1QA = - 0 . 2 l o g 1 0a  = - 1 . 3 l o g ^ A  = 2 . 7

= 4 7 . 1 A . H  = 7 1 . 1 H = 5 0 . 9

C = 2 . 7 n = 4 . 7 n = 1 . 7

R u t t e r  ( 1 9 7 4 ) S ch m id  e t  . a J . ( 1 9 7 7 ) S c h m id  e t  a l . ( 1 9 7 7 )

E x p o n e n t ia l  la w  R egim e P o w e r -la w  Regim e  

w it h  h ig h  n - v a l u e s

S ch m id  a t  a l^ .t 9 8 0 )  

S u p e r p l a s t i c  

Re g im e /  P owe r  - L  a w 

R egim e w it h  lo w  

n - v a l u e s .

TA B LE 2 . 3  F lo w  Law D a ta  f o r  R e g im e s 1 - 3  i n  S o ln h o f e n  L im e s t o n e

a n d  C a r r a r a  M a rb le

U n i t s :  ( K c a l  m ol **) , C ( k b  , 0 " ( b a r s )  , A ( s e c   ̂ b a r  n ) ,

( f o r  e q u a t io n s  2 . 1 ,  2 . 2  a n d  2 . 3  o n ly ) .

w a t e r  i n  t h i s  t e m p e r a t u r e  r a n g e  i n  C a r r a r a  m a r b le ,  a lt h o u g h  

S o ln h o f e n  l im e s t o n e  i s  w eakened b y  p o re  w a te r  i n  t h i s  r a n g e .  

T h i s  w a te r  w e a k e n in g  i s  t h o u g h t  t o  b e much l e s s  s i g n i f i c a n t  

a t  h ig h e r  t e m p e r a t u r e s . A l s o ,  c a t a c l a s i s  i s  r e d u c e d  b y  

i n c r e a s i n g  e f f e c t i v e  c o n f i n i n g  p r e s s u r e  a n d /o r  t e m p e r a t u r e .

A bove 4 0 0 ° C ,  p a r t i c u l a r l y  b e tw e e n  6 0 0 ° C  a nd 9 0 0 ° C ,  t h e  

C r e e p  b e h a v io u r  o f  t h e s e  r o c k  t y p e s  i s  fo u n d  t o  f a l l  i n t o  

t h r e e  d i f f e r e n t  f lo w  r e g im e s  ( F i g .  2 . 9  an d  T a b le  2 . 3 ) .  A b ove  

4 0 0 ° C  r e c o v e r y  p r o c e s s e s  b e g in  t o  g a in  im p o r ta n c e  an d  a  

t r a n s i t i o n  t o  t h e r m a l ly  a c t i v a t e d ,  s t e a d y - s t a t e  f lo w  o c c u r s  

w here t h e  f lo w  s t r e s s  r e a c h e s  a  p r a c t i c a l l y  c o n s t a n t  ( s t e a d y  

s t a t e )  l e v e l  a f t e r  a few  p e r c e n t  s t r a i n  (S c h m id , 1 9 7 7 ) ,  e v e n  

when t h e  f a s t e s t  s t r a i n  r a t e s  a r e  u s e d . T h e f lo w  r e g im e s  h a v e



b e e n  d e l i n e a t e d  a s :

R egim e 1 : w here t h e  s t r e s s  d e p e n d e n c e  o f  s t r a i n  r a t e  i s  b e s t  

d e s c r ib e d  b y  an  e x p o n e n t ia l  f lo w  la w . T h i s  re g im e  o c c u r s  a t  

f lo w  s t r e s s e s  a b o ve  19 0  M Pa, a t  t e m p e r a t u r e s  o f  4 0 0 ° C - 6 0 0 ° C ,  

a n d  a t  l a b o r a t o r y  s t r a i n  r a t e s ,  a  r e l a t i v e l y  lo w  s t r a i n  r a t e  

s e n s i t i v i t y  o f  t h e  f lo w  s t r e s s  h a s  b een  o b s e r v e d  ( R u t t e r ,  1 9 7 4 ;  

S c h m id , 1 9 7 6 ;  S ch m id  e t  a l ,  1 9 7 7 ;  1 9 8 0 ) ,  a n d  t h e  f lo w  la w  i s  

e x p r e s s e d  b y  e q u a t io n  2 . 1  a b o v e .

R egim e 2 : I n  C a r r a r a  m a r b le  t h i s  re g im e  r a n g e s  fro m  20 t o

10 0  M Pa, w h ile  i n  s t r o n g e r  a n d  f i n e r  S o ln h o f e n  l im e s t o n e  t h e  

lo w e r  s t r e s s  l i m i t  i s  40 MPa a t  9 0 0 ° C  o r  1 00  MPa a t  6 0 0 ° C  

(S c h m id  e t  a l ,  1 9 7 7 ) .  A l s o ,  t h e  u p p e r  s t r e s s  b o u n d a ry  f o r  

S o ln h o f e n  l im e s t o n e  i s  a lm o s t  in d e p e n d e n t  o f  t e m p e r a t u r e  a t  

19 0  MPa. F o r  w e ake r an d  c o a r s e - g r a i n e d  Y u le  m a r b le , on t h e  

o t h e r  h a n d , t h e  u p p e r  s t r e s s  l e v e l  f o r  re g im e  2 i s  14 0  M Pa, 

w h ile  th e  s t r e s s  a t  t h e  r e g im e  2 /r e g im e  3 b o u n d a ry  i s  a s  y e t  

unknown (H e a rd  an d  R a l e i g h ,  1 9 7 2 ;  R u t t e r ,  1 9 7 4 ;  S ch m id  e t  a l , 

1 9 8 0 ) .

Th e r h e o lo g y  o f  th e  r o c k s  c a n  b e s t  be d e s c r ib e d  

m a t h e m a t ic a l ly  u s in g  a pow er la w  e q u a t io n  ( e q u a t io n  2 . 2 ) ,  

l i k e  t h a t  o f  W eertm an ( 1 9 7 5 ) .  The v a lu e  o f  n -  t h e  s t r e s s  

e x p o n e n t  -  r a n g e s  fro m  4 . 3 7  t o  4 . 7  f o r  S o ln h o f e n  l im e s t o n e ,

7 . 6  f o r  C a r r a r a  m a r b le , a n d  7 . 7  f o r  Y u le  m a r b le .

T h i s  re g im e  show s s c a r c i t y  o f  t w in n in g ,  a s t r o n g  s u b g r a in  

m i c r o s t r u c t u r e  an d  a c o r e  an d  m a n t le  s t r u c t u r e  i n  t h e  i n d i 

v i d u a l  g r a i n s .  The m a n t le s  c o n t a in  s u b g r a in s  whose r o t a t i o n  

i s  l a r g e  enough t o  fo rm  r e c r y s t a l l i z e d  g r a i n s ,  w h ile  t h e  c o r e s  

may c o n t a in  a l l  s t a g e s  o f  s t r a i n  -  u n d u la t o r y  e x t i n c t i o n ,  

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

R egim e 3 : M ost o f  re g im e  3 i s  c h a r a c t e r i z e d  b y lo w  s t r e s s
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an d  o c c u r s  b e lo w  20 M Pa, a lt h o u g h  t h e  maximum s t r e s s  b o u n d a r y  

( i . e .  r e g im e  3 /r e g im e  2 b o u n d a r y , s e e  F i g .  2 . 9 )  c o u ld  b e  up  

t o  10 0  MPa a t  lo w e r t e m p e r a t u r e s . I t  i s  d e s c r ib e d  b y  a  

pow er la w  r e l a t i o n s h i p  b e tw ee n  s t r a i n  r a t e  a n d  s t r e s s ,  o f  t h e  

fo rm  shown i n  e q u a t io n  2 . 3 .  Th e s t r e s s  e x p o n e n t  n r a n g e s  

fro m  1 . 7  f o r  S o ln h o f e n  l im e s t o n e  t o  4 . 2  f o r  C a r r a r a  m a r b le  

an d  c o u ld  be more f o r  Y u le  m a r b le  (S c h m id  e t  a l ,  1 9 7 7 ;  1 9 8 0 ) .  

D e fo r m a t io n  i n  t h i s  re g im e  h a s  a  lo w e r  a c t i v a t i o n  e n e r g y  

( A h  = 5 1  k  c a l / m o le )  , an d  e x h i b i t s  t h e  c h a r a c t e r i s t i c s  o f  

s u p e r p l a s t i c  f lo w .

I n  t h i s  r e g im e  to o , e x t e n s iv e  r e c r y s t a l l i z a t i o n  t a k e s  

p l a c e  w it h  g r a i n  g ro w th  t o  an  e q u i l i b r i u m  s i z e  (S c h m id  e t  a l ,

1 980)  p r o p o r t i o n a l  t o  th e  f lo w  s t r e s s  (b etw een  1 0 - 1 0 0  MP a ) ,  

a s  p r e d ic t e d  b y  T w is s  ( 1 9 7 7 ) .

2 . 3  DEFORMATION OF DOLOMITE -  THE P L A S T IC  F IE L D

2 . 3 . 1  I n t r o d u c t io n

L i k e  c a l c i t e ,  d o lo m it e  (C a M g tC O ^ ^ ) b e lo n g s  t o  t h e  

rh o m b o h e d ra l g ro u p  o f  c a r b o n a t e s .  I d e a l l y  i t  h a s  an  o r d e r e d  

t r i g o n a l  s t r u c t u r e ,  o f  s p a c e  g ro u p  (R ?)  w it h  p la n e s  c o n t a in i n g  

ato m s o f  o n ly  C a ,  o r . o n l y  Mg, a l t e r n a t i n g  a n d  b e in g  i n t e r 

le a v e d  w it h  t h e  p la n e s  c o n t a in i n g  t h e  c a r b o n a t e  g r o u p s

( F i g .  2 . 1 b ) .  A l l  t h e s e  p la n e s  a r e  p e r p e n d ic u l a r  t o  th e

- 23 - f o l d  a x i s  ( th e  . c - a x i s ) . A l l  t h e  a n io n s  (CO^ ) o f  a g iv e n  

p la n e  h a v e  t h e  same o r i e n t a t i o n ,  b u t  a r e  r o t a t e d  6 0 °  w . r . t .  

t h e  a n io n s  i n  t h e  two a d ja c e n t  p la n e s  (G u n d e rso n  a n d  W enk,

1 9 8 1 )  . T h u s ,  t h e  u n i t  c e l l s  c o n t a in  t h e  same num ber o f  ato m s  

i n  b o th  c a l c i t e  an d  d o lo m it e  an d  a l l  r e p e a t  d i s t a n c e s ,  an d  

h e n c e  p o t e n t i a l  B u r g e r s  v e c t o r s ,  a r e  t h e  same i n  b o th  

m in e r a ls  ( P a t e r s o n ,  1 9 7 9 ) .

A p a r t  fro m  t h e  a n io n  r o t a t i o n a l  d i s o r d e r  m e n tio n e d
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a b o v e , h e a t in g  d o lo m it e s  t o  1 1 0 0 ° C  ( R e e d e r , 1 9 8 0)  c o u ld  a l s o

d i s o r d e r  th em . T r a n s l a t i o n  o f  C a  i n t o  Mg p o s i t i o n s  r e s u l t s ,

-2b y  t h e  same v e c t o r  t h a t  t r a n s l a t e s  a  CO^ g ro u p  i n  one  

o r i e n t a t i o n  i n t o  one w h ic h  i s  6 0 °  r o t a t e d .  T h i s  t y p e  o f  

d i s o r d e r  o r  th e  b e g in n in g  o f  i t  w as shown b y  B a r b e r  e t  a l  

( 1 9 8 1 )  t o  c a u s e  d i f f i c u l t i e s  on t h e  p a t h  o f  m o vin g  d i s l o c a t i o n s  

A t h i r d  t y p e  o f  d i s o r d e r  i n  d o lo m it e  i s  s u b s t i t u t i o n a l ,  a n d  i t  

a c c o m p a n ie s  th e  f i r s t  p h a s e  o f  d o lo m it e  c r y s t a l l i z a t i o n  

(G u n d e rso n  and W enk, 1 9 8 1 ) .

O th e r  d i f f e r e n c e s  b e tw ee n  c a l c i t e  an d  d o lo m it e  a r e  t h e  

g r e a t e r  d u c t i l i t y  o f  c a l c i t e  co m p are d  t o  d o lo m it e ,  t h e  

r e l a t i v e  e a s e  o f  s l i p  co m p are d  t o  t w in n in g  i n  d o lo m it e  a s  

a g a i n s t  t w in n in g  b e f o r e  s l i p  i n  c a l c i t e .  T h e s e  a r e  d e a l t  

w it h  m ore e x h a u s t i v e l y  b e lo w .

2 . 3 . 2  T w in n in g  i n  D o lo m it e

A w e l l  e s t a b l i s h e d  r u l e  i n  m e t a l lu r g y  i s  t h a t  t w in n in g  

i s  a lo w  te m p e r a tu r e  phenom enon. A s te m p e r a t u r e  i n c r e a s e s  

s l i p  i s  f a v o u r e d  a t  t h e  e x p e n s e  o f  t w in n in g ,  r e s u l t i n g  

u l t i m a t e l y  i n  c o m p le te  c e s s a t i o n  o f  t w in n in g .  W h ile  c a l c i t e  

a d o p t s  t h i s  b e h a v io u r ,  a s  shown i n  s e c t i o n  2 . 2 . 2 ,  d o lo m it e  

d o e s  n o t .

D o lo m it e  t w in s  on ^ f(0 2 2 1 )  i n  t h e  < 1 0 T 1 >  d i r e c t i o n  w it h  a  

- v e  s e n s e  ( H ig g s  an d  H a n d in , 1 9 5 9 ;  F a i r b a i r n  an d  H a w k e s, 1 9 4 1 ;  

T u r n e r  e t  a l ,  1 9 5 4 b ;  B a r b e r  an d  W enk, 1 9 7 9 ;  B a r b e r  e t  a l ,  1 9 8 1 )  

A lt h o u g h  H ig g s  an d  H a n d in  ( 1 9 5 9 )  s u g g e s t  t h a t  t w in n in g  c a n  be  

a c t i v a t e d  o n ly  w it h in  a v e r y  l i m i t e d  t e m p e r a t u r e  r a n g e  -  

4 0 0 - 5 0 0 °C -  B a r b e r  e t  a l  ( 1 9 8 1 )  s u g g e s t e d  lo w e r in g  t h e  o n s e t  

t e m p e r a t u r e  t o  a t  l e a s t  3 0 0 ° C ,  a s  d i d  H a n d in  an d  F a i r b a i r n  

( 1 9 5 3 ,  1 9 5 5 ) .  A s shown i n  f i g u r e  2 . 1 0 c ,  a lt h o u g h  t h e r e  i s  a  

p o s s i b i l i t y  o f  d o lo m it e  t w in n in g  s t a r t i n g  e a r l i e r  t h a n  4 0 0 ° C ,  

t h e  c r i t i c a l  r e s o lv e d  s h e a r  s t r e s s  (CRSS) becom es t o o  h ig h



CO
Cl Number o f  C r y s t  

a l l o g r a p h i c a l l y  
e q u iv a l e n t  s y s te m s

Sym b o l C r i t i c a l  i 
MPa f o r  S: 
a t  4 0 0 °c

S h e a r S t r e s s e s  
.n g le  C r y s t a l s  

a t  600 c

R e f e r e n c e

T w in n in g  S y ste m  

( 0 2 2 1 )  < 1 0 1 $ > 3 f “ 1 2 7 - H ig g s  an d  H a n d in  ( 1 9 5 9 )  
B a r b e r  e t  a l .  ( 1 9 8 1 )

S l i p  S y ste m s  

(OOOl) < £ l 2 § > 3 +
c - 94 1 1 8 H ig g s  an d  H a n d in  ( 1 9 5 9 )  

B a r b e r  e t  a l .  ( 1 9 8 1 )

( 1 0 1 2 )  < | 0 2 ^ 3 f 12 9 1 1 0 B a r b e r  e t  a l .  ( 1 9 8 1 )  
B a r b e r  ( 1 9 7 7 )

( 1 0 1 4 )  < 4 l2 $ > 3 r B a r b e r  e t  a l .  ( 1 9 8 1 )

K in k in g

t  =  4 1 2 ^ )’ J o h n s e n  ( 19 0 2 )
W e is s  & T u r n e r  .( 19 7 2 )

t  = 4 ° i ( > W e is s  & T u r n e r  ( 1 9 7 2 )

TABLE 2 .4 V©G l i d e  s y s te m s  o f  d o lo m it e  w it h  known v a lu e s  o f  C R S S . The + and  
s i g n s  r e f e r  t o  th e  d i r e c t i o n  s e n s e  o f  t w in  o r  t r a n s l a t i o n  g l i d i n g .



(M
Pa
)

V a r i a t i o n  o f  c r i t i c a l  r e s o lv e d  s h e a r  s t r e s s  w it h  te m p e r a t u r e  
f o r  d o lo m it e .

(a) R e s o lv e d  s h e a r  s t r e s s  f o r  c - s l i p

(b) R e s o lv e d  s h e a r  s t r e s s  f o r  f - s l i p

(c) R e s o lv e d  s h e a r  s t r e s s  f o r  f - t w i n n i n g
( a f t e r  H ig g s  an d  H a n d in , 1 9 5 9 ;  B a r b e r  e t  a l .  1 9 8 1 ) .

F i g .  2 . 1 0

T (°C. 102 )
a

f slip (2021) <2201> f twinning (2021) <LoIl>
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(> 1 5 0  MPa) a t  t h o s e  lo w  t e m p e r a t u r e s .  S l i p  d i s l o c a t i o n s  

h a v e  b een  im ag e d  on c  a n d  f  p la n e s  a b o v e  3 0 0 ° C ,  sh o w in g  

t h a t  w h ile  t w in n in g  i s  p r e v a l e n t ,  some s l i p  s t i l l  o c c u r s .

A s n o t ic e d  b y  B a r b e r  a n d  Wenk ( 1 9 7 9 ) ,  d o lo m it e  t w in n in g  d o e s  

n o t  n u c l e a t e  d i s l o c a t i o n s  i n  t h e  s u r r o u n d in g  m a t r ix  l i k e  

c a l c i t e ,  an d  d i s l o c a t i o n  d e n s i t i e s  g e n e r a t e d  a t  t w in  i n t e r 

s e c t i o n s  i n  d o lo m it e  a r e  se ld o m  a s  h ig h  a s  t h o s e  i n  c a l c i t e  

a t  s i m i l a r  s t r a i n s .

2 . 3 . 3  Low T e m p e r a tu r e  P l a s t i c  D e f o r m a t io n  o f  D o lo m it e

Betw een room t e m p e r a t u r e  an d  a p p r o x im a t e ly  4 0 0 ° C  t h e  

o n ly  known e a s y  g l i d e  m e ch a n ism  i s  s l i p  on t h e  b a s a l  p la n e  

( 0 0 0 1 ) .  T h i s  s y s te m  o p a r a t e s  w it h  e q u a l  f a c i l i t y  i n  b o th  

+a a n d  - a  d i r e c t i o n s ,  w it h  a CRSS v a lu e  a s  lo w  a s  50 MPa 

a t  room te m p e r a t u r e  ( H ig g s  an d  H a n d in , 1 9 5 9 ;  B a r b e r  e t  a l ,  

1 9 8 1 ;  se e  a l s o  f i g .  2 . 1 0 a ) .  The CRSS f o r  b a s a l  s l i p  i n  

d o lo m it e  i n c r e a s e s  w it h  t e m p e r a t u r e , p o s s i b l y  up t o  9 0 0 ° C .  

T h i s  was f i r s t  n o t ic e d  b y  H ig g s  a n d  H a n d in  ( 1 9 5 9 )  a n d  l a t e r  

c o n f ir m e d  b y  B a r b e r  e t  a l . ( 1 9 8 1 ) ,  sh o w in g  t h a t  b a s a l  s l i p  i s  

n o t  l i k e l y  t o  make l a r g e  c o n t r i b u t i o n s  t o  p r e f e r r e d  

o r i e n t a t i o n  o f  d o lo m it e  g r a i n s  a t  h ig h  t e m p e r a t u r e s .  A t  

a b o u t  4 0 0 ° C  H ig g s  a n d  H a n d in  ( 1 9 5 9 )  show ed t h a t  th e  CRSS  

f o r  b a s a l  t r a n s l a t i o n  a n d  f - t w i n n i n g  i s  t h e  sam e , a n d  t h e i r  

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

d o lo m it e  w o u ld , t h e r e f o r e ,  b e im p o s s ib le  t o  d i f f e r e n t i a t e .

T u r n e r  e t  a l . ( 1 9 5 4 b )  h a d  e a r l i e r  n o t ic e d  t h a t  b a s a l  s l i p  

i n  d o lo m it e  l e f t  no t r a c e  o f  v i s i b l e  ( 0 0 0 1 )  l a m e l l a e  i n  t h i n  

s e c t i o n s ,  b u t  c a u s e d  i n t e r n a l  r o t a t i o n  o f  p r e - e x i s t i n g  (022*1) 

l a m e l l a e  t o  an  a n o m a lo u s  new o r i e n t a t i o n  t h e y  d e s ig n a t e d  . 

T h e  a n g le  b etw een  Lg a n d  t h e  b a s a l  p la n e  w as a l s o  fo u n d  t o  be  

l e s s  th a n  t h e  a n g le  b e tw ee n  new (022^1) a n d  ( 0 0 0 1 ) .

B a s a l  g l i d e  was a l s o  shown b y  W e is s  a n d  T u r n e r  ( 1 9 7 2 )



t o  p r o d u c e  two s e t s  o f  k i n k  b a n d s  : t  = < 1 1 ? 0 >  n o t ic e d  e a r l i e r  

b y  J o h n s e n  (1902); a n d  t  = <10T0> f i r s t  o b s e r v e d  b y  W e is s  

an d  T u r n e r .

A lt h o u g h  a t  room  t e m p e r a t u r e , CRSS f o r  b a s a l  g l i d e  i n

d o lo m it e  a n d  r - s l i p  i n  c a l c i t e  a r e  o f  t h e  same o r d e r  o f

m a g n it u d e , t h e  CRSS f o r  t h e  fo rm e r i n c r e a s e s  w it h  t e m p e r a t u r e ,

w h ile  f o r  _ T - s l i p  i t  d e c r e a s e s  w it h  i n c r e a s e  i n  t e m p e r a t u r e .

T h e  r e a s o n  f o r  t h e  i n c r e a s e  i n  d o lo m it e  h a s  n o t  y e t  b e e n

a s c e r t a in e d  w it h o u t  d o u b t , a lt h o u g h  H ig g s  an d  H a n d in  ( 1 9 5 9 )

t h o u g h t  i t  m ig h t  r e l a t e  t o  th e  Mg i o n .  B a r b e r  e t  a l ' s  ( 1 9 8 1 )

e x p l a n a t io n  f o r  t h e  a n o m a ly  may be n e a r e r  t h e  t r u e  p i c t u r e

a n d  i s  d i s c u s s e d  b e lo w . O n ly  l a y e r s  p a r a l l e l  t o  t h e  b a s a l

p la n e  c  c o n t a in  io n s  o f  th e  same s p e c i e s  ( F i g .  2 . 1 b ) ,  an d

h e n c e  b a s a l  g l i d i n g  m eans g l i d i n g  on th e  " s m o o th e s t"  p la n e

( H ig g s  an d  H a n d in , 1 9 5 9 ) .  F o r  u n i t  B u r g e r s  v e c t o r

( 1 / 3  [2TT0] = 1 / 3  a ,  B a r b e r  e t  a l ,  1 9 8 1 )  o f  d is p la c e m e n t  

2— 2+ 2+CO^ , C a  o r  Mg io n s  a r e  v e r y  l i k e l y  t o  go i n t o  t h e i r  

s p e c i e s  p o s i t i o n s ,  w it h o u t  one s p e c i e s  b e in g  p la c e d  i n  a n o t h e r '  

p o s i t i o n .  H o w e ve r, a s  t e m p e r a t u r e  i n c r e a s e s ,  t h e r m a l v i b r a t i o n
p-

o f  l a t t i c e  s i t e s  i n c r e a s e s ,  t h e  CO^ io n  e x p a n d s  i n  s i z e  an d

r o t a t e s .  A l l  t h r e e  f a c t o r s  w i l l  ad d  t o  t h e  r e p u l s i o n  b etw een

p a s s in g  a n io n  g r o u p s  ( B a r b e r  e t  a l ,  1 9 8 1 )  a n d  t h u s  o b s t r u c t

d i s l o c a t i o n  m ovem ent. I n  a d d i t i o n  t o  t h i s  t h e  d o lo m it e  l a t t i c e

l o s e s  CC>2 a t  h ig h e r  t e m p e r a t u r e s ,  r e s u l t i n g  i n  s u b s t i t u t i o n  o f  

2 -  2 -t h e  CO^ g ro u p  b y  O . A lt h o u g h  t h e  rh o m b o h e d ra l c a r b o n a t e  

l a t t i c e  i s  s t i l l  p r e s e r v e d ,  th e  s t r u c t u r e  c o n t a in s  c o n s i d e r a b l e  

CO^” v a c a n c i e s .  S u c h  v a c a n c ie s  c a n  p in  down d i s l o c a t i o n s ,  

i n h i b i t i n g  t h e i r  m o b i l i t y  an d  m a k in g  ( 0 0 0 1 )  l e s s  e a s y  a s  a  

g l i d e  p la n e  a s  t e m p e r a t u r e  i n c r e a s e s .

C a t a c l a s i s  i s  a n o t h e r  im p o r t a n t  d e f o r m a t io n  m e ch a n ism
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a t  lo w  t e m p e r a t u r e s  an d  h ig h  s t r e s s e s  i n  c a r b o n a t e  m in e r a l s  

( R u t t e r ,  1 9 7 4 ;  B a r b e r  e t  a l ,  1 9 8 1 )  . I n  d o lo m it e  t h i s  

p r o d u c e s  _ r -c le a v a g e  ( C h r i s t i e ,  1 9 6 3 )  , o r  s h e a r  f r a c t u r i n g  

( H ig g s  an d  H a n d in ,  1 9 5 9 ;  H a n d in  an d  F a i r b a i r n ,  1 9 5 3 ,  1 9 5 5 ;  

B a r b e r  e t  a l ,  1 9 8 1 ) .  B a r b e r  e t  a l . ( 1 9 8 1 )  i n s i s t  t h a t  s h e a r  

f r a c t u r i n g  i s  a  s i g n i f i c a n t  d e f o r m a t io n  m e ch a n ism  i n  s u p p o r t  

o f  e a r l i e r  o b s e r v a t i o n s .  H a n d in  an d  F a i r b a i r n  ( 1 9 5 3 ,  1 9 5 5 )  

show ed t h a t  a l l  t e s t s  p e rfo rm e d  b etw een  room  t e m p e r a t u r e  a n d  

3 0 0 ° C  en d ed  i n  f r a c t u r e  a lo n g  s u r f a c e s  i n c l i n e d  a t  a b o u t  6 0 °  

t o  t h e  l e a s t  p r i n c i p a l  s t r e s s  a x i s .  H ig g s  an d  H a n d in  ( 1 9 5 9 )  

on t h e  o t h e r  h a n d  o b s e r v e d  t h a t  e v e n  w i t h i n  t h e  t w in n in g  

f i e l d  m a c r o s c o p ic  s h e a r in g  c o u ld  t a k e  up a  l a r g e  p e r c e n t a g e  

o f  t h e  t o t a l  s t r a i n  im p o se d  on t h e i r  s p e c im e n s .

2 . 3 . 4  Betw een  4 0 0 - 6 0 0 ° C

A lt h o u g h  H ig g s  an d  H a n d in  ( 1 9 5 9 )  w o u ld  a s c r i b e  a l l  

s t r a i n  i n  p l a s t i c a l l y  d e fo rm e d  d o lo m it e  a b o v e  4 0 0 ° C  t o  

f - t w i n n i n g  a l o n e ,  l a t e r  o b s e r v a t io n s  on n a t u r a l l y  an d  e x p e r i 

m e n t a l ly  d e fo rm e d  d o lo m it e  do n o t  seem  t o  b e a r  t h i s  o u t .  Wenk 

a n d  S h o re  ( 1 9 7 5 )  showed t h a t  w i t h i n  t h i s  t e m p e r a t u r e  r a n g e  th e  

i n v e r s e  p o le  f i g u r e  fro m  e x p e r im e n t a l ly  d e fo rm e d  d o lo m it e  i s  

c o m p le x  th o u g h  c o n s i s t e n t .  Two m axim a a r e  fo rm e d , one a t  a  

n e g a t iv e  rhomb n e a r  e_ ( 3 0 °  fro m  c )  an d  t h e  o t h e r  a t  a h ig h  

a n g le  p o s i t i v e  rhomb n e a r  j£* ( 7 0 - 8 0 °  fro m  c )  . C -a x e s  a r e

a l i g n e d  on a  s m a l l  c i r c l e  g i r d l e  3 5 °  t o  C3j ( p o s s i b l y  due t o  t h e  

e f f e c t  o f  e) an d  on a  g r e a t  c i r c l e  a t  r i g h t  a n g le s  t o  Q f ( F i g .  

2 . 1 1 c ) .  W h ite  an d  W h ite  ( 1 9 8 0 ) ,  on t h e  o t h e r  h a n d , o b s e r v e d  

t h a t  th e  d o m in a n t m e ch an ism  o f  d e f o r m a t io n  i n  a n a t u r a l  d o l o -  

s t o n e  t e c t o n i t e  o f  maximum e s t im a t e d  t e m p e r a t u r e  o f  6 0 0 ° C  was 

b a s a l  ( 0 0 0 1 )  s l i p . '  T h e y  a l s o  i n f e r r e d  some p an d  f - s l i p  

a c t i v i t y  b u t  o f  lo w e r  e f f e c t  co m p are d  t o  . c - s l i p .  A t  t h i s  

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



g r a i n s ,  b u t  no t w in n in g ,  w h ic h  t h e y  a t t r i b u t e d  t o  an  

in a d e q u a t e  r e s o lv e d  s h e a r  s t r e s s  t o  i n i t i a t e  t w in n in g .

B a r b e r  e t  a l ' s  ( 1 9 8 1 )  e x p e r im e n t a l  w ork on d o lo m it e  

show ed t h a t  b a s a l  s l i p  g o e s  on p a s t  4 0 0 ° C  a n d  up t o  8 0 0 ° C  a t  

l e a s t .  4 0 0 - 6 0 0 ° C  i s  a l s o  t h e  t e m p e r a t u r e  r a n g e  w i t h i n  w h ic h  

t h e  CRSS f o r  £ - s l i p  f a l l s  b e lo w  t h a t  o f  c - s l i p ,  an d  i n t r o d u c e s  

f - s l i p  a s  a  s e r i o u s  c o m p e t it o r  t o  b a s a l  s l i p  a n d  f - t w i n n i n g .  

E x a c t l y  w here f - t w i n n i n g  s t o p s  i n  d o lo m it e  i s  n o t  know n.

A lt h o u g h  i t  i s  t h e  d o m in a n t g l i d e  m e ch a n ism  b e tw ee n  400 a n d  

a t  l e a s t  5 0 0 ° C  H ig g s  an d  H a n d in  M 9 5 9 ) , B a r b e r  e t  a l . ( 1 9 8 1 )  

h a v e  o b s e r v e d  f - t w i n n i n g  on a s m a l l e r  s c a l e  b e tw ee n  6 0 0 °  t o  

8 0 0 ° C .  T h e y  a l s o  c o n f ir m e d  W h ite  an d  W h it e 's  ( 1 9 8 0 )  o b s e r v a t io n  

o f  a c t i v i t y  on _ r ~ ( 1 0 1 4 )  a t  6 0 0 ° C  i n  an a_ =  < 1 1 2 0 >  d i r e c t i o n .

2 . 3 . 5  H ig h  T e m p e r a tu r e  D e fo r m a t io n  o f  D o lo m it e

A t  t e m p e r a t u r e s  b e tw ee n  6 0 0 ° C  a nd 1 0 0 0 ° C  _f = ( 1 0 1 2 )  a n d  

p o s s i b l y  _r= ( 1 0 1 4 )  s l i p  g r a d u a l l y  t a k e  o v e r  fro m  £  = ( 0 0 0 1 )  

s l i p .  T h e  CR SS f o r  f - s l i p  d e c r e a s e s  w it h  i n c r e a s i n g  te m p e r a 

t u r e ,  b e co m in g  lo w e r t h a n  t h a t  f o r  c - s l i p  fro m  6 0 0 ° C  o n w a rd s  

( B a r b e r  e t  a l >  1 9 8 1 ;  se e  a l s o  F i g .  2 . 1 0 b ) .  T h e  l a t t e r  a l s o  

fo u n d  t h a t  a lt h o u g h  r e s o lv e d  s h e a r  s t r e s s e s  on two f -s y s t e m s  

a r e  a lw a y s  e q u a l ,  s l i p  a lw a y s  o c c u r s  o n ly  on one an d  t h e  same 

f - s y s t e m .  r - s l i p  was o b s e r v e d  t o  be f r e q u e n t l y  a c c o m p a n ie d  

b y  c le a v a g e  on p la n e s  p a r a l l e l  t o  th e  s l i p  ( B a r b e r  e t  a l ,  1 9 8 1 )  

b u t  i s  m a in ly  a h ig h  t e m p e r a t u r e  s l i p  s y s t e m , t h e  b e h a v io u r  o f  

w h ic h  i n  C R S S -T e m p e r a t u r e  s p a c e  i s  a s  y e t  unknow n.

W it h in  t h i s  te m p e r a t u r e  r a n g e  a l s o  e x t e n s i v e  c r o s s  s l i p  

o f  ^ - d i s l o c a t i o n s  o n to  t h e  c - p l a n e  h a v e  b e e n  fo u n d  t o  a cco m p an y  

c l im b  o f  d i s l o c a t i o n s  ( B a r b e r ,  1 9 7 7 ;  B a r b e r  e t  a l ,  1 9 8 1 ) .

G r a in  b o u n d a ry  d i f f u s i o n  an d  r e c o v e r y  (a b o ve  700 °C  -  Wenk an d  

S h o r e , 1 9 7 5 )  a n d  g r a i n  b o u n d a r y  s l i d i n g  (a b o u t  6 0 0 ° C  -  W h ite  

an d  W h it e , 1 980)  may be a c c o m p a n ie d  b y  r e c r y s t a l l i z a t i o n
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(Neum ann, 1 9 6 9 ) .  N e u m a n n 's  e x p e r im e n t a l  e v id e n c e  a t  1 0 0 0 ° C  

was l a t e r  c o n f ir m e d  b y Wenk a n d  S h o re  ( 1 9 7 5 ) ,  who show ed  

t h a t  a t  t h i s  t e m p e r a t u r e , a n d  p o s s i b l y  s t a r t i n g  fro m  6 0 0 ° C ,  

t h e  c - a x e s  o f  r e c r y s t a l l i z e d  d o lo m it e  g r a i n s  t e n d  t o  a l i g n  

p a r a l l e l  o r  a t  v e r y  s m a l l  a n g le s  t o  O f  ( s e e  F i g .  2 . 1 1 c ) .  She  

a l s o  fo u n d  t h a t  h o s t  g r a i n  c o n t r o l  i n  d o lo m it e  c - a x i s  f a b r i c  

i s  w e ake r 3 0 ° - 6 0 ° ,  co m p a re d  t o  c a l c i t e ,  2 5 ° - 3 5 ° .  T h e  

r e c r y s t a l l i z a t i o n  m e ch a n ism  s u g g e s t e d  b y  N e u m a n n 's  l a b o r a t o r y  

t e s t s  was n u c l e a t i o n  o f  s t r a i n  f r e e  g r a i n s  r a t h e r  t h a n  s u b 

g r a i n  n u c l e a t i o n  an d  r o t a t i o n ,  o r  b u lg e  n u c l e a t i o n  c h a r a c t e r i s t i c  

o f  a n n e a l in g  r e c r y s t a l l i z a t i o n .

2 . 3 . 6  C r y s t a l l o g r a p h i c  P r e f e r r e d  O r i e n t a t i o n  i n  P o l y 

c r y s t a l l i n e  D o lo m it e

S in c e  1 9 3 0 ,  when S a n d e r  p u b l is h e d  t h e  f i r s t  f a b r i c  

d ia g r a m  o f  d e fo rm e d  d o lo m it e  ( F i g .  2 . 1 1 a ) ,  t h e  w e a lt h  o f  

k n o w le d g e  on d o lo m it e  f a b r i c  h a s  grown s t e a d i l y ,  a lt h o u g h  a t  

f a r  l e s s  a  p a c e  th a n  o t h e r  common m i n e r a l s ,  i n  p a r t i c u l a r  

q u a r t z  an d  c a l c i t e .  Th e n e a r l y  f o l i a t i o n - n o r m a l  d o u b le  

m axim a o f  c - a x e s  r e c o r d e d  b y  S a n d e r  ( 1 9 3 0 )  w ere l a t e r  

r e p r o d u c e d  b y  F a i r b a i r n  a n d  Haw kes ( 1 9 4 1 )  fro m  C l a i r  R i v e r  

d o lo m it e  m a r b le  an d  H asm ark  d o lo m it e  m a r b le .  T h i s  p ro m p te d  

t h e  c o n c l u s io n  fro m  t h e  l a t t e r  t h a t  f o r  d o lo m it e  o n ly  t h o s e  

g r a i n s  w it h  v e r t i c a l  a x e s  a p p r o x im a t e ly  p a r a l l l e l  t o  t h e  

s t r e s s  w o u ld  d e fo rm  b y  b a s a l  t r a n s l a t i o n  an d  t w in n in g .  F o r  

a maximum p r i n c i p a l  s t r e s s  o r i e n t a t i o n  p a r a l l e l  t o  Cv  = [ 0 0 0 1 ] ,  

t h e  r e s o lv e d  s h e a r  s t r e s s  on th e  b a s a l  p la n e  w o u ld  be z e r o ,  

m a k in g  b a s a l  t r a n s l a t i o n  i m p o s s i b l e .  T h i s  same o r i e n t a t i o n  

w o u ld  p u t  a  maximum r e s o lv e d  s h e a r  s t r e s s  on ( 0 2 2 1 ) ,  t h e  p o le  

o f  w h ic h  i s  6 2 $ °  t o  Cv  ( C h r i s t i e ,  1 9 5 8 ) ,  a n d  t h e r e b y  r e s u l t  

i n  t w in n in g  o n l y .  C h r i s t i e  ( 1 9 5 8 )  on t h e  o t h e r  h a n d  showed
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ANGLE c
F i g .  2 . 1 1

C - a x i s  c r y s t a l l o g r a p h i c  p r e f e r r e d  o r i e n t a t i o n  o f  d o lo m it e  
(a and b) a f t e r  S a n d e r  ( 1 9 7 0 )  an d  Neumann ( 1 9 6 9 )  r e s p e c t i v e l y .

(c) b lo c k  d ia g r a m  w it h  n o r m a liz e d  c - a x i s  p r o f i l e s  fro m  
p a r a l l e l  t o  n o rm a l t o  t h e  c o m p r e s s io n  a x i s  a s  a  f u n c t i o n  o f  
t e m p e r a t u r e . A l l  e x p e r im e n t s  w ere d e fo rm e d  a t  d =  10*"6 s e c  
an d  1 0  k b  c o n f i n i n g  p r e s s u r e .  O v e r a l l  s h o r t e n in g  v a r i e d  
betw een 1 5  a n d  40% ( a f t e r  Wenk an d  S h o r e , 1 9 7 5 )  . b  a n d  s  r e f e r  
t o  l i n e a t i o n  and f o l i a t i o n  r e s p e c t i v e l y ,  w h i l e  i s  t h e  
maximum c o m p r e s s iv e  s t r e s s .
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that compression of a randomly oriented dolomite poly
crystal would produce c-axes close to the axis of maximum 
compression if basal translation was effective, whereas 
twingliding on (025*1) would produce the opposite effect - 
a rotation of c-axes from the axis of compression. Such a 
rigid framework is only useful where the operating glide 
system and the contributions from other competing systems 
are known.

The fabric of Crevola dolomite marble also showed a 
strong preferred orientation of the c-axes normal to the 
foliation plane (Trommsdorf and Wenk, 1965) . All the grains 
analysed contained one or more sets of visible f=(022l) twin 
lamellae.

C-axis fabric analysis from experimentally deformed 
dolomite polycrystals was started by Turner et al. (1954b), 
who showed that shortening a cylinder of dolomite rock by 
9.4% led to only slight changes in the pattern of preferred 
orientation at 380°C. Later Wenk and Shore (1975) showed 
that between 300°C and 700°C c-axes of deformed dolomite 
tend to align in a small circle girdle of about 35° toOj 
or in a great circle at right angles to (Fig. 2.11c). At 
higher temperatures (700-1000°C) where grain boundary 
diffusion and recovery (Wenk and Shore, 1975) are likely to 
be accompanied by recrystallization (Neumann, 1969) , c-axes 
tend to align parallel to the axis of compression, with a weak 
host grain control (Fig. 2.11b). This latter dolomite fabric 
resembles calcite fabrics produced at low temperatures so 
much that Neumann (1969) suggested that slip and twinning 
mechanisms may not be the real causes of crystallographic 
preferred orientation in both minerals.
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Laboratory simulation of natural tectonite fabrics in 
carbonate rocks is likely to yield more information when:

(i) the range of values of CRSS at which a particular 
glide system contributes to the overall fabric is known;

(ii) experimental strain rates are lower than those 
presently used;

(iii) the nature of tectonic deformation conditions is 
more closely approximated, for example by the inclusion of 
water in laboratory rock deformation, and

(iv) more information is made available about dolomite, 
magnesite and calcite glide systems.

2.4 DEFORMATION OF CALCITE AND DOLOMITE BY SOLUTION PROCESS
The stress, strain or temperature-induced dissolution of 

common carbonate minerals has not received as much attention 
as their behaviour in the plastic field. A lot more 
investigation has been directed at the free dissolution 
kinetics in pure and carbonated water than what is usually 
referred to as pressure solution behaviour of calcite and 
dolomite. Here, too, as in the plastic field, more 
information is available for calcite than dolomite.

2.4.1 Dissolution of Calcite
The effect of temperature on the solubility of calcite 

has been studied by a few geologists, and among those who 
studied this behaviour in CC^-free water, Morey's (1962) 
experiments produced some of the most interesting results.
As shown in figure 2.12a, the solubility of calcite in CC>2“ 
free water remains constant at about 20 ppm from room 
temperature to about 150°C. This study was done at 
atmospheric pressure using crushed fine-grained calcite 
powder. Above 200°C the solubility decreases almost linearly
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a

Fig. 2.12
(a) The solubility of CaCO^ in COj-free water. The

solubility remains practically constant up to about 
150°c, after which it falls off rapidly - to about 
zero at the critical temperature of water.

(b) The incongruent dissolution of dolomite in C0~ - 
free water as a function of temperature Cc = CaCO 
Me = MgCO^, Be = Mg(0H)2 (after Morey, 1962). 3 '



34

till 350°C, tending to zero at the critical temperature of 
water (374.11°C). Segnit et al.(1962) showed that at any 
CC>2 pressure (between 0,2-6.0 MPa) the solubility of 
calcite decreases as the temperature increases. At all 
temperatures investigated, the solubility increased fairly 
rapidly with increase in CO2 pressure. This behaviour 
shows that in natural environments where calcite is under
going metamorphism, increase in temperature will result in 
decrease in calcite content in fluids and an equal increase 
in calcite precipitation and cementation.

The pressure-induced dissolution of calcite has been 
studied by Rutter (1976), Baker et al« (1979, 1980) and 
Girou et al. (1982). Based on the assumption that textures 
characteristic of diffusive mass transfer by pressure 
solution are found commonly in rocks deformed at temperatures 
up to about 400°C, Rutter (1976) constructed a deformation 
mechanism map for calcite incorporating a pressure solution 
field. Figure 2.13 shows a solid boundary between pressure 
solution at low temperatures (0-450°C) and Coble creep (450- 
600°C) in calcite rock of grain diameter 100jim and activation 
volume V = 37 cm3. There is no geological evidence so far 
that the boundaries between Nabarro-Herring Creep and Coble 
Creep or Coble Creep and Pressure Solution Creep are really 
solid, not transitional boundaries.

Baker et al (1980) showed that increasing the effective 
stress increased the amount of dissolution, and hence the 
amount of crystallization, while the addition of clay, 
basaltic glass and silica minerals only retarded the rate 
of recrystallization of the carbonate. Girou et al. (1982) 
found by applying axial loads of 0-240 MPa parallel to the 
a^ axes of calcite rhombs that solubility was mainly controlled
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Deformation mechanism map for calcite - including a 
pressure solution field (after Rutter 1976). d and V 
are the material grain size and molar volume respectively 
while 6  and the numbers on the curves are the differential 
stress and the strain rates res ectivel .
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by stress-dependent mechanical activation, while chemical 
effects like chemical activity and the effects of internal 
energy, entropy and solid molar volume under stress (Paterson, 
1973) on solubility seemed negligible.

2.4.2 Dissolution of Dolomite
The dissolution behaviour of dolomite is not only less 

well known, but as Morey (1962) showed, is more complicated 
than that of calcite. As figure 2.12b shows, the dissolution 
of dolomite [CaMg(CO^)2] in C02-free water is incongruent.
At all temperatures between 0 and 350°C, more calcite is 
dissolved than magnesite, arid at about 200°C the solubility 
of magnesite is about zero while that of calcite reaches a 
maximum. Busenberg and Plummer (1982) confirmed the non- 
stoichiometric dissolution of dolomite, showing also that 
the dissolution of dolomite decreases with increasing pH 
and that at a constant pH the dissolution increases as the 
partial pressure of carbon dioxide (PC02) increases. At 
temperatures above 200°C the dissolution of dolomite is 
actually the separate dissolution of calcite and brucite, 
if the water is C02-free. To prevent the formation of 
brucite [Mg(OH)2], Rosenberg and Holland (1964) passed carbon 
dioxide into the solution at 6.0 MPa. They showed that the 
stability field of dolomite lies entirely in the Ca-rich 
portion of the system between 275° and 420°C, and that the 
lowest temperature at which dolomite dissolved congruently 
was still unknown.

The pressure-induced dissolution of dolomite is a 
relatively neglected area, possibly because the role of 
pressure solution'in rock deformation is not very easy to 
model, and as a result the importance of the interaction 
between crystal plasticity and pressure solution, particularly
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in the greeschist facies has been relatively neglected.

2.5 STABILITY AND METAMORPHISM OF CARBONATE ROCKS
The dissociation of common carbonate rocks_ like calcite, 

dolomite and magnesite has been extensively studied, not only 
as an aid in determining metamorphic conditions in the field, 
but also for its industrial applications. Their stability 
fields can be defined with respect to temperature, fluid 
pressure, the amount of strain energy stored in them, the 
whole rock composition of which they are a part and probably 
the composition of the respective mineral in question.

2.5.1 The Relative Stabilities of Pure and Strain-free

With dolomite as starting material, thermal dissociation 
is not very significant below 600°C. Above 600°C an increasing 
amount of C02 pressure is necessary to stabilize dolomite with 
respect to calcite, periclase and C02. This behaviour is 
shown by Harker and Tuttle (1955) , Graf and Goldsmith (1955) , 
Goldsmith (1980). Figure 2.14 is a univariant pressure (C02)- 
temperature curve for the dissociation of dolomite. The dis
sociation equation proposed by Harker and Tuttle (1955) was 
later revised by Goldsmith (1980) on the evidence that the 
calcite produced by the process is never pure CaCO^, but, 
depending on the temperature and C02 pressure, contains 
more or less MgCO^ in solid solution: the equation for high 
temperature dissociation is:

Calcite and Dolomite

Ca.Mg (CO,) , ^ 1 ^x 3 ( 1  +x)-*— + yMgO + yC02 
periclaseCa - dolomite Mg - calcite
. . 2.4

At low temperatures and pressures the solid solution in
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U n iv a r ia n t  p re s s u re  (C02) - te m p e ra tu re  c u rv e  f o r  th e  
d is s o c ia t io n  o f  d o lo m ite  a c c o rd in g  t o  th e  e q u a t io n :

CaMg(C03) 9 = CaCO-+ MgO + C02 (after Harker
and Tuttle, 1955). oo = dolomite, cp = calcite 
and periclase.

Fig 2.15
Pressure (CC>2) - temperature curves for the dissociation 
of calcite, dolomite and magnesite. The triangular diagrams 
show the phases which would be stable in the divariant 
regions defined by the P - T curves ignoring any solid 
solution there may be among the phases.

F = C02, C = calcite, D = Dolomite, M = Magnesite,
L = Lime and P = Periclase (after Harker and 
Tuttle, 1955).
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dolomite is so little that x» 1 ,  and the equation becomes:

Cal Mg1 (C03)2^± Ca1Mg(1-x) Ĉ03̂  (2-x) + xMg0 + xC02
dolomite Mg-calcite periclase

2.5
as expressed by Graf and Goldsmith (1955). Stability studies 
have shown that dolomite is still stable at 1600°C, provided 
pressures of up to 2000 MPa are applied (Goldsmith, 1980), 
which physical conditions may be attained in the upper mantle.

Calcite is a lot more stable than dolomite, as shown by 
Figure 2.15, and both are more stable than magnesite. By 
deforming single crystals of CaCO^ at 700°C and subsequently 
allowing decomposition to continue at very low rates, Thomas 
and Renshaw (1967) noticed that there was preferential decompo
sition at dislocations gliding on (4041 , (10To) and less in 
(0221) planes. Decomposition was also favoured along twin 
boundaries, necessitating the tentative suggestion that the 
intrinsic energy of a dislocation contributes to the energy 
of activation of decomposition. Pure calcite dissociates to 
lime at very high temperatures and extremely low CC^-pressures 
(fig. 2.15).

As mentioned earlier, decomposing dolomite produces an 
impure calcite which contains variable amounts of MgCO^ in 
solid solution. The amount of MgCO^ contained in solid 
solution with such calcite has been shown by Goldsmith and 
Newton (1969) to be a function of both temperature and total 
pressure. Hence they proposed a geothermometer based on the 
relationship of temperature and moles of MgCO^ in calcite 
required to equilibrate with dolomite (fig. 2.16) . The usability 
of the geothermometer is due mainly to the fact that an increase 
in total pressure of 1000 MPa caused only a 1.2 mole percent MgCO^
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Fig. 2.16
The polybaric calcite - dolomite solvus, showing the unique 
relationship between temperature and m'oles of MgC09 in 
calcite in an equilibrium composition of dolomite and 
calcite (Goldsmith and Newton, 1969).

Fig. 2.17
The experimentally determined univariant Pco9 - T curve for 
the reaction CaCO- + Si09 = CaSiO- + C0o (after Harker 
and Tuttle, 1956)7 * 3 2
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increase, making the polybaric solvus of Figure 2.16 essentially 
the same in configuration at 100 or 200 MPa total pressure.
More discussion and application of the geothermometer is 
presented in Chapter 4 (section 4.3).

2.5.2 Metamorphism of Impure Carbonate Rocks 
Very often dolomite or calcite occurs in the field in 

association with quartz and/or phyllosilicate minerals, or 
the latter materials and their elements may be provided by 
metasomatic introduction. A reaction of the type:

CaC03 + Si02 ̂ — -  CaSi03 + CC>2 . . . .  2.6
calcite quartz wollastonite

is possible, as shown by Goldschmidt (1912), Danielsson (1950), 
Harker and Tuttle (1956). Figure 2.17 shows the experimentally 
derived univariant PC02~T curve for the above reaction, by 
means of which Harker and Tuttle estimated that at atmospheric 
pressure the reaction would take place at about 400°C. Generally 
where CC>2 has the means of fast escape, as in shallow intrusions 
or where volatile components can dilute it, the equilibrium in 
the above reaction is towards the right and the stability of 
wollastonite^greater with respect to calcite and quartz. The 
reaction may then proceed at lower temperatures.

The metamorphism of aluminium-free siliceous dolomites 
has been extensively studied by Metz and Winkler (1963), (1964); 
Metz (1966,1967); Metz, Puhan and Winkler (1968); Metz and 
Trommsdorff (1968) and Metz and Puhan (1970); who showed that 
progressive metamorphism of a carbonate rock represented by 
some point in the calcite-dolomite-quartz triangle leads to 
a series of step reactions, each involving the partial 
elimination of C02 . Such a series, according to Turner (1968), 
leads to progressive increase in the entropy of the system.
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At least fifteen such reactions are known or can be imagined, 
corresponding to the fifteen curves in Figure 2,18. These 
reactions mark the first appearance (each in rocks of 
appropriate limited composition) of talc, tremolite, 
forsterite, diopside, periclase, wollastonite and monticellite, 
and are listed as follows:

(1) 3 dolomite + 4 quartz + 1 1 talc + 3 calcite + 3CC>2

(2) 5 talc + 6 calcite + 4 quartz” 7?:3 tremolite + 6CC>2 + 21^0
(3) 2 talc + 3 calcite ̂  '2:1 tremolite + 1 dolomite + 1 CC>2 +

1 h 20

(4) 4 dolomite + 8 quartz + 1 1^0 1 tremolite + 3 calcite +
7C02

(5) 2 dolomite + 1 talc + 4 quartz^^.1 tremolite + 4C0 2

(6 ) 1 tremolite + 3 calcite + 2 quartz^^. 5 diopside + 3CC>2 + 
1H20

(7) 1 tremolite + 3 calcite^±11 dolomite + 4 diopside +
1C02 + i h2o

(8) 1 dolomite + 2 quartz _ 1 diopside + 2CC>2

(9) 1 talc + 5 dolomite 4 forsterite + 5 calcite + 5CO2 +
1H20

(10) 11 talc + 10 calcite^f± 5 tremolite + 4 forsterite +
10CO2 + 6H 2 0

(11) 1 tremolite + 11 dolomite^^: 8 forsterite + 13 calcite + 
9C02 + 1 H20

(12) 13 talc + 10 d o l o m i t e 5 tremolite + 12 forsterite + 
20CO2 + 8H 2 0

(13) 3 tremolite + 5 calcite^±^r 11 diopside + 2 forsterite + 
5C02 + 3H20

(14) 1 diopside + 3 d o l o m i t e 2 forsterite + 4 calcite +
2C02
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Isobaric Temperature - Mole fraction XCO2 diagram for the 
reactions 1 to 15. Xco2 is the mole fraction of C02 in 
fluid phase, which consists of C02 and H20. Total fluid 
pressure Pf = 1000 bars. I, II, III and ±V are isobaric 
invariant points. The numbers of the curves refer to 
reactions 1 - 15 of section 2.5. Continuous lines refer to 
experimentally determined equilibria; broken lines represent 
schematic equilibrium boundaries from calculations (Metz 
and Trommsdorff, 1968).

Fig. 2.19
3 Dolomite + 4 Quartz + 1 H20 1 Talc

:ite + 3 C02 , in T, X 2 and total fluid pressure 
Each curve shows thec8ehaviour of the same equili

The equilibrium:
+ 3 Calcite
space. Each curve^shows the^Behaviour of the same equilibrium 
reaction at a different total pressure (of H20 + C02 , after 
Metz and Puhan, 1970).
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Fig. 2.18

Fig. 2.19
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(15) 4 tremolite + 5 dolomite 13 diopside + 6 forsterite +
10CO2 + 4H20
(Metz and Trommsdorff, 1968) » . . 2.7

In an isobaric T/X^q -diagram like Figure 2.18, these 
reactions have univariant equilibrium curves which intersect 
at four isobaric invariant points I - IV . As Winkler 
(1979) shows, a continuous increase in the partial pressure 
of CC>2 subsequent to the formation of talc will drive 
reaction 1 - (Fig. 2.18) - to the first invariant point I ,
where the equilibrium assemblages of reactions 1 and 2 
are capable of coexistence. This invariant point refers to 
the paragenesis: Tremolite + talc + calcite + dolomite + quartz. 
The invariant points are fixed in T-X^ space only if the 
total fluid pressure is known, and can then be used with great 
accuracy for temperature estimates, but as Puhan and Metz (1978) 
and Winkler (1979) point out, in three-dimensional P-T- X CQ 
space I - IV themselves generate curves which are not 
exactly parallel to the P^ axis, making their use greatly 
limited.

Reaction (1) has been extensively studied further by 
Metz and Puhan (1970), who showed, as in Figure 2.19, that 
increasing the fluid pressure from 100 MPa to 500 MPa 
increases the reaction temperature by about 175°C at any 
value of XCq . Also, each isobaric curve tends to approach 
its highest temperature at the point where the partial pressure 
of CC>2 tends to unity.

2.5.2.1 Influence of Al^O^
The p re s e n c e  o f  a lu m in iu m  o x id e  d u r in g  th e  m e tam o rph ism  

o f  s i l i c e o u s  d o lo m ite s  r e s u l t s  i n  th e  fo rm a t io n  o f  a c h l o r i t e  
s p e c ie s  r i c h  in  m a g n e s iu m -c lin o c h lo re  (F a w c e t t and Y o d e r ,
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Fig. 2.20
Temperature-composition field at 200 MPa P ^ q , showing the 
stability of chlorite and other possible phases with change 
in Mg, Si and Al. The stability fields were determined 
experimentally by Fawcett and Yoder (1966). CH = Chlorite
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1 9 6 6 ;  T u r n e r ,  1 9 6 8 ;  W in k le r ,  1 9 7 9 ) .  I n  t h e  a b s e n c e  o f  q u a r t z  

t h i s  c h l o r i t e  w i l l  p e r s i s t  t o  h ig h  t e m p e r a t u r e s ,  g i v i n g  r i s e  

t o  t h e  p a r a g e n e s i s :

f o r s t e r i t e  + c a l c i t e  + d o lo m it e  + c l i n o c h l o r e ,  i n  

m edium  an d  e v e n  h ig h -g r a d e  a m p h ib o l it e  f a c i e s .  Th e p r e s e n c e  

o f  q u a r t z  r e s u l t s  i n  t h e  f o r m a t io n  o f  t a l c  a n d /o r  c o r d i e r i t e  

a s  shown i n  F i g u r e  2 . 2 0 ,  i n  c o e x is t e n c e  w it h  c h l o r i t e .

P h a s e  r e l a t i o n s  o f  t h e  m a g n e s ia n  c h l o r i t e s  p r e s e n t e d  

i n  a l l  e x p e r im e n t a l  s t u d i e s  p r i o r  t o  1 9 6 6  te n d e d  t o  p o r t r a y  

t h a t  c h l o r i t e s  a n d  q u a r t z  do n o t  c o - e x i s t  i n  t h e  t e m p e r a t u r e  

r a n g e  1 3 0 °  t o  8 0 0 ° C ,  an d  w a te r  p r e s s u r e s  u p  t o  200 M Pa. B u t  

F a w c e t t  an d  Y o d e r  ( 1 9 6 6 )  showed b o th  fro m  f i e l d  an d  e x p e r i 

m e n t a l d a t a  t h a t  t h e  m o st common o c c u r r e n c e  o f  c h l o r i t e  i n  

n a t u r e  ( lo w -g r a d e  r e g i o n a l  m e ta m o rp h ic  r o c k s )  i s  i n  t h e  

p r e s e n c e  o f  e x c e s s  q u a r t z .
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CHAPTER THREE

T h i s  c h a p t e r  f o c u s e s  on t h e  g e o lo g y  o f  t h e  M o in e s  an d  

M o in e T h r u s t  Z o n e , e s p e c i a l l y  t h e  A s s y n t  an d  E r i b o l l  a r e a s .

M ost a t t e n t i o n  h a s  b e e n  g iv e n  t o  t h e  t e c t o n ic -m e t a m o r p h ic  

s e t t i n g ,  a s  t h i s  fo rm s a  b a c k g ro u n d  t o  th e  r e s t  o f  t h e  

t h e s i s .  The l a s t  p a r t  o f  t h e  c h a p t e r  i s  a r e p o r t  o f  t h e  

f i e l d  w ork c a r r i e d  o u t  i n  1 9 8 1  a n d  1 9 8 2  i n  t h e  same a r e a s .

A l l  f i e l d  d a t a  i s  p r e s e n t e d  m a in ly  a s  a s u p p le m e n t t o  t h e  

g e n e r a l  g e o lo g y  a l r e a d y  know n. Th e m ain  p u r p o s e  o f  t h e  

f ie ld w o r k  was t o  a c c u r a t e l y  l o c a t e  s p e c im e n s  u s e d  i n  

l a b o r a t o r y  s t u d i e s .

3 . 1  GEO LO GICAL S E T T IN G

3 . 1 . 1  I n t r o d u c t io n

T h e  M oine t h r u s t  b e l t  o f  N o r t h  W est S c o t la n d  h a s  a 

known s t r e t c h  o f  a b o u t  200km from  P o in t  o f  S l e a t - S k y e  t o  

E r i b o l l ,  an d  a p o s s i b l e  o f f s h o r e  c o n t in u a t i o n  t o  a b o u t  

460km b o th  n o r t h  an d  s o u t h  ( E l l i o t t  an d  J o h n s o n , 1 9 8 0 ) .

T h e t h r u s t  p la n e  h a s  a n o r t h -n o r t h  e a s t  s t r i k e ,  ( F i g . 3 . 1 ) ,  an e a s t  

. s o u t h - e a s t  d ip  o f  8 ° - 1 2 °  on la n d  ( E l l i o t t  a n d  J o h n s o n ,

1 9 8 0)  b u t  l e v e l l i n g  o f f  a t  a b o u t  18km  d e p th  (B re w e r an d  

S m y th e , 1 9 8 4 ) .  I t s  s i g n i f i c a n c e  h a s  b e en  i n  d i s p u t e  s i n c e  

t h e  l a s t  c e n t u r y ,  j u s t  a s  t h e  t e c t o n ic -m e t a m o r p h ic  h i s t o r y  

o f  t h e  e n t i r e  M oine r o c k s  h a s  b e e n . Some o f  t h e  p o i n t s  o f  

c o n t r o v e r s y  c o n c e r n  n o t  o n ly  w hat h a s  h a p p e n e d  t o  t h e  

M oine r o c k s  i n  t h e  t h r u s t  z o n e , b u t  a l s o  a t  w h at t im e  o f  

t h e  t e c t o n ic -m e t a m o r p h ic  h i s t o r y  some o f  t h e  b e t t e r  known 

s t r u c t u r e s  i n  t h e  M oine r o c k s  d e v e lo p e d . C o u r t e s y  o f  a 

w id e  em baym ent i n  t h e  A s s y n t  r e g io n  betw een  C r o m a lt  H i l l s  

i n  W e s te r  R o ss  and L o c k  G len d h u  i n  S u t h e r la n d  -  o f t e n  

c a l l e d  t h e  " A s s y n t  B u lg e "  - t h e  M oine t h r u s t  a s  w e l l  a s
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F i g .  3 . 2  The two m o d e ls  o f  th e  d eep s t r u c t u r e  o f  th e  Jfo in e  

T h r u s t  Z o n e : (a) b y  S o p e r  an d  B a r b e r  ( 19 8 2 )  and  

(b) b y  B re w e r an d  Sm ythe ( 1 9 8 4 )  . L  =  L e w is ia n  

g n e i s s ,  MS = M oine S c h i s t s ,  MT = M oine T h r u s t .
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lo w e r  m a jo r  an d  m in o r  t h r u s t s  c a n  b e se e n  i n  t h e  M o in e  

t h r u s t  z o n e . I n  t h i s  " b u lg e "  o r  " c u lm in a t io n "  s e v e r a l  

s l i c e s  o f  v a r y i n g  l i t h o l o g i c  c o m b in a t io n s  a n d  t h i c k n e s s e s  

a r e  c a r r i e d  on t h r u s t s  o f  v a r y in g  d ip s  a n d  a g e s ,  a l b e i t  

a l l  C a le d o n ia n ,  fro m  t h e  S o le  t h r u s t  b o r d e r in g  t h e  f o r e l a n d  

t o  t h e  M o in e t h r u s t  i n  t h e  e a s t .

R e c e n t ly  a c q u ir e d  g e o p h ic a l  e v id e n c e  show ed t h e  

e x i s t e n c e  o f  i n t r a f o r e l a n d  t h r u s t s  (O u te r  I s l e s  an d  

F la n n a n  t h r u s t s )  w h ic h , b e c a u s e  o f  t h e i r  s i m i l a r i t y  i n  

d ip  an d  s t r i k e  t o  t h e  d e m o n s t r a b ly  C a le d o n ia n  t h r u s t s ,  

h a v e  b e e n  a s c r i b e d  t o  t h e  C a le d o n ia n  d e f o r m a t io n  (B re w e r  

an d  S m y th e , 1 9 8 4 ) .  T h i s  r e c o g n it io n  th ro w s a q u e s t io n  on  

t h e  d e f i n i t i o n  o f  t h e  M oine t h r u s t  a s  t h e  C a le d o n ia n  

O r o g e n ic  F r o n t .  The d eep  s e is m ic  s t u d y  a l s o  showed t h a t  

a lt h o u g h  t h e  M oine t h r u s t  i s  no w here a s  d e e p  a s  t h e  M oho- 

D i s c o n t i n u i t y , i t s  l a t e r a l  e x t e n t  a t  d e p th  i s  much w id e r  

th a n  t h e  a r e a  e x p o se d  i n  t h e  A s s y n t  w indow  (s e e  F i g .  3 . 2 ) .

3 . 1 . 2  S t r a t ig r a p h y

Th e s t r a t i g r a p h y  o f  t h e  C a le d o n ia n  F o r e la n d  i s  a s  

shown i n  T a b le  3 . 1 ,  w it h  t h e  o l d e s t  g e o lo g ic  u n i t  b e in g

t h e  L e w is ia n  g n e i s s .  T h i s  i s  a m e ta m o rp h ic  co m p le x  com posed  

m a in ly  o f  o r t h o g n e is s  ( S w e t t , 1 969)  b u t  a l s o  i n c l u d i n g  

S c h i s t s  r e c o g n i s a b le  a s  a l t e r e d  s e d im e n t a r y  r o c k s .  F i r s t  

d e s c r ib e d  i n  d e t a i l  b y  P e a c h  e t  a l .  ( 1 9 0 7 ) ,  t h e s e  g n e i s s e s  

a r e  c r o s s c u t  b y  a s u i t e  o f  NW t r e n d in g  m etam o rp h o sed  

d o l e r i t e  d i k e s  i n  some p l a c e s  o r  g r a n i t e s  an d  p e g m a t it e s  

i n  o t h e r s .

V a r ia b ly  d e fo rm ed  b o d ie s  o f  L e w is ia n  g n e is s  o c c u r  as

i n l i e r s  i n t h e  M o in e p sam m ite  betw een t h e  M o in e t h r u s t  

an d  t h e  G r e a t  G le n  f a u l t  (Jo h n so n  e t  a l . , 1 9 7 9 ;  B re w e r
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TA B LE 3 . 1

STRATIGRA PH Y IN  THE MOINE THRUST ZONE

S T R A T IG R A P H IC  U N IT T H IC K N E S S  AGE C H A R A C T E R IS T IC S

DURNESS FORMATION
DURINE MEMBER 2 8 3 . 3 m O

C R O IS P H U IL L  ) 
B A LN A K IEL J
SANGAMORE J 
SAILMHOR )

>
8 0 0 . 0

s
w

E lL E A N  DUBH ) 1 0 0 . 0 o
GRUDAIDH ) 1

o
AN T'SR O N S E R P U L IT E  G R IT 10 w

FORMATION o
FU CO ID  BEDS 1 7 o

<
E R IB O L L P IP E  ROCK 9 3 . 3 H

SANDSTONE O
H

BASAL Q U A R TZITE 7 7 . 0 >

TORRIDONIAN TORRIDON GROUP 7km 800Ma

C o n o d o n t F a u n a

C e r a t o p e a ,  P e t i g u r u s ,  
G a s t r o p o d s  an d  
C e p h a lo p o d s

O n c o l i t h i c  f l o r a  
S a l t e r e l l a ,  p l a n o l i t e s

O l e n e l l u s ,  S a l t e r e l l a ,  
s k o l i t h o s
T r i l o b i t e s ,  o l e n e l u s ,  
p l a n o l i t e s ,  e t c .

S k o l i t h o s ,  M o n o c r a t e -  
r i o n

W h ite  c o l o u r ,  c r o s s 
b e d d in g

U n c o n f o r m it y

STQER GROUP 2 . 3 k m 995Ma

G r e n v i l l e  a g e  d e f o r m a t io n  a n d  m etam o rp h ism  o f  t h e  M o in e s = 1 1 0 0 M a .

M o in e S e d im e n t s  -  ag e  unknown ( 1 2 5 0  -  1 1 0 0  Ma a p p r o x im a t e ly ) .

-----------  ---------------  ----------------  -------------  ------------- ----------- -------U n c o n f o r m it y

L E W IS IA N  BASEMENT G N E IS S  1 8 0 0 - 1 6 5 0  L a x f o r d ia n  d e f o r m a t io n
an d  m etam o rp h ism

2 2 0 0 - 2 6 0 0  S c o u r ie  d y k e s  i n t r 
u s io n  .

2 6 0 0 - 2 9 0 0  S c o u r ia n  d e f o r m a t io n  
an d  m etam o rp h ism

(G o b b e t t  an d  W ils o n ,  1 9 6 0 ;  H i g g i n s ,  1 9 6 7 ;  S w e t t , 1 9 6 7 ;  C o w ie  e t  
a l .  1 9 7 2 ;  B r a s i e r ,  1 9 7 7 ;  Co w ard  an d  M c C la y , 1 9 7 9 ) .
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et al., 1979; Johnstone et al., 1979 and Piasecki and 
van Breemen, 1979). This correlates with Brewer and 
Smythes (1984) deep seismic finding that Lewisian gneisses 
form the base of the Moine thrust at depth ( 18km), to show 
that those Lewisian inliers must have been carried up by 
the Moine rocks as the latter were gliding along the low 
level Lewisian decollement.

The Torridonian: This is a thick sequence of red arkosic
sand stone which rests unconformably on the Lewisian gneisses 
of the foreland. Detailed geological studies, paleomagnetic 
studies and radio-metric dating reveal the presence within 
these sand-stones of a 25° angular unconformity, a 50° 
change in paleomagnetic pole position and an age difference 
of about 180m.y. between the Stoer Group at the base, and 
the top Torridon group, (Coward and McClay, 1979). The 
former is 2.3km thick where it is best preserved and has 
a maximum thickness of 7km. Preceding the deposition of 
the Cambro-Ordovician sequence, the Torridonian was gently
folded about a north-south axis.
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The Early Cambrian Sediments: These sediments were 
deposited unconformably on a planar surface following the 
erosion of the Torridonian Sandstone. In places they rest 
directly on the Lewisian, defining a double unconformity.
The base of the Cambrian sediments is a quartz-rich, 
feldspathic to orthoquartzitic, current-bedded member (the 
Basal Quartzite) sometimes with a conglomerate at the base.
Its whitish colour is very characteristic.

Conformably above the Basal Quartzite lies the Pipe 
Rock a well-bedded, orthoquartzitic sandstone with vertical, 
bedding-normaljcylindrical bioturbation structures. These 
vertical burrows belong to the genus Skolithus (Hallam and 
Swett, 1961), and their presence here with Monocraterion, 
as well as .Olenellus in the Fucoid Beds above have been 
used as criteria for according a Cambrian age to this 
sequence. Diagenesis of the Eriboll Sandstone produced 
extensive porosity reduction and some redeposition (Swett, 
1969) .

Conformably above the quartzite lie the Fucoid Beds. 
These have been misnamed because of the erroneous inter
pretation of planolites trace fossils as fucoids. The 
Fucoid Beds are a dolomitic siltstone, containing arenaceous 
and argillaceous units. The presence of the trilobite 
Olenellus here is characteristic, and the earliest shelly 
fossil in the Cambrian-Ordovician sequence is found here.

The Fucoid Beds are followed by about 10m of principally 
orthoquartzitic sandstone - the Serpulite Grit in which some
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units contain carbonate cement. It takes its name from 
small conical fossil shells - serpulites, now called 
Salterella, (Coward and McClay, 1979). There are some 
vertical worm burrows also just like the lower two units.
It preserves a characteristic close association between 
the presence of large amounts of quartz and carbonate 
cement, and the lack of quartz deformation. This, according 
to Swett (1969), suggests an early cementation which reduced 
the susceptibility of the sandstones to deformation and 
solution.

The Middle Cambrian - Ordovician Sediments:
The Durness Formation;

This has been variously referred to as the Durness 
carbonate, the Durness Calcaceous Series, the Durness group
etc., but according to the American Code of Stratigraphic 
Nomenclature (1961), Durness Formation would be a more 
appropriate name. It is a Cambrain to Lower Ordovician 
deposit of dolostone, limestone, marble and chert, which 
closely resembles the Cambrian-Lower Ordovician Series of 
East Greenland and the Oslobreen Series of North Spitsbergen, 
(Gobbett and Wilson, 1960; Swett 1981). It lies conformably 
on the Serpulite Grit, attains a maximum thickness of about 
1,290 meters at its type locality - Durness, (Gobbett and 
Wilson, 1960) and has been subdivided into seven members, 
formerly known as Groups by Peach et al. (1907) - Table 3.1.

Apart from a chertified oncolite association (Brasier 
1977), the Eilean Dubh Member has no proven middle Cambrian 
fossil record, though the Lower Cambrian Grudaidh member contains
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Salterella fossils, like the Ant-Sron units below. From the 
Sailmhor up to the top of the Croisphuill a Canadian fauna 
is predominant, while by correlation with the Swedish 
Ordovician faunas, Higgins (19-67), shows that the middle 
part of the 283m thick Durine member is of late Arenig or 
early Llanvirn age by virtue of thirteen identifiable 
conodont species found in it.

Palmer et al.(1980) reported the first known break 
in deposition in the Durness Carbonates - between the Sailmhor 
and the Sangomore members. This is a minor hiatus, and not 
an angular unconformity, showing that unlike the Oslobreen 
Carbonates, the Durness carbonates in the field have no 
angular unconformities within, although erosion surfaces, 
minor non-sequences, diagenetic mottling and post-Cambrian 
intrusive sills are abundant (Gobbett and Wilson, 1960;
Swett, 1966a; Coward and McClay, 1979) .

The traditional nomenclature "Durness Limestone" is 
the principal reason forthe earlier misconception that most 
of the Durness carbonate is limestone. The sequence includes 
calcareous dolostones, illitic dolostones, dolomitic 
limestones and pure limestones, as major lithologic types.
The contacts between these lithologic types range from 
gradational to sharp. Swett (1966a) has noticed a character
istic network of interpenetrating, dolomitic and calcitic 
patches, streaks and bands which he ascribed to diagenetic 
mottling. The dolomitic portions, he noticed, are more 
coarsely crystalline and darker than the calcitic portions.
The relative grain sizes of calcite and dolomite may be
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influenced by the environment of derivation of the samples.
The mottling is interpreted as probably the result of an 
early diagenetic unmixing, as original magnesian limestones 
which possessed limited permeability with respect to dolomi- 
tising Mg-ions, tried to establish chemical stability.
Swett (1965b) proposes a diagenetic sequence of five events 
thus: (i) recrystallization, (ii) dolomitization,
(iii) silicification, (iv) calcitization, and (v) redolomi- 
tization. These are explained below.

(i) Recrystallization - during which most of the original 
oolitic texture was destroyed. This is acutally crystallization.

(ii) Dolomitization - which seemed to proceed randomly from 
centres of indeterminate origin, probably aided by Mg-ions
released from the breakdown of earlier-formed minerals.

Swett (1965b) supposed these Mg-ions to have come from 
the breakdown of illite, which is very unlikely in view of
the chemical composition of illite in the Durness Carbonates.

The problem of the genesis of dolomite has intrigued 
earth scientists for some time, thereby giving rise to a 
vast number of publications. The concensus of opinion 
resulting both from laboratory and field investigations 
points to the following reaction:

2CaC03 (solid) + Mg2 ±-» CaMg (CCK  ̂(solid) + Ca2+ .... 3 . 1

(Lipmann, 1973; Deffeyes et al. 1965; Katz and Mathews, 1977; 
Carpenter, 1980). Katz and Mathews (1977) reported the 
hydrothermal dolomitization of calcite between 252° and 295°C, 
proposing a four-stage process thus:
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(1 ) dissolution of reactants,
(2 ) precipitation from the solution of an intermediate 

Magnesian Calcite phase,
(3) dissolution of the intermediate(s), and
(4) final precipitation of dolomite.

Gaines (1-979) confirmed the solution - reprecipitation 
model, by experimental studies, proposing with Fischbeck 
(1979) the term "protodolomite" for the product of stage (2) 
above. The two remaining problems then seemed to be the
source of the Mg2+ions and why dolomite is so rare in 
Recent and Pleistocene sediments in proportion to the total 
amount of carbonate sediment of that age, and also in 
comparison with the abundance of dolomite in ancient 
sedimentary rocks. Johnson and Pyktowiczs (1978) and 
Carpenter (1980) show that cations in sea water are paired 
with chloride to a greater extent than with sulphate and 
bicarbonate, and that approximately fifty per cent of 
calcium and magnesium in sea water is paired with chloride.
Also reasearch in modern sea-marginal pools of the Red 
Sea shows that dolomite formsonly where gypsum and/or 
anhydrite is likewise present, (Friedman, 1979). Hence the 
magnesium ions for forming dolomite are likely to come from sea 
water as magnesium chloride. Also Deffeyes etal. (1965) showed 
that dolomitization of sediments by marine evaporite waters 
on Bonaire in the Caribbean Islands took place in Recent
and Plio-Pleistocene times. Carbon-14 dates on dolomite 
found in most of the Recent supratidal sediments in Bonaire 
showed that the time since dolomitization has been less than 
2 , 2 0 0 years.



In the Durness carbonates, the interpenetration of 

dolomite grains across diagenetic stylolites and other 
solution surfaces could be an indication that much of the 
process of dolomitization was over before diagenesis set in.

(iii) The third diagenetic event of Swett (1965b) is 
Silicification - when decomposing illite is likely to have 
provided silica for the formation of chert, or as Beach 
(1977) suggested, the breakdown of detrital feldspar 
produces illite and quartz. This is likely to have made 
some contribution to silicification in the carbonates if 
the original amount of feldspar present was high enough.

(iv) Calcitization i.e. dedolomitisation - either of 
hydrothermal origin or of some diagenetic processes.

(v) Redolomitisation: during which some of the calcite 
was converted into dolomite.

Although the oolitic texture of the rock particularly 
in the foreland area is held in certain instances to have
exerted a control over the patterns of diagenesis, no 
undisputable evidence was presented to support the five- 
stage sequence.

The Cambro-Ordovician sequence from the Basal quartzite 
and Pipe rock overlain by siltstone and capped by carbonate 
rocks is consistent with a gradual marine transgression, but 
does not necessarily indicate a continuous increase in the 
water depth.
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The Moine Schists;

These are a sequence of metamorphosed sandstones and 
shales which overlie the Moine thrust. Moine rocks proper 
are bounded to the NW by the Moine thrust and to the SE by 
the Great Glen fault (Harris et al. 1978; McClay and 
Coward, 1979) , although the psammitic granulites of the 
Central Highlands east of the Great Glen fault (Fig.3.3) 
are either an extension of the Moines across the fault 
(Christie, 1963; Piasecki and -van Breemen, 1979) or equivalents 
of the Moines (Harris et al. 1978; McClay and Coward, 1979).

West of the Great Glen fault the Moine rocks can be 
subdivided into the Morar, Glenfinnan and Loch Eil divisions 
(Fig.3.3b). The boundary between the Morar and Glenfinnan 
divisions may be tectonic (Johnstone et al. 1979), while the 
Loch Eil division lies over the Glenfinnan and both possibly 
extend into the Grampian Highlands. The Moines in places 
lie unconformably upon a Lewisian gneiss basement while in 
others are interleaved with wedges and slices of basement 
(Peach et al. 1907; Johnstone et al. 1979). They are 
overlain by Old Red Sandstone and intruded by granites and 
pegmatites. The Ardgour granite has yielded Rb-Sr-isochron 
ages of 1000 Ma (Brook et al. 1976) , while the Carn 
Chuinneag Granite of Ross-shire showed a 560±10Ma age (Long, 
1964). Pegmatites intruded in Moine rocks have been dated 
(Rb-Sr from muscovite) at 730 - 780 Ma (van Breemen, 1974; 
Powell et al. 1983) . These results reflect a fairly complex 
past for the Moine.rocks, which has been partly interpreted 
by Johnstone et al. (1979) and Coward (1983) to mean that at 
least some part of the Moines underwent deformation and
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Flo. 3.3a Geology and major structures of the 
Northwest Highlands of Scotland( after Christie 1963).The Moine 
Thrust Zone(MTZ) shows the two areas where field study was carried 
out : Eriboll and Assynt.
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metamorphism during Grenville times (~ 1000Ma). This may 
have been followed by a Morarian Orogeny (^780Ma) marking 
the emplacement of the pegmatites, and both changed the 
Moines into a crystalline suite that took active part in 
deformation during Caledonian times (470 - 420Ma).

3.1.3 The Moine-Torridonian Relationship

There is considerable controversy concerning the age 
of sedimentation of the Moine Series, its tectono-meta-
morphic history and, its relationship to the Lewisian- 
Torridonian succession on both sides of the Caledonian front.

The Moine rocks are often thought to be bounded on the 
South East by the Great Glen Fault (Harris et al. 1978), and 
on the north west by the Moine thrust, though the metamorphic 
Caledonides of which the Moines are a part extend much 
further south and east than the Great Glen Fault (Watson, 
1975, also see Fig.3.3a). They comprise of meta morphosed 
sandstones and shales of uncertain age.

Using Rb-Sr whole rock isochron data from the Moines, 
Brook et al. (1976) inferred an age of 1,050 ± 46Ma, as 
the age of the earliest metamorphism of Moine sediments, or 
1250 to 1050 Ma as the ages for sedimentation of the Moines. 
Harris et al's (1978) accepted radiometric ages range from 
1100 to 320 Ma. If the age of sedimentation of the Stoer 
Group of the Torridonian can be considered as 995 ± 24Ma 
(Moorbath, 1969), it is likely that Moine sedimentation was 
earlier than that of the Torridonian.

Basement gneisses below the Moines have been correlated 

with Lewisian gneisses in the foreland (Johnson, 1975;
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Watson, 1975; Soper and Barber, 1982; Brewer and Smythe, 1984). 

Hence the present line of the Moine thrust could not be 
regarded as a suture between two Grenville-age plates 
(Brook et al. 1976) , but the possibility remains that the 
Stoer Group could have been molasse derived from the Moines. 
Soper and Barber (1979) proposed that the Moine and Torridonian 
clastic sequences were associated in part as stratigraphic 
equivalents, but it may be that they are erosional products 
the latter derived from the former.

A gneissic basement is known to underlie the Moines 
in the Moine nappe, and this has been interpreted by Coward 
(1980) and McClay and Coward (1981) as a lower gneissic 
crust that became uplifted possibly during the Grenville 
Orogeny. This view seems to have the support of Johnson 
(1975) .

3.2 METAMORPHISM
3.2.1 In The Thrust Zone:
The processes and effects associated with the Moine 

Thrust Zone have suffered from mistaken identity since the
early days of its discovery, and not the least of these is 
the metamorphism of both the Moine and Cambrian rocks 
close to the Moine thrust. At best the metamorphism of the 
Moine sequence can be regarded as polyphase,(Powell, 1974; 
Harris et al. 1978; Mendum, 1979), with a grade generally 
increasing from chlorite or chlorite/biotite in the west to 
a belt of migmatitic gneisses in the east (Kennedy, 1949,
Harris et al. 1978.). In detail the pattern of metamorphism 
is complex, but evidence suggests that there probably were 
up to two overlapping major episodes of metamorphism (Long &
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Lambert, 1963; Powell, 1974; van Breeman et al., 1974).

Rb-Sr isotope dilution analyses on muscovites and 
U-Pb zircon and monazite analyses demonstrate two distinct 
episodes of pegmatite emplacement in the Moines: A
730 ± 20 Ma Precambrian group (van Breeman et al., 1974) 
confirming Giletti et al's (1961), Long and Lambert's (1963) 
and Brook et al's (1976) ages in excess of 700 Ma, and a 
Caledonian group between 560-320 Ma. The precise 
constitution and nature of these two groups and the extent 
to which these dates actually track the regional and 
dislocation metamorphisms of the Moine rocks are points of 
debate (van Breeman et al., 1974, Powell 1974).

This level of general consensus was born out of 
several years of disagreement by workers in the Moine thrust 
zone. For instance the regional metamorphism of the Moine 
schists was, for a long time, tied to the processes associa
ted with Moine thrusting (e.g. Lapworth, 1884; Geikie,1889; 
Christie , 1963; Soper and Wilkinson, 1975). In 1888 Geikie, 
wrote: "It is obvious that the facts now brought forward 
furnish a large amount of evidence in support of the theory 
that regional metamorphism is due to the dynamical and 
chemical effects of mechanical movement acting alike on 
crystalline and clastic rocks." From then on metamorphism 
and deformation in the Moine rocks were related and also 
coupled with both processes in the nappes below the Moines, 
a view which survived till recently.

Horne, in disagreeing with Peach (Peach & Horne, 1930), 
was probably the first to recognise that in the vicinity Qf the
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thrusts, the old crystalline structure of the schists (due 
presumably to an earlier metamorphism) had been broken
down by later movements. This view was stressed more 
strongly by Read (1934) who observed that "the dislocation 
metamorphism is undoubtedly superposed upon the general
Moine metamorphism - - - - - - I  am of the opinion that the
general metamorphism and the dislocation metamorphism are 
two separate events in the histroy of the Moine series - - - 
The dislocation metamorphism arises from the post-Cambrian 
movements that are of late Caledonian age", (1934, pp307-8) . 
Phillips (1937) using petrographic evidence showed that 
the Moine Schists were brought to their present state of 
regional metamorphism by a deformation acting along 
approximately South West and North East lines, prior to 
the dislocation phase of the Caledonian movements. This 
conclusion is supported by Phillips (1949, 1951), McIntyre 
(1950, 1951) and Wilson (.1953).

Within and below the Moine nappes, Lewisian to 
Torridonian and Cambrian rocks have been involved in the 
Caledonian metamorphism (Christie 1963; Barber 1965;
Powell 1974; Soper and Wilkinson 1975). The Lewisian and 
Torridonian of Coulin Forest (Johnson, 1957) and the 
Lewisian of Eriboll (Soper & Wilkinson, 1975) have been 
shown to develop strong schistosity and even mylonitization, 
while parts of the Cambrian succession particularly the 
Eriboll Quartzite (Christie, 1963; Soper & Wilkinson, 1975; 
Evans and White, 1984) and the Durness Carbonate (Soper & 
Wilkinson, 1975) have been metamorphosed close to shear- 
planes. Neomineral assemblages in these rocks are consistent
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Fig.3.3b. Distribution of the Moine rocks(after Johnstone,1975,1979 
ard Piasecki,1979).
BS— Boundary Slide. SBS— Sgurr Beag Slide.

LE— Loch Eriboll. LM— Loch Morar.QL— Quoich Line.

TM— Tarskavaig Moines.



66

with low grade greenschist facies of metamorphism as 
observed by Johnson (I960), Barber (1965); Soper & Brown 
(1971), Soper & Wilkinson (1875), and Evans and White (1984).
A disporportionately large percentage of literature on the 
Moine Thrust Zone centres on the Moine nappe . Literature 
on the metamorphism and deformation of the Cambrian 
succession is relatively little.

3.2.2 Metamorphism of Moine Rocks outside the Thrust Zone

The Moine rocks can now be considered in two major 
areas: the Western Moine Region between the Moine thrust
and the Great Glen fault, and the Grampian Moines bounded 
on the west by the Great Glen fault and on the east and 
south by the Dalradian rocks (Fig 3.3b). The Western 
Moines consist of three lithologically and structurally 
distinct assemblages - the Morar, Glenfinnan and Loch Eil 
Divisions, in younging order (Johnstone, 1975; Johnstone 
et al. 1979; Piasecki and van Breeman, 1979; Piasecki, 1980), 
while the Grampian Highland Moines have been subdivided into 
the Central Highland Division, almost completely surrounded 
by a more extensive Grampian Group (Piasecki and van Breeman, 
1979; Piasecki, 1980). The Central Highland Division is a 
more gneissose and migmatitic basement, while the Grampian 
Group is a cover of non-migmatitic, less metamorphosed, 
flaggy, pelitic schists with sedimentary structures. Johnson 
et al., (1979) refer to these Western and Grampian major 
divisions as the northern and southern parts respectively 
of an orthotectonic zone. Their model of the Moines also 
denies the Great Glen fault the status of a major tectonic 
boundary. This is in opposition to Coward's (1983) views of



regarding the Great Glen fault as a major structural break, 
and separating the northern from the southern Moines on the
grounds of differences in rock-type, structures and age of 
deformation.

At least three distinct periods of metamorphism have 
been inferred for the Moines, but whether these periods are 
properly represented all over the Moines or not is as yet 
unanswered.

The primary metamorphic event in the Western Moines has 
been recognised as that which caused the major distribution 
pattern of Rb-Sr throughout the Moine pelites at around 
1004±28 Ma (Greenville), (Brook et al. 1976; 1977; Brewer 
et al. 1979). There is no evidence of Grenville metamorphism 
West of the Moine thrust (McClay and Coward, 1981) or east 
of the Great Glen fault (McClay and Coward 1981; Coward 1983). 
This is understandable if the Grampian Moines are accepted 
as a cover sequence on the basement of Western Moines.

Using deformed pegmatites, a second more pervasive 
age of metamorphim with deformation has been shown to lie 
between 780-700 Ma (Morarian). This bracket includes ages 
determined all over the northern Highlands by Gilletti et al. 
(1961), Long and Lambert (1963), van Breeman et al (1974, 
1978), and Powell et al (1983), and in the Grampian Moines 
(Piasecki and van Breeman, 1979b; Piaseccki, 1980). The 
spatial distribution of isotopic ages in Morarian pegmatites 
so far reported is shown by Powell et al; (1983) to represent 
a progressive decrease in maximum apparent ages from West
to East.
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The third main metamorphic period in the Moines 
often produces ages that fall in the >400<500 Ma bracket.
This range also includes the Caledonian tectono-thermal 
period, during which radiometric clocks were reset partly 
duri ng retrogressive metamorphism with liberal fluid 
activity (Brewer et al. 1979; Piasecki and van Breeman, 1979b), 
Pankhurst's (1970, 1974) reported age of 485 Ma for the 
main metamorphism of the NE Dalradian (Fig.3.3b) would mean 
that this last metamorphrc episode was far more pervasive 
than the previous ones. Caledonian thermal activity was 
still on in the Glenfinan Division of the Western Moines up 
to 413±17 Ma (Brewer et al. 1979), and the pattern of cooling 
ages was shown by the latter to follow the sequential uplift 
of the Moines along discrete thrust or slide zones.

These periods of metamorphism and intervening periods 
of apparent quiescence have produced rocks which range in 
grade from greenchist/lower amphibolite facies, to upper 
amphibolite gneisses, with or without anatexis.

3.3 DEFORMATION IN THE MOINE THRUST ZONE

3.3.1 Introduction

The Moine thrust belt is a narrow zone of thrust faults 
and nappes, more than 250km long and up to 18km wide 
(Harris et al, 1978), dividing the Moine Mainland block from 
the so-called Caledonian foreland (Fig.3.1). Recent 
geophysical evidence shows that although the Moine thrust 
zone is by no means the greatest thrust zone in the area from 
the Outer Hebrides to the Great Glen Fault (see Fig.3.2b),
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classic thrusting - emplacement of older rocks over young 
ones. The Moine thrust carries Moine and Lewisian rocks 
with small units of Torridonian and Cambro-Ordovician 
rocks in a WNW direction, over the foreland. The thicknesses 
and complexities of Moine and lower nappes have only recently 
been proved to vary within the thrust zone, although several 
field studies have long since indicated the variation in 
structural pattern and the presence of east-dipping imbricate 
sequences within the thrust-bound nappes (Coward et al. 1980; 
Elliott & Johnson, 1980, McClay and Coward, 1981).

3.3.2 Dating of the Moine Tectonic event:

Up to 1975 it was not particularly easy to accord any 
other age to Moine thrusting and even mylonitization than a
post-Cambrian or Middle-Ordovician age. This was due to the 
realization that postulated earliest deformation features in 
the thrust zone also affected the Eriboll Quartzite and the 
Durness Carbonates (Christie, 1963; Higgins 1967; Soper, 1971; 
Soper & Wilkinson, 1975). Hence Soper & Wilkinson, (1975) 
concluded unequivocally that "the whole tectonic-metamorphic

esequence in the thrust belt is thus of lower Paleozoic age".

Recent isotopic studies favour the separation of not only 
metamorphic, but also tectonic events into an earlier 
Precambrian phase: 1050-730 Ma, and a later or Caledonian 
phase: 560-320 Ma (van Breeman et al- 1974; Brook et al. 1976; 
Brewer et al. 1979). The validity of a Precambrian orogenic 
event in the Moines.is gaining rapid acceptance (Powell, 1974 
Harris et al. 1978; Piasecki and van Breeman, 1980;

Watson & Dunning, 1979; Piasecki, 1980). Watson
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and Dunning, (1979) observed a coincidence between metamorphic 
zoning attributable to Precambrian and to Caledonian events 
particularly in Inverness-shire. Such coincidences, they 
propose, suggest a continuity in thermal and probably 
orogenic conditions at depth which may best fit the alternative 
view that the initial metamorphism (and orogeny) of the 
old Moines was an early event in a Caledonian cycle.

3.3.3 The nature of the Deformation in the Moine Thrust Zone:
By means of common structural parameters, the last 

three decades have seen the establishment of a fairly 
rigid framework of deformation (and metamorphism) in the 
Moine thrust zone. Although the timing of the general 
metamorphism of the Moine schist tends to influence the 
timing of the tectonic events - compare, for example, Barber 
(1965), Soper (1973), with Brown (1971) and Powell (1974) — 
there generally was agreement among past workers about the 
four-phase nature of the deformation.

A summary of the deformation phases is tabulated by 
Powell (1974), ever since which some new additions have 
been made, (e.g. Soper & Wilkinson, 1975; Mendum, 1979)-.
Briefly the phases of deformation involve:

D1 - the development of a primary mylonitic foliation (S-|), 
and isoclinal major and minor folds (F1). The folds are
generally intrafolial in nature, plunging about 2 0 ° to the 
SE. The Moine mylonites, according to Johnson (1965), were 
not formed at the level at which they are now exposed; they 
have been carried forward by movement on the Moine and lower 
thrusts. Hence tying the age of generation of Moine mylonites
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to that for the generation of similar structures in the 
Cambro-Ordovician sequence (see Barber, 1965, Soper, 1973, 
Soper & Wilkinson, 1975), may be questionable in view of 
the difference in their respective crustal levels.

D2 - A penetrative linear fabric L2 is the most widely 
developed D 2 element. It has a mean plunge of 13° to 112° 
both above and below the Moine thrust and also in Moine 
Schists, except, where later folding has reoriented the 
earlier-formed lineations. is congruous with an E.S.E -
plunging fold phase-F2 , is a direction of maximum mineral 
elongation and has been identified as a stretching lineation. 
The superimposition of F 2 on S^ has produced axial planar 
cleavage S2 , and based on the symmetry, geometry and 
trend of the axes of these F 2 folds, Christie (1963, 1965) 
insists that a strike-slip displacement with movement towards 
the SSW is an inescapable conclusion. D2 according to 
Soper and Barber (1979) marks the emplacement of the 
intermediate-napp es like the Arnaboll, Benmore and Kishorn, 
as well as the development of underlying duplex structures. 
This view is against the "piggy-back" mode of transport 
supposed to take place in areas of crustal duplex (see Elliott 
and Johnson, 1980).

D3 - involved open folding of the intermediate thrust planes, 
coaxially with (Ramsay, 1963; Powell, 1974, Soper and 
Barber, 1979), and has been correlated with Christie's(1963) 
Phase II deformation by Johnson & Shepherd (1970). F^ is 
a set of minor folds which crenulate S^ and L 2 . They are 
asymmetric, overturned towards the WNW and their axial planes 
dip at about 42° to 108° (Soper & Wilkinson, 1975). F3 shows
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more scatter than F1 and F2, with a nearly horizontal microfold 
lineation which fans the angle between NW and N. D3 produced 
S3 - a crenulation cleavage.

JH. - is thought to involve the development of brittle 
conjugate structures like paired monoclinal folds with broken 
limbs, conjugate kink-bands, box folds and breccia bands. 
Movements on the Moine thrust have also been related to this 
phase of deformation (Barber, 1965; Soper, 1973; Soper &
Barber, 1979), in support of their anti-"piggy-back" view.

Although Christie (1963; 1965) insists that the ESE 

folds in primary mylonitic rocks and Moine Schists are 
similar in orientation, style and internal fabric, showing 
that the deformation and recrystallization responsible for 
both was contemporaneous; Johnson (1957) shows that the Moine 
Schists are characterized by a different structural pattern 
and microfabric from the Moine myIonites. This latter view 
is also supported by Evans & White (1984), who are convinced 
that structures within and outside the Moine mylonite zone 
should not be correlated. Also recent geophysical evidence 
(fig.3.2) shows that at its present outcrop the Moine thrust 
plane could be up to sixty kilometers wide from west to east. 
This may mean that the Moine nappe has been transported conti
nuously or possibly episodically towards the WNW, with some 
help from the lower thrust planes, and that the relationships 
between the observed small structures above and below the 
thrust plane and the thrust movements may be very complex.
Hence a D 1 - D 4  framework may be too restrictive as a means 
of studying the past history of the Moine thrust zone.
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There is much evidence to suggest that general tectonic 
transport in the Moine t-hrust zone is towards the WNW, 
approximately N290° (Coward, 1980? Coward et al., 1980;
McClay and Coward, 1981) . This includes the attitude of 
sheared pipes in deformed Pipe Rock (McLeish, 1971), the 
orientation of the ESE lineations and some microfolds with 
axes normal to this direction - F3, the general attitude of 
imbricate and major thrusts (Coward, 1980; Coward et al. 1980) 
and recently, the assymetry of quartz C-axis fabric of Moine 
tectonites (Evans and White, 1984).

3.4 FIELDWORK

3.4.1 Aim of the Fieldwork:

The main aim of the fieldwork was to accurately locate 
and collect rock specimens. This was done with particular 
attention to the Durness Formation of the Moine thrust zone. 
Although contiguous rock types were also sampled, these 
were only used to confirm or contrast with microprocesses 
and microstructures observed or inferred in the carbonates.
To realise this aim it was inevitable to obtain as general 
an overview of the Moine thrust zone as possible, and this 
was achieved in three field trips to North West Scotland.
In the field a detailed study of the structures and macroscopic 
processes relatable to history of the Durness Formation from 
late diagenesis to deformation was carried out. The relevant 
data is presented in the subsections below.

The field study was centred in two main areas of the 

Moine thrust zone: The Assynt area, and Eriboll Area (Fig.3.3a)
In both places sampling spanned across from the foreland to
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Fig. 3.4

Geology and Structure in Assvnt(after Christie,1963) .

Sub-areas of detailed study are labelled in
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the highstrain zone close to the Moine thrust. Figure 3.4 
shows the Assynt Area, and the various subareas where 
detailed work relating to the above aim was carried out.
The following is a description of each area in terms of 
geology, structure and specific samples collected, with a 
final section devoted to correlation and synthesis of the
separate observations towards a regional framework.
Grid references of all sample locations are given in Appendix 2

3.4.2 Sub-Area - A (Fig. 3.5)

This is the area around Inchnadamph. Sampling and 
study covered the lower parts of the Glencoul nappe near the 
Glencoul thrust, sole nappe and the foreland, though more 
attention was paid to the area between the Glencoul thrust 
and the Sole thrust (the Sole nappe). This latter area was 
studied more closely because of the presence within it of 
deformed carbonates. The Glencoul nappe is bounded below 
by the Glencoul thrust, while the lower nappe rests on the 
Sole thrust. The Sole nappe preserves a wide range of 
structural features, from imbricate thrusts and minor fractures 
to micro- and intermediate folds. Fold axes plunge mainly to 
the north, east and a few scatters in the SE direction 
Fig.3.11c) . A lot of these minor folds were measured at the 
SE end of Loch Assynt in Serpulite Grit, Fucoid Beds and 
Durness Carbonates. They are mostly assymetric, overturned 
west and southwest, as observed by Christie (1963).

In places the hornblende dioritic sills in the above- 

three rock types are fractured, displaced and lineated.
The plunge of the lineations could not be determined with



Fig. 3.5 Sub-Area-A around Inchnadamph, showing main 
rock types, some major structures and sample 
locations.

Adapted from the Geological Survey Map of Assynt 
District (sheets 107, 108, 101 and 102).

Grid references of all sample locations are given 
in Appendix 2
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high accuracy since the blocks of lineated sills have, been 
displaced.

Characteristic of imbricate stacking in this area is a 
progressive change in strike southwards, and a change in 
dip from top to bottom of each stack. Imbricate thrusts 
at the northern end of the area are more north-north westerly 
in strike, while nearer the village, at the eastward veer of 
the Glencoul thrust they are more northwesterly (see also 
McClay and Coward, 1981, Fig.4a of page 248). The sequence 
of stacking in one duplex unit is such that dips at the 
bottom are usually semihorizontal (Plate 3.1a), changing 
to more than 45° SE at the top. Close to the Sole Thrust 
(which is a repeated horizon in this area, see also Elliott 
and Johnson, 1980), the carbonates are fractured very 
intensely producing a rock flour in some cases (Plate 3.1c).

Away from the thrusts (Plate 3.1b) the carbonates and 
Fucoid Beds normally preserve thick clay-filled seams and 
stylolites. These solution features are found parallel to 
bedding and usually affected by later stage folding and 
faulting suggesting they are of diagenetic origin.

The dolomite of the Durness Formation in this area is 
usually unaltered even if fractured and very close to the 
major thrusts. Sills intruded into carbonate rocks often 
cause the development of a limited alteration halo around 
them, with the development of chlorite being a major aspect 
of neomineralization in the carbonates. The dominant 
deformation mechanism in the carbonates of this area is 
cataclasis, with fracturing ranging in size from within-the-



PLATE 3.1

The low strain area of the Sole nappe, north and south of 
Inch nadamph.

a. At the base of an imbricate stack the beds are 
usually semi horizontal, and may experience extensive 
bedding plane-parallel flattening, producing thin 
beds with or without cataclasis.

The top of the
imbricate stack often dips at about 45° south easterly.

b. Away from the major and imbricate thrusts bedding is 
normally well preserved including diagenetic stylolites 
and seams (s’) , parallel to bedding. Note also how
the stylolites are warped. Scale 5cm diameter.

c. Cataclasis close^the Sole thrust produced a rock 
flour out of the Durness carbonates just north of 
Loch Assynt. Fracturing is very intense and a road
side cliff here is supported by gauze.
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grain to intermediate imbricate and major thrusts.

Samples Collected in Sub-Area A

The locations of samples collected in Sub-Area A are 
as shown in Fig.3.5. The samples ranged from highly 
deformed to underformed carbonates, Serpulite Grit and 
Fucoid Beds. The aim was to collect samples of varying 
deformation macrostructure as well as undeformed ones in 
order to compare or study the evolution of deformation 
microstructure and mineralogy.

A-6 - Durness carbonate, a dense, dark dolomite sample with 
a network of fractures, taken immediately below the 
Glencoul Thrust east of Loch Assynt.

A-11 - (including A11a, A11b, A11c) - undeformed dolomite 
samples taken close to a hornblende dolerite sill. A ^  and 
A-i^b are dark, dense and coarsely crystalline.

A-21 - Highly fractured Serpulite Grit close to the Sole 
thrust very near Loch Assynt.

A-23 - dolomite sample from the imbricates north of 
Inchnadamph village.

A-40 - whitish dolomite with closely spaced stylolites 
and few vugs, taken from the imbricates.

A-48 - A-50 - Highly deformed, finely laminated Serpulite 
Grit samples.

A-97 - Serpulite Grit with diagenetic stylolites.

A-98 - Dark dolomite at the base in contact with grit south 
of Inchnadamph village. It has bedding-parallel diagenetic
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stylolites and many vugs.

A-99 - More than 30m above A-98; a whitish-coloured 
dolomite with no vugs, but containing high angle tectonic 
seams.

A-102 - very finely laminated Fucoid Beds near the Sole Thrust.

A-117 - Serpulite Grit with many solution seams parallel 
to bedding and high clay content of seams.

3.4.3 SUB-AREA - B (Fig.3.6)

This is the fairly complex area north-west to north
east of loch Ailsh. It is affected structurally by the
Moine Thrust to the east, the Loch Ailsh Syenite complex and 
the Assynt Thrust to the west. West of Sgonnan More, i.e. 
below the Assynt Thrust the Durness carbonates are 
metamorphosed by late intrusives producing brucite marble.
These show nearly vertical solution seams that have been 
annealed (Plate 3.2a), but no late stage fracturing is 
obvious either macro or microscopically. The evidenceis 
presented by the Loch Ailsh syenite just north of Loch 
Ailsh. Here the syenite is fractured, and the spaced 
fracture planes dip to the east. This fracturing in the 
syenite affects the Durness carbonates nearer the Loch in 
the form of east-dipping imbricate thrusts, subparallel 
to the Moine thrust (see Christie,1963/ Milne, 1976;
and also Fig.3.6). The metamorphism of the carbonates by 
the intrusives decreases towards the Moine thrust and 
generally, apart from a sedimentary bedding, a deformation- 
induced schistosity is also present in the Serpulite Grit,
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Sub-Area B (a fte r Milne 1978)

Grid references of all sample locations are given
in Appendix 2
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Fucoid Beds and the Durness Carbonates of this area.
Lineations plunge shallowly (less than 45° to the ESE,
Fig.3.11b), while minor folds have a wider distribution 
(Fig.3.11c). Some of the latter plunge N-S, but the majority 
are either ESE- or SE-plunging.

Milne (1978) concluded that some deformation probably 
occured before and after the intrusion of the Loch Ailsh 
Syenites. As discussed above, although most of the movement 
along the Assynt thrust had ceased before the last intrusion, 
movement along the Moine thrust seems to have continued 
after the intru sion, hence the late fracturing in the 
Syenite.

Samples Collected in Sub-Area B :

Of the large number of samples collected in this sub- 
area, only those shown in Figure 3.6 were used in the 
analysis that follows in Chapters Four to Seven.

B4 - a coarse grained syenite with large grains of orthoclase 
and plagioclase feldspars and some biotite. It is intensely 
cross-cut by fractures, but the dominant ones are a set 
of fracture cleavage dipping south east. Sample B4 is about 
1km west of the Moine thrust.

B5 - B6 - Loch Ailsh Marble samples of strike/dip
34/62°E and 62/30°E respectively. The samples are 

unlineated and fine grained. B6 was taken immediately below 
the Moine thrust, while B5 was collected more than 2 metres 
away.

B12 - B15 - these are the hardest marble samples in the sub
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area, and were collected just below the Assynt thrust west of 
Sgnonnan More (Fig.3.6). Cleavage dips at very high angles 
>80° to the east.

B43 - B45 - these are marbles of the Loch Ailsh type, harder 
than B5 - B6 but not as hard as B12 - B15. They occur within 
the imbricate sequence north of Loch Ailsh; and between $ to 
1km west of the Moine thrust. B45c - taken at the confluence 
of River Oykel (Fig.3.6) was found fused with the syenite.

The samples ranged from unde formed ones away from 
the thrusts to highly deformed and/or neomineralised ones 
close to the thrusts. The aim was to analyse the evolution 
of micro structure and neomineralisation from the undeformed 
to the highly deformed samples.

3.4.4 Sub-Area C, (Fig.3.7)
This is the area south of Loch Ailsh to Cnoc A' Chaoruinn. 

It is structurally complex, preserving three major thrust 
planes in very close juxtaposition, together with their 
imbricate structures. East of River Oykell, the Moine 
mylonites are involved in imbrication with the Carbonates - 
(C89, C91 and Plate 3.2b & c). Each sequence has flaggy 
Moine psammites at the top and Moine mylonites at the bottom 
in a succession interleaved with carbonate rocks. Although 
lineations are very strong, plunging ESE (see also Plate 3.2d 
and Fig.3o11b), in both rock types, only the Moine rocks in 
this area are mylonites. Dips are generally low to the 
ESE, and occasionally the impression of horizontal (zero 
dip) foliation is given. Carbonate rocks here are given a
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SUB - AREA - C around Cnoc a' Chaoruinn - showing the 
major thrusts, rock types and sample locations (adapted 
from Christie 1963).
A Thrust = Assynt Thrust, M Thrust = Moine Thrust.

Fig. 3-7
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yellowish colour, are very hard and preserve a set of 
fractures almost normal to the lineations (Plate 3.2d), some 
of which are filled with calcite veins. Late monoclinal 
folds with NNE/SSW axes are developed particularly in the 
carbonates interleaved with the Moines, while the nearly- 
lineation-normal fractures break up the hinges and limbs 
of these folds. The gentle limbs of these few monoclines 
dip East to East-south-east. Southwest of this subarea is 
the complex zone bounded by the Moine thrust to the East and 
the Assynt thrust to the West, with the Ben More thrust 
running through the imbricate sequence (Fig.3.7). This 
zone lies between the Cnoc A' Chaoruinn hill and the Lairg- 
Loch Ailsh road junction. Lineations in both the Moine 
mylonites and Cambro-Ordovician rocks plunge to the ESE 
(Fig.3.11b). This is as true of the rocks below the Ben 
More thrust as above the Moine thrust. Poles to foliation 
on either side of the Moine thrust f»(Fig. 3.11 a) plunge 
generally in the same West to WNW quadrant as poles to 
foliation Aclose to the Ben More thrust. But the latter are 
more gently plunging than the former, showing that dips 
of foliation or schistosity are generally greater close to 
the Ben More thrust than the Moine thrust in this area.
The foliation and diagene-tie solution surfaces in highly 
deformed carbonates here are transposed and caused to 
interfere. This leaves the impression that both surfaces 
have been used as movement horizons in the deformation 
process (see Plate 3.2e). Figure 3.11c shows that folds in 
Moine rocks of this area (A) plunge at low angles to the SE 
mainly, although southerly-, and some easterly- plunging folds
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are also present.

Imbricate structures are intensively developed, the 
ones above the Ben More thrust being often crescentic in 
shape after the curvature of the Moine thrust (see also 
Christie 1963). Moine rocks in this area - schists, 
mylonites and phyllonites - are well described in Christie (1963).

Samples Collected in Sub-Area C ;

A large collection of samples from sub-area C eventually 
reduced to those shown in Figure 3.7. With respect to the 
major thrusts in the area they are:

C13 - close to the intersection of River Oykell with the 
Moine thrust. It is a highly deformed dolomite sample 
collected just below the Moine thrust. It is lineated, with 
clay seams up to 3cm thick.

C39 - a highly deformed, strongly lineated carbonate sample 
just below the Moine thrust. It has very closely spaced
slip surfaces (Plate- 3.2e) which give the appearance of a 
mylonite.

C40 - A greenish, highly micaceous Moine mylonite (phyllonite) 
sample collected above the thrust.

C43 - Highly deformed Fucoid Beds with the appearance of 
a mylonite collected behind the Assynt thrust, on a steeply
dipping imbricate face. The lineation plunges steeply (88°) 
to 125°.

C50 - Dolomite sample collected in the imbricates behind the Ben 
More thrust. It is hard, crystallized and preserves a stylolite.
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Structures in sub-areas B (a), and C (b,c,d and e).

a. High angle (>70°) solution structures (parallel to
the pencil) in highly metamorphosed marble west of 
Sgonnan More (See B12 and B15 of Fig. 3.6). This 
marble occurs just below the Assynt thrust, and the 
structures seem to have been annealed during contact 
metamorphism. Also the marble shows no later structures 
that may be attributed to post-metamorphic deformation.

b and c North-east of Cnoc a' Chaoruinn along the tributary 
of River Oykell (see sample locations C89 and C91 on 
Fig. 3.7), the darker coloured Moine mylonites (M) 
are interleaved with Durness carbonates (C) (brighter 
coloured) in imbricate sequences. Note the thinness 
of the individual units and their low dips.

d. Lineations in the carbonates, as in the Moine rocks 
of (b and c) above are very strong. Here they are 
parallel to the long dimension of the clinometer and 
are intersected almost orthogonally by later fractures. 
The lineations plunge to the E S E.

e. A highly deformed lens of dolomite shows both foliation 
and solution planes closely spaced, while adjacent 
solution planes are transposed to interfere crest-to- 
trough.
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C76 - very hard and dark marble just west of the junction 
of the Ben More and Assynt thrusts. It is associated with 
the syenite intrusives.

C83-C91 - a series of carbonate (dolomite) samples collected
just below the Moine thrust all along from north of Cnoc
A' Chaoruinn eastwards. C89 and C91 form subseries of 
Moine/Carbonate imbricates at the NE tributary of River Oykell 
(Fig.3.7). At C91 for instance Moine and dolomite rocks 
alternate in very close succession, with low dips and very 
prominent lineations. These thin alternating slabs were 
sampled and denoted C91A, C91C, C91E for the schistose 
mylonites, and C91B, C91D, C91F for the dolomites.

C105-C106 - strongly lineated, highly deformed Fucoid Beds 
just below the Ben More thrust at the zone of complex
deformation. C106 consists of C106A, C106B and C106C all 
collected in the same area below the thrust.

3.4.5 Sub-Area - D (Fig.3.8)

This is the area around Knockan Information Centre 
including Knockan Crag and Knockan Village. The Moine 
Thrust brings highly fractured Moine mylonites over equally 
fractured whitish Durness Carbonates (Plate 3.3a), and both 
rest on dark-coloured carbonates of the foreland (Plate 3.3b). 
Due to the extent of cataclasis in the carbonates, there is a 
complete absence of diagenetic stylolites within the first 
one meter below the thrust. Such solution features are 
very densely packed in the next one to one and a half meters 
(see Plate 3.3a), where the effect of cataclasis seems to
have decreased. No lineations are visible in the carbonates
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SUB - AREA - D - around Knockan - showing major rock types, 
the Moine thrust and sample locations. The map is adapted 
from the Geological Survey Map of Assynt District (sheets 
107, 108, 101 and 102) between latitudes 58° o' and 58° 5'N 
and longitudes 4° 57' and 5° 9'W. Most of the samples were 
collected close to the thrust plane, both above and below.
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here., while about twenty feet above the thrust plane faint 
ESE lineations can be measured in the Moine Schists. Exposure of 
the Moine/Carbonate contact is quite good for more than 1km 
eastwards, toward Druim Poll Eoghainn. Lineations in the Moine 
rocks continue to get stronger eastwards, while minor folds 
plunging ESE, SE and S (Fig.3.11c) are fairly common in the Moine 
mylonites and schists. Cataclasis in the calcareous rocks outlasts 
that in the schists above toward the east. Below the carbonates 
near the Information Centre, Fucoid Beds have also suffered a 
lot of deformation, with sedimentary and diagenetic clay-filled 
and bedding-parallel surfaces being used as movement horizons. 
These could be accommodation structures related to the Sole 
thrust (Plate 3.3c).

Away from the thrust, and towards Knockan Village minor 
thrusts and faults displace the carbonate rocks. Most of these 
are east-dipping, but some are west-dipping and of extensional 
nature. Also extensively developed are solution and fracture 
cleavage of tectonic origin. These are at high angle to bedding 
(Plate 3.3d), and have their poles plunging variably WNW 
(Fig.3.11d). The tectonic cleavage planes are taken as XY planes 
of the strain ellipsoid. The few other poles plunging towards the 
NNW in Figure 3.11d were measured in sub-area A, near Inchnadamph.

Samples Collected in Sub-Area D :

Due to the generally good exposure of the Moine Thrust
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zone in this sub-area, vertical sampling (above and below 
the Moine thrust) and lateral sampling to follow the thrust 
eastwards were done without much difficulty. Figure 3.8 
is an adaptation of the Geological Survey Map (Sheets 107,
108, 101 and 102) of Assynt District between Latitudes 58°0* 
and 58°5'N and Longitudes 4°57' and 5°8'W, to show the 
geology and sample positions for the area around Knockan.
Only those samples used in the analysis that follows are 
marked in Figure 3.8, although a much larger population of 
samples was collected at the beginning. These are:

D1 - a dolomite sample 1.5m below the Moine thrust. It is 
whitish, highly fractured and contains diagenetic stylolites.

D2 - Dolomite just below the fault gauge (first 1m).

D3 - Moine cataclasite just above the fault gauge and above D2.

D6 - a finely foliated and weakly lineated Moine mylonite 
about 10m above the thrust plane.

D24-D23-D60-D61-D62-D63 - this is a series of Moine samples 
starting at the thrust (D24), through some more Moine mylonites
(D23-D60) into the Moine psammites D63. It is used later 
in Chapter Four to show the effect of retrogressive metamorphism 
on the Moine Schists.

D31 - Dolomite sample just below the fault gauge.
D31A - Dolomite sample 1m below the thrust.
D31B - Dolomite sample 2m below the thrust.
D31C - Dolomite sample 3m below the thrust.
D31D - Dolomite sample 4-5m below the thrust.

This is a vertical sample profile from the Moine thrust
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Sub-Area-D - around Knockan.

a. The first lm below the Moine thrust here is marked 
by extensive cataclasis with high fracture density 
down to grain scale.

Two meters below the thrust (note the position of the 
clinometer) fracture intensity is lower and bedding- 
plane parallel solution features persist.

b. About 5m below the thrust plane the highly deformed 
whitish dolomite rests on the dark-coloured foreland- 
type carbonate (hammer position). The latter is not 
so highly deformed, and fracture intensity in it is 
much lower.

c. Fucoid Beds below the Durness Formation in this area 
contain bedding-parallel parting planes with thick
clay seams. They^ffave been utilised as intraformational 
movement (slide) planes to accommodate strain from 
the Moine thrust above.

d. Cleavage in carbonate rock near Knockan village. The 
cleavage planes are steeply dipping, with their poles 
plunging mainly to the west (Fig. 3.lid), opposite
to the general plunge of lineations.
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through the whitish-coloured, highly fractured dolomite rock.

D32 - more than 5m below the thrust here is a dark, 
foreland type dolomite that rests on the Serpulite Grit 
(Plate 3.3b).

D46 - Cataclastic dolomite from the hanging wall of a minor 
thrust near the road at Knockan. The thrust was referred 
to as one of the pieces of the Sole thrust (Coward, pers. 
comm). It carries whitish crystallized calcitic dolomite 
over dark, crystallized but finer-grained dolomite.

D48 - Dolomite with cleavage (Plate 3.3d). The sample was 
not near any of the major thrusts.

D64-D65 - these are two pairs of Moine mylonite/Dolomite 
samples taken in pairs as close as possible on either side 
of the Moine thrust towards Druin Poll Eoghainn. They are 
the most easterly group of samples collected near the Moine 
thrust.

3.4.6 Sub-Area ST (Fig.3.9)

The fifth area sampled, though not mapped in detail is 
that north of Gorm Loch Mor, and south-east of the Stack of
Glencoul. Sampling was confined to the Ben More and Moine 
nappes, with the samples taken from the entire succession 
from the Pipe Rock Quartzites to the Durness Carbonates, 
and across into Moine mylonites and Moine Schists. The pipe 
rock in this area has developed good schistosity with foliation 
planes dipping east, while Fucoid Beds above it have fairly 
steep cleavage also dipping eastwards. Similar cleavage 
planes in the dolomites of the Durness Formation had a 
strike of about 340°, dipping up to 30° east. The Fucoid
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Beds, serpulite Grits and Durness Carbonates here are 
imbricated and intensely deformed with the dioritic sills 
in them.

The quartzite shown by Christie (1963, Fig.4) to 
separate the Ben More nappe from the Moine nappe has more 
affinity with the Moine Schists than the Basal Quartzite 
and for that reason the Moine thrust in Figure 3.9 may be 
moved more westward to coincide with the eastern end of the 
imbricates.

Samples Collected in Sub-Area ST:

ST-1 and ST-2, finely foliated Pipe Rock between the Ben 

More thrust and the Moine thrust, but closer to the 
imbricates.

ST-3 - Fucoid Beds with foliation (cleavage) within the 
imbricate zone.

ST4 - Highly deformed Hornblende sill within the imbricates.

ST5 - Deformed dolomite with cleavage, in close contact with 
the sill.

ST7 - highly deformed thinly foliated marble just below the 
Moine thrust.

ST7A - Moine mylonite lying above ST7, separated by the Moine 
thrust.

ST8 - ST9 - ST10 - continuation of a series of Moine samples 
including ST7A- at the thrust, to ST10 in the Moine 
•psammites. ST10 - is more than 15m above the thrust.

ST11 - very finely foliated, mylonitised carbonate rock inter-



bedded with dark, highly deformed hornblende sills. ST11- 
and ST12- of similar composition and appearance were taken 
from the imbricates just below the Moine thrust.

3.4.7 Sub-Area - Er (Fig.3.10) Eriboll;

At about the 700ft contour line, bearings [4400, 5640] 
east of Eriboll house is a tectonic lens of dolomite marble,
ascribed to the Balnakiel group of the Durness Formation by 
Peach et al* (1907). Soper and Wilkinson (1975) noticed 
that it is interposed within the mylonites of their "zone 
of complication" (Plate 3.4a). It is bluish to greenish in 
places due to chloritization, andean be traced discontinuously 
southward to very close to Creagan road. Where exposure is 
good, it could be up to 20m thick, overlies highly deformed 
Lewisian gneiss and quartzite and is itself overlain by highly 
deformed Moine/Lewisian mylonites. This tectonic lens is 
itself made up of smaller lenses that must have been pushed 
westward on mica/chlorite - filled movement surfaces within 
it (Plate 3.4,b). The strong cleavage referred to by Soper 
and Wilkinson (1975), is actually a mylonitic foliation 
(Plate 3.4c), as confirmed by optical microscopy.

The mylonitic foliation is deformed by folds plunging 
SE and ESE, and the lineations fan from east to SE, while 
a third set of minor folds trend north-south. Most of the 
ESE minor folds are overturned to the north.

Samples collected in this sub-area:

Most of the samples were collected from the tectonic lens 
of marble referred to as "Eriboll Marble" in Figure 3.10. Other



SUB- AREA - Er. (Eriboll) (after McClay and Coward, 1981) 
showing locations of Eriboll marble, samples from the 
Oystershell Rock carbonate band ( OY^ - OY^), and the samples 
from the Cambrian - Ordovician succession around Kempie Bay 
(K^ - Kg). The rest of the symbols are explained in the 
Legend.
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PLATE 3 . 4

a. The tectonic lens of Eriboll marble (arrowed) out
cropping just below the Moine thrust (MT).

b. The lens is itself made up of smaller units of 
finely foliated chlorite marble, which seem to have 
been transported westward along chlorite-rich planes.

c. E S E - lineations (arrowed) are strongly printed 
on the fine folia, which are also folded producing 
three fold attitudes: SE, ESE and N/S- plunging minor 
folds (see Fig. 3.11c). The mylonitic foliation is 
also very fissile.
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areas of sampling were the Oyster-Shell Rock just NE of the 
marble, and the Cambrian succession around Kempie Bay. The 
locations of the relevant samples are as follows:

Eriboll Marble:

Er. 7 - taken about 2 metres below the Moine thrust marked 
MT in Plate 3.4a. It is fairly deformed, but not greenish 
like most of the others.

The rest of the samples: Er 8, Er 9, Er 10, Er 11, Er 12,
Er 13, Er 14, Er 15, Er 16, Er 17, Er 18, and Er 19 were
collected along a line within the first 1m below the Moine 
thrust from north to south of the marble lens (Plate 3.4a).

Oystershell Carbonate:

OY1, OY2, OY3, and OY4 were four samples of a carbonate-rich 
band collected in Oystershell Rock just northeast of 
Eriboll marble (Fig.3.10). The samples were collected close 
to an unnamed thrust, but within 200m east of the Moine 
thrust.

Kempie Bay Samples:

The third group of samples from this area came from 
around Kempie Bay, that is north of Eriboll Marble and south 
east of Loch Eriboll.

K1, K2 and K3 are carbonate samples from this low strain 
area more than 1km west of the Moine thrust. They contain 
cleavage microstructure of possible importance in the 
deformation study of the carbonate rocks.
K4 and K5 - are samples of Pipe Rock collected also west of 
the Moine thrust, on the lower limb of a westward overturned
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Stereographic projection on the lower hemisphere of:

a. Poles to foliation (• on either side of the Moine 
thrust, and A on either side of the Ben More thrust) . 
Note how they plunge generally to the same west and 
WNW quadrants, although foliation near the Ben More 
thrust is slightly steeper-dipping than that near 
the Moine thrust.

b. Lineations close to the Moine thrust (in Moine myIonites 
and Durness carbonates). They plunge mainly less than 
45° to the ESE.

c. Folds in Moine rocks (4 )/ and all other rock types 
( • ) in the two areas of study. Note that folds in 
the Moine rocks are confined in plunge mainly between 
east and south, while those in other rock types have 
more scatter.

d. Poles to tectonic seams or cleavage in carbonate 
rocks. Apart from a few NNW plunging poles, the 
majority plunge between west and WNW (see Plate 3.3d). 
Note that the poles to cleavage planes plunge in the 
opposite direction to the lineations.



ICO



10  1

major fold. They both contain strained pipes and cleavage.

3.5 CONCLUSION
From the foregoing field evidence the following

conclusions have been drawn about the deformation of the
Durness Formation:
(i) Durness Carbonate deformation, especially below the 

Moine Thrust plane, varies from cataclasis at Knockan 
to crystal plasticity at Cnoc A' Chaoruinn, which goes 
further to produce mylonitization at Eriboll.

(ii) Mylonitization and Lineations in the carbonates were 
not found outside the Moine Thrust, although folds of 
varying orientations exist as far from the thrust as 
the foreland.

(iii) At least in sub areas B, C and D, there is no apparent 
relationship between the timing of mylonitization events 
in Moine rocks and in Durness Carbonates.

(iv) Movement along the Moine Thrust plane is likely to have 
outlived that on the Assynt Thrust as well as the 
intrusions of Loch Ailsh and Borolan in the south of 
Assynt. This conclusion was also arrived at by Milne 
(1978) using another set of evidence.
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CHAPTER FOUR

STUDIES OF TEMPERATURES ASSOCIATED WITH THE 
DEFORMATION OF THE DURNESS CARBONATES

4.1.1 INTRODUCTION

The most intense deformation of the Durness Formation 
in the Moine Thrust Zone is along the individual fault zones, 
and this, particularly along the major thrusts, is 
accompanied by prograde metamorphism of the rocks below the 
thrusts including the Durness Carbonates. Some other aspect 
of metamorphism of the Durness Carbonates is associated 
with plutonic intrusives concordantly (sills) or discordantly 
emplaced at high levels, in most cases, before major 
thrusting began. In this chapter estimates are made of the 
temperatures associated with the metamorphism of the 
carbonate rocks as they underwent deformation along the 
major thrusts - particularly the Moine thrust. Estimated 
temperatures are compared with those earlier determined for 
the foreland, and models are postulated to account for the 
excess thermal energy partly responsible for this deformation- 
associated metamorphism. The experimental methods adopted, 
and the theoretical basis of the methods are first analysed.

4.1.2 Theoretical Background:

In a metamorphic environment dolomite CaMg(C03 ) 2 is
capable of dissociation into a magnesian calcite, periclase 
and carbondioxide. The high temperature and low temperature 
equations for this behaviour are presented in subsection
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2.5.1 of Chapter Two (see equations 2.4 and 2.5). Such 
an equilibrium thermal decomposition is driven forward 
by temperature increase and backward by increase in pressure, 
so that if the pressure on or of the system is known, it 
is possible to estimate the temperature of the system.
The temperature is estimated from the MgC03 in solid solution 
with or dissolved in the calcite in equilibrium with 
dolomite, which was shown by Goldsmith and Newton (1969); and 
Goldsmith (1980) to be a function of the temperature at 
constant pressure. This geothermometer has been used by 
Sheppard and Schwarcz (1970), who fitted a mathematical 
equation to the curve of Figure 2.16; Hutcheon and Moore 
(1973); Moore and Kerrick (1976); Bickle and Powell (1977) 
and Rice (1977). Other means of temperature estimate like 
facies assemblage, stable phyllosilicate minerals or 
deformation mechanisms, in this case, of dolomite, could 
be used, but not with the same accuracy as the solvus 
geothermometer.

Analytical Facilities and Methods Used:

4.1.3 Rock Samples and Sampling Procedure

All rock samples collected in the field were fresh, 
oriented and their locations presented in maps of the 
separate field areas in Chapter Three, (Section 3.4). Those 
samples without lineations in them were oriented with an 
arrow pointing to N300°, approximately, parallel to the 
known movement direction, and opposite to the general plunge 
of the stretching Lineations on the deformed rocks. The
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lineation direction and attitude of the foliation planes 
are taken as co-ordinates in the study of the crystallo
graphic fabric of crystallites, though they are not 
necessary in composite phase analysis or micro-chemical 
studies.

The aim in sample collection was to obtain samples 
representative of the entire area, from the relatively 
undeformed foreland to the high-strain area close to the 
thrust planes. This also included contact aureoles in 
carbonate rocks.

4.1.4 Analytical Facilities and Methods Used

Three analytical procedures were adopted for the 
study of temperatures associated with deformation of the 
Durness Formation, and are discussed below.

4.1.4.1 Whole Rock Composite Phase Analysis

This was done by means of a Phillips X-Ray powder 
Diffractometer with the following specifications:

Working Potential — 34kv
Current = 28mA

Radiation = filtered Co (Koc)
Scanning Speed = 1 °/min mostly, and £°/min

in a few check-up cases
Count Rate = 400 c/sec mostly, but occasionally

800 c/sec was used
Time Constant = 2



10#

Oriented sample mounts were mainly used, with a few 
cavity mounts in some cases. Oriented mounts enhanced basal
reflections of phyllosilicates, but did not drastically 
reduce reflections from other constituent minerals. Where
reflections from other minerals were thought to be affected,
cavity mounts were used in addition. The type of runs were
Air Dry (A/D), Glycerated, 400°C (preheated and then cooled),
and also 550°C (preheated and then cooled). The last three
runs whenever used were mainly for verification.

The great advantage in using XRD for phase analysis 
soon became apparent because not only was stable phase 
variation more easy to appreciate on a strip chart but also 
because of the large sample size used, phases showed up 
which where very difficult to analyse using other methods. 
There is need to emphasize that the XRD in no way replaces 
completely other analytical facilities like the XRF or 
EPMA, but that they all complement each other.

4.1.4.2 Mineral Microchemical Studies

Those rock samples which contained both calcite and 
dolomite as revealed by the above technique were chosen 
for probe polishing. The very high standard of polishing 
required for backscattered imaging was often met by probe
polishing and for microchemical studies both the Cambridge 
Microscan-5 and the Jeol JXA-733 electron probe X-ray
microanalysers were used.
Working Conditions with the Microscan-5:
Working Potential = 15kv

Specimen Current
Electron Beam Spot Size 

on Specimen

2-2.5 nA (for carbonates)

1 -  2 u r n1
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Excitation Area on Specimen —  10pm
Count Rate

3
= (2 - 2.5) x 10 c/sec

Count Time = 100 Live seconds
Dead Time = 20 secs
Vacuum -5 - 3 = 10 Torr. (1.33 x 10 Pa)
Detector = Li-drifted Silicon solid state 

detector with Liquid Nitrogen 
cooler, EDS mode

Analyser = Link System 290
Working Conditions with the JEOL JXA - 733
Working Potential = 1 5 kv
Specimen Current = 2-2.5 nA
Operating modes used: SEM, and Backscattered (compo);
X-ray measurement unit LINK 860/500SR2
Analysing mode used EDS
Back Scattered Electron Detector:

Silicon PN-junction detector (2 divisions annualr type)
Image processes: Topographic and compositional 

-5Working pressure (specimen chamber) = 1x10 Torr (1.33x10 Pa).

The advantages of the Jeol-733 over the Cambridge 
Microscan 5 are many. The former is easier to use, and 
because of the backscattered viewing mode and wide range of 
maginifications available, the exact position of the 
electron beam with respect to the size of the specimen is no 
longer a problem. This viewing mode, enables the operator 
to choose parts of any crystal for analysis since features 
like reaction rims, zones, alterations and replacements are 
so well imaged.
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4.1.4.3 Optical Microscopy

The third analytical procedure used was aimed at 
checking results arising from the above analyses. For this 
the Zeiss 3 light microscope was used in conjunction with 
the JEOL JXA-733 electron microscope. The former used ultra- 
thin thin sections, usually below 3pm in thickness. Ultra- 
thin thin sections are needed if dolomite and calcite are to 
display first order grey colour in transmitted light.

4.2 RESULTS OF THE WHOLE ROCK XRD PHASE ANALYSIS

The results of the analysis are presented as 
diffractograms of the air dry (A/D) samples. The results 
of follow-up tests on glycerated mounts as well as mounts 
heated to 400°C, and 550°C are not presented here since they 
were only used for checking up the results of the air dry 
runs. As far as the temperature study is concerned, using 
the calcite-dolomite solvus, the only important part of 
the diffractogram is that between 20 = 30° and 40°, i.e. 
the part containing the main calcite (1014) and dolomite 
(1014) peaks.

4.2.1 Results from the foreland, Low strain areas
and areas generally away from the thrust planes

Between 20 = 30° - 40° of Figure4.1 , the most important 
reflections are the 006 of mica, the(10T4)of dolomite, with 
the 1 0 1 of quartz and the main peak of feldspar (orthoclase 
or low microcline) crowding closer to the mica peak. The 
intensity of the dolomite peak varies, but generally the 
absence of the main'calcite peak is diagnostic of this area.
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X - r a y  d if f r a c t o g r a m s  fro m  t h e  F o r e l a n d ,  lo w  s t r a i n  a r e a s .  

N o te  t h e  a b s e n c e  o f  t h e  m a in  c a l c i t e  p e a k  ( 1 0  TA) b e tw e e n  

20 =  3 0 °  -  4 0 ° .  Th e i n t e n s i t y  o f  t h e  d o lo m it e  p e a k  ( 1 0  T 4 )

i s  v a r i a b l e ,  w h ile  t h e  006 o f  m ic a  ( i l l i t e )  i s  u s u a l l y

4-



between 20 = 30° - 40°, a weak calcite (10 14) peak at
d = 3.03?. The dolomite (10 14) peak is still relatively 
stronger, while between 2°—  10° a chlorite ( OOl) peak 
emerges, also characteristic of this area, 
ch = chlorite, Fspar = feldspar qtz = quartz cc = calcite 
dol = dolomite.
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4.2.2 Below the Moine thrust in the South

Below the Moine thrust plane at Knockan and Cnoc
A' Chaoruinn /the part of the diffractogram between 30° and 
40° shows a remarkable change. Figure 4.2 shows the presence 
of the (10l4) calcite peak in D31 and C39, and the( 004) of 
chlorite very close to 20 = 30°. This is in addition to a 
generally very intense dolomite peak, very weak or no 
quartz and feldspar and varying amounts of mica. In D31 
(Knockan) of Figure 4.2, the introduction of chlorite 
coincides with the disappearance of mica, such that even if 
some of the calcite was precipitated from solution, a lot 
of it would also have been produced from the dissociation of 
dolomite in situ, making some of the calcite usable for 
temperature studies. Although the chlorite peaks show a 
great increase in C39 (Cnoc A' Caoruinn), the(1014)calcite 
peak does not reflect this increase in intensity.

4.2.3 Below the Moine Thrust at Eriboll

In the northern end of the Moine thrust zone, the 
Durness Formation just below the Moine thrust is characterized 
by very intense calcite(1014)and chlorite peaks, with 
medium quartz, and little or no mica and dolomite peaks 
(Fig.4.3). The disappearance of mica is also coincident 
with the appearance of talc among the other minerals 
already mentioned. The increasing intensity of quartz with 
that of chlorite is as observed earlier by Fawcett and Yoder 
(1969), while the increasing intensity of calcite at the 
expense of dolomite could be explained by the tendency of
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fro m  E r i b o l l . N o te  b etw een 20  = 3 0 °  -  4 0 °  t h e  p r e s e n c e  o f  

a v e r y  s t r o n g  c a l c i t e  ( 1 0  1 4 )  p e a k , so m e tim e s s t r o n g e r  

t h a n  t h e  d o lo m it e  ( 1 0  14 )  p e a k . Betw een 2 0  =  2 °  -  2 0  , 

t h i s  a r e a  i s  c h a r a c t e r i s e d  b y  a s t r o n g  c h l o r i t e  ( 0 0 1 )  p e a k ,  

a b s e n c e  o f  m ic a  ( 002) an d  p r e s e n c e  o f  a  w eak t a l c  p e a k ,  

c h  = c h l o r i t e ,  t c  = t a l c ,  q t z  =  q u a r t z ,  c c  =  

d o l  = d o lo m it e .

c a l c i t e ,



dolomite to establish equilibrium by dissociating to 
produce calcite. The continuous presence of calcite and
dolomite below the thrust plane suggests that the physical 
conditions have not pushed the equilibrium too far to the 
calcite field, hence a reasonably good field is provided 
for applying the calcite/dolomite geothermometer.

4.2.4 Near Intrusive Bodies

Carbonate samples taken from very close to intrusive 
igneous bodies produce diffraction peaks similar to 4.2.2 
and 4.2.3 as well as some unique peaks. Figure 4.4 shows 
that very close to sills (A11) dolomite undergoes very little 
dissociation producing a little calcite and some of the 
Mg + ions take part in the building of chlorite lattices, 
hence equally little chlorite is present.

Around the Loch Ailsh Syenite, with higher heat 
extrusion to the surroundings, the dissociation of dolomite 
is so complete that brucite and calcite are produced (see 
B13 and C76 - Fig.4.4). In all cases there is the breakdown 
of the 9.9A mica mineral, and the formation of some antigorite 
(in B13 and C76) or chlorite (A11).

The presence of brucite [Mg(OH)2] in carbonate rocks
near igneous bodies and the absence of the 9.9A mica peak
in the same rocks is likely to suggest that the breakdown
of the latter mineral was too early and so rapid that when 

2 +Mg ions were supplied there were no mica lattice sites 
available for the generation of chlorite. This is unlike 
the thrust plane where the breakdown of dolomite and
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Diffractograms of samples All (from close to a sill) , B13
and C76 (close to the Lock Ailsh Syenite).

Note the strength of the calcite peak (10 14) between 
2© = 30° - 40° and the presence of brucite (be) which is
absent along the Moine Thrust. Also while chlorite formed 
close to the sill, (All), it could not form close to the 
syenite (B13, C76).
ch = chlorite, spt = serpentine, be = brucite, cc = calcite
dol = dolomite.
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4.3 Addendum

Backscattered electron imaging of samples in thin sections 
made possible the differentiation of equilibrium from non-equilibrium 
calcite grains. While the former were uniformly disseminated, the 
latter were strung out mainly in veins, in the rock specimens.
Also the MgC03 content of the non-equilibrium grains, particularly 
at Knockan, seemed to be lower than that of equilibrium grains.
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supply of Mg + ions was going on hand in hand with the building 
of chlorite lattices from mica, and as a result no brucite was 
formed even at the Eriboll end of the thrust plane. This could 
suggest a tendency towards chemical equilibrium along the 
thrust plane, which is not obtainable near intrusive bodies.

4.3 RESULTS OF THE MICROCHEMICAL ANALYSIS OF CALCITE

To estimate the palaeo-temperatures associated with 
Moine thrusting using the calcite-dolomite solvus geothermometer 
only those carbonate samples showing appreciable amounts of 
calcite and dolomite were used. Since thermal effects 
associated with thrusting are most pronounced within one or 
two metres below the thrust plane, those carbonate samples 
showing the double phase assemblage were only obtainable close 
to the thrust plane.

4.3.1 EDS - Spectrum Analysis

The microchemical composition of calcite shows a fairly 
constant profile when the spectra of individual analyses from 
different samples are compared. Figures 4.5, 4.6 and 4.7 show 
typical spectra from Knockan (D31, Glencoul (ST 3) and 
Eriboll (Er-9) respectively. The dominant peak at 3.69 Kev is 
the CaKK peak, followed by a smaller ¥  peak at 4.01 Kev. These 
peaks cannot be compared in height, even when the livetimes are 
the same unless the original setting for the maximum spectrum 
height is made the same. The rest of the spectrum between 
1-3.5 Kev is very important because changes in it, particularly 
changes in the magnesium peak at 1.25Kev are usable. Apart from 
calcium and magnesium, variable and often insignificant 
amounts of potassium, silicon, manganese and iron may be 
present. A comparison of Figures 4.5 and 4.7 shows a very
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EDS A n a l y s i s ,  t y p i c a l  s p e c tr u m  o f  c a l c i t e  m ic r o c h e m is t r y  

i n  t h e  D u r n e s s  F o r m a tio n  fro m  K n o ck a n  (sa m p le  D 3 1 ) . Th e  

s m a l l  am ount o f  Mg i n  t h e  c a l c i t e  i s  h a r d l y  shown on t h e  

s p e c t r u m .

Intensity.
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EDS A n a l y s i s ,  s p e c t r u m  o f  c a l c i t e  m ic r o c h e m is t r y  i n  t h e  

D u r n e s s  F o r m a t io n  o f  G le n c o u l  A r e a .

ST 3
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FIG. 4.7

EDS Analysis, spectrum of calcite microchemistry in the 
Durness Formation, Eriboll area. Calcite here seems 
relatively richer in Mg than the samples from the south.

CAiLC ITE ER-9'

Intensity.



118

slight but noticeable difference in the MgKoc (1.25 Kev) peak 
intensity. It is slightly more intense in Figure 4.6 than 
in Figures 4.5 and 4.7.

4.3.2 Results of the Microprobe Analysis

Tables 4.1 to 4.5 show the quantitative results of 
the electron probe microanalysis. Ten elements were normally
analysed for, the percentage of oxygen estimated in most
cases by difference. Only in analyses 1 and 2 of Table 4.1
was the percentage of oxygen computed by stoichiometry. The
tables were compiled from the best analyses (in terms of total
oxide) from each sample, and usually more than twenty analyses
were aimed at per sample. Ideal solid oxide percentage varies
between 54.5 - 57% (Deer et al. 1962). As the tables show the
elements which have the most consistent occurence of anything
above 5% confidence apart from calcium are magnesium, .silicon,
manganese and iron. Occasionally the presence of strontium
is confirmed above the 5% confidence limit (Tables 4.4 and 4.5).

2 +  °  2 +  °Because of their ionic radii, only Mn (0.83A) and Fe (0.80A)
can readily occupy the lattice positions of Mg (0.78A), while
Sr2+(1.175A) may, with difficulty, substitute for Ca + or

2 +occupy sites in alternate planes to the Ca planes such as
2 +are occupied by Mg , and is therefore most likely to occupy

cavities and voids not related to the regular lattice
structure of calcite. It will require a Mg/Ca ratio of 

2 ,1:1 for the Mg ions to completely occupy all lattice
positions in the plane alternate to the Ca2 + plane

2 .(see Fig.2.1), for every Ca ion present in the lattice.
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T a b le  4 .1  F iv e  t y p i c a l  c h e m ic a l a n a ly s e s  o f  c a l c i t e  fro m  
sam p le  D31 fro m  th e  M o ine  T r u s t  as a t  K nockan .

Element 1 2 3 4 5

%ELMT %OXIDE %ELMT %OXIDE %ELMT %OXIDE %ELMT %OXIDE %ELMT %OXIDE

Na 0.032 0.043 0.056 0 o 076 0.098 0.132 0.043 0.057 0.168 0.223
Mg 0.705 1.168 0.438 0.726 0.467 0.775 0.360 0.598 0.515 0.856
AL 0.026 0.050 - - 0.059 0 . 1 1 1 - - 0 . 1 1 0 0.208
Si 0.078 0.167 0 . 1 1 0 0.235 0 . 1 2 0 0.256 0.105 0 o 225 0.204 0 „ 436
K 0 . 0 2 2 0.026 - - - - 0.125 0.151 0.053 0 0 064
Ca 38.371 53.689 38.827 54.327 39.405 55.136 38.418 53.754 37.513 52.489
Ti 0 o 130 0.218 0 o 020 0.034 - - - - - -
Cr - - - - 0.030 0.044 0 . 1 1 1 0.162 - -
Mn 0.108 0.139 0.088 0.114 0.050 0.065 0.223 0.288 0 o 384 0.496
Fe 0.095 0 . 1 2 2 0.089 0.115 0 o 039 0.050 0 „ 293 0.377 0.206 0.266

Total 55.622 55.629 56.569 55.612 55.088
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Table 4.2 Five typical chemical analyses of calcite in 
sample C39 (Cnoc A' Chaoruinn). Sample C39 
was taken from the Durness Formation below 
the Moine thrust.

Element 1 2 3 i c

%ELMT %OXIDE %ELMT %OXIDE %ELMT %OXIDE %ELMT %OXIDE ’ %ELMT %OXIDE

Na 0 . 0 0 0 . 0 0 0.073 0.099 0 . 0 0 2 0.003 0.108 0.146 0.013 0.018
Mg 0.363 0.601 0.598 0.991 0.397 0.659 0.585 0.970 0.421 0.699
AL 0.041 0.077 - - 0.069 0.131 0.058 0 o 1 05 0.015 0.027
Si 0.107 0.229 0.045 0.095 0.096 0.206 0.104 0 . 2 2 2 0.207 0.442
K 0.036 0.043 0 . 064 0.077 0.01 9 0.023 0.059 0.072 0.155 0.187
Ca 39.106 54.718 39.131 54.752 39.034 54 o 617 39.470 55.226 39.694 55.540
Ti - - - - 0.026 0.043 - - 0 . 0 2 2 0.037
Cr - - - - - - - - - -

Mn - 0.055 0.071 0.028 0 o 037 0.023 0.030 - -

Fe 0.097 0.125 0.119 0.153 0.075 0.097 0.072 0.092 0 . 1 1 1 0.142

Total 55.792 56.237 55.815 56.863 57.093
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Table 4.3 Five typical chemical analyses of 
calcite in Sample Er 9 (Eriboll)

Element 1 2 3 4 5

%ELMT %0XIDE %ELMT %OXIDE %ELMT %OXIDE %ELMT %OXIDE %ELMT %OXIDE

Na 0 . 0 0 0 0 . 0 0 0 0.066 0.089 0.066 0.088 0.018 0.025 0.076 0.103
Mg 0.802 1 .329 0.677 1 . 1 2 2 0.475 0.787 0.577 0.957 0.605 1 . 0 0 2

A1 0.065 0.123 0.045 0.084 0 o 008 0.014 - - 0.047 0.089
Si 0.041 0.089 0.138 0.296 0.075 0.160 0.055 0.118 0.079 0.169
K 0 . 0 0 0 0 . 0 0 0 0.023 0.028 0 . 0 1 0 0 . 0 1 2 0 o 025 0.030 0.070 0.085
Ca 37.733 52.797 !I7.903 53.034 58.474 53.833 58.754 54.225 38.318 53.615
Ti 0.068 0.113 - - 0.043 0.071 0.025 0.042 0.097 0.162
Cr - - 0.197 0.288 0.027 0.039 - - - -
Mn 0.484 0.625 0 o 235 0.304 0.301 0.389 0.368 0.476 0.287 0.370
Fe 0.056 0.073 0.508 0.653 0 o 007 0.009 0 o 1 26 0.162 0 . 0 2 2 0.028

Total 55.148 55.898 55.402 56.288 55.864
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T a b le  4 .4  F i v e  t y p i c a l  c h e m ic a l  a n a l y s e s  o f  c a l c i t e  
i n  sa m p le  E r - 1 0  ( E r i b o l l ) . S a m p le  E r 1 0  
was t a k e n  fro m  t h e  D u r n e s s  F o r m a t io n  b e lo w  
t h e  M oine t h r u s t .

E le m e n t 1 2 3 4 5

%ELMT %O XID E %ELMT %O XID E %ELMT %0X ID E %ELMT % 0 X ID E %ELMT % 0 X ID E

Na 0 . 0 0 0 . 0 0 0 . 0 0 5 0 . 0 0 7 0 . 0 0 0 . 0 0 0 . 0 3 9 0 . 0 5 3 0 . 1 4 3 0 . 1 9 3

Mg 0 . 8 1 0 1 . 3 4 3 0 . 6 3 7 1 . 0 5 6 0 . 5 2 6 0 . 8 7 2 0 . 7 9 3 0 . 3 1 4 0 . 4 8 8 0 . 8 0 9

A 1 0 . 0 3 1 0 . 0 5 9 0 . 0 0 0 . 0 0 0 . 0 1 3 0 . 0 2 4 0 . 0 6 0 0 . 1 1 3 0 . 0 4 8 0 . 0 9 1

S i 0 . 5 4 6 1 . 1 6 8 0 . 0 8 0 0 . 1 7 2 0 . 0 8 6 0 . 1 8 4 0 . 1 1 6 0 . 2 4 7 0 . 0 9 8 0 . 2 1 0

P 0 . 0 3 9 0 . 0 9 0 0 . 0 0 0 . 0 0 0 . 0 8 1 0 . 1 8 5 0 . 0 6 2 0 . 1 4 2 0 . 0 0 7 0 . 0 1 3

S 0 . 0 3 4 0 . 0 8 4 0 . 0 3 0 0 . 0 7 4 0 . 0 8 5 0 . 2 1 5 0 . 0 3 3 0 . 0 8 3 0 . 1 1 7 0 . 2 9 2

K 0 . 0 9 5 0 . 1 1 4 0 . 0 5 7 0 . 0 6 8 0 . 0 8 5 0 . 1 0 3 0 . 0 6 5 0 . 0 7 8 0 . 0 3 4 0 . 0 4 1

Ca 3 7 . 2 0 5 5 2 . 0 5 7 3 9 . 0 1 7 5 4 . 5 9 2 3 8 . 5 2 5 5 3 . 9 0 4 3 8 . 6 5 1 5 4 . 0 8 1 1 8 . 9 9 1 5 4 . 5 5 6

S r 0 . 2 3 1 0 . 2 7 3 0 . 0 3 6 0 . 0 4 3 0 . 2 3 0 0 . 2 7 2 0 . 2 6 9 0 . 3 1 8 0 . 0 0 6 0 . 0 0 7

Ba 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 2 4 4 0 . 2 7 3 0 . 0 0 0 . 0 0

Mn 0 . 4 9 3 0 . 6 3 6 0 . 2 9 4 0 . 3 7 9 0 . 3 7 3 0 . 4 8 1 0 . 3 4 0 0 . 4 3 9 0 . 1 4 7 0 . 1 9 0

F e 0 . 1 1 7 0 . 1 5 1 0 . 2 3 2 0 . 2 9 8 0 . 3 1 0 0 . 3 9 9 0 . 1 9 4 0 . 2 5 0 0 . 2 5 2 0 . 3 2 5

Co 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 o e o o 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0

T o t a l 5 5 . 9 7 7 5 6 . 6 8 9 5 6 . 6 3 9 5 7 . 3 9 0 5 6 . 7 2 6
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Table 4.5 F i v e  t y p i c a l  c h e m ic a l  a n a l y s e s  o f  c a l c i t e  

i n  sa m p le  E r - 1 1 b  ( E r i b o l l ) , fro m  t h e  
D u r n e s s  F o r m a t io n  b e lo w  t h e  M o in e t h r u s t .

E le m e n t 1 2 3 4 5

%ELMT %O XID E %ELMT %O XID E %EbMT %O XID I %ELMT %OXIDE %ELMT %O XID E

Na 0 . 1 6 1 0 . 2 1 7 0 . 1 8 7 0 . 2 5 2 0 . 0 2 4 0 . 0 3 2 0 . 0 4 9 0 . 0 6 6 0 . 0 0 0 . 0 0

Mg 0 . 5 8 5 0 . 9 7 1 0 . 6 4 5 1 . 0 7 0 0 . 7 0 4 1 . 1 6 7 0 . 7 4 7 1 . 2 3 8 0 . 7 9 4 1 . 3 1 6

A 1 0 . 0 0 0 . 0 0 0 . 0 2 2 0 . 0 4 2 0 . 0 1 6 0 . 0 3 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0

• S i 0 . 0 5 7 0 . 1 2 2 0 . 0 4 2 0 . 0 9 0 0 . 1 2 0 0 . 2 5 6 0 . 0 6 9 0 . 1 4 8 0 . 0 5 8 0 . 1 2 5

P 0 . 0 0 0 . 0 0 0 . 0 2 9 0 . 0 6 6 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0

S 0 . 0 2 2 0 . 0 5 4 0 . 0 6 2 0 . 1 5 5 0 . 0 0 0 . 0 0 0 . 0 3 5 0 . 0 8 7 0 . 0 0 4 0 . 0 1 0

K 0 . 0 1 0 0 . 0 1 2 0 . 1 0 5 0 . 1 2 6 0 . 0 3 3 0 . 0 3 9 0 . 0 8 2 0 . 0 9 9 0 . 0 4 2 0 . 0 5 1

Ca 3 8 . 8 0 3 5 4 . 2 9 4 3 8 . 2 4 1 5 3 . 5 0 6 3 9 . 2 5 3 5 4 . 9 2 2 3 9 . 4 9 4 5 5 . 2 6 0 3 9 . 5 0 4 5 5 . 2 7 4

T i 0 . 0 0 6 0 . 0 1 0 0 . 1 0 5 0 . 1 7 6 0 . 0 5 5 0 . 0 9 1 0 . 0 0 0 . 0 0 0 . 0 8 2 0 . 1 3 7

Mn 0 . 8 6 7 1 . 1 1 9 0 . 8 3 4 1 . 0 7 7 0 . 5 8 0 0 . 7 4 9 0 . 3 6 9 0 . 4 7 7 0 . 2 8 0 0 . 3 6 1

F e 0 . 3 8 2 0 . 4 9 2 0 . 3 2 7 0 . 4 2 1 0 . 1 4 9 0 . 1 9 1 0 . 2 7 2 0 . 3 5 0 0 . 2 4 0 0 . 3 0 8

Co 0 . 0 2 6 0 . 0 3 3 0 . 0 0 0 . 0 0  - 0 . 0 1 4 0 . 0 1 8 0 . 0 0 0 . 0 0 0 . 0 9 1 0 . 1 1 6

S r 0 . 1 0 4 0 . 1 2 4 0 . 3 1 8 0 . 3 7 5 0 . 1 2 5 0 . 1 4 7 0 . 1 6 3 0 . 1 9 3 0 . 1 6 9 0 . 2 0 0

Ba 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0

T o t a l 5 7 . 4 4 8 5 7 . 3 5 6 5 7 . 6 4 3 5 7 . 9 1 7 5 7 . 8 9 7
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As Tables 4.1 to 4.5 show, this ratio is very much below 
unity, hence there is no competition between Mg, Mn and 
Fe, to fill the alternate to the Ca2+ planes. This in effect 
means that any physical parameter estimated using the
amount of Mg2+ or MgC03 as in this case, need not be 
corrected for the effects of other substituting elements.
In addition, although all iron is analysed as Fe2+ due to 
the ZAF4 computer subroutine used, some of it would no 
doubt be in the Fe3+ state. The facilities used could not 
separate one valency from the other.

4.3.3 Estimate of the Percentage Molar MgC03 in Calcite
and the Equilibrium Temperature

The method used for calculating the molar percentage 
MgCO^ in calcite is described in Appendix 1, and is that 
normally used in analytical chemistry. Table 4.6 shows the 
moles percent MgC03 in calcite and temperature estimated 
from these using the equation of Sheppard and Schwarcz 
(1970). The equation relates the moles percent MgC03 in 
calcite to the equilibrium temperature T as follows:

Log1 0 Mole % MgC03 in calcite = 1.727x10“3T - 0.223 ..... (4.1)
T is in °c.

This was suggested by Sheppard and Schwarcz (1970) as a best 
fit equation to the calcite-dolomite solvus curve of Goldsmith 
and Newton (1969) (Fig.2.16), and has been applied by 
Hutcheon and Moore (1973), and Moore and Kerrick (1976).
The moles percent MgC03 and the corresponding tern peratures

estimated are also presented in histograms (Figures 4.8, 4.9, 
4.10, 4.11 and 4.12 for samples D31, C39, Er9, Er10 and Er11b 
respectively).



129

Table 4.6 Temperatures (°C) estimated from Moles%MgC03 
in Calcite (Ca CO^) for the five samples: J
D31-Knockan; C39-Cnoc A Chaoruinn; Er 9,
Er 10 and Er 11 - Eriboll. All samples 
from the Durness Formation below the Moine 
thrust.
M = Mean; SD = Standard Deviation.

Sample D31 Sampl e C39

Moles% MgCO^ Temperature Mo les% MgC03 Temperature
in Calcite (°C) in Calcite <°C)

2 . 6 6 375.15 1.493 229.91
1 .80 276.94 2.45 354.47
2.90 396.8 1.63 251.99
1.5 231.09 2.097 315.34
2 . 1 315.70 2.27 335.28
1.5 231.09 2.92 398.60
2 . 1 315.70 2.41 350.33
1.9 290.54 1.73 266.96
1.9 290.54 1.93 294.47
2 . 1 315.70 2.30 338.58
1.5 231.09
2 . 2 327.40
1.5 231.09

M/SD
1.97/ 294.53/ 2.123/ 313.59/0.44 54.64 0.43 52.37
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Table 4.6(contdJ

Er 9 Er 1 0 Er 111>

Moles% Tempera- Moles% Tempera- Moles% Tempera-
MgC03 ture MgC03 ture MgC03 ture
in Calcite (°C) in Calcite (°C) in Calcite (°C)

1.69 261.08 3.04 408.73 2.99 404.562.99 404.56 2.90 376.8 2.76 384.43
1 . 6 8 259.59 3.17 419.26 2.87 394.26
2.59 368.44 3.33 431 .64 2.94 400.321.74 268.41 2.57 366.49 1.94 295.772.95 401.0 2.62 371.34 3.26 426.30
2.53 362.55 2.16 322.79 2.89 396.00
2.37 346.12 2.69 377.97 3.07 411.20
2.49 358.54 3.26 426.30 2.65 374.20
2 . 0 303.43 2.90 396.8 2.41 350.33
2.4 349.28 2 . 0 1 304.69
2.5 359.55 3.69 457.46
2 . 8 388.05 2.32 340.76
2.7 378.90 3.03 407.90
3.3 429.37 2.87 394.26

3.09 412.83

M/SD

2.45/
0.490

349.26/
53.275 2.85/

0.44
389.75/
40.85

2.78/
0.38

383.74/
37.24
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D 31

CL

Histograms of (a) moles % MgCo^ in calcite against 
frequency, and (b) temperature against frequency, for 
sample D31 from Knockan.
Mm - mean of moles - standard deviation

Tm = mean of temperatures - standard deviation.
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Histograms of (a) moles % MgCO^ in calcite against frequency 
and (b) temperature against frequency for sample C39,

Mm = mean of moles - standard deviation
Tm = mean of temperatures - standard deviation.



0)
CM
tH

F I G .  4 . 1 0

MOLES % McJCO 3Q.

Histograms of (a) moles % MgCO^ in calcite against 
frequency, and (b) temperature against frequency, for
sample Er9 from Eriboll.
Mm = mean of moles - standard deviation

150 200 250 300 350 400 450
T E M P E R A T U R E  °C
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Histograms of (a) moles % MgC03 in calcite against frequency, 
and (b) temperature against frequency, for sample Er 10 from 
Eriboll.

Fig. 4.11

Mm mean of moles standard deviation.
Tm = mean of temperatures

Er 10a.

MOLES % MgCO 3 i n  CALCITE

standard deviation.

b.

T E M P E R A T U R E  °C ■
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Histograms of (a) moles % MgCO^ in calcite against frequency, 
and (b) temperature against frequency, for sample Erllb

Mm = mean of moles - standard deviation

Tm = mean of temperatures * standard deviation.



132

4.3 o 4 Discussion of Results:

The analysis of temperatures associated with Moine 
thrusting has produced interesting results both from the 
points of view of metamorphism and tectonics. A comparison 
of Figures 4.8 and 4.9 shows that a positive temperature 
gradient exists below the Moine Thrust from Knockan in the 
west to Cnoc A' Chaoruinn in the east. The exact distance 
between sample location D31 (Fig.3.8 ), and C39 (Fig.3.7) is 
10.49 km, giving a horizontal gradient of:

313.59 - 294,53°C = 19.06 = 1,74°C/km
10.94 km 10.94 ---------

A comparison of D31 (Fig.4.8), and Er9, Er10 and 
Er11b shows a temperature difference of between 54°C and
95°C exists between Knockan in the south and Eriboll in the 
north of the Moine Thrust Zone. This is shown in Figure 4.13 
if the mean temperature at the Eriboll end of the subMoines 
is taken as 374.00°C (mean of Er9, Er10, Er11b), the 
temperature difference between Knockan and Eriboll would 
then be 80°C approximately.

Temperature differences of approximately 20°C between 
Knockan and Cnoc A' Chaoruinn subMoines, and 80°C between 
Knockan and Eriboll subMoines are substantial enough to leave 
visible imprints of microstructural and metamorphic 
significance on the Durness carbonates. This evidence is 
reviewed in the following sections.
The presence of errors on the temperature estimates (e.g. ±55°C 
for D31, and ±52°C for C39) reduces the reliability and increases 
the complexity of the valuesof temperature differences and gradients 
For example between D31 and C39, the round figure difference of 19°
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is only halfway between 16° at the upper end of the error bars 
and 22° at the lower end. It emphasized therefore that exact 
values of temperature differences and gradients are not, in 
this section, as important as the indications of differences and 
gradients.

{ 349153 Er9 
390 +41 Er10 
384+ 37 EM 1b

FIG. 4.13

The Moine Thrust zone showing the locations of samples 
used in temperature estimates.
C = Cnoc a' Chaoruinn 
D = Knockan 
Er = Eriboll 
MT = Moine Thrust.
Values at localities, like 295.0 represent the temperature 
(°c) estimated for that locality.
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4.4 EVIDENCE OF TEMPERATURE DIFFERENCE BETWEEN;

(i) the Caledonian Foreland and the Moine thrust zone; 
(ii) the Moine thrust zone in the south and the MTZ 

in the north.

4.4.1 Between the Caledonian Foreland and the Moine thrust

The only palaeotemperature estimates in the foreland 

that may be reliable were made by Downie (1981). Using 
acritarch index fossils from the Fucoid Beds and a scale 
of colour index proposed by Staplin (1977), Downie estimated 
thermal indices and palaeotemperatures as follows:

Thermal Index PalaeoTemperature
An t-Sron-Eriboll [NC446580] ±4.5 250°C
Skiag Bridge [NC236241] ±3.7 200°C
Knockan Cliff [NC189091] ±3.7 200°C
Ord Skye [NC617134] ±3.2 150°C

With this data he had shown that even in the 
Caledonian foreland, there is a temperature difference of 
up to 50°C between Knockan and Eriboll, and that generally 
there is a temperature increase towards the north from Skye. 
Grant (pers.comm.) estimated a temperature less than 200°C 
using palinomorphs from the Torridonian at the foreland.

In Figure 4.1 the X-Ray diffractograms from the 
foreland and low strain areas are summarized. They are 
characterized by a medium to strong 6002 mica peak, a 1014 
dolomite peak of variable intensity, and some quartz and 
authigenic feldspar, peaks. Characteristically absent 
from these diffractograms are chlorite peaks, showing that



PLATE 4 . 1

Backscattered electron micrographs of solution surfaces
and their mineral content into the zone of metamorphism.

(a) Diagenetic stylolite (s— s) in dolomite in the 
Foreland carbonates. The stylolite is filled 
with iron and some titanium oxides, and mica 
(illite/Sericite). Stylolites in Foreland 
carbonates lack chlorite and the carbonates lack 
calcite. d - dolomite
Scale bar: lOOjjm

(b) Below the thrust at Knockan, chlorites (ch) have 
started to crystallize. The sites of easiest 
nucleation of chlorites are along diagenetic 
stylolites, consequently they are associated 
with the mica (m).
Scale bar: lOpm.

(c) Below the Moines at Cnoc a' Chaoruinn chlorite
(ch) and K-feldspars (fsp) are well crystallized 
and thick, while mica is reduced to thin 
fibres in Durness carbonates. Some of the 
dolomite (d) also decomposed to calcite (cc). 
Scale bar: lOOum.
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the thermally induced alteration of mica to chlorite found 
along the thrust plane does not obtain in the foreland.

Most of the mica found in the foreland samples 
is concentrated along diagenetic stylolites (see Plate 4.1a), 
as fine grained white mica with low basal (0 0 2) spacing, 
high Si:AL ratios and low K20 values. The name illite/ 
sericite has therefore been suggested for these foreland 
micas (Dunoyer de Segonzac, 1970).

An estimate of the Index of Crystallinity of the 
foreland illite/sericite micas gives values between 3.0 and 4
(Table 4.7). This is shown by Dunoyer de Segonzac (1970) 
to place this illite/sericite exactly within the metamorphic 
anchizone. This is the zone of transition between late 
diagenesis (main Index 5.5) and the "Chloritoschistose" 
epizone of maximum Index 2.5.
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Table 4.7

Crystallinity Index (peak width at half 
maximum height of 1 oA mica peak-in mm 
Weaver, 1960) measured from X-ray 
diffractograms of whole rock samples. 
Some of the diffractograms are shown in 
Figures 4.1 - 4.4

As mentioned above, nowhere in the foreland has the 
alteration from illite to chlorite been observed/, -except near 
intrusive bodies (Fig.4.4). Knipe (pers. comm.) showed by 
extensive work on slates that the temperature for that 
alteration might be up to 250°C. From the foregoing evidence 
it might be concluded that generally, maximum palaeo- 
temperatures in the Caledonian foreland especially the 
Cambro-Ordovician sequence, might not have exceeded 200 to 
250 °C.
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Along and about 2m below the Moine thrust plane at 
Knockan, metamorphic conditions have changed a little from
the foreland. As shown in sections 4.2 and 4.3, dolomite 
starts altering thermally into calcite, and the illite- 
chlorite alteration starts al*so (Plate 4.1b). Initially 
the proportion of chlorite to illite is very low, but 
towards the east this proportion increases to the extent 
that illite only forms thin fibres within thick bands of 
chlorite (Plate 4.1c).

Also the Index of Crystallinity of the mica below

the thrust (Table 4.7) varies between 2.0 and 3.25. This 
is much lower than for the foreland samples and reflects 
the general crystalline nature of the mica.

From the foregoing, it does seem that the minimum
abouttemperature requirement o f L250°C for illite to chlorite 

alteration has been achieved along the Moine thrust plane, 
and therefore that the 295i55°C estimate from calcite- 
dolomite solvus at Knockan is reasonable. This temperature 
estimate plus the crystallinity index and mineral assemblage 
suggest that at the Knockan end of the Moine Thrust down 
to about 2m, the Durness Formation is in the upper epizone 
of metamorphism.

4.4.2 Data Between Knockan and Eriboll Adjacent to the 
Moine Thrust

(i) Structural Evidence:
That the microstructure below and above the Moine 

Thrust at Knockan is characterised by cataclasis has been
known for a long time. The wedge of whitish dolomite just
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below the Moine schists here decreases in thickness 
southwards and is permeated down to grain size level by
large through-going fractures and micro-veins (Plates 4.2a, 
4.2b). The network of fractures of very wide size range 
produces angular to subangular carbonate grains. Those 
fractures confined to individual grains tend to be smaller 
than the longer ones. Almost all fractures are healed, with 
a greyish, sometimes brownish carbonate cement. Fracture 
intensity increases and fractured grain size decreases 
towards the fault plane, while matrix cement concentration 
is higher near the fault plane, decreasing downwards towards 
a grain-supported breccia away from the fault plane.

The original diagenetic solution surfaces here 
have beeen transected and displaced by several later 
generations of fractures, while later generations of vein 
calcite grains show less weathering than the earlier ones. 
This microstructure is mostly found within two meters 
below the thrust plane and gives way about six meters from 
the thrust plane to a fairly intact dark-coloured foreland- 
type dolomite.

Below the thrust plane eastwards recrystallization 
takes place very rapidly wiping out the fractures and 
producing a mosaic of interlocking grains (Plate 4.2c).

Cataclasis may be an important mechanism in a 
shear zone because that is the only mechanism that can 
effectively move fluids about within the rock otherwise rock 
permeability is often too low to allow fluid movement in 
reasonable time (Price 1975; Norris and Henley, 1976). It 
is aided by high effective stresses, high strain rates, low



PLATE 4 . 2

a,b, and c optical photomicrographs of Durness carbonates
below the Moine Thrust at Knockan. a and b, note the
fracture intensity just below the thrust plane here.
Fracturing is down to grain size level (a) im below the
thrust plane. The cement is mostly carbonate, which as in 

re(c) might-crystallize to form fine grains, (b) is also 
within lm of the thrust.
Scale bars: 1cm ,crossed polars.

c. About 1km east of Knockan Crag below the Moine
thrust plane intense fracturinghas been replaced 

rebyAcrystallization producing a mosaic of inter
locking grains. Only very few of the original 
fractures are still prominent. (c) is within 
lmetre of the thrust.
Scale bar: 1cm ,crossed polars.
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PLATE 4 . 3

Optical micrographs of mylonitized Durness carbonates at 
Eriboll. Below the Moine Thrust at Eriboll a fine mylonitic 
foliation has developed in the Durness carbonates. The 
dolomite and calcite grains are stretched out into ribbons 
of high strain (b), with chlorite and talc as the main 
phyllosilicates interleaving them. Later grains of mainly 
dolomite growing normal to foliation (d in a and c).

a,b,c, Photomicrographs in crossed nicols.

Scale bar: o.5 m. Calcite is stained dark by alizarine S.
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temperatures and is restricted to the upper 15km in most 
zones of continental deformation (Sibson, 1977; Turcote,
1983). In dolomite,cataclasis and kinking tend to precede 
or accompany c-slip at low laboratory temperatures - i.e. 
between 20° - 225°C (Barber et al. 1981) , and according
to the latter cataclasis and shear-fracturing must be counted 
as a significant deformation mechanism.

In contrast to the Knockan sub-area, .the Durness 
Formation below the Moines at Eriboll is characterised by 
a fine foliation, defined by bands of dolomite, chlorite 
and calcite (Plates 4.3a, b, and c). The carbonate grains 
are commonly ribboned into fine grains of high aspect ratios 
typical of mylonites. This is also the area where 
dolomite shows extensive polysynthetic twinning, often with 
more than one set of twins (Plates 4.4a, b, and c), and 
affecting all generations of grains. There are limited 
indications of recrystallization mainly through subgrain 
rotation at grain boundaries (Plates 4.4a, and b). These 
recrystallized grains in most cases have the twinned 
microstructure.

Both single crystal and polycrystal deformation 
behaviour of dolomite suggest that twinning in dolomite
is a fairly diagnostic medium-temperature deformation.
Twins have not been observed in crystals deformed below 
300°C, while at 350°C twinning of favourably oriented grains 
only becomes important (Barber et al., 1981). Between 400°C 
and 500°C dolomite twinning is ubiquitous, becoming less 
important but not completely wiped out above 500°C (Higgs 
and Handin,1959; Barber et al., 1981).



PLATE 4 . 4

Photomicrographs of carbonate rocks below the Moine thrust 
at Eriboll. All sizes and generations of dolomite grains 
are twinned and there is often more than one set of 
polysynthetic twins. In a and b some of the twinned grains 
have produced recrystallised grains (r) at the grain 
boundaries. Calcite is stained (dark) by alizarine S.
4.4a and 4.4c Scale bar: 0.5mm, 4.4b Scale bar: 0.2 mm. 
Crossed polars.
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4.4.2 (i) Addendum

Although the effect of strain rate variation on the
temperature of dolomite twinning has not been specifically
investigated, the works of Higgs and Handin (1959) and Barber et

-4 -5(1981) at 1.6 x 10 and 1.3 x 10 respectively, gave the first 
indications that the temperature for the initiation.of dolomite 
twinning may not be strain rate-controlled.
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The mylonitic foliation and prevalent dolomite 
twinning at the Eriboll sub-area would suggest that the 
mean temperatures estimated for Er9 (349.00°C), Er10 (389.00°C) 
and Er11b (384.00°C), (Table 4.6) are of the right order.

(ii) Mineralogical and Microchemical Evidence;

A comparison of the X-Ray diffractograms from the 
Knockan end (Fig.4.2) and Eriboll end (Fig.4.3) of the 
subMoine Durness carbonates shows fairly interesting 
differences. While the former shows mainly strong illite 
and dolomite peaks, with weak chlorite and calcite and no 
talc, the latter shows strong chlorite and calcite with 
no illite and relatively weak dolomite peaks. Quartz 
peak intensities are known to go with chlorite intensity.
Also new in Figure 4.3 is the talc peak at 20 = 11°, this is 
best illustrated in Er11 of Figure 4.3.

As shown in Figure 2.19, even at low fluid pressures 
(^100 MPa)dolomite rocks will not produce talc below about 
350°C. Hence while physical/chemical conditions are right 
for the generation of chlorite at Knockan (including 250°C 
and above temperatures), those same conditions allow the 
co-existence of illite and chlorite, being at the same time 
too low for the stability of talc. At Eriboll on the other 
hand, the physical/chemical conditions are rather too 
severe for the stability of illite, although right for 
chlorite and optimum for talc nucleation.

Other evidence of a microchemical nature is presented 
in Chapter Five, on the microchemistry of the chlorites

( generated in the carbonate rocks due to metamorphism. It is
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shown that Fe/Mg ratios in clinochlore increase from 
Knockan to Eriboll, i.e. with temperature. This is in 
agreement with Iwasaki's (1963) and Dunoyer de Segonzac's 
(1969, 1970) observations that Fe/Mg ratios increase with 
increasing metamorphism of chlorite in chlorite-bearing rocks.

4.5 POSSIBLE SOURCES OF THERMAL ENERGY FOR METAMORPHISM
BELOW THE MOINE THRUST

In sections 4.2, 4.3 and 4.4 it was shown that the 
Durness Formation has undergone greenschist grade metamor
phism along and close to the Moine thrust, and that the 
grade is higher at the Eriboll end than the Knockan end of 
the Moine Thrust. In this section models are proposed 
which are likely to account for the heat supply that 
produced the local change.

4.5.1 Lithostatic Geothermics

Given a maximum foreland temperature of 200°C at 
Knockan (Downie 1981) and assuming the Durine member of 
the Durness Formation was also in this temperature regime in 
pre-Caledonian times, what is the minimum height of Moine 
overburden necessary to trigger metamorphism in the carbonates 
below the thrust?

If it is assumed that normal geothermal gradient is
as used by Sibson (1977), between 20 - 30°C Km-1, (mean =
25°C Km ), the expected overburden will be a minimum of 2km

which is in the-range
to increase the temperature another 50°C to 250°C^required 
to start chlorite crystallization V  _ This
would mean that the northern area of the thrust has been under
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( 400 - 250) = 6km of Moine cover, (where 400°C is the 
25

approximate determined maximum temperature at the Eriboll
end of the Moine thrust, and 250°C is Downie's estimate in 
the foreland of the north). This difference in thickness of 
Moine cover between the north and the south is what Coward
(1982) alluded to and explained in terms of a possible 
steeper ramp climbed by the northern Moines. The change in 
thickness is supposed by Coward to have driven the northern
zone further"to the WNW.

green schistBecause of the^grade of metamorphism resulting,

Av = 1 (Turner 1968, Sibson, 1977)
where Av = P - (4.2)

pgz
and P is pore fluid pressure in a rock of density f at a depth 
z, and acceleration due to gravity is g. This means that 
the weight of overburden is approximately equal to the 
hydrostatic pressure and no matter how high the former is, 
it is "buoyed up" by fluids, reducing the effective over
burden pressure to zero. Such a situation is not likely to 
contribute greatly to the rise in temperature expected from 
overburden pressure, though it might be ideal for fault 
propagation.

Also if depth of Moine cover alone could explain 
the subMoine metamorphism, then rocks much below the Moine
thrust should also have been involved in this greenschist 
grade of metamorphism. Such evidence is lacking at the 
present level of exposure of the Moine thrust zone.
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4.5.2 Thermal Equilibration following overthrusting

Another source of thermal energy following thrusting 
of the Moine nappe over the foreland carbonates could be
the Moine rocks themselves. Being of higher metamorphic 
grade than the Cambrian-Ordovician suite and coming from a 
lower crustal level too, the base of the Moine schists resting 
on the former would immediately act as a source of radiant 
flux for physical/chemical processes below the thrust.
This means that the attempt by the warmer schistose suite to 
establish thermal equilibrium with the colder top of the 
Cambrian-Ordovician suite, provided thrusting was rapid enough, 
resulted in "off-loading" of its excess heat, and a rapid 
gain in heat content of the colder rocks. The situation is 
illustrated in Figures 4.14 and 4.15, using the model 
developed by Oxburgh and Turcote (1974) .

In Figure 4.14 a uniform stratigraphic column is 
assumed for both the mainland and what would later remain
as a foreland (a ). The geothermal gradient is such that 
T2 >T^ and is assumed/as shown in (d)(i),to be linear. In (b) 
the thrust is introduced, effectively separating an over
thrust suite A from a foreland suite B. The situation 
immediately after thrusting is represented in (c) showing an 
alternation of thermal surfaces T^ and T , resulting in a 
saw-tooth form of geothermal gradient, as in (d)(ii). At 
any other time following thrusting the saw-tooth will 
gradually try to modify itself to produce a linear pattern 
as in (d)(iii), by heat exchange between the two surfaces 
in contact across the thrust plane.



FIG. 4.14

Model to explain thermal equilibration after overthruStlng.

a. A uniform stratigraphic column with a uniform
and linear thermal gradient as in (d) (i), is
assumed for the N W highlands before thrudlng 
began.
Temperature T^> T^

b. The development of the Moine Thrust separates the 
mainland A from the foreland B.

c. At some time tg of thrust propagation just before 
thermal equilibrium, there is a repetition of 
stratigraphy and isotherms (T^ and T^). This 
results in a compound geothermal gradient with
a saw tooth, as in (d) (ii).

d. (iii) At time T^ the decay of the saw tooth compound
geothermal gradient will tend to create a new 
gradient, thereby increasing the temperature below 
the A - B interface, (adapted after Oxburgh and 
Turcote, 1974).
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TIME, my.

FIG. 4.15

Temperature T as a function of time on the interface between 
a thrust slab A and its basement B, as in Fig. 
4.14, for slabs of 5, 10, 15 and 25km thickness. 
Equilibrium temperatures at the base of the slab 
are shown as Too while T is the ratio of interface 
temperature at any instant to the equilibrium 
temperature. 0.5T is the temperature on the 
interface at the moment contact is made. Time 
elapsed after thrusting is given in million years, 
(after Oxburgh and Turcote, 1974).
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In developing this model Oxburgh and Turcote (1974) 
assumed that all heat transfer across the thrust plane is by 
conduction and that the rate of thrusting is very rapid and, 
if possible, in one step. Even if some of the heat is 
transferred by fluid flow the heat quantity in question may 
be small since the fluids themselves are already warm coming
from lower crustal levels. Even if the rate of thrusting 
is not very rapid, it may be partly compensated for by the 
rate of heat loss from the over thrust suite, which may not 
be very high either.

At any time (in million years) after thrusting, 
the interface temperature T at the thrust will, according 
to Oxburgh and Turcote (page 646) , depend on the thickness 
of the overthrust slab-L. As shown in Figure 4.15 for 
different slab thicknesses (L between 5km and 25km) and 
assuming an initial contact (interface) temperature of
0.5T, different interface temperatures result after a 
particular time interval. The thinner the slab the more 
rapidly does it lose its heat, and hence the faster does the 
interface establish a thermal equilibrium. Tafl are the 
maximum temperatures obtainable at the different interfaces 
when equilibrium has been established, and are equal to the 
initial temperatures at the bases of the thrust sheets of 
respective thickness.

At the present level of erosion of the Moine nappe 
the maximum thickness accorded it by Soper and Barber (1982)
is approximately 30km. After intensive deep seismic 
investigation Brewer and Smythe (1984) reduced this depth 
to the zone of detachment to approximately 2 1 km (see
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Fig.3.2(a) and (b). Both models show the Moine nappe as 

a wedge of increasing thickness from a few metres at the 
western edge to its maximum thickness in the mainland. In 
both models also the Moine nappe is shown to interact with * 
the Cambrian sediments of the foreland in the top 6km of 
the profile. From Figure 4.15, 6km of hot rocks would 
produce a maximum equilibration temperature of between 75°C 
and 150°C. Since the slide is so thin this equilibration 
temperature is likely to have been approached in the time 
interval since the Caledonian orogenyU43Omy),(Coward, 1983). 
At depths below 6km (Brewer and Smythe, 1984) , the Moine 
nappe interacts with the Lewisian gneiss and the heat 
transfer should therefore have a different sense.

4.5.3 Effect of Hydrothermal Fluids

The ingress of chemically active fluids in the 
Moine thrust zone probably during active thrusting has 
left effects which are difficult to mistake.

At Knockan the cataclasite below the Moines is 
held together by cement of hydrothermal origin (see S.S.4.4.2, 

Olaln^piates 4.2a, 4.2b). About two metres below the thrust 
where the original diagenetic solution structures are 
preserved, veins of different sizes and generations can be 
seen in fractures, joints and minor faults. These veins 
often contain calcite and/or quartz (Plates 4.5a, b) and 
are of hydrothermal origin.

At the Eriboll end about two metres below the thrust 
plane, a large amount of quartz and calcite were observed.
The close association of this quartz with solution surfaces
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thrust at Knockan. Scaleslcm,crossed polars.Plate 4.5
Some of the solution surfaces (Ŝ ) have also been invaded 
by fluids during deformation, while strain was accommodated 
by either simple shear or pure shear or both.
Scale bar: 1cm, crossed polars.

nr]



Backscattered electron and optical micrographs of samle Er7
taken about 2m below the Moine Thrust plane at Eriboll. 

a,b,c Backscattered electron micrographs,
Scale bars: 100|jm.

d. Optical micrograph, crossed polars; Scale bar: 1 mm .

Large amounts of quartz (q) and calcite (cc) are deposited 
and strung out very close to diagenetic. solution seams.
These seams still contain white mica (m) which has not been 
altered to chlorite, an indication that the hydrothermal 
activity might have been at the lower temperature end. Note 
also the thickness of the seams (a and b) , which might 
have resulted from expansion of the mica in the presence of

PLATE 4 . 6

undrained fluids.
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and fractures in the rock suggest a possible hydrothermal 
origin (Plate 4.6a, b, c and d). The ingress of such 
large scale, chemically charged fluids should have caused 
extensive destabilization of minerals like illite, but as 
shown in Plates 4.6a, b and c, no chlorite was produced,may be 
an indication that the fluids lost their heat quite rapidly 
away from the thrust.

Probably the most extensive evidence of hydrothermal 
fluid invasion in the Moine thrust zone is the zone of 
retrogressive metamorphism close to the thrust plane.
Here Moine psammites which are of biotite garnet grade of 
meta morphism away from the thrust are converted to mylonites 
in the thrust zone with such minerals as biotite, feldspars, 
garnets wholy or partly converted to chlorite. Also 
characteristic of the mylonites is a depletion of potassium 
with respect to the psammites (Powell, pers. comm.). The 
presence of large bodies of undrained fluids after the last 
thrusting episode must have contributed in bulk material/ 
chemical transfer, and if these fluids came from reasonable 
depths in the crust, they are likely to have been warm and 
possibly transferred their heat to the host rocks.

An analysis of possible fluid pressures that 
accompanied Moine thrusting is presented in Chapter Five.

4.5.4 Deformation Feedback on Metamorphism

A deforming geological body acquires elastic and/ 
or plastic strain; the latter is stored with respect to 
the former. As a result the body gains in strain energy 
with respect to the free energy of the original system. The
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e l a s t i c  com ponent o f  t h e  s t r a i n  e n e r g y  i s  u s u a l l y  v e r y  

s m a l l  an d  c a n  b e  n e g le c t e d  w it h o u t  a d v e r s e  e f f e c t s  on t o t a l  

e n e r g y  c a l c u l a t i o n s .  B u t ,  a s  N i c o l a s  an d  P o i r i e r  ( 19 7 6 )  

sh o w e d , k n o w le d g e  o f  t h e  d i s l o c a t i o n  d e n s i t y  o f  a d e fo rm e d  

r o c k  i s  n e c e s s a r y  t o  f a c i l i t a t e  t h e  e s t i m a t i o n  o f  t h e  s t o r e d  

p l a s t i c  s t r a i n  e n e r g y .  A r o c k  b o d y  u n d e r g o in g  d e f o r m a t io n  

t h e r e f o r e  a c t s  a s  a  m edium  w here th e rm o d y n a m ic  in p u t s  

( s t r e s s ,  s t r a i n ,  t e m p e r a t u r e  an d  t h e  e x t e n s i v e  p r o p e r t i e s :  

e n t r o p y ,  v o lu m e  an d  num ber o f  m o le s ) a r e  c o n v e r t e d  i n t o  

e n e r g y .  When t h e  d e fo rm e d  r o c k  c r y s t a l s  r e c o v e r ,  r e c r y s t a l l i z e  

o r  d is s o lv e ,s o m e  o f  t h e i r  s t o r e d  e n e r g y  i s  r e l e a s e d  t o  t h e  

" s in k "  (fro m  n e ig h b o u r in g  c r y s t a l s  t o  c o n t ig u o u s  r o c k  b o d i e s ) .

T a k in g  t h e  M oine m y lo n it e s  a s  an  e x a m p le , w h ic h  a r e  

m a in ly  a q u a r t z  m y lo n it e ,  t h e  s t o r e d  p l a s t i c  s t r a i n  e n e r g y  

i s  g iv e n  b y  N i c o l a s  an d  P o i r i e r  ( 1 9 7 6 ,  p86) a s :

W = H k  2 In  R ---------------------------------------4 . 3
4 * ( 1 - v )  bo

w here p i s  s h e a r  m o d u lu s  = 44GPa f o r  q u a r t z  

b i s  B u r g e r s  v e c t o r  = 0 . 5nm f o r  q u a r t z  

v  i s  P o is s o n *  s  r a t io a : 0 . 3  f o r  m o st m a t e r i a l s .

R i s  d i s t a n c e  b e tw ee n  d i s l o c a t i o n s  = f i t '  a n d  

^ i s  d i s l o c a t i o n  d e n s i t y

bo i s  c o r e  r a d i u s  o f  d i s l o c a t i o n s  = 2b  
2

H en ce W = pb i n  1
878 2bJT

4 .4

^ -  a v e r y  d i f f i c u l t  q u a n t i t y  t o  d e t e r m in e  w it h  

r e a s o n a b ly  h ig h  a c c u r a c y  ( B a i l e y  an d  H i r s c h ,  1 9 6 0 ; W h it e ,1 9 7 9 a )

7 -2w as fo u n d  t o  a v e r a g e  a b o u t  5 x 10  cm ( W h it e , 19 7 9 b ) a t
8 o - 2

E r i b o l l  an d  t o  v a r y  fro m  1 0 x 1 0  -  2 . 5  x  1 0  cm fro m  K n o ck a n

M o in e m y lo n it e s  t o  E r i b o l l  M oine m y lo n it e s  (W e a th e rs  e t  a l .  1 9 7 9 ) .
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T h i s  s u g g e s t s  a  mean d i s l o c a t i o n  d e n s i t y  ^  o f  4 . 5  x  10  a s

c h a r a c t e r i s t i c  o f  d e fo rm e d  q u a r t z  i n  t h e  M o in e  m y I o n it e s .
- 3  - 1

T h e r e f o r e  W = 2 . 7 3 1 3  x  1 0  e r g .c m
g

F o r  4 . 5  x  10  cm o f  d i s l o c a t i o n  l i n e  t h e  e n e r g y  s t o r e d  i n
3

1cm  o f  q u a r t z

w ' = <? W = 4
8  - 3 _  3

. 5 x 1 0  x  2 . 7 3 1 3  x 1 0 e r g  cm

6 - 3
= 1 . 2 2 9 1 x 1 0  e r g .  cm

- 1  , 3
= 1 . 2 2 9 1 x  TO J /c m

= 2 . 7 8 8 6 J .  M o le - 1

5 -o r  1 . 2 2 9 1  x 1 0  J .  m

B a i l e y  a n d  H i r s c h  ( 1 9 6 0 )  o b s e r v e d  fro m  c o ld w o rk e d  

p o l y c r y s t a l l i n e  s i l v e r  t h a t  e x p e r im e n t a l ly  m e a su re d  v a lu e s  

o f  s t o r e d  e n e r g y  a r e  c o m p a t ib le  w it h  t h e  o b s e r v e d  

d i s l o c a t i o n  d i s t r i b u t i o n ,  p r o v id e d  t h e  lo n g  r a n g e  s t r e s s e s  

a s s o c i a t e d  w it h  t h e  n e tw o rk s  a r e  r e l a t i v e l y  s m a l l .  T h e y  

show ed a l s o  t h a t  some o f  t h e  s t o r e d  e n e r g y  w as r e l e a s e d  

d u r in g  r e c o v e r y ,  b u t  much m ore d u r in g  r e c r y s t a l l i z a t i o n .  

E a r l i e r  C la r e b r o u g h ,  H a r g r e a v e s  a n d  W est ( 1 9 5 5 )  h a d  shown 

t h a t  t h e  p e r c e n t a g e  o f  s t o r e d  e n e r g y  i s  in d e p e n d e n t  o f  t h e  

m ethod o f  d e f o r m a t io n  a n d  t h a t  t h e  e n e r g y  s t o r e d  i s  i n  

g e n e r a l  a more s a t i s f a c t o r y  c r i t e r i o n  o f  t h e  am ount o f  

d e f o r m a t io n . T h e y  a l s o  show ed t h a t  a c o n s i d e r a b l e  am ount 

o f  t h e  e n e r g y  s t o r e d  i s  r e l e a s e d  d u r in g  r e c r y s t a l l i z a t i o n ,  

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

t h e  d e fo rm e d  m e t a ls  t o  t h o s e  o f  t h e  u n d e fo rm e d  s t a t e .

G r o s s  ( 1 9 6 5 )  o b s e r v e d  t h a t  a lt h o u g h  t h e  a c t i v a t i o n  e n e r g y  

f o r  r e c r y s t a l l i z a t i o n  i n  S o ln h o f e n  l im e s t o n e  i s  up t o  two 

t im e s  t h e  n o rm a l l e v e l  f o r  m e t a ls ,  t h e  p r o p o r t io n  o f  t h e  

w ork o f  d e f o r m a t io n  w h ic h  i s  s t o r e d  i n  l im e s t o n e  i s  50 t o  

1 0 0 %  g r e a t e r  t h a n  f o r  t h e  same m e t a ls .
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I f  a  h i g h l y  d e fo rm e d  q u a r t z / f e l d s p a r  a g g r e g a t e  i n  

t h e  M o in e m y lo n it e s  u n d e rg o e s  d i s s o l u t i o n ,  r e c o v e r y  a n d /  

o r  r e c r y s t a l l i z a t i o n ,  some am ount o f  i t s  s t o r e d  e n e r g y  l e s s  

t h e  a c t i v a t i o n  e n e r g ie s  f o r  a l l  o r  some o f  t h e  a b o v e  

p r o c e s s e s ,  w i l l  b e  r e l e a s e d .  T h i s  r e l e a s e d  e n e r g y  c o u ld  

be t r a n s f e r r e d  ( m a in ly  b y  c o n d u c t io n )  t o  t h e  c a r b o n a t e s  a n d  

o t h e r  r o c k  t y p e s  b e lo w  t h e  M oine t h r u s t .

4 . 5 . 5  H e a t  fro m  R e t r o g r e s s io n  i n  t h e  M oine M y l o n i t e s :

T h e  M o in e  t h r u s t  p la n e  i s  b o un d ed  a b o v e  b y  a  

m y Io n it e  zo n e  o f  m ore t h a n  600m (S o p e r  an d  W il k i n s o n ,  1 9 7 5 )  

a n d  p o s s i b l y  up t o  1km maximum t h i c k n e s s  ( E v a n s ,  p e r s .  comm.) 

T h e  M oine m y lo n it e s  a r e  d e r iv e d  fro m  t h e  M o in e p sa m m ite s  

m a in ly  b y  p l a s t i c  g r a i n  r e f in e m e n t  p r o c e s s e s  i n  a n o n -  

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

t h a t  t h e y  m ig h t  h a v e  b e e n  g e n e r a t e d  a t  t h e  e a r l i e s t  s t a g e  

o f  t h e  C a le d o n ia n  d e f o r m a t io n  ( s e e  C h r i s t i e ,  1 9 6 3 ;  P o w e l l ,

1 9 7 4 ;  S o p e r  an d  W il k in s o n ,  1 9 7 5 ;  a n d  a l s o  s u b s e c t io n  3 . 3 . 3 )

I t  i s  a l s o  w e l l  known t h a t  b i o t i t e ,  m u s c o v it e  a n d  

f e l d s p a r s  i n  t h e  M oine p sa m m ite s  b r e a k  down b y  r e t r o g r e s s i v e  

m etam o rp h ism  t o  c h l o r i t e  a n d  g r e e n is h  m u s c o v it e s  i n  t h e  

m y lo n it e s  (S o p e r  an d  W il k in s o n ,  1 9 7 5 ;  E v a n s  a n d  W h it e ,

1 9 8 4 ) -  T h i s  b e h a v io u r  i s  shown i n  F i g u r e s  4 . 1 6 ,  4 . 1 7  a nd  

4 . 1 8 .  T h i s  i s  a s e r i e s  o f  d i f f r a c t o g r a m s  o f  M o in e r o c k  

s a m p le s  fro m  t h e  l o c a l i t i e s  shown on F ig u r e  4 . 1 9 .  T h e  

s a m p le s  w ere n o t  t a k e n  a t  r e g u l a r  i n t e r v a l s  fro m  t h e  t h r u s t  

p l a n e ,  b u t  i n  e a c h  s e r i e s  t h e  f i r s t  w as t a k e n  fro m  t h e  M oine  

m y lo n it e s  a s  c l o s e  a s  p o s s i b l e  t o  t h e  t h r u s t  p l a n e ,  w h i le  t h e  

l a s t  sa m p le  w as c o l l e c t e d  fro m  d e e p  w it h in  t h e  M o in e p s a m m it e s .



F I G .  4 . 1 6

X - r a y  d if f r a c t o g r a m s  o f  M oine S c h i s t s  a t  t h e  G le n c o u l  

A r e a .

The M oine p sa m m ite s  ST  1 0  an d  S T  8 a r e  m a in ly  q u a r t z ,  

m ic a  and f e l d s p a r  r o c k s ,  w h ile  t h e  M oine m y Io n it e s  ST  7A  

show c h l o r i t e  ( 14 8 )  i n  a d d i t i o n ,  

c h  =  c h l o r i t e ,  q t z  =  q u a r t z .

S am p le  l o c a t i o n s  a r e  a s  shown i n  F i g .  4 . 1 9
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X - r a y  d if f r a c t o g r a m s  o f  M o in e S c h i s t s  a t  C n o c  a '  C h a o r u in n  

a r e a  (se e  F i g .  4 . 1 9 ) .  C 1 8 D , C 1 8 C ,  C 18 B  a r e  a l l  M o in e  

p sa m m ite s  w h ile  C 18 A  i s  a  M o in e m y Io n it e  s a m p le .

N o te  t h e  s i m i l a r i t y  i n  t h e  p h a s e s  o f  t h e  p s a m m it ic  r o c k s ,

an d  a l s o  t h e  e m e rg e n ce  o f  t h e  (142.) c h l o r i t e  (c h )  m i n e r a l

i n  t h e  m y Io n it e  s a m p le .

c h  = c h l o r i t e

q t z  =  q u a r t z

a l b  =  a l b i t e .

F I G .  4 . 1 7



1 5 8



1 6 0

FIG. 4.18

A series of x-ray diffractograms of the Moine Schists at 
Knockan. D63 is from the Moine psammites and D23 and D24 
are from the Moine mylonites (see Fig. 4.19). The main 
difference between D63 and D23 - D24 is the emergence of the 
small chlorite peaks at 20 = 7° and 14° in D23 and D24, 
while the mica peak in D63 is more intense than in D23 - D24. 
Biotite in the psammites is changing to chlorite in the 
mylonites.
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F I G .  4 . 1 9

Th e M oine T h r u s t  Zone sh o w in g  sa m p le  l o c a t i o n s  i n  t h e  

M oine S c h i s t s  u s e d  f o r  x - r a y  d i f f r a c t i o n  s t u d i e s  i n  F i g .  4 . 1 4  

and 4 . 1 6 .

S T  i s  G le n c o u l  a r e a  

C i s  C n o c a '  C h a o r u in n

D i s  K n o ck a n  A r e a .
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A s shown i n  F i g u r e s  4 . 1 6 f 4 . 1 7  a nd 4 . 1 8 ,  t h e  

m in e r a lo g y  i s  f a i r l y  common i n  t h e  t h r e e  p r o f i l e s .  T h e  

c h l o r i t e  p e a k  a t  14 A  ( 2 0 = 7 ° - 8 ° )  c h a r a c t e r i s t i c a l l y  o c c u r s  

i n  t h e  M oine m y l o n i t e s .  I n  F i g u r e  4 . 1 6 ,  f o r  i n s t a n c e ,  

t h e  G le n c o u l  M o in e s  show t h e  c h l o r i t e  p e a k  o n ly  i n  S T  7A -  

fro m  t h e  M oine m y lo n i t e s ,  w h i le  ST8 an d  S T 1 0  fro m  t h e  

M o in e  p sa m m ite s show f a i r l y  s t r o n g  m ic a  p e a k s  (—-  1 0&) an d  no  

c h l o r i t e .  Th e 1021 m ic a  p e a k s  i n  t h e  p sa m m ite s a r e  c o m p o s it e  

p e a k s  o f  m u s c o v it e  an d  b i o t i t e .  T h e  l a t t e r  i s  e a s i l y  im a g e d  

i n  b a c k s c a t t e r e d  e l e c t r o n  m ic r o s c o p y  an d  o p t i c a l  m ic r o s c o p y .  

H e n ce  t h e  p r o c e s s  i n v o l v e s  t h e  c h l o r i t i z a t i o n  o f  b i o t i t e  

w i t h i n  t h e  m y lo n it e s  i n  t h e  M o in e t h r u s t  zo n e  w h ere f l u i d s  

a i d  i n  m a t e r i a l  t r a n s p o r t a t i o n .  O th e r  c h e m ic a l  p r o c e s s e s  

l i k e l y  t o  t a k e  p l a c e  h e r e  a r e  t h e  c o n v e r s io n  o f  o r t h o c l a s e  

f e l d s p a r  t o  m u s c o v it e  a c c o r d in g  t o  t h e  e q u a t io n :

6 K A l S i 3 0 8 + 4H2 0 + 3 A 1  4 K A 13 S i 3 0., Q (OH) 2 + 2 K +  6 S i 4 + -------

o r t h o c l a s e  m u s c o v it e  -----------------------4 .5

an d  p o s s i b l y  t h e  h y d r a t io n  o f  s i l i c a  in t o  m u s c o v it e  i n  t h e

p r e s e n c e  o f  a lu m in iu m  io n s  a c c o r d in g  t o  t h e  e q u a t io n :

3 S iO -  + 3 A 1 (OH) ,  + K + + 9 . 7 3 1 H  q- ^ k a I  S i  O (OH) +H+ + z 6 2 3 3 10  2

1 2 . 7 3 1 H  O ( P o w e ll ,  1 9 7 8 )  ----------4 . 62
The c h l o r i t i z a t i o n  o f  b i o t i t e ,  on t h e  o t h e r  h a n d ,  

w as shown b y  C h a y e s  ( 1 9 5 5 )  t o  f o l lo w  e i t h e r  o f  t h e  s t e p s :

( i )  F o r  i r o n - f r e e  b i o t i t e  ( e a s t o n i t e ) :

K 2 (Mg A l ) ( A l  s i  0 ) (OH) + 2H 0 + 4SiO _
3 5 20 4 2 2

E a s t o n i t e

------ IS - Mg5A l 2 s i 3 0 1 0 (O H )8 + 2 K A l S i 3 08----------------------------------------- 4 . 7

M g - c h l o r i t e  o r t h o c l a s e
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( i i )  F o r  i r o n  -  c o n t a in in g  b i o t i t e  ( a n n i t e ) :

2KFe3+2 Alsi3°10 (0H)2 + 2H20-^Fe5+2 Fe+3AlSi301()<OH) 8+ KAlSi308+K
a n n it e i r o n  c h l o r i t e  o r t h o c l a s e

r 4 .8

T h e  p o t a s s iu m  p ro d u c e d  i n  r e a c t i o n  ( 4 . 8 )  w o u ld  v e r y  r e a d i l y  

b e c a r r i e d  aw ay i n  s o l u t i o n  o r  b e  u s e d  up i n  r e a c t i o n  ( 4 . 6 ) .  

P o w e ll ( p e r s .  comm.) h a s  o b s e r v e d  t h a t  K /A r  r a t i o s  

d e c r e a s e  v e r y  r a p i d l y  fro m  t h e  M o in e p s a m m ite s  i n t o  t h e  

M oine m y I o n i t e s ,  from  w h o le  r o c k  c h e m ic a l  a n a l y s i s .  T h i s  

i s  l i k e l y  t o  le n d  c r e d e n c e  t o  t h e  p o s s i b i l i t y  o f  K - d i s s o l u t i o n  

f o l lo w in g  r e a c t i o n  ( 4 . 8 ) .

4 . 5 . 4 . 1  E n t h a lp y  C o n s id e r a t io n s

T a k in g  r e a c t i o n  4 .8  an d  u s in g  t h e  s t a n d a r d  e n t h a l p i e s  

o f  f o r m a t io n  A H f ( H e lg e s o n , e t  a l .  1 9 7 8 ?  R o b ie  e t  a l .  1 9 7 8 ) ,  

we h a v e :

+2 + 2 +3
2K Fe A l S i  0 (OH) + 2 H . 0 - ^ F e r. F e  A l S i  0 (OH) + K A lS i  0 +K  

3 10  2 2 5 3 10  8 3 8

A H f : 2 [ - 1 2 3 2 . 2 ]  + 2 [ - 6 8 . 3 2 ]  = - 2 1 1 6 . 9 6  + [ - 9 4 9 . 1 9 ]  +0 k c a l

I--------  a  — ---- 1 1------ B ------------- 1
------------------4 .9

E n t h a lp y  c h a n g e  AH* o f  r e a c t i o n  i s  B -A

= - 3 0 6 6 . 1 5  -  ( - 2 5 9 9 . 0 4 )  = ' - 4 6 7 . 1 1  k c a l .

= - 1 9 6 1 . 8 6 K J  = - 9 8 0 . 9 3  K J /m o le  o f  a n n i t e .  

The e x a c t  q u a n t i t y  o f  h e a t  r e l e a s e d  b y  t h e  a b o v e  p r o c e s s  

may b e  som ewhat lo w e r t h a n  t h e  v a lu e  o f  - 9 8 0 . 9 3 K J /m o le  o f
o

c h l o r i t e .  T h i s  i s  m a in ly  due t o  t h e  A H f o f  i r o n  c h l o r i t e
o

w h ic h  i s  unknown and f o r  w h ic h  A H f o f  -  2 1 1 6 . 9 6  K c a l  o f



PLATE 4 . 7

B a c k s c a t t e r e d  e le c t r o n  m ic r o g r a p h s  o f  M oine m y lo n it e s .

S c a l e  b a r s :  1  m m .

a .  A p h y l l o s i l i c a t e  b a n d  i s  im a g e d , sh o w in g  t h e  

h ig h  p r o p o r t io n  o f  Fe -M g  c h l o r i t e  ( c h ) , i n  a  

g e n e r a l l y  q u a r t z - r i c h  (Q) r o c k .  The  

p r o p o r t io n  o f  m u s c o v it e  (m) i s  r e l a t i v e l y  lo w . 

(G t) i s  g a r n e t ,  u n d e r g o in g  a l t e r a t i o n .

b .  O u t s id e  p h y l l o s i l i c a t e  b a n d s  t h e  m y lo n it e  i s  

s t i l l  up t o  a b o u t  20% r i c h  i n  c h l o r i t e  ( c h ) , 

w h ile  q u a r t z  (Q) i s  s t i l l  t h e  d o m in a n t m in e r a l  

i n  t h e  g ro u n d m a ss.



k a 4

Plate 4.7

a.
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M g - c h l o r i t e  h a s  b e e n  u s e d  i n  e q u a t io n  ( 4 . 9 ) .  A ls o  a s  

shown i n  F ig u r e  4 . 2 0 ,  t h e  c h l o r i t e  v a r i e t y  i n  t h e  M o in e  

m y Io n it e s  i s  n e i t h e r  a  p u r e  M g- n o r  p u r e  F e -  t y p e ,  h e n c e  

i t s  A H f v a lu e  w o u ld  b e  lo w e r  t h a n  t h a t  f o r  c l i n o c h l o r e  b u t  

h ig h e r  t h a n  t h a t  f o r  p u r e  F e - c h l o r i t e  ( K i t t r i c k ,  1 9 8 2 ) .

B u t  r e a c t i o n s  ( 4 . 8 )  a n d  ( 4 . 9 )  s u f f i c e  t o  show t h a t  t h e  

r e t r o g r e s s i v e  c h l o r i t i z a t i o n  o f  b i o t i t e  i n  t h e  M oine m y lo n it e s  

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

am ount w i l l  n o t  o n ly  d e p e n d  on k n o w le d g e  o f  t h e  e x a c t  

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

on t h e  q u a n t i t y  o f  c h l o r i t e  p r o d u c e d  p e r  u n i t  v o lu m e  o f  

r o c k .  I n  P l a t e  4 . 7 a ,  a p h y l l o s i l i c a t e - r i c h  b a n d  i n  t h e  

m y lo n it e s  i s  im ag ed  t o  show a h ig h  p r o p o r t io n  o f  c h l o r i t e  

( C h ) -  co m pared  t o  m ic a  ( m ) . O u t s id e  t h e s e  p h y l l o s i l i c a t e  

b a n d s  t h e  c h l o r i t e s  an d  m ic a  a r e  a l s o  u n if o r m ly  d is s e m in a t e d  

i n  a  q u a r t z  m a t r ix  ( P l a t e  4 . 7 b ) . From  t h e  p l a t e s  i t  seem s  

a b o u t  20% o f  t h e  r o c k  i s  o c c u p ie d  b y  c h l o r i t e .  H en ce  f o r  

e v e r y  one c u b ic  m e te r  o f  t h e  m y lo n it e s  a b o u t  20% o f  i t  i s  

c h l o r i t e .

•3
T h e  m o le c u la r  v o lu m e  o f  c h l o r i t e  = 2 0 7 . 1 1 c m  

T h i s  v a lu e  i s  o n ly  f o r  M g - c h l o r i t e ,  s i n c e  t h a t  f o r  F e -  

c h l o r i t e  an d  c h l o r i t e s  o f  in t e r m e d ia t e  c o m p o s it io n  a r e  n o t  

know n.

3 6 3
I n  20% o f  1m = 10  cm t h e  g r e a t e s t  v o lu m e  o f

5 3
c h l o r i t e  t h a t  t h e  r o c k  c a n  c o n t a in  i s  a b o u t  2 x  10  cm .

= 9 6 5 . 6 7  m o le s  o f  c h l o r i t e / m

T h i s  v a lu e  w i l l  o f  c o u r s e  d e p e n d  a l s o  on t h e  a c t u a l  m o la r  

v o lu m e  o f  th e  c h l o r i t e  s p e c i e s ,  a n d  f o r  h ig h e r  i r o n - c o n t a i n i n g  

c h l o r i t e s  w it h  h ig h e r  m o la r  v o lu m e s , t h e  t o t a l  num ber o f



F I G  . 4 . 2 0

A ty p ic a l s p e c tr u m  o f  c h l o r i t e  i n  M oine m y lo n it e  g e n e r a t e d  i n  

E D S . T h is  i r o n - r i c h  c h l o r i t e  was i n  sa m p le  D 2 4 ,  a  M o in e  

m y lo n it e  sa m p le  fro m  K n o c k a n .

I n t e n s i t y .

■ ! ---- iv
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m o le s  o f  c h l o r i t e  w o u ld  b e lo w e r t h a n  966 p e r  m . A ssu m in g  

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

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

- 9 8 0 . 9 3 K J  x  9 6 5 . 6 7  m o le s  

m o le m3

= - 9 4 7 , 2 5 4 . 6 7  K J  m~3

I f  a l l  t h i s  e n e r g y .w a s  l i b e r a t e d  in s t a n t a n e o u s l y  

a n d  i n  a p u re  ( i . e . 1 0 0 % )  q u a r t z  m y lo n it e ,  an d  a s s u m in g  no  

o t h e r  h e a t  s o u r c e  o p e r a t e d  w h ile  t h e  sy s te m  was th e rm o d y n a 

m i c a l l y  c l o s e d ,  t h e  t e m p e r a t u r e  o f  t h e  q u a r t z  m y lo n it e  m ig h t  

r i s e  b y  8 7 ° K .  A s P l a t e  4 .7  sh o w s, t h e  s y s te m  i s  v e r y  f a r  

fro m  m o n o m in e r a lic , t h e  r r e t r o g r e s s iv e  a l t e r a t i o n  o f  

g e o l o g i c a l  m a t e r i a l s  i s  n e v e r  sp o n ta n e o u s  an d  t h e  

g e o l o g ic a l  sy s te m  was n e v e r  c l o s e d .  A ls o  o t h e r  s o u r c e s  o f  

h e a t  a r e  known t o  o p e r a t e  i n  t h i s  t h r u s t  zo n e  a s  e la b o r a t e d  

i n  t h e  r e s t  o f  t h i s  s e c t i o n .  A s f o r  r e t r o g r e s s i v e  h e a t  

a f f e c t i n g  t h e  D u r n e s s  c a r b o n a t e s ,  t h a t  w i l l  d epend  a t  l e a s t  

on r a t e  o f  t h r u s t i n g ,  r a t e  o f  r e t r o g r e s s i o n ,  m ethod o f  

h e a t  t r a n s f e r  an d  r a t e  o f  h e a t  t r a n s f e r .

4 . 5 . 6  E f f e c t  o f  S h e a r  H e a t in g

The h e a t  d i s s i p a t e d  on a f a u l t ,  o r  s h e a r  z o n e ,  

q p e r  u n i t  a r e a ,  i s  r e l a t e d  t o  t h e  a v e r a g e  s l i p  v e l o c i t y  u

and t h e  s h e a r  s t r e s s  b y  t h e  e q u a t io n :

q = u r ----------------------------------------------------------------------------- 4 . 1  0

The r e l a t i o n  i s  h e ld  b y  O xburgh an d  T u r c o t e  ( 1 9 7 0 )  to  be

v a l i d  f o r  an y t y p e  o f  c r e e p  p r o c e s s  and a l s o  when th e  s l i p  

i s  due t o  g r a n u la t io n  o r  s m a ll  s c a l e  f r a c t u r i n g .  E q u a t io n  

4 . 1 0  p ro p o se s  a t  l e a s t  two c o n s t r a i n t s  on t h e  q u a n t i t y  o f

3
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h e a t  g e n e r a t e d  o r  t h e  e f f i c i e n c y  o f  t h e  s y s t e m . A t  lo w  

s h e a r  s t r e s s e s  ^ 10 M P a , and c o n s t a n t  f a u l t  zo n e  w id th

v e r y  h ig h  s l i p  r a t e s  c a n  p r o d u c e  h ig h  f r i c t i o n a l  h e a t ,  w h ile
- 1

f o r  s m a l l  d is p la c e m e n t  r a t e s  ( e . g .  3cm . y r  ) o n ly  h ig h  

s h e a r  s t r e s s e s  >100M Pa c a n  g u a r a n t e e  a  l a r g e  t h e r m a l o u t p u t .  

Sdfolz ( 1 9 7 9 ,  1 9 8 0)  showed t h a t  s h e a r  s t r e s s e s  l e s s  t h a n  

a b o u t  100M Pa c a n n o t  p ro d u c e  s u f f i c i e n t  h e a t  u n l e s s  s l i p  

v e l o c i t i e s  e x c e e d  a b o u t  8 - 1 0 c m / y r .  He h o w ever a d o p te d  t h e  

" h ig h e r  s t r e s s e s / l o w e r  v e l o c i t i e s "  o p t io n .  T h e  o t h e r  

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

r e s u l t i n g  from  t h r u s t i n g .  S ib s o n  ( 1 9 7 5 )  show ed t h a t  t h e  

s h e a r  s t r e s s  T  d e c r e a s e s  a s  t h e  d is p la c e m e n t  i n c r e a s e s  

f o l l o w in g  t h e  g e n e r a t io n  o f  p s e u d o t a c h y l i t e  ( f r i c t i o n a l  m e lt)  

a t  h ig h  t e m p e r a t u r e s . A ls o  t h e  r i s e  i n  f l u i d  p r e s s u r e  

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

r e s i s t a n c e  o r  s l i d i n g  f r i c t i o n .  H e n ce  t h e  w ork d i s s i p a t e d  

i n  f r i c t i o n a l  t r a c t i o n  o v e r  t h e  f a u l t  s u r f a c e  -  E f  

( S ib s o n ,  1 9 7 7 ) ,  w h ic h  i s  t h e  p a r t  o f  t h e  t o t a l  e n e r g y  

b u d g e t  E c o n v e r t i b l e  t o  h e a t ,  i s  r e d u c e d  a n d  t h e  l i k e l i h o o d  

o f  s h e a r  h e a t in g  d e c r e a s e s .

Evidence for shear heating comes from metamorphism 
adjacent to the fault for which field evidence points to the
f a u l t  a lo n e  a s  t h e  s o u r c e  o f  h e a t ,  an d  no o t h e r  h e a t

source can be inferred. Hence the presence of pseudotachylite
on f a u l t  r o c k s  -  e . g .  t h e  o u t e r  H e b r id e s  t h r u s t  ( S ib s o n ,  1 9 7 5 )

'w o u ld  i n d i c a t e  h ig h  t h e r m a l a n o m a lie s  a c c o m p a n y in g  

t h r u s t i n g .  L a c k e n b r u c h  ( 1 9 8 0 )  a r g u e d  t h a t  l a r g e  t h e r m a l
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e x p a n s io n  o f  f l u i d s  i n  a c t i v e  f a u l t  z o n e s  c o u p le d  w it h  

a d d i t i o n a l  p r e s s u r e  d u r in g  p o s t  d i l a t i o n a l  m ic r o c r a c k  

c l o s u r e  w o u ld  s e t  up a h y d r a u l i c  g r a d i e n t  t o  d r i v e  e x c e s s  

f l u i d  fro m  t h e  h e a t e d  z o n e - T h i s  c h e m ic a l l y  c h a r g e d  warm 

f l u i d s  on c o o l i n g  i n  h o s t  r o c k s  c o n t ig u o u s  t o  t h e  f a u l t  

zo n e  w o u ld  d e p o s it  l a r g e  am o u n ts o f  m in e r a l s  e i t h e r  a s  

s a n d s t o n e  d y k e s  o r  v e i n s .

T h e  M o in e T h r u s t  Zone h a s  no e v id e n c e  o f  a b n o r m a lly

h ig h  t e m p e r a t u r e s  a t  l e a s t  a t  t h e  l e v e l  e x p o s e d . No

p s e u d o t a c h y l i t e  h a s  b e e n  fo u n d  n e a r  t h e  t h r u s t  p l a n e ,  a n d

r a t h e r  t h a n  an  a b n o r m a lly  h ig h  g r a d e  o f  m etam o rp h ism  i n

t h e  M o in e m y Io n it e s  c l o s e  t o  t h e  t h r u s t ,  t h e r e  i s  a lo w

g r a d e . T h e  m etam o rp h ism  b e lo w  t h e  t h r u s t  c a n  b e  e x p la in e d

i n  o t h e r  w ays t h a n  b y  s h e a r  h e a t in g .  W h ite  ( 1 9 7 9 b )  e s t im a t e d

a  r e g i o n a l  s h e a r  s t r e s s  o f  17 .5 M P a  u s in g  t h e  q u a r t z  m y lo n it e s

i n  t h e  M o in e T h r u s t  Z o n e . T h i s  w i l l  g iv e  a  t e m p e r a t u r e

r i s e ,  d T s » 7 ° C  x u __________________________________________^
a

E q u a t io n  4 . 1 1  i s  a d a p te d  fro m  L a c h e n b r u c h * s  ( 1 9 8 0  E q u a t io n  2 c -  

p 6 0 9 8 ) , w it h  due a llo w a n c e  f o r  a 17 .5 M P a  ( = 1 7 5 b a r )  s h e a r  

s t r e s s .  T h u s  o n ly  d is p la c e m e n t s  u t o  f a u l t  zo n e  t h i c k n e s s  

a  (U / a )  > 1 5  w i l l  g u a r a n t e e  t e m p e r a t u r e  i n c r e a s e s  up t o  1 0 0 ° C .

A ls o  a s  e s t im a t e d  i n  C h a p t e r  F i v e ,  f l u i d  p r e s s u r e s  

a r e  l i k e l y  t o  h a v e  i n c r e a s e d  a b o ve  100M Pa d u r in g  M o in e

t h r u s t i n g .  T h e s e  e x c e s s  f l u i d s  a r e  l i k e l y  t o  h a v e  k e p t  

s h e a r  zo n e  r e s i s t a n c e  down a n d  t h e r e f o r e  f u r t h e r  r e d u c e d  

s h e a r  h e a t in g .  H en ce  s h e a r  o r  f r i c t i o n a l  h e a t in g  i s  n o t  

l i k e l y  t o  h a v e  c o n t r ib u t e d  much t o  m e tam o rp h ism  i n  t h e  

D u r n e s s  f o r m a t io n  b e lo w  t h e  M oine T h r u s t .
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4 .6  CONCLUSION

From  t h e  f o r e g o in g  p r e s e n t a t io n  i t  h a s  b e e n  shown t h a t :

( i )  P r o g r a d e  m etam orphism  o f  t h e  D u r n e s s  F o r m a t io n  a c c o m p a n ie d  

a n d  was c l o s e l y  a s s o c i a t e d  w it h  M oine t h r u s t i n g .  T h i s  i s  e v id e n c e d  

b y  t h e  ch a n g e  i n  m in e r a lo g y ,  m ic a  c r y s t a l l i n i t y  in d e x  an d  d e fo r m a t io n  

m ic r o s t r u c t u r e  fro m  t h e  f o r e - l a n d  t o  t h e  t h r u s t  p la n e .

( i i )  The h i g h e s t  g ra d e  o f  m etam orphism  o f  t h e  D u r n e s s  F o r m a t io n  

p r e s e n t l y  e x p o se d  i s  g r e e n s c h i s t ,  w it h  t e m p e r a t u r e s  r e a c h in g  

a p p r o x im a t e ly  3 9 0 ± 4 1 ° C

( i i i )  A te m p e r a t u r e  d i f f e r e n c e  o f  a b o u t 1 9 ° C  e x i s t s  b e tw ee n  K n o ck an  

i n  t h e  W e s t  an d  Cn o c A ' C h a o r u in n  i n  th e  e a s t .  T h i s  g i v e s  a g r a d ie n t  

o f  a b o u t 2 °C /K m  o v e r  t h e  10km d i s t a n c e ,  sh o w in g  t h a t  te m p e r a tu r e  b e lo w  

t h e  M o in es r i s e s ,  even  i f  g r a d u a l l y ,  e a s t w a r d s . T h i s  te m p e r a tu r e  

d i f f e r e n c e  an d  g r a d ie n t  a r e  o f  c o u r s e  n o t  v e r y  c e r t a i n  due t o  t h e  

p r e s e n c e  o f  s u b s t a n t i a l  e r r o r s  on th e  e s t im a t e d  te m p e r a tu r e s .

of( iv )  A t e m p e r a t u r e  d if f e r e n c e ^ a b o u t  1 0 0 ° C  e x i s t s  betw een  K n o ck a n  and  

E r i b o l l ,  i n  t h e  D u r n e s s  c a r b o n a t e s  b elo w  t h e  M oine T h r u s t .

(v) P r o g r a d e  m etam orphism  an d  n e o m in e r a l iz a t io n  i n  t h e  D u r n e s s  

f o r m a t io n  c o u ld  h a v e  b een  c a u s e d  b y  a co m b in atio n * , o f :

(a) T h e rm a l c o n d u c t io n  from  an o v e r t h r u s t  M oine N a p p e , 

i n  an a tte m p t  t o  e s t a b l i s h  t h e r m a l e q u i l i b r iu m  and  

u n ifo r m  g e o th e rm a l g r a d ie n t s  a g a in  a f t e r  t h r u s t i n g ;

(b) in g r e s s  o f  warm s i l i c i c  f l u i d s  a c c o m p a n y in g  t h r u s t i n g ;

(c) strain energy converted to heat in a highly deformed 
Moine mylonite zone undergoing cyclic recovery 
recrystallization and/or dissolution;
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(d) h e a t  e n e r g y  fro m  r e t r o g r e s s i o n  i n  t h e  M oine

m y lo n i t e s ,  i f  t h e  r a t e  o f  t h r u s t i n g  w as r a p i d  e n o u g h .

T h e s e  e n e r g y  s o u r c e s  a r e  shown i n  F i g u r e  4 . 2 1 ,  

w h ic h  i s  a  m o d el sh o w in g  t h e  i n t e r a c t i o n  o f  M o in e  

d e f o r m a t io n  w it h  m etam o rp h ism  i n  t h e  D u r n e s s  C a r b o n a t e s .  

F i g u r e  4 . 2 1  a l s o  m o d e ls  t h e  s p a t i a l  r e l a t i o n s h i p  o f  t h e  

two z o n e s  o f  a c t i v e  d e f o r m a t io n  a n d  m etam o rp h ism  b o u n d in g

t h e  M o in e T h r u s t .



M o in e P sa m m ite s  + M y lo n it e s .

D u r n e s s  C a r b o n a t e s .

S e r p u l i t e  G r i t .

F u c o id  B e d s

F i g . 4 . 2 1  M odel o f  th e  M oine T h r u s t  Zone sh o w in g  t h e  

i n t e r a c t i o n  o f  M oine d e f o r m a t io n  w it h  m etam o rp h ism  o f  th e

D u r n e s s  C a r b o n a t e s .  MT M oine T h r u s t ,  — A2 — t h e  zo n e  of

i n t e r a c t i o n  o f  d e fo r m a t io n  an d  m etam o rp h ism  i n  M oine m y lo -  

n i t e s  and D u r n e s s  c a r b o n a t e s , r e s p e c t i v e l y .

H e a t  s o u r c e s  a r e :  from  warm f l u i d s  w i t h i n  t h e  t h r u s t

z o n e , Q g - from  d e fo r m a tio n  w i t h i n  t h e  M oine m y l o n i t e , +  p o s t  

t h r u s t i n g  h e a t  e x ch a n g e  by c o n d u c t i o n s  h e a t  fro m  r e t r o g r 

e s s i o n .

KEY

_M
DC
SG
FB
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CHAPTER F IV E

SOME E F F E C T S  OF THE METAMORPHISM ON THE DURNESS FORMATION

5 . 1 . 1  I n t r o d u c t i o n ;

I n  t h i s  c h a p t e r  t h e  m etam o rp h ism  o f  t h e  D u r n e s s  

c a r b o n a t e s  a lo n g  t h e  M oine T h r u s t  i s  a n a ly s e d  i n  te rm s o f  i t s  

p h y s i c a l  a n d  c h e m ic a l  e f f e c t s .  T h e s e  c o n s i s t  o f  th e  a l t e r a t i o n  

o f  i l l i t e / s e r i c i t e  i n t o  c h l o r i t e  b e lo w  t h e  M o in e T h r u s t ,  t h e  

way t h e  m ic r o c h e m is t r y  o f  t h i s  c h l o r i t e  p r o d u c t  c h a n g e s  w it h  

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

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

t h e r e  w it h  r e s p e c t  t o  t h e  f o r e l a n d .  I n  s u b s e c t io n s  4 . 4 . 1  

a n d  4 . 4 . 2 ,  i t  w as p o in t e d  o u t  t h a t  one o f  th e  m a in  m i n e r a l o g i c a l  

d i f f e r e n c e s  b e tw e e n  th e  F o r e la n d / lo w  s t r a i n  a r e a s  an d  t h e  

M oine T h r u s t  Zone a s  f a r  a s  t h e  D u r n e s s  F o r m a t io n  i s  c o n c e r n e d  

i s  t h e  a l t e r a t i o n  o f  lo w  g r a d e  m ic a  m in e r a l s  ( i l l i t e / s e r i c i t e )  

i n t o  c h l o r i t e  a lo n g  th e  t h r u s t  z o n e . T h is  c h a p t e r  c l o s e l y  

e x a m in e s  th e  c h l o r i t e  p r o d u c t ,  p a r t i c u l a r l y  i t s  m ic r o c h e m is t r y  

a n d  how t h i s  v a r i e s  fro m  n o r t h  t o  s o u t h  a lo n g  th e  t h r u s t  z o n e .

A p o s s i b l e  a p p l i c a t i o n  o f  th e  n e w ly  a c q u ir e d  in f o r m a t io n  t o  

g e o th e rm o m e try  i s  a l s o  s u g g e s t e d .

I n  s e c t i o n  5 . 5 ,  th e  t e m p e r a t u r e  i n c r e a s e  fo u n d  i n  

t h e  t h r u s t  zo n e  w it h  r e s p e c t  t o  t h e  F o r e la n d  i s  u s e d  to  

com pute f l u i d  p r e s s u r e  i n c r e a s e  t h a t  m u st h a v e  a t t e n d e d  

t h r u s t i n g .  T h is  i s  done v i a  p h y s i c a l  e q u a t io n s  f i r s t  u s e d  

b y  R a le ig h  an d  E v e r n d e n  ( 1 9 8 1 ) .  The a p p l i c a t i o n  o f  t h i s  to  

th e  p h y s i c a l  p r o c e s s  o f  M oine t r a n s p o r t a t i o n  a n d  d e f o r m a t io n  

b e lo w  t h e  t h r u s t  p la n e  a r e  a l s o  d i s c u s s e d .
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5 . 1 . 2  B a c k g r o u n d  on t h e  S t r u c t u r e  o f  t h e  C h l o r i t e  L a t t i c e  

T h e b a s i c  s t r u c t u r e  o f  c h l o r i t e  w as p r o p o s e d  b y  P a u l in g

( 19 3 0 )  t o  c o n s i s t  o f  an a l t e r n a t i o n  o f  a  2 : 1 ,  o r  t a l c  l a y e r  

an d  a  h y d r o x id e  s h e e t  o f t e n  c a l l e d  b r u c i t e  l a y e r  o r  i n t e r 

l a y e r .  The 2 : 1  l a y e r  i s  made up o f  two t e t r a h e d r a l  s h e e t s ,  

i n v e r t e d  w it h  r e s p e c t  t o  one a n o t h e r ,  an d  o n e  o c t a h e d r a l  

s h e e t ;  w h ile  t h e  i n t e r l a y e r  o r  b r u c i t e  l a y e r  i s  made up  

o f  an  o c t a h e d r a l  s h e e t  o n ly  ( F i g .  5 . 1 ) .  C h l o r i t e ,  m ic a  

s m e c t it e  an d  t a l c  a r e  e s s e n t i a l l y  s i m i l a r  i n  t h e  s t r u c t u r e  

o f  t h e  2 : 1  l a y e r ,  w h ile  t h e  i n t e r l a y e r  i s  t h e  m a in  

s t r u c t u r a l  u n i t  t h a t  im p a r t s  t h e  d i f f e r e n c e s  i n  some 

c h a r a c t e r i s t i c s ,  ( e . g .  d(= 0 0 1 )  t o  t h e  f o u r  m i n e r a l s .  The

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

2+  3+a r e  Mg, F e  , A l ,  an d  F e  , b u t  s u b s t i t u t i o n s  o f  C r ,  N i ,  Mn,

V ,  Cu and L i  i n  c e r t a i n  c h l o r i t e  s p e c ie s  a r e  know n. The

3+m a in  t e t r a h e d r a l  c a t i o n  i s  S i ,  th o u g h  R s u b s t i t u t i o n  f o r

4+ 3+  3+S i  i s  p r i m a r i l y  b y  A l ,  F e  o r  B . The n e g a t i v e l y  c h a r g e d

2+  3 +  3+2 : 1  l a y e r s  h a v e  i d e a l  c o m p o s it io n  (R , R ) ^ ( S i ^ _ x Rx  ) ° i o ^O H ^ 2

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

2 +  3+s h e e t s  o f  i d e a l  c o m p o s it io n  (R , R ) ^ ( O H ) ^ , ( B a i l e y  1 9 8 0 ) ,

g i v in g  a g e n e r a l  f o r m u la  o f  t h e  s h o r t  form  X ^  Y ^ 0 ^ q (0 H ) q

2 +  3+( F o s t e r , 1 9 6 2 ) .  Th e R an d  R r e f e r  t o  d i v a l e n t  an d  t r i v a l e n t  

c a t i o n s  r e s p e c t i v e l y ,  w h i le  X and Y r e p r e s e n t  o c t a h e d r a l  an d  

t e t r a h e d r a l  c a t i o n s ,  r e s p e c t i v e l y ,  and m i s  u s u a l l y  6 o r  

l e s s .

5 . 1 . 3  R e le v a n t  a s p e c t s  o f  c h a n g e s i n  C h l o r i t e  

M ic r o c h e m is t r y

A lt h o u g h  W in c h e l l  ( 1 9 2 6 )  and H o lz n e r  ( 1 9 3 8 )  h e ld  

3+t h a t  a l l  t h e  F e  i n  c h l o r i t e s  w as form ed b y  t h e  s e c o n d a r y
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O xygen

T e t r a h e d r a l  c a t i o n

O xygen + h y d r o x y l  io n  ( i n  p r o j e c t i o n )  

O c t a h e d r a l  c a t i o n  

H y d r o x y l  g ro u p  

OCTA O c t a h e d r a l  s h e e t  

TETRA T e t r a h e d r a l  s h e e t

1 I n t e r l a y e r , b r u c i t e  l a y e r  o r  h y d r o x id e  s h e e t

2 2 : 1  l a y e r  o r  t a l c  la y e r

0

©
G
O

F i g . 5 . 1

T h e  s t r u c t u r e  o f  a c h l o r i t e  l a t t i c e .
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oxidation of Fe according to the reaction:
2Fe(0H) • 2Fe0(0H) + H90, ------- 5.1

Foster (1962), in seeing no evidence for the above process
3+proposed that any Fe should be considered a normal

constituent of chlorites like other layer silicates, such
as biotite, and not as a product of secondary oxidation.
Borggaard et al. (1982) after a series of oxidation and
reduction experiments on iron-rich chlorite showed that

2+essentially all of the Fe of the original chlorite seemed
to be located in the 2:1 layer, while octahedral Al and 

3+original Fe was inferred to exist solely in the hydroxide
2+ 3+sheet. They also showed that the conversion of Fe to Fe 

is reversible and appears to be associated with the release 
of hydrogen in apparent confirmation of equation 5.1. The 
released hydrogen often reacts with oxygen at the edges of 
the crystallites to form water, or the oxygen may diffuse

4

into the 2:1 layer and react with the hydrogen. The fact
3+that oxygen is low with respect to Fe in such chlorites

(Foster, 1962) could be indication that water really is
2+ 3+formed as a by-product of the oxidation of Fe to Fe in 

chlorite.

The formation of water in chlorites following oxidation 
would be of great importance not only for lubricating movement 
planes in those phyllosilicates - an aid to grain boundary 
sliding - but would also bring about water weakening of materials 
like quartz. Although water tends to dissolve strained 
geological materials, thereby limiting grain size, it also 
acts as a grain growth medium, facilitating material transport 
(Tullis and Yund,1982). Despite this latter behaviour, grain

2+
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sizes of geological materials close to phyllosilicates are 
generally known to decrease compared to those away from 
phyllosilicates in tectonites (White, 1979a, also see 
subsection 6.2.3).

The variation of the water content of chlorites with 
respect to their Fe/Mg ratios was shown by Foster (1964) to 
exhibit a strong relationship. She found that decrease in 
water content correlated with increase in Fe and decrease in 
Mg content. A similar decrease in (+F) content with
decrease in MgO and increase in FeO characterizes the 
trioctahedral micas.

In 1962 Albee proposed without empirical or rigorously
derived thermodynamic evidence that chlorites should have
any proportion of Fe/Mg? that the exact value depends both
upon the Fe:*% ratio in the bulk rock, and upon the nature
of the other minerals among which the Fe and Mg are partitioned.
He also proposed that Mg - content in chlorites should increase
as the grade of metamorphism increases. The only evidence
these assumptions were based on was Nelson and Roy’s (1958)
and Tumock's (1960) experiments which indicate that the
maximum stability temperature of Mg - chlorites is about
130°C higher than that of Fe - chlorites. On the other hand
Iwasaki (1963), working on the metamorphic rocks of Eastern

2+Shikoku - Japan t found that Fe content of chlorites 
increased with metamorphic grade. Also Dunoyer de Segonzac 
(1969) showed that Fe/Mg ratio increased with increasing 
metamorphic grade.

Recently Velde and Rumble (1977) and Velde (1983) 
found from compiled microprobe chemical data of chlorites
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that their chemistry is a function of the general geological 
conditions under which they form. They also showed that 
their Mg - Fe content might be used in metamorphic assemblages 
as a means of estimating P - T conditions if the chlorites 
are in equilibrium with another ferro-magnesian phase.
This is partly because the alumina content will not interfere 
with the partitioning of the divalent ions between different 
phases.

In this chapter the relationship of Fe/Mg in chlorites 
with respect to temperature is presented, and its geothermom
etric application is suggested.

5.2 RESULTS OF THE STUDY
5.2.1 Samples Studied
Although sixteen samples were studied for their 

phyllosilicates-, only five were selected for detailed analysis 
of their chlorite content. These samples were obtained 
directly below the Moine Thrust plane in the Durness Formation 
as follows:

D31c ----- Knock an
C39 ----- Cnoc a 1 Chaoruinn
Er9   )

)ErlO ----- ) Eriboll
)

Erllb ----- )
Their exact locations and sample descriptions are as outlined 
in Chapter Three, Section 3.4

The samples selected were those that contained at least 
ten percent chlorite (with or without mica) and were well 
placed relative to the thrust, while at the same time forming 
a series from Knockan to Eriboll. Samples from Glencoul



PLATE 5.1

Backscattered '.dectronmicrographs (a, b and d) , 
and optical micrograph (c) of Durness Carbonates 
from the Moine Thrust Zone.

The transition from Knockan (a) through Cnoc a' 
Chaoruinn (b) to Eriboll (c) - (d) is marked by 
gradual increase in the chlorite - Ctt - component 
of the Durness Carbonates, and decrease of the 
white mica (M) component. At the Eriboll end 
chlorite bands are so thick (c) and pervasive 
throughout the whole rock (d) that the white mica 
component is absent very close to the fault.

Scalebars: a — 10 pm

b - 100 pm

c - 2 mm

d - 100 pm

F = Orthoclase feldspar. 
Dol = Dolomite
Cc = Calcite
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were not included due to lack of chlorite in them.
5.2.2 Results of X-Ray Diffraction Studies
The diffractograms presented in Chapter Four (Section 

4.2) were used in the analysis shown in Table 5.1 (a+b) . As 
shown in Table 5.1f there is a transition zone between the 
Caledonian Foreland/iow strain zone and the Eriboll end of 
the Moine Thrust. This transition is characterized by the 
occurence together of mica and chlorite, and it coincides 
with the southern end of the Moine Thrust from Knockan to 
Cnoc a* Chaoruinn. The Eriboll end of the thrust zone is 
characterized by very strong chlorite reflections, while the 
Foreland low strain zone gives very strong mica (illite/sericite) 
reflections. This is also shown on Plate 5.1 where the transition 
from Knockan (Plate 5.1a) through Cnoc a 1 Chaoruinn to 
Eriboll (Plates 5.1c+d)are marked by gradual disappearance of 
the mica portion and replacement by chlorite.

5.2.3 Spectrum Analysis
The spectrum generated by the line printer in the

electron probe microanalyser is fairly similar for sample D31c
chlorites (Fig. 5.2) and sample Er9 (Fig. 5.3). These
chlorites as shown are mainly Mg-chlorites called clinochlore
(Dana/1892; Foster/1962 ), and differ from chlorites in
the Moine mylonites (Fig. 4.18) by the weakness of the Fe
peak. A comparison of Figures 5.2 and 5.3 shows among other
things the stronger Fe peak (at approximately 6.4 kev) in
Figure 5.3 than Figure 5.2. This correlates somewhat with the
d( OOl) of chlorite shown in Table 5.1. d( 001) of chlorite
is 14.38 in D31C and only 14. oX in Er9- The w e l1 known 
reduction of d( 001) of chlorite with increase in Fe content
was attributed by Shirozu (1960) to Al substitution for Si
as more Fe is admitted into the chlorite lattice.
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Fig. 5.2 EDS spe c t r u m  of chlorite.
T he chlorite type in the D u r n e s s  F o r m a t i o n  at K n o c k a n
has strong Mg and v e r y  w e a k  Fe peaks.
D 31! KNOCKAN CHLOR ITE

Intensity
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182Fig. 5.3 EDS spectrum of chlorite. 
Clinochlore within the Eriboll marble shows 
a stronger Fe peak than that at Knockan.
CHLORITE ER-9^

Intensity
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Sample

No.
General
Location

d( 001)8
illite/
sericite

Relative Size 
of d( 001) 
peak

d( 001)8 
chlorite

Relative Size 
of d( 001) 
peak

A14 Foreland 9.93 strong

A18 N 10.035 strong

A99B it 9.97 very strong

A98 it 9.93 very weak

A40 n 9.97 medium
strong

B5 9.97 very strong

C18A Moine
Thrust
South

9.92 very strong 14.2 weak

C39 tt 9.88 weak 14.1 strong

C83 n 9.97 very strong 14.2 weak

C88 n 9.92 strong

D31C n 9.93 very weak 14.3 Very weak

D1 tt 9.97 strong 14.2 very weak

Er-8B Moine
Thrust
North

14.0 medium
strong

Er-9 it 14.0 weak

Sr-11 n 14.1 very strong

Er-19 n 14.1 strong

TABLE 5.1(a)

Basal reflections d(001) of illite/sericite (mica) 
and chlorite, from the Foreland to the Moine Thrust 
Zone. Note the transition from an illite/sericite - 
only Foreland to chlorite - dominant phyllosilicates 
in the north - the south along the Moine Thrust is 
from Knockan to Cnoc a Chaoruinn. Also d( 001) - 
chlorite becomes smaller towards the north. Data from 
whole-rock and clay-fraction x-ray diffractograms.
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Sample No. Crystallinity Index of 14?

(Chlorite), mineral . m m .........

Dl 3.0

D31C 4.0
south

C39 3.0

C83 4.0

Er8B 2.25

Er9 2.50
north

Erl5 2.0

Erl9 2.25

TABLE 5.1(b)

Crystallinity indices of the 14& (chlorite) 

mineral - as peak width (mm) at \ peak height. 
Note the decrease in index towards the north.
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5.2.4 Results of Microchemical Studies

Results of the microchemical analyses are presented

in Tables 5.2, 5.3, 5.4, 5.5 and 5.6. Microchemical analysis

of chlorites was done mainly using the JEOL 733 Superprobe

with analytical facilities and conditions as outlined in

subsection (4.1.4). The optimum specimen current used was

between 3 and 4 nA. All estimates of 1^0 content were done

by difference (100 - Total % Oxide), while total iron content
2+ 3+(Fe) was estimated rather than Fe and Fe separately.

Foster (1962) analysed 150 chlorite chemical studies from 

many parts of the world and showed that total 1^0 varied from 

9 - 1 5 %  and depended strongly on Fe content. The water 

contents estimated in the analyses presented in the Tables 

(5.2 - 5.6) fall within this range. It was also this range 

that differentiated the acceptable results from the un

acceptable ones, hence although up to thirty analyses per 

sample were usually aimed at, only those with range of 1^0 

composition between 9 - 1 5 %  and lower than 0.5% 1^0 were used 

in most cases.

5.2.5 Discussion of Results

There is no place in the chlorite lattice for large 

cations like Na+ (0.95 - 0.98&), K+ (1.33) and Ca^+ (0.94 - 0.99) 

and any analyses containing more than 0.5% of Na20, 1^0 or CaO 

would, according to Foster (1962) suggest interlayering or 

admixture with mica and/or montmorilIonite. There is some 

amount of sodium in most analyses and the mean value of 

percentage Na^Otends to decrease from 0.74% (Sample D33) to

0.28% (Sample Erllfc) . The values of 1^0 are generally low, 

except in Sample C39 where a mean value of 0.599 was obtained.



1 2 3 5 6
ELMT %OXIDE FORMULA %OXIDE FORMULA %OXIDE FORMULA %OXIDE FORMULA %OXIDE . FORMULA %OXIDE FORMULA
Na 0.102 0.028 1.508 0.417
Mg 34.67 7.279 34.436 7.248 35.313 7.551 35.778 7.759 36.784 8.162 33.310 7.090
A1 17.14 2.845 17.090 2.844 17.803 3.010 17.211 2.951 18.586 3.261 18.657 3.140
Si 33.67 4.742 34.002 4.801 34.691 4.976 35.163 5.116 33.832 5.036 33.289 4.752
K 0.210 0.039 0.134 0.025
Ca 0.29 0.044 0.346 0.052 0.207 0.032 0.275 0.043 0.588 0.094 0.142 0.022
Ti

i
Fe’ 1.32 0.155 1.420 0.168 1.068 0.128 1.582 0.192 1.970 0.245 1.244 0.149

H2°* 12.76 12.508 10.778 9.741 8.086 11.759

ELMT
7 8 9 10 MEAN MEAN^

%OXIDE FORMULA %OXIDE FORMULA %OXIDE FORMULA %OXIDE FORMULA %OXIDE FORMULA

Na 0.373 0.101 1.963 0.550 2.482 0.685 1.013 0.286 0.744 0.103

Mg 33.307 6.906 32.756 7.054 32.781 6.950 33.488 7.269 34.262 3.648

A1 17.751 2.910 18.464 3.144 16.639 2.789 17.245 2.960 17.658 1.486

Si 33.116 4.606 34.335 4.960 33.787 4.805 35.987 5.240 34.187 2.428

K 0.103 0.018 0.102 0.019 0.100 0.018 0.044 0.008 0.116 0.021

Ca 0.220 0.033 0.168 0.026 0.264 0.040 0.454 0.071 0.296 0.0217

Fe 1.161 0.135 1.485 0.179 1.390 0.165 1.809 0.220 1.445 0.087

h 2o * 13.947 10.727 12.537 9.729 11.257

Half Cell Formula: Mg3.648 *Si2.428 Al1.486 Fe0.087^ °10 8

Sample D31 (Knockan) - chlorite microchemistry showing ten of the analyses, the 
mean percentage oxide and the half cell formula. Percentage of water estimated
by difference.

TABLE 5.2



1 
8
7

1 2 3 4 5 6
ELMT %OXIDE FORMULA %OXIDE FORMULA %0XIDE FORMULA %OXIDE FORMULA %OXIDE FORMULA %OXIDE FORMULA
Na 0.503 0.138 0.571 0.160 0.518 0.146 0.738 0.208 0.266 0.076 0.466 0.132
Mg 32.466 6.850 31.789 6.864 33.719 7.283 32.537 7.056 32.809 7.209 31.983 6.972
A1 18.501 3.087 17.367 2.965 19.195 3.278 20.027 3.434 19.995 3.474 19.763 3.406
Si 31.186 4.414 33.102 4.795 33.383 4.837 32.670 4.752 34.873 5.140 35.025 5.122
K 0.378 0.068 0.899 0.166 0.236 0.044 0.300 0.056 0.875 0.165 0.891 0.166
Ca 1.758 0.267 2.356 0.366 0.143 0.022 0.239 0.037 0.297 0.047 0.097 0.015
Fe* 1.715 0.203 2.367 0.287 2.060 0.250 2.752 0.335 2.057 0.254 2.114 0.259
h 20* 13.353 11.548 10.515 10.537 8.807 9.506

ELMT
7 MEAN MEAN h

%OXIDE FORMULA %OXIDE FORMULA
Na 0.695 0.198 0.537 0.076
Mg 33.455 7:330 32:680 3.540

Al 20.132 3.488 19.283 1.652

Si 33.440 4.915 33.383 4.427
K 0.613 0.115 0.599 0.056

Ca 0.267 0.042 0.737 0.057

Fe+ 2.006 0.247 2.153 0.131

h 20* 9.331 10.514

Half Cell Formula: ^ 3.540 Al0.079 Fe0.131- (Si2.427 Al1.573) °10 (0H) 8

TABLE 5.3 Sample C39 (Cnoc a 1 Chaoruinn) - chlorite microchemistry showing some of the analyses,
------- :—  the mean percentage oxide and the half cell formula. Percentage of water estimated

by difference.
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ELMT
1 2 3 4 5

%OXIDE FORMULA %OXIDE FORMULA %OXIDE FORMULA %OXIDE FORMULA %OXIDE FORMULA
Na 0.254 0.090 0.417 0.152 0.569 0.200
Mg 30.677 8.548 31.541 8.535 33.159 9.048 30.690 8.578 31.967 8.631
Al 19.657 4.331 20.448 4.375 20.095 4.335 19.234 4.250 20.636 4.406
Si 32.351 6.047 32.751 5.945 32.141 5.883 31.877 5.976 32.392 5.867
K 0.039 0.009 0.107 0.025 0.073 0.018
Ca 0.419 0.084 0.526 J0.102 0.359 0.070 0.599 0.120 0.215 0.042
Ti 0.087 0.012 0.022 0.003
Mn 0.147 0.023 0.139 0.021 0.080 0.013 0.143 0.022
Fe 4.642 0.726 5.700 !0.865 3.741 0.573 5.608 0.879 5.684 0.861
h20* 11.98 8.78 10.24 11.42 8.39

ELMT
6 7 8 9 10

%OXIDE FORMULA %OXIDE !FORMULA %OXIDE FORMULA %OXIDE FORMULA %OXIDE FORMULA
Na 0.345 0.125 0.306 0.113 0.263 0.091 0.811 0.282 0.396 0.146
Mg 30.616 8.507 29.948 8.469 32.740 8.702 31.248 8.348 30.897 8.776
Al 19.113 4.199 19.049 4.259 20.811 4.374 19.900 4.204 19.129 4.296
Si 32.328 6.026 31.730 6.019 33.056 5.894 34.046 6.102 31.034 5.914
K 0.066 0.016 0.037 0.009 0.107 0.024 0.042 0.010
Ca 0.897 0.179 0.357 0.073 0.226 0.043 .0.245 0.047 0.132 0.027
Ti 0.118 0.017 0.107 0.014 0.011 0.002
Mn 0.186 0.029 0.053 0.008 0.112 0.018
Fe" 5.538 0.863 5.903 0.936 5.568 0.830 6.238 0.935 5.182 0.826
iqo’H 10.91 12.55 7.23 7.35 13.07
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ELMT
LI .2 13 MEAN MEAN h

%OXIDE FORMULA %0XIDE ;FORMULA %0XIDE FORMULA %0XIDE FORMULA
Na . 0.613 0.226 0.364 0.059 0.334 0.074
Mg 31.285 8.872 35.273 7.951 32.067 4.017 31.701 4.290
A1 19.179 4.300 20.753 3.699 19.706 1.952 19.824 2.126
Si 31.201 5.935 26.796 [4.052 31.823 2.674 31.810 2.003
K 0.109 0.021 0.136 0.015 0.080 0.017
Ca 0.169 0.034 1.168 0.189 0.251 0.023 0.428 0.084
Ti 0.064 0.009 0.078 0.009 0.070 0.009
Mn 0.041 0.007 0.076 0.010 0,101 0.007 0.108 0.017
Fe 3.987 0.634 6.288 0.795 5.169 0.363 5.327 0.405
h20* 13.46 9.46 10.38 10.402

Half Cell Formula: (Mg4.290 ^0.017 Tl0.009 A11.029 Fe0.405* (Si2.903 Al1.097* °10 (0H)8

TABLE 5.4 Sample Er - 9 (Erif>oll) - chlorite microchemistry showing thirteen of the 
analyses, the mean percentage oxide and the half cell formula. Percentage 
of water estimated by difference.
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ELMT
1 2 3 4 5 6

%OXIDE FORMULA %OXIDE FORMULA %OXIDE FORMULA %OXIDE FORMULA %OXIDE FORMULA %OXIDE FORMULA
Na 0.210 0.079 0.152 0.056 0.336 0.123 0.171 0.062
Mg 25.937 6.974 28.664 8.261 30.807 8.653 29.381 8.259 28.279 7.999 30.719 8.608
A1 15.707 3.339 18.551 4.227 18.892 4.196 18.160 4.036 18.703 4.183 19.964 4.423
Si 41.657 7.513 30.795 5.953 32.079 6.045 33.274 6.274 32.841 6.232 31.330 5.890
K 0.041 0.009 0.050 0.012 0.055 0.013
Ca 0.420 0.081 0.174 0.036 0.185 0.037 0.257 0.052 0.236 0.048 0.099 0.020
Ti 0.183 0.025 0.036 0.005 0.047 0.007 0.090 0.013 0.034 0.005
Mn 0.058 0.009 0.133 0.022 0.099 0.016
Fe 5.611 0.840 8.581 1.387 5.714 0.900 6.629 1.045 7.097 1.126 5.791 0.910
b 20* 10.39 12.84 12.19 12.10 12.42 11.84

7 8 9 10 11 12
ELMT %OXIDE FORMULA %OXIDE FORMULA %OXIDE FORMULA %OXIDE FORMULA %OXIDE FORMULA %OXIDE FORMULA
Na 0.502 0.181 0.520 0.188 0.217 0.079 0.566 0.205 0.585 0.213 0.181 0.065
Mg 31.077 8.602 30.719 8.539 30.819 8.605 31.518 8.750 30.215 8.460 30.708 8.454
A1 19.433 4.253 19.470 4.279 19.547 4.316 19.418 4.263 19.507 4.318 19.356 4.213
Si 32.012 5.944 31.702 5.911 31.636 5,926 31.718 5.907 30.807 5.786 32.064 5.921
K 0.057 0.014 0.042 0.010 0.048 0.011

Ca 0.093 0.018 0.331 0.066 0.252 0.051 0.159 0.032 0.290 0.058 0,160 0.032

Ti 0.155 0.022 0.012 0.002 0.137 0.019 0.404 0.056
Mn 0.094 0.015 0.094 0.015 0.101 0.016 0.098 0.016 0.432 0.067
Fe 6.159 0.956 6.705 1.046 6.134 0.961 5.796 0.903 8.059 1.266 7.379 1.140

h20* 10.42 ' 10.46 11.28 10.78 10.25 9.32
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ELMT
13 MEAN MEAN h

%0XIDE FORMULA %0XIDE FORMULA

Na 0.644 0.183 0.314 0.130
Mg 31.078 6.802 29.994 4.114

A1 19.122 3.309 18.910 2.052

Si 30.835 4.527 32.52 2.993
K 0.040 0.007 0.048 0.006
Ca 0.269 0.042 0.225 0.022

Ti 0.083 0.009 0.118 0.008
Mn 0.131 0.016 0.138 0.011
Fe 6.544 0.803 6.631 0.511

h20* 11.25 11.195

Half Cell Formula <Mg4.114 ^0.011 Ti0.008 A11.045 Fe0.511 (Sl2.993 A11.007) °X0 (0H)8

TABLE 5.5 Sample Er - 10 (Eriboll) - chlorite microchemistry showing thirteen of the 
analyses, the mean percentage oxide and the half cell formula. Water 
percentage estimated by difference.



ELMT
1 2 3 4 5 6

%OXIDE FORMULA %0XIDE FORMULA %OXIDE FORMULA %OXIDE FORMULA %OXIDE FORMULA %OXIDE FORMULA
Ha 0.219 0.061 0.419 0.116 0.290 0.080 0.245 0.068 0.332 0.092 0.165 0.045
Mg 29.960 6.200 30.569 6.536 30.376 6.447 28.756 6.123 30.146 6.405 29.298 6.206
A1 19.406 3.285 19.086 3.227 19.071 3.200 17.274 2.908 18.527 3.113 19.029 3.187
Si 28.918 4.153 29.522 4.235 29.798 4.243 32.258 4.608 29.054 4.141 29.056 4.129
K 0.071 0.013 0.039 0.007
Ca 0.152 0.023 0.042 0.006 0.213 0,033 0.192 0.029 0.150 0.023
Ti 0.078 0.008 0.055 0.006 0.032 0.003 0.087 0.009
Mn 0.139 0.017 0.241 0.029 0.193 0.023 0.091 0.011 0.250 0.030 0.128 0.015
Fe 8.217 0.987 6.456 0.774 6.261 0.745 7.452 0.890 6.907 0.823 7.449 0.885

»2°* 13.81 • 13.43 13.93 13.62 14.38 14.54

ELMT
MEAN MEAN h
%OXIDE FORMULA-

Na 0.278 0.039
Mg 29.851 3.160
A1 18.732 1.577
Si 29.768 2.126

K 0.055 0.005
Ca 0.150 0.011

Ti 0.063 0.003
ttn 0.174 0.010
Fe 7.124 0.425
a2o* 13.952

TABLE 5.6 Sample Er - lib (Eriboll) - chlorite microchemistry
----- ----  showing some of the analyses, the mean percentage

oxide and the half cell formula. Water percentage 
estimated by difference.

(Mg3.160 ^0.010 Ti0.003 Fe0.128) *Si2.126 Al1.577 Fe0.297* °10 (0H)8Half Cell Formula
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Most of the K^O in Sample C39 must have come from mica which 

is in very close admixture with chlorite (Plate 5.16). The 

value of 0.737 for mean percentage CaO in Sample C39 could be 

attributed to the presence of CaCO^ in the system, with which 

the chlorite is likely to be in non-chemical admixture.

The variation of the main elements Mg, Al and Fe with
t

respect to Si are expressed as A, F , M, where 

A = a12°3
“slo;

I
F = FeO *

vr. —  and A + F + M = 100

M = MgO
slô

I
The AF M values of acceptable analyses are presented per

sample in Figure 5.4. The most noticeable feature of Figure
»

5.4 is the gradual increase in F value with increase in 

temperature. The temperatures for Samples D31c , C39, Er9, 

ErlO and Erllb are as determined in Chapter Four, using the 

calcite/dolomite solvus geothermometer. If the relationship 

between FeO/SiC^ and temperature in this chlorite is a true 

one, then it is most likely to be more easily expressed in 

terms of FeO/MgO against temperature. This is shown in sub

section 5.3

5.2.6 Estimate of Half Cell Formula and Type of 

Chlorite

The h a l f  c e l l  s t r u c t u r a l  f o r m u la  c a n  be e s t im a t e d  

e i t h e r  fro m  th e  f u l l  f o r m u la  g iv e n  i n  t h e  p r i n t o u t  f o l l o w in g
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Fig.5.4
Chlorite microchemistry in AFM space ,and its variation with change 
in temperature.

(a) D31c-Knockan.
(b) C39 -Cnoc a*chaoruinn.
(c) Er-9 -Eriboll.
(d) Er-10
(e) Er-llb "

Note the gradual increase in F* towards Eriboll,and with change in 
temperature.
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the EDS - X-ray analysis, or using the method suggested by 
Foster (1962). The formulas were estimated on the basis of 
the theoretical 0(0H) content of the unit cell of chlorite 
being °20^OH^16* A^so using the general formula XmY40^Q (0H)g

for the half cell, m is usually 6 or somewhat less, but not 
more (Foster 1962). The half cell formulas resulting are 
therefore:

(i) Sample D31: <M93-648*Sl2.428Al1.486Fe0.087*°10*0H*8

(ii) Sample C 3 9 : (Mg3 . 5 4 0 A l 0 . 0 7 9F e 0 ,131) (si2 ,427All.573)°10(0H) 8

(1 1 1 ) Sample Er9: ( ^ 4 #290Mn0.0l7Tl0.009A1l.029Fe0.405^
(Sl2.903Al1.097)010(0H)8

(iv) Sample ErlOs (Mg4 #114Mn0 ^011Ti0.008A11.045Fe0.511*

(Si2 .993^1 .OQ7) °10(0H) 8

(v) Sample Erllb: (M93 1 50Mn0.010Ti0.003Fe0.128^

(Sl2.126^1.577Fe0.297)0l0(0H) 2

The high Mg - content of these chlorites necessitates the 
application of the species name - Clinochlore, after Bayliss 
(1975) .

5.3 TEMPERATURE DEPENDENCE OF FeO/MgO RATIOS
The relationship of the ratio FeO/MgO to the rock 

temperature is shown in Figure 5.5. There is a slight 
indication of linear dependence between 280°C and about 400°C, 
giving a computed equation of the form?

(°C) = 278.27 + 456.33 FeO/MgO 5.2



Sample
Number

Mean
%Mg

Mean
%Fe

Mean
%MgO

Mean
%FeO Fe/_Mg

Fe^
MgO

Temp. 
(°C)

D31C 19.983 1.203 32.866 1.440 0 . 0 6 0 0.044 295.0- 55

C39 19.848 1 . 6 6 8 33.358 2.146 0.084 0.06 4 314.0- 52

Er9 18.796 4.106 31.167 5.283 0.218 0.170 349.0- 53

ErlO 17.956 5.208 29.774 6.700 0.290 0.225 390.0- 41

Erllb 17.670 5.488 29.299 7.061 0.311 0.241 384.0- 37

TABLE 5.7

Mg and Fe data from Tables 5.2 to 5.6, used 
for constructing Fig. 5.6.

if the error bars are not considered. The presence of 
error bars on the estimated temperatures, as shown in 
fig. 5.5, suggests a band rather than a unique line of 
relationship between T(°C) and FeO/MgO. Within this 
band the actual intercept on the T axis may be more or 
less than 278, while the gradient of the line, if it is 
unique, may not be exactly 456.
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d e v i a t i o n  ,asshown in 
T a ble 5.7 .
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However, Eqn. 5.2 (suggests that no iron will be incorporated
in a lattice of clinochlore at temperatures below or up to 
278°C. Above this temperature, provided the availability 
of Fe is guaranteed, the intake of Fe should increase 
linearly (or nearly so) with temperature. Table 5.7 is 
the data source for Figure 5.5

5.4 APPLICATION OF THE TEMPERATURE DEPENDENCE OF
FeO/MgO RATIOS
Chlorite has a very wide stability range - from 

conditions on the bottoms of modern estuaries (Powers, 1957), 
through the whole of the greenschist facies range to about 
710°C (Nelson and Roy, 1958), or 720°C (Yoder 1952, Fawcett 
and Yoder 1966) under laboratory conditions. Chlorite 
stability in natural rocks has not been reported at these 
high temperatures.

The upper limit of stability reported from experiments 
can be pushed up to over 800°C by increasing the water vapour 
pressure in a laboratory synthesis over 600MPa (Fawcett and 
Yoder, 1966). The synthesis of chlorite was thought to 
always proceed by the nucleation of the 7 8 polymorph 
("aluminous serpentine", Yoder 1952; "septechlorite", Nelson 
and Roy, 1958 Turnock, 1950), which slowly converted to the 
1 4 8 normal chlorite. But more recent observations show that 
pre-tectonic or syn-tectonic replacement of white mica by 
chlorite could take place all the way from burial (Craig et al. 
1982), to metamorphism (Weber, 1976; 1980).

As Table 5.1 and Plate 5.1 show, chlorite in the 
Durness Formation is mainly found along the Moine Thrust, 
apart from local occurences near intrusive bodies. In both
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situations they are genetically related to the original mica
(illite/sericite). They nucleate on or replace the mica,

2+being aided in the process by ingress of Mg ion-containing 
fluids during deformation. The presence of these fluids over 
such a long zone and for what must have been a very long time 
(since upper Ordovician times) probably resulted in an equi
librium between the chemistry of the respective minerals and 
the environment. Hence application of jthe newly derived T/Mg/Fe_ 
relationship would only yield meaningful results in a metamorphic 
environment where there appears to have been chemical equilibrium 
and where one of the phases is clinochlore.

Secondly, since total pressure, water pressure and 
oxygen fugacity are known to affect the stability of chlorite 
species, it is very likely that pressure will also affect the 
FeO/MgO ratios in ways that could make meaningless any 
determinations of temperatures by means of this method.
Estimates of tectonic stress in the Moine Thrust Zone have 
produced values lower than 100MPa as the deviatoric stress 
(White, 1979; Wheathers et al, 1979), and this will be taken 
as the upper boundary condition for equation 5.2.

Hence, if the stress in the environment is estimated 
to be about 100MPa and there are indications that the mineral 
system maintained equilibrium with the environment, given, of 
course, that the rock contained clinochlore in the first 
instance, it may be possible to estimate rock paleotemperatures, 
using equation 5.2, or a modification of it, from the micro
chemical analysis of this chlorite phase.
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5.5 ESTIMATE OF FLUID PRESSURE ACCOMPANYING THE LAST
PHASE OF MOINE THRUSTING
5.5.1 Introduction
Evidence presented in Chapter Four (see Plates 4.5 and 

4.6) suggests that fluids must have accompanied or aided the 
emplacement of the Moine Thrust, at least during the last 
phase of the orogeny. Also the preceeding analysis in this 
Chapter showing a gradual and progressive readjustment in 
chlorite material microchemistry close to the thrust plane, 
may indirectly suggest the presence of a fluid medium to 
contain and exchange chemical species with the evolving 
minerals. The bulk of the fluids would, for kinematic and 
tectonic reasons, be confined to that part of the thrust 
plane (above and below) which takes active part in basal 
sliding. It is possible, by using thermomechanical relation
ships, to estimate fluid pressure values, the accuracy of 
which will depend on the accuracy of the equations, and the 
dependability of the physical parameters used.

5.5.2 The Argument
The physical statements adopted in this analysis

(see equations 5.3 and 5.4 below) are the same as, and are
based on the argument developed by Raleigh and Evernden
(1981, P175). The basic assumption is that a pore in the
Durness carbonates within or very close to the datum on which
the Moine Thrust was later placed, contained fluid (water)
of volume V^, pressure and temperature (of Foreland) T^.
Due to thrusting there was a volume change, dV of both rock
pore and the water in it due to temperature increase of dT, and 
pressure increase dP, ___________
It is assumed that the volume change of the water and the 
pore (rock) are equal, that is, no voids developed in the 
rock as a result of thrusting, it is possible that for the
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water
dV = VpCwdT - VpwdP --------- 5.3

and for the rock
dV = VOfcdT - V p r d P ---------- 5.4

OCw and OCr are the thermal expansion coefficients of water 
and rock, while pw and pr are the compressibilities of 
water and rock and dP is rise in fluid pressure.

In the compressibility equation of Birch (1966)

P = ” V ^dP^T = ^dP^T ” 5 , 5

dV/dP is intrin sically negative, hence p is a positive
number having the dimension of reciprocal of stress or
p re s s u re  (MPa . F o r  t h i s  re a so n  -  VprdP  i s  u sed  as th e
last term in equation 5.4, rather than the positive term as
used by Raleigh and Evernden (1981). Combining equations
5.3 and 5.4,

V0(wdT - vpwdP = V0(rdT - V p r d P ------- 5.6

dTftXw - OCr) = dP (pw - pr) ------- 5.7

dP _ (Xw - <Xr n
dT pw - pr

OCw$>CXr, and pw$> pr (Birch, 1966, Kennedy and Holser, 1966;
and Skinner, 1966). Hence at moderate confining pressures,

d P ^ O C w  ________________ , q

dT ■" pw

As shown by Kennedy and Holser (1966) (Xw/pw falls between 
15 and 20 bar/°C, hence for any increase in temperature the 
corresponding fluid pressure increase to keep dP/dT between 
these limits can be calculated



5.5.3 Addendum
In chapter four it was shown that estimated temperatures 

are associated with substantial errors. Such errors pose the 
major problem of affecting dT and hence dP in ways that are 
difficult to predict. The values of temperature used in these 
fluid pressure estimates should be regarded as average values, 
and accordingly the fluid pressures calculated may not be taken
as exact values.
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5.5.3 Estimate of Fluid Pressure 
In order to estimate the rise in fluid pressure 

accompanying thrusting by means of Equation 5.9, the 
temperature estimates of Downie, (1981) for the Foreland 
will be used in conjunction with the temperatures of the Moine 
Thrust Zone estimated in Chapter Four. Downie estimated a 
temperature of 200°C for the Foreland at Knockan (see Sub
section 4.4.1). This was shown in Chapter Four to increase 
to 295° in the Durness carbonates of the Moine Thrust
Zone of the same area. Hence

dT 95°
and dP 95°C x 15 bars = 1.425 k barsc

= 142.5 MPa
At the Eriboll end on the other hand,

dT 124°C
and dP 124°C x 15 bars = 1.860 k bars

C
= 186.0 MPa

5.5.4 Estimate of Confining Pressure during the 
last phase of Thrusting

When a body of hydrothermal solution accumulates on 
a fault zone with a pressure greater than the pore water 
(hydrostatic) pressure, extension fracturing of the rock 
(hydraulic fracturing) occurs. While the external normal 
stress tends to keep a fracture closed, the pressure of the 
fluid on the plane tends to open the fracture, although the 
shear stresses along the fracture are unaffected by the 
fluid pressure (Price, 1966; Phillips, 1972). The limiting 
condition for hydraulic fracturing at depth is when the pore 
fluid pressure approaches the confining pressure (Price,1975),
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particularly for rocks of low tensile strength. Generally 
rock failure by hydraulic fracture in the brittle field 
obeys the following laws:

CJ-3 ~ P  i  -  T -------------  5 . 1 0

and “ ^ 3  — 4T -------------  5 . 1 1  ,

Price ( 1 9 6 6 ,  1 9 7 5 ) ; Price and Hancock ( 1 9 7 2 ) .  Equation
5 . 1 0  means that extension failure occurs perpendicular to 
the axis of least principal stress when the pore fluid 
pressure p exceeds the magnitude of by an amount equal 
to or greater than the tensile strength T of the rock. 
Equation 5 . 1 1  on the other hand means that the differential 
stress - CT^ ) must be small enough to render shear
impossible. As shown by Phillips ( 1 9 7 2 ,  see also Fig 5 . 6 )  

the Mohr stress circle that satisfies equation 5 . 1 1  touches 
the failure envelope on the abscissa (-Ve T), and gives T  

(shear stress) values of about T. Since the tensile strength 
of rocks is usually very low (2 to 10  MPa, Handin 1 9 6 6 ) , the 
shear stress is accordingly kept very low.

In subsection 5 . 5 . 2  the simple starting assumption 
was made that the pore of volume and initial pressure 
P^ was situated in the Durness carbonates within or very 
close to the datum on which the Moine Thrust was later placed 
that is the top of the Durness Formation. Price (1975)  

showed that hydrostatic pressure in the pore fluids as far 
down as the water table is one atmosphere ( 0 . 1 0  MPa), and 
could be regarded as zero pressure.
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l---------------------- 6-ssr-
10-6T ---------------- 1

Fig. 5.6 Stress circles r e p r e s e n t i n g  some effective 
p r i n c i p a l  stresses and diffe r e n t i a l  stresses r e q u i 
red to bring a b out the formation of normal faults 

od i p p i n g  at 60 or steeper angles.

>
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Hence 0 - - - - 5.12
and dP^ = ?2Jc = 142.5 MPa at Knockan
also dPrt = P0 = 186.0 MPa at Eribolle 2e

Taking T, the tensile strength of the rock, as 10 MPa,‘and 
using Equation 5.10 the confining pressure

cr3 = p - T
= 142.5 - 10
= 132.5 MPa at Knockan and

- 186.0—  10---- = -- 176.0 MPa at Eriboll _______

These values cannot be very exact given that the value of 
T used is not exact and Equations 5.3 to 5.9 may not represent 
the complete manner of interaction between temperature, 
pressure and volume in fluid-filled fractures. But the 
difference in confining pressure between these two ends of 
the Moine Thrust Zone is consistent with other observations 
(see for example Coward, 1982).

5.5.5 Discussion:
Apart from the effects of high stress, high strain 

rates, low temperatures and low confining pressures, the 
only other physical parameter of well known effect on cataclasis 
of rocks is fluid pressure. Hydraulic fracturing of rocks 
leaves a network of fractures and/or veins, and these 
fractures may be down to the level of a grain size.

Tectonic events, like overthrusting, cause perturba
tions in the thermal history of rock masses (Roberts, 1972; 
Oxburgh and Turcotte, 1974; Bickle et al., 1975; Norris 
and Henley, 1976) . The effect on the iinderthrusted rocks 
will be to increase pressure very rapidly and then to increase 
temperature at nearly constant pressure (see Norris and 
Henley, 1976- Fig. 2). Thus, thermal expansion will be



PLATE 5 . 2

Optical micrographs of Durness Carbonates.
Below the Moine Thrust at Knock an, the Durness 
Formation is characterised by a dense network 
of fractures. Some of these are through-the- 
grain fractures (a), while others contain 
vein minerals (calcite + quartz, b + c) 
evidence of fluid activity accompanying thrusting.

Scalebars: a — 0.5 mm
b - 2 cm
c _ 2 cm
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followed immediately by fluid invasion which might produce 
hydraulic fracturing, vein systems and the eventual loss of 
water from the rocks. The overthrust rocks on the other 
hand experience a rapid drop in pressure almost at constant 
temperature. Both the temperature and pressure then continue 
to drop uniformly (Norris and Henley, 1976) as uplift and 
erosion continue. As shown by Margara (1974) subsurface 
water in rocks undergoing uplift and erosion tends to shrink 
in volume, allowing fluids from adjacent unaffected areas 
to move in. The transportation and release of these highly 
charged fluids into higher crustal levels at low temperatures 
and pressures results in the deposition, particularly in the 
fractures, of materials hitherto held in solution, so 
forming veins of quartz, calcite,etc. (Phillips, 1972;
Price, 1975).

In the Durness carbonates below the Moine Thrust 
at Knockan, fracturing down to grain size level was found to 
occur very close to (within 1 m) the thrust plane. These 
fractures are generally stained, and/or healed with calcite- 
rich cement (Plate 5.2a, b, c). The veins do not normally 
run along the bedding planes (Plate 5.2b, c), but could 
transect and displace original bedding (Plate 5.2c) or 
themselves get transected and displaced by later movements 
along solution surfaces (Plate 5.2b).

The situation is quite different at the Eriboll end 
of the thrust zone. Here the higher fluid pressures meant 
that fluids can actually invade and physically open up bedding 
planes and solution surfaces (Plate 5.3a). As shown in sub
section 3.4.7, Sample Er 7 from which Plate 5.3a, b was
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produced, was collected about 2m below the Moine Thrust at 
Eriboll. It is obvious that these fluids carry large 
quantities of quartz and calcite, and the manner of 
deposition of the quartz in particular close to solution 
surfaces (Plate 5.3b) makes the genetic relationship of the 
quartz veins to the solution surfaces strong. Apparently 
only very high fluid pressures of the type that affected 
this area are strong enough to "heave up" and sustain the 
lithostatic load, thereby allowing later generations of 
dolomite grains (Plates 5.3c, d, e) to grow normal to the 
original foliation. A detailed description of this peculiar 
microstructure is presented in Chapter Six.

5.6 CONCLUSION
The occurrence of chlorite below the Moine Thrust in 

Durness carbonates has enabled a study of the dependence of 
the microchemistry of the mineral on temperature.

The study confirms earlier observations that the ratio 
FeO/MgO of chlorites may be an increasing function of grade of 
metamorphism. It, however, leads to the establishment of a 
relationship between FeO/MgO and average temperature, of the form 

T(°C) = 278.27 + 456.33 FeO/MgO
The importance of this equation is its applicability in paleo- 
temperature estimate of rocks containing clinochlore. The 
method of derivation of the equation using natural geological 
data only may be found to give it advantage over other geo
thermometers fabricated in geological laboratories. But 
because of the presence of error bars on estimated temperatures, 
the exactness of this equation cannot be stressed, and it may 
not therefore be applied in its present form.



PLATE 5 . 3

Optical micrographs (a, c, d, and e) in 
crossed polars and Backscattered Electron micro
graph (b) of Durness Carbonate from the Moine 
Thrust Zone at Eriboll.

(a  a n d  b) -  l a r g e  am ounts o f  q u a r t z  ( q t z )  an d  

c a l c i t e  (C c ) a r e  d e p o s it e d  v e r y  c l o s e  t o  d i a g e n e t i c  

s o l u t i o n  s u r f a c e s  an d  f i s s u r e s  p a r a l l e l  t o  th e  

f o l i a t i o n .

(c , d and e) - later minerals (mainly dolomite 
and quartz) tend to grow normal to foliation, and 
also normal to the earlier formed minerals. See 
Also Plate 6.13

In c and d the growing dolomite crystals abut on 
chlorite, while in e they abut on pyrite grains.

S c a l e b a r s : a — 2.5 mm
b - 1 0 0 [4 m
c - 1 mm
d - 1 mm
e — 200 urn
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A t  low  t e m p e r a t u r e s  c h l o r i t e s  t e n d  t o  e s t a b l i s h  

e q u i l i b r i u m  w it h  t h e  c h e m ic a l  e n v ir o n m e n t  b y  i n c o r p o r a t i n g  

a l i m i t e d  num ber o f  e a c h  s p e c i e s  o f  c a t i o n s ,  a l l o w in g  t h i s  

num ber t o  i n c r e a s e ,  f o r  c e r t a i n  e le m e n t s ,  a s  t h e  t e m p e r a t u r e  

i n c r e a s e s ,  w h i le  s t i l l  k e e p in g  t h e i r  1 4 8  b a s a l  c h a r a c t e r i s t i c .

F l u i d  p r e s s u r e s , a lt h o u g h  t r a n s i e n t ,  h a v e  b e e n  

h ig h  d u r in g  M oine t h r u s t i n g .  The l a s t  p h a s e  o f  t h r u s t i n g  

m ig h t  h a v e  b e e n  a id e d  b y  f l u i d s  o f  m inim um  p r e s s u r e  up t o  

1 4 3  MPa an d  p o s s i b l y  a s  h ig h  a s  18 6  M Pa.

F l u i d  p r e s s u r e  d i f f e r e n c e  b e tw ee n  K n o c k a n  a n d  E r i b o l l  

c o u ld  h a v e  b e e n  up t o  40 M Pa. T h is  d i f f e r e n c e  i s  l i k e l y  t o  

h a v e  c o n t r ib u t e d  t o  t h e  ch a n g e  i n  s t y l e  o f  d e f o r m a t io n  an d  

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

a r e a s .  A d e t a i l e d  a n a l y s i s  o f  t h e  m i c r o s t r u c t u r e  f o l lo w s  

i n  C h a p t e r  S i x .

The c o n f i n i n g  p r e s s u r e  d u r in g  th e  l a s t  p h a s e  o f  | 

t h r u s t i n g  i n  t h e  M oine T h r u s t  Zone m ig h t  h a v e  r a n g e d  fro m  \ 

1 3 3  MPa t o  1 7 6  M Pa, t h e  u p p e r  l i m i t  b e l i e v e d  t o  h a v e  

p r e v a i l e d  a t  E r i b o l l .
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CHAPTER S I X

M ICRO STRU CTU REf F A B R IC  AND S T R E S S  ANALYSES IN  CARBONATE 

ROCKS OF THE DURNESS FORMATION

6 . 1 . 1  I n t r o d u c t io n

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

D u r n e s s  F o r m a t io n  i s  t r a c e d  fro m  t h e  C a le d o n ia n  F o r e la n d  t o  

t h e  M oine T h r u s t  Z o n e . T h o se  a s p e c t s  o f  t h e  f o r e l a n d - t y p e  

m i c r o s t r u c t u r e  t h a t  h a v e  b e e n  p a s s e d  on t o  h ig h e r  s t r a i n  

r e g im e s  a r e  d i s c u s s e d  and t h e i r  e f f e c t  a n a ly s e d .  A lo n g  t h e  

t h r u s t  zo n e  m ic r o s t r u c t u r e s  c h a r a c t e r i s t i c  o f  t h e  n o r t h  an d  

o f  t h e  s o u t h  a r e  co m p a re d , w h i le  d i f f e r e n c e s  b e tw ee n  t h e  e a s t  

(C n o c a '  C h a o r u in n )  an d  t h e  w e s t  (K n o ck a n ) a r e  a l s o  b r o u g h t  

o u t .

A c o m p a r a t iv e  a n a l y s i s  o f  c r y s t a l l o g r a p h i c  f a b r i c  

fro m  t h e  s o u t h  ( A s s y n t )  t o  E f i b o l l  i s  p r e s e n t e d .  I n  t h i s  

a n a l y s i s  t h e  a r e a  a ro u n d  K n o c k a n  i s  l e f t  o u t  due m a in ly  t o  t h e  

e x t e n t  o f  c a t a c l a s i s  i n  th e  c a r b o n a t e  r o c k s  h e r e .  Th e c h a p t e r  

a l s o  d e a l s  w it h  e s t im a t e s  o f  t h e  t e c t o n i c  s t r e s s e s  t h a t  a r e  

l i k e l y  t o  h a v e  p r o p a g a t e d  t h e  M o in e  nappe and t h e r e b y  d e v e lo p e d  

t h e  t h r u s t .  T h is  i s  made p o s s i b l e  b y  m eans o f  s t e a d y  s t a t e  

( e q u i l i b r i u m )  g r a i n  s i z e  a n a l y s i s  i n  th e  c a r b o n a t e  r o c k .  The  

e s t im a t e d  v a lu e s  o f  s t r e s s  a r e  co m p ared  w it h  e a r l i e r  e s t im a t e s  

u s in g  s i m i l a r  and o t h e r  m i c r o s t r u e t u r a l  p a r a m e t e r s  i n ’ t h e  

t h r u s t  z o n e . F i n a l l y  an a n a l y s i s  o f  t e c t o n i t e  f a b r i c s  fro m  

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



PLATE 6 . 1

S t y l o l i t e s  i n  F o r e la n d  c a r b o n a t e .

a .  D ia g e n e t ic  s t y l o l i t e s  and seam s s t a n d  o u t  i n  th e

d o l o m it i c  c a r b o n a t e s  o f  th e  f o r e l a n d .  T h e y  a r e  c l a y -  

f i l l e d ,  an d  may becom e f a u l t e d ,  w a rp e d  (s e e  S arro w e d )  

o r  p a s s i v e l y  t r a n s p o r t e d  w it h  t h e  h o s t  r o c k .  S c a l e :  

L e n s  c o v e r  i s  5cm a c r o s s .

b an d  c  B a c k s c a t t e r e d  e l e c t r o n  m ic r o g r a p h s  o f  s t y l o l i t e s  i n  

c a r b o n a t e  r o c k s . N o te  t h e  s h a r p  t e r m in a t io n s  o f  

t h e  h o s t  r o c k  g r a in s  (b) and t h e  b r a n c h e d  n a t u r e  

o f  t h e  " m a in s tre a m "  s y l o l i t e  ( c ) . The m a in  s t y l o l i t e s  

c o n t a in  i r o n  and some t i t a n iu m  o x id e s  an d  i r o n  

s u l p h id e s  ( b r i g h t e s t ) ,  an d  w h it e  m ic a  ( g r e y ) .  S c a l e :  

100 jjm

B a c k s c a t t e r e d  e l e c t r o n  m ic r o g r a p h  c l o s e  up v ie w  o f  th e  

b r a n c h e s  o r  " t r i b u t a r i e s " .  T h e y  w in d  a lo n g  g r a in  

b o u n d a r ie s  o n l y ,  c a r r y  m e t a l l i c  o r e s  ( ir o n  an d  t i t a n i u m  

o x id e s  an d  i r o n  s u lp h id e s )  i n s t e a d  o f  w h it e  m ic a  ( m ) . 

S c a l e  b a r :  1 0  urn.

d .
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6 . 1 . 2  M i c r o s t r u c t u r e s  o f  t h e  F o r e la n d  a n d  low  

S t r a i n  C a r b o n a t e  R o ck s

T y p i c a l  o f  t h e  F o r e la n d  an d  v e r y  lo w  s t r a i n  a r e a s  a r e  

s o l u t i o n  s u r f a c e s ,  w h ic h  v e r y  o f t e n  s t a n d  o u t  b e c a u s e  o f  t h e  

c l a y  c o n c e n t r a t io n  w i t h i n  them  ( P l a t e  6 . 1 a ) .  W h e th e r o c c u r in g  

a t  t h e  D u r n e s s  b e a c h , E r i b o l l ,  A s s y n t  f o r e l a n d  o r  v e r y  c l o s e  

t o  t h e  t h r u s t s ,  t h e s e  s o l u t i o n  f e a t u r e s  p r e s e r v e  t h e  same 

b a s i c  c h a r a c t e r i s t i c s .  T h e y  com m only o c c u r  p a r a l l e l  t o  b e d d in g  

an d  may t i l t  w it h  b e d d in g  i n  r e s p o n s e  t o  l a t e r  d e f o r m a t io n .

T h ey may becom e co m p a cte d  w h ere  t h e  r o c k  h a s  b e e n  o v e r l a i n  b y  

l a t e r  n a p p e s ( P l a t e  4 . 5 a ,  b ;  s e e  s  -  s ) , f r a c t u r e d  a n d /o r  

in v a d e d  b y  t e c t o n i c - a s s o c i a t e d  f l u i d s  o r  w a rp e d  i n t o  s im p le  

f o l d s  w it h  t h e  h o s t  r o c k  ( P l a t e  6 . 1 a ;  s e e  s ) .

B a c k s c a t t e r e d  s c a n n in g  e le c t r o n  m ic r o s c o p y  an d  x - r a y  

d i f f r a c t i o n  show t h e  h o s t  r o c k  t o  b e d o lo m it e  a n d  t h e  m a t e r i a l  

i n  t h e  s o l u t i o n  seam s an d  s t y l o l i t e s  ( P l a t e  6 . 1 b ,  c )  t o  be  

m a in ly  i l l i t e / s e r i c i t e  m ic a  an d  o x id e s  o f  F e  an d  T i  w it h  Fe  

s u l p h i d e s . S o l u t i o n  s u r f a c e s  r a n g e  i n  t h i c k n e s s  fro m  a b o u t  

2 m ic r o n s  up t o  2 . 5 c m ,  n o rm a l t o  b e d d in g , a n d  may be b r a n c h e d  

a s  i n  P l a t e  6 . I d .  The b r a n c h e s  ( " t r i b u t a r i e s " )  w h ic h  a r e  o f t e n  

s h o r t  co m pared  t o  t h e  le n g t h  o f  a  p a r t i c u l a r  s t y l d L i t e ,  c o n t a in  

m e t a l l i c  o r e s  o n l y ,  u n l i k e  t h e  m a in  s t y l o l i t e .  E t c h e d  s a m p le s  

i n  SEM ( P l a t e s  6 . 2 a ,  b) show t h e  c l a y - f i l l e d  s o l u t i o n  seam s  

t o  b e  b o u n d ed  on b o th  s i d e s  b y  z o n e s  t h a t  do n o t  r e s p o n d  t o  

e t c h in g  i n  d i l u t e  h y d r o c h l o r i c  a c i d  and s t a n d  o u t  a lm o s t  a t  

t h e  same l e v e l  a s  t h e  c l a y s  i n  t h e  se a m s . T h e y  a r e  c a r b o n a t e /  

c l a y  zo n e s s u p p o r t e d  b y  t h e  " t r i b u t a r i e s "  o f  m e t a l l i c  o r e s .

Also the clay bodies are the zones where undissolved tests of 

microfossils are concentrated during the pressure solution process



PLATE 6 . 2

S o l u t i o n  f e a t u r e s  i n  d o lo m it e  r o c k s .

a  an d  b E l e c t r o n  m ic r o g r a p h s  o f  s o l u t i o n  seam s i n  c a r b o n a t e  

r o c k s . E t c h e d  s a m p le s  l i k e  t h e s e  r e v e a l  t h e  

p r e s e n c e  o f  b o u n d in g  w a l l s  on e i t h e r  s i d e  o f  t h e  

c l a y - f i l l e d  se a m . T h e s e  w a l l s  a r e  m ore r e s i s t a n t  t o  

e t c h in g  t h a n  t h e  c a r b o n a t e  h o s t  r o c k ,  b u t  l e s s  t h a n  

th e  c l a y  w i t h i n  t h e  se a m . Th e h o l e s  i n  t h e  se a m s  

w ere l e f t  b y  m i c r o f o s s i l  t e s t s .

M a g n i f ic a t i o n :  x  7 2 0 .

c  an d  d O p t i c a l  m ic r o g r a p h s  ( c r o s s e d  p o l a r s )  o f  F o r e l a n d  

d o lo m it e  r o c k s .  G r a in  s i z e  i s  f i n e  t o  m edium  

( 0 . 0 6 2  -  0.25m m ) w it h  no d e f o r m a t io n  f e a t u r e s .  The  

g r a i n s  a r e  e q u ia x e d .

M a g n i f ic a t i o n :  (c )  x  6 3 ,  (d) x  40
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G r a in  s i z e  r a n g e s  fro m  m edium  CO*062 «  Q,25mmr F o l k  1 9 5 9 )  t o  

v e r y  f i n e  a u t h i g e n i c  c r y s t a l l i n e  d o lo m it e  ( P l a t e  6 . 2 c ,  d ) .

/  The s o l u t i o n  f e a t u r e s  a r e  i n t e r p r e t  e d  a s  d i a g e n e t i c

a n d  p r e t e c t o n i c  i n  o r i g i n  fo rm e d  w h i le  th e  D u r n e s s  F o r m a t io n  

w as u n d e r g o in g  i n d u r a t i o n .  Th e t r i b u t a r i e s  o f  m e t a l l i c  o r e s  

m ig h t  s u g g e s t  m e c h a n ic a l  an d  s o l u t i o n  t r a n s p o r t a t i o n  f o r  t h e  

T i  com ponent due t o  lo w  s o l u b i l i t y  (R o se  e t  a l ,  1 9 7 9 ) ,  w h i le  

t h e  F e  co m po nent c o u ld  h a v e  b e e n  t r a n s p o r t e d  i n  s o l u t i o n  a lo n g  

g r a i n  b o u n d a r ie s  i n t o  th e  m a in  s t y l o l i t e s .

6 . 2  MICROSTRUCTURES O F IN TE R M E D IA T E  S T R A IN  AREAS

6 . 2 . 1  Th e D u r n e s s  C a r b o n a t e s  o f  K em pie B a y  A r e a

S a m p le s  an d  t a k e n  fro m  t h e  D u r n e s s  F o r m a t io n

n e a r  K em p ie  B a y , L o c h  E r i b o l l  ( F i g .  3 . 1 0 ) ,  show i n t e r e s t i n g  

m i c r o s t r u e t u r a l  f e a t u r e s .  The l o c a t i o n  o f  t h e  s a m p le s  i s  

m ore t h a n  1  km w e s t  o f  t h e  M oine T h r u s t  i n  p a r t  o f  t h e  S o le  

n a p p e  a f f e c t e d  b y  m in o r  t o  in t e r m e d ia t e  f o l d i n g  an d  m in o r  t h r u s t s  

an d  b a c k t h r u s t s .  The a t t i t u d e s  o f  t h e  f o l d s  ( o r i e n t a t i o n  o f  

h in g e  l i n e s ) , t h e  t h r u s t s  and b e d d in g  a r e  a l l  s y m p a t h e t ic  o r  

c l o s e l y  r e l a t e d  t o  t h e  t r e n d  o f  t h e  M oine T h r u s t  Zo n e i n  t h i s  

a r e a  (M c C la y  an d  C o w ard , 1 9 8 1 )  a n d  h e n c e  a n y  m i c r o s t r u c t u r e s  

d e v e lo p e d  i n  th e  r o c k s  i n  r e l a t i o n  t o  t h e s e  m in o r  t o  i n t e r 

m e d ia t e  s t r u c t u r e s  ( l i k e  c le a v a g e )  c o u ld  b e  r e l a t e d  t o  some 

p h a s e  o f  a c t i v i t y  on t h e  M oine T h r u s t .  Th e c le a v a g e  fo u n d  i n  

s a m p le s  ^  an d  d ip s  t o  t h e  s o u t h  e a s t  a n d  i s  o f  c r e n u l a t i o n  

t y p e ,  ( C o s g r o v e , 1 9 7 6 ;  H obbs e t  a l ,  1 9 7 6 ;  G r a y ,  1 9 7 9 ?  se e  

a l s o  P l a t e  6 . 3 a )

6 . 2 . 1 . 1  D e t a i l e d  D e s c r i p t i o n  o f  C le a v a g e  M ic r o s t r u c t u r e  

I n  h a n d  s p e c im e n s  t h i s  c le a v a g e  i s  f i n e ,  s h a r p  and



PLATE 6 . 3

C le a v a g e  m i c r o s t r u c t u r e  i n  D u rn e ss  F o r m a t io n  o f  t h e  

K em pie B ay A r e a .

a .  A c le a v a g e  ( c l )  im p o se d  on c r e n u l a t i o n s  o r  m in o r  

f o l d s  w i t h i n  th e  low  s t r a i n  c a r b o n a t e  r o c k s  o f  

K em pie B a y  -  E r i b o l l  a r e a .

S c a l e  b a r :  1 0 0  pm , e le c t r o n  m ic r o g r a p h .

b .  The c le a v a g e  la m e l l a e  c o n s i s t  o f  v e r y  f i n e - g r a i n e d  

w h it e  m ic a  ( i l l i t e / s e r i c i t e )  a n a s t o m o s in g  a ro u n d  

e lo n g a t e  g r a i n s  o f  f e l d s p a r  (F) an d  d o lo m it e  ( D ) . The  

c le a v a g e  la m e l l a e  a r e  u s u a l l y  a t  a  h ig h  a n g le  t o  

b e d d in g .

S c a le  b a r :  1 0  pm, e le c t r o n  m ic r o g r a p h .

c .  O u t s id e  t h e  c le a v a g e  th e  o r i g i n a l  b e d d in g  c o n s i s t s  

o f  e lo n g a t e  g r a i n s  o f  d o lo m it e , q u a r t z  an d  f e l d s p a r  

w it h  a l i t t l e  m ic a .  D o lo m ite  g r a i n s  a r e  u s u a l l y  

zoned , (s e e  D) , w it h  th e  r im s  b e in g  more C a - r i c h .

S c a l e  b a r :  1 0 0  pm , e le c t r o n  m ic r o g r a p h .

d . F e ld s p a r  g r a i n  (F) i n  c le a v a g e  l a m e l l a  h a s  b e en  r o t a t e d  

a n d /o r  d i s s o l v e d  p a r a l l e l  t o  th e  l a m e l l a .  J u s t  

o u t s id e  th e  l a m e l l a ,  d o lo m it e , ( D ) , q u a r t z  and f e l d s p a r  

(F) a r e  o f t e n  b ro k e n  up i n t o  lo z e n -s h a p e s  a s  t h e y  

r o t a t e  i n t o  t h e  l a m e l l a .

S c a l e  b a r :  1 0  urn, e le c t r o n  m ic r o g r a p h .
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d e f i n e s  n a rro w  z o n e s ,  a n d  i s  t h e r e f o r e  c a l l e d  d i s c r e t e  

c r e n u l a t i o n  c le a v a g e  a f t e r  G r a y ,  ( 1 9 7 7 b  , 1 9 7 9 ) .  I n  some 

c a s e s  a  m i c r o f o l d i n g / c l e a v a g e  r e l a t i o n s h i p  c o u ld  b e s e e n ,  a s  

i n  P l a t e  6 . 3 a ,  w h ile  i n  o t h e r s  m i c r o f o l d in g  i n  th e  v i c i n i t y  

o f  t h e  c le a v a g e  l a m e l l a  i s  n o t  o b v io u s . G r a in  o r i e n t a t i o n s  i n  

t h e  c le a v a g e  l a m e l l a e  a r e  a t  h ig h  a n g le s  t o  b e d d in g  ( i n  t h e  

m i c r o l i t h o n ) . H ig h  m a g n i f ic a t i o n s  show t h e  l a m e l l a e  t o  c o n s i s t  

o f  v e r y  f i n d  g r a in e d  i l l i t e / s e r i c i t e  m ic a  a n a s t o m o s in g  

a r o u n d  e lo n g a t e  g r a i n s  o f  f e l d s p a r  and d o lo m it e  m a in ly  ( P l a t e  

6 . 3 b ) .  O u t s id e  t h e  l a m e l l a e  ( t h a t  i s  i n  t h e  m i c r o l i t h o n s )  

d o lo m it e ,  q u a r t z  an d  f e l d s p a r  g r a i n s  e lo n g a t e  p a r a l l e l  t o  

b e d d in g  w it h  s m a l l  am o u n ts o f  m ic a .  Th e d o lo m it e  g r a i n s  a r e  

o f t e n  z o n e d  w it h  h ig h  Mg c o r e s  a n d  h ig h  Ca r i m s ,  ( P l a t e  6 . 3 c ) . 

T h e  a b s e n c e  o f  c a l c i t e  an d  c h l o r i t e  h e r e  a r e  e v id e n c e  t h a t  

p r o c e s s e s  g o in g  on i n  t h i s  e n v ir o n m e n t  a r e  lo w e r  t e m p e r a t u r e  

t h a n  a lo n g  t h e  t h r u s t  (co m p are  w it h  P l a t e  4 . 3 ,  an d  P l a t e  6 . 8 b ) .

A s t u d y  o f  t h e  c h e m is t r y  o f  f e l d s p a r s  an d  m ic a  i n  b o th  

c le a v a g e  a n d  m i c r o l i t h o n  i s  p r e s e n t e d  i n  T a b le  6 . 1 .  A s shown  

i n  A , t h e r e  i s  a  r e l a t i v e  e n r ic h m e n t  i n  T i  i n  th e  f e l d s p a r s  o f  

t h e  m i c r o l i t h o n s  co m p ared  t o  t h e  f e l d s p a r s  o f  t h e  l a m e l l a e .  

T a b le  6 . 1 B  on t h e  o t h e r  h a n d  show s a  s l i g h t  i n c r e a s e  i n  S i  an d  

K i n  t h e  m i c r o l i t h o n  r e l a t i v e  t o  th e  c le a v a g e  l a m e l l a e .  T h is  

s l i g h t  i n c r e a s e  i n  S i  i n  t h e  m i c r o l i t h o n  c o u ld  b e e x p l a i n e d  b y  

f a s t e r  d i s s o l u t i o n  o f  S i  fro m  t h e  c le a v a g e  p la n e s  ( o r  P l a y e r s  

o f  G r a y ,  1 9 7 9 ;  S te p h e n s  e t  a l .  1 9 7 9 ;  K n ip e ,  1 9 8 1  a n d  W e b e r, 

1 9 8 1 )  a n d  d e p o s i t io n  o f  same i n  t h e  m i c r o l i t h o n .  T h e b e h a v io u r  

o f  K a s  shown i n  T a b le  6 . 1  i s  i n c o n s i s t e n t  w it h  e a r l i e r  

o b s e r v a t io n s  (s e e  G r a y ,  1 9 7 9 ;  S t e p h e n s , 1 9 7 9 ,  an d  K n ip e  1 9 8 1 ) .  

P o t a s s iu m  c o n t e n t  i s  known t o  i n c r e a s e  i n t o  t h e  c le a v a g e  p la n e s
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K 9 . 8 2 5 7 . 2 8 1 9 . 6 4 0 7 . 1 1 1 1 0 . 3 6 8 K 1 0 . 4 7 4 1 1 . 5 4 1 1 0 . 2 2 1 1 0 . 5 3 0

T i 0 . 4 7 7 3 . 5 6 3 0 . 3 0 3 0 . 4 4 1 0 . 4 3 8 T i 0 . 1 9 7 0 . 3 9 2 0 . 4 7 5 0 . 4 3 0

Fe 1 . 2 6 4 0 . 9 0 0 1 . 1 1 4 0 . 9 4 7 2 . 8 0 8 Fe 0 . 6 5 6 0 . 9 0 9 1 . 5 1 1 1 . 5 0 8

TOTAL 8 8 . 9 8 8 9 . 2 4 9 0 . 9 7 8 7 . 7 1 9 2 . 0 8 TOTAL 9 2 . 4 4 9 5 . 0 0 9 5 . 7 3 9 4 . 4 0

TABLE 6 . 1  C o m p a riso n  o f  m ic r o c h e m is t r y  o f  K - f e l d s p a r s  an d  m ic a  ( i l l i t e )  w i t h i n  c le a v a g e  la m e l la e
an d  o u t s id e  th e j l a m e l l a  ( m ic r o l i t h o n )  i n  D u r n e s s  C a r b o n a t e  s a m p le s  o f  K em pie B a y  a r e a .  
(A) N o te  t h e  h ig h e r  p e r c e n t a g e  o f  T i  i n  K - f e l d s p a r s  i n  t h e  m i c r o l i t h o n ,  co m p araed  t o  
th e  l a m e l l a e .  |(B) S i  an d  K p e r c e n t a g e s  a p p e a r  s l i g h t l y  h ig h e r  i n  th e  m i c r o l i t h o n  t h a n  
i n  th e  la m e l la e
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h e n c e  t h e  d e c r e a s e  show n i n  T a b le  6 . 1  may b e  a  l o c a l  e f f e c t ,  

due t o  m a t e r i a l  in h o m o g e n e it y .

T h e  f e l d s p a r  g r a i n  i n  P l a t e  6 . 3 d  p r e s e n t s  a  l i t t l e  

e v id e n c e  t h a t  a lt h o u g h  c a t a c l a s i s  i s  h ig h  o u t s i d e  t h e  l a m e l l a e ,  

w i t h i n  t h e  l a m e l l a e  g r a i n  r e o f c ie n t a t io n  c o u ld  b e  a s s i s t e d  b y  

s im p le  s h e a r ,  a s  i n  a  m ic r o s h e a r  z o n e .

I n  p l a t e s  6 . 3 d  a nd 6 . 4 ,  t h e  i n t e r v e n i n g  a r e a  b e tw ee n  

t h e  l a m e l l a e  an d  t h e  f o l i a t i o n  w as c l o s e l y  s t u d i e d  t o  d e t e r m in e  

t h e  r e o r i e n t i n g  m e ch a n ism  i n  s u c h  a  low  t e m p e r a t u r e  a r e a .  I n  

P l a t e  6 . 3 d  e lo n g a t e  g r a i n s  o f  d o lo m it e  a n d  f e l d s p a r  i n  t h e  i n t e r 

v e n in g  a r e a s  b e tw e e n  t h e  l a m e l l a e  a n d  t h e  m i c r o l i t h o n  a r e  s e e n  

d i s o l v e d  an d  f r a c t u r e d  i n t o  lo z e n g e s ,  w it h  a  l o t  o f  v o id s  i n  

b e tw e e n . T h is  i s  a l s o  i l l u s t r a t e d  i n  P l a t e  6 .4  w h ic h  show s 

e x t e n s i v e  b e d d in g  p la n e  f l a t t e n i n g  i n  t h e s e  c a r b o n a t e  r o c k s .

P l a t e  6 . 4 b ,  c  an d  e show some g r a i n  f r a c t u r i n g  j u s t  o u t s id e  

t h e  c le a v a g e  l a m e l l a .  T h is  i s  a l s o  t h e  zo n e o f  m ix e d  g r a i n  

s h a p e s ,  c o r r e s p o n d in g  n e i t h e r  t o  t h o s e  i n  t h e  l a m e l l a  n o r  i n  

t h e  m i c r o l i t h o n .  H en ce  i t  may b e s a i d  t h a t  t h e  lo w  t e m p e r a t u r e  

o f  t h e  d e f o r m a t io n  e n v ir o n m e n t  h e r e  h a s  a f f e c t e d  t h e  r e o r i e n t a 

t i o n  m e ch a n ism  o f  g r a i n s  i n  r o c k s  d e v e lo p in g  c l e a v a g e . A p a r t  

fro m  s o l u t i o n  w it h  o r  w it h o u t  p l a s t i c  s t r a i n ,  more e v id e n c e  may 

y e t  em erge t h a t  c a t a c l a s i s  d o e s in d e e d  c o n t r i b u t e  t o  g r a i n  r e o r i e n  

t a t i o n  i n  v e r y  low  t e m p e r a t u r e  c le a v a g e  d e v e lo p m e n t.

6 . 2 . 2  The L o c h  A i l s h  M a r b le s

O f t h e  c a r b o n a t e  s a m p le s  c o l l e c t e d  n o r t h  an d  n o r t h 

w e s t  o f  L o c h  A i l s h ,  o n ly  s a m p le s  B 4 3 ,  B 4 5 ,  B 4 5 e ,  B5 a nd B6 

( F i g .  3 . 6 )  p r o d u c e d  m ic r o s t r u c t u r e s  o f  im p o r t a n c e  i n  t h i s  s t u d y .

I n  C h a p t e r  t h r e e  i t  w as shown t h a t  m ovem ent on t h e  M oine T h r u s t  

s t i l l  c o n t in u e d  a f t e r  t h e  e m p la ce m e n t o f  t h e  L o c h  A i l s h  s y e n i t e s .



PLATE 6 . 4

A c le a v a g e  an d  i t s  c o n t a c t  z o n e s  i n  d o lo m it e  r o c k .  C o n t a c t  

z o n e s  b etw een  a  c le a v a g e  l a m e l l a  i n  (a) a n d  t h e  b e d d in g  

a r e  im ag e d  i n  ( b ) , (c)  (d) a n d  ( e ) .

b .  N o te  t h e  p r e s e n c e  o f  r e a c t i o n  r im s  i n  d o lo m it e  g r a i n s

The g r e y i s h  r im s  a r e  m ore C a - r i c h ,  w h i le  t h e  d a r k e r  

c o r e s  a r e  m ore M g - r i c h .  G r a in  s h a p e  i n  t h e  c o n t a c t  

zone b e tw ee n  t h e  l a m e l l a  a n d  th e  m i c r o l i t h o n  i s  

n e i t h e r  b e d d i n g - p a r a l l e l  n o r  c l e a v a g e - p a r a l l e l .

c  an d  d Some o f  t h e  g r a i n s  i n  t h e  c o n t a c t  zo n e  a r e  e i t h e r  

c u r v e d  (a s  i n  c) o r  f r a c t u r e d  (s e e  a r r o w s  i n  d ) i n  

o r d e r  t o  r e o r i e n t a t e  p a r a l l e l  t o  c l e a v a g e .  T h e  

f r a c t u r i n g  i n t e n s i t y  d im in is h e s  away fro m  t h e  

c l e a v a g e .

e .  G r a in s  i n  th e  m i c r o l i t h o n  becom e m ore t a p p e r e d  a n d

r e f i n e d  a s  t h e y  a p p r o a c h  t h e  l a m e l l a .  T h i s  a p p l i e s  

t o  f r a c t u r e d  an d  u n f r a c t u r e d  g r a i n s , s e e  a l s o  b  a n d  d  

S c a l e  b a r :  lOOum.
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T h i s  m a g m a tic  in t r u s io n / o r o g e n y  r e l a t i o n s h i p  i s  im p o r t a n t  

i n  t h i s  a r e a  b e c a u s e  t h e  h e a t  fro m  t h e  fo rm e r  c a u s e d  e x t e n s i v e  

c r y s t a l l i z a t i o n  an d  n e o m in e r a l iz a t i o n  i n  t h e  c o u n t r y  r o c k s  

i n c l u d i n g  t h e  D u r n e s s  F o r m a t io n , p r i o r  t o  l a t e r  d e f o r m a t io n .  

B e c a u s e  o f  t h i s  d i f f e r e n c e  i n  m in e r a lo g y  an d  g r a i n  s i z e  

co m p are d  t o  t h e  c a r b o n a t e s  a lo n g  t h e  M oine t h r u s t  p la n e  s l i g h t  

d i f f e r e n c e s  i n  d e f o r m a t io n  m e ch a n ism s s h o u ld  be e x p e c t e d .

Th e d e f o r m a t io n  i n  t h i s  e n v ir o n m e n t  c a n  b e  in v o k e d  t o  

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

seam s i n t o  f i b r e s  ( P l a t e  6 . 5 a ) ,  a n d  a t  th e  same t im e  p r o d u c in g  

a v e r y  c l o s e l y  f i t t e d  f a b r i c  w it h  s t a t i s t i c a l  g r a i n  e lo n g a t i o n  

i n  a  d i r e c t i o n  p a r a l l e l  t o  t h e  E . S . E .  l i n e a t i o n s  ( P l a t e  6 . 5 b ) .  

G r a in  b o u n d a r y  t e r m in a t io n s  a r e  n o t  a lw a y s  a t  t r i p  l e  

j u n c t i o n s ,  an d  some g r a i n s  i n t e r p e n e t r a t e  a lo n g  t h e i r  le n g t h s  

( P l a t e  6 . 5 c ) .  A new t y p e  o f  c l a y  m i n e r a l ,  uncommon e i t h e r  i n  

t h e  f o r e l a n d  o r  a lo n g  t h e  M o in e t h r u s t  p l a n e ,  a l s o  d e v e lo p e d  

i n  t h i s  a r e a  ( P l a t e  6 . 5 ,  d an d  e ) . T h e s e  a r e  t h e  lo n g  t h i n  

r o d s  o f  a t t a p u l g i t e  ( p a l y g o r s k i t e ) . Th e t h i c k e r  b u n d le s  grow  

th r o u g h  g r a i n  b o u n d a r ie s ,  w h ile  t h e  g r a i n  b o d ie s  may be- p i e r c e d  

th r o u g h  b y  s i n g l e  s t r a n d s  o r  r o d s  ( P l a t e  6 . 5 d ) .  T h is  i n t e r a c t i o n  

p r o d u c e s  t h e  w e ll-k n o w n  g r a i n  s i z e  r e d u c t io n  ( o f  d o lo m it e  g r a i n s )  

n e a r  t h e s e  c l a y  m in e r a ls  (s e e  W h it e , 1 9 7 9 a ) .

6 . 3  MICROSTRUCTURE OF H IGH  S T R A IN  A R EA S; ALONG THE

MOINE THRUST IN  THE SOUTH

6 . 3 . 1  K n o ck a n  A re a

A s shown i n  f i g u r e s  3 .4  a n d  3 . 8 ,  t h e  K n o ck a n  a r e a ,  

i n c l u d i n g  t h e  c l i f f  -  K n o ck a n  C r a g  -  i s  t h e  s o u t h w e s t e r n  

e x tre m e  o f  t h e  zo n e  o f  d i s l o c a t i o n  i n  A s s y n t .  H e re  t h e  M oine  

T h r u s t  o v e r l i e s  a  wedge o f  w h i t i s h - c o l o u r e d ,  c a t a c l a s e d  

d o lo m it e  w h ic h  i s  i t s e l f  l y i n g  o v e r  h i g h l y  f r a c t u r e d ,  d a r k -



PLATE 6 . 5

Lock Ailsh Marble.

a . S p l i c i n g  o f  w h it e  m ic a  m i n  a  d i a g e n e t i c  s o l u t i o n  

seam  p o s s i b l y  d u r in g  m ovem ent. Th e f i b r e s  o f  m ic a  

m in e r a l s  a r e  e a s i l y  in v a d e d  b y . f l u i d s  w h ic h  c a u s e  

a l t e r a t i o n  an d  n e o m in e r a l is a t i o n .

S c a l e  b a r :  1 0  p m , e l e c t r o n  m ic r o g r a p h .

A t i g h t l y  f i t t e d  f a b r i c  p r o d u c e d  fro m  s t r a i n  and  

p o s s i b l y  p r e s s u r e  s o l u t i o n ,  w it h  g r a i n  e lo n g a t io n  i n  

t h e  NE d i r e c t i o n .

S c a l e  b a r :  30pm, e l e c t r o n  m ic r o g r a p h .

G r a in  b o u n d a ry  i n t e r p e n e t r a t i o n  i s  common i n  th e  

c a r b o n a t e  g r a i n s ,  a lt h o u g h  some t r i p p l e  j u n c t i o n s  do 

e x i s t  s t i l l .

S c a l e  b a r :  3|jm , e l e c t r o n  m ic r o g r a p h .

d and e A new c l a y  m i n e r a l ,  uncommon i n  t h e  f o r e l a n d  an d

a lo n g  t h e  t h r u s t  z o n e , i s  d e v e lo p e d  h e r e .  I t  c o n s i s t s  

o f  r o d s  o f  a t t a p u l g i t e  ( p a l y g o r s k i t e ) . W here t h e s e  

r o d s  a r e  d e n s e ly  d e v e lo p e d  t h e y  " ch o k e  up" th e  

c a r b o n a t e  g r a i n s  r e d u c in g  g r a i n  s i z e  (a s  i n  d ) .

S c a l e  b a r :  d -  20pm

e -  6pm
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c o l o u r e d ,  f o r e la n d ^ t y p e  d o lo m it e  ( P l a t e  3 . 3 f a  an d  b) . The  

wedge o f  d o lo m it e  d e c r e a s e s  i n  t h i c k n e s s  s o u t h  an d  s o u t h -  

e a s t w a r d s ,  b e in g  o v e r l a i n  h e r e  b y  a  c a t a c l a s i t e  r e s u l t i n g  fro m  

in t e n s e  f r a c t u r i n g  o f  M o in e m y I o n i t e s .  The d e s c r i p t i o n  o f  a  

v e r t i c a l  p r o f i l e  o f  t h e  c a r b o n a t e s  b e n e a th  t h e  t h r u s t  p la n e  

i n  t h i s  a r e a  i s  p r e s e n t e d  b e lo w  i n  z o n e s  w it h  c o n t r a s t i n g  m ic r o  

s t r u c t u r e .

6 . 3 . 1 . 1  Zone A

This is a cataclasite extending from the thrust plane 

proper to about lm below (Plate 6.6a). A network of fractures 

of a very wide size range permeates the entire rock producing 

very angular to subangular carbonate grains. The fractures 

are normally healed either with a greyish, sometimes brownish 

carbonate cement (Plate 6.6a, b) or newly nucleated carbonate 

crystals (Plate 6.6c, d). Fracture intensity increases and 

fractured dolomite grain size tends to decrease towards the 

fault plane, while matrix cement concentration is higher near 

the fault plane decreasing downwards towards a grain- supported 

breccia away from the fault plane. Vein calcite grains are 

usually highly weathered and the veins cross-cut showing that 

they probably belong to different generations.

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

com m only t r a n s e c t e d  a n d  d i s p l a c e d  b y  f r a c t u r e s ,  w h i le  i n  a  few  

u n d is t u r b e d  se g m e n ts n u c l e a t i o n  an d  g ro w th  o f  c h l o r i t e s  to o k  

p l a c e  d u r in g  m etam o rp h ism  ( P l a t e s  5 . 1 a ,  6 . 6 e ) .

6 . 3 . 1 . 2  Zone B

T h is  e x t e n d s  fro m  1  -  2m b e lo w  t h e  t h r u s t  p l a n e ,  an d  

i s  c h a r a c t e r i s e d  b y  much lo w e r  f r a c t u r e  i n t e n s i t y .  G r a in  s i z e  

i s  u l t r a f i n e  m a r k in g  t h e  i n c e p t i o n  o f  c r y s t a l l i z a t i o n  fro m  t h e



PLATE 6 . 6

D u r n e s s c a r b o n a t e s  b e lo w  t h e  M o in e T h r u s t  -  K n o c k a n .

a . From  w i t h i n  lm  o f  t h e  t h r u s t  p l a n e .  N o te  t h e  

i n t e n s e  f r a c t u r i n g  e v e n  down t o  g r a i n  s i z e  l e v e l .  

G r a in  s i z e  i s  a m ix t u r e  o f  f a i r l y  l a r g e  o l d  a n d  

d e fo rm e d  g r a i n s  w it h  s m a l l  n e w ly  fo rm e d  g r a i n s .

S c a l e  b a r :  1mm, o p t i c a l  m ic r o g r a p h ,  c r o s s e d  p o l a r s .

b ,  c F r a c t u r e  h e a l i n g  i s  b y  g r e y i s h  o r  b r o w n is h  c a r b o n a t e

an d  d . ce m e n t a s  i n  (a) , o r  n u c l e a t i o n  o f  f i n e  c r y s t a l s  o f

m a in ly  c a l c i t e  (c  an d  d) . C r y s t a l l i z a t i o n  i n  f r a c t u r e s

( v e in s )  and i n  o r i g i n a l  d i a g e n e t i c  s o l u t i o n  se a m s

( c ,  d an d  e) i s  d o m in a n t  i n  t h i s  a r e a .

S c a l e  b a r :  b = 1mm )
) O p t i c a l  m ic r o g r a p h s  i n  

c  =  1mm )
) c r o s s e d  p o l a r s .  

d =  1mm )

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

w h ic h  h a v e  n o t  b e e n  d i s t u r b e d  b y  t e c t o n i c s .

S c a l e  b a r :  1mm, o p t i c a l  m ic r o g r a p h  i n  c r o s s e d  p o l a r s .
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o r i g i n a l  c a r b o n a t e  m a t r ix .  A n e tw o rk  o f  s p a c e d  c a l c i t e  v e i n s  

t r a n s e c t s  b o t h  b e d d in g  an d  s o l u t i o n  s u r f a c e s  ( P l a t e  6 . 7 a ,  b ) . 

Some o f  t h e  v e i n s  a r e  a l s o  d i s p l a c e d  b y  l a t e r  m ovem ents a lo n g  

b e d d in g  and s o l u t i o n  s u r f a c e s  ( P l a t e  6 . 7 b ,  c ) , sh o w in g  t h a t  

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

m ovem ent h o r iz o n s  t o  accom m odate s t r a i n .

A ls o  common i n  t h i s  zo n e  i s  t h e  v e r y  c l o s e  a r r a n g e m e n t  

o f  b e d d in g  -  p a r a l l e l  s o l u t i o n  s u r f a c e s  ( P l a t e  6 . 7 a ,  c ) . A ls o  

b e d d in g  -  p a r a l l e l  l i n e a r  a r r a n g e m e n ts  o f  p y r i t e  m ic r o g r a n u le s  

g i v e  a d a r k  c o l o u r  b a n d in g  t o  t h e  r o c k .  T h e  r a n g e  i n  v e i n  w id t h  

an d  t h e  way t h e s e  v e i n s  c r o s s  c u t  i s  an  i n d i c a t i o n  t h a t  t h e  

c a r b o n a t e s  b e n e a t h  t h e  t h r u s t  h e r e  e x p e r ie n c e d  s e v e r a l  c y c l e s  

o f  f l u i d  pum pin g d u r in g  t h e  l a s t  p h a s e  o f  t e c t o n i c  a c t i v i t y .

R e c r y s t a l l i z a t i o n  an d  g r a i n  g ro w th  i n c r e a s e  to w a rd s  

t h e  t o p  o f  t h e  zo n e  p a r t i a l l y  w ip in g  o u t  s e d im e n t a r y  an d  d i a -  

g e n e t i c  s t r u c t u r e s .

6 . 3 . 1 . 3  Zone C

From  two t o  t h r e e  m e tre s  b e lo w  t h e  t h r u s t  i s  a  zo n e
rg

o f  c o m p le te  - c r y s t a l l i z a t i o n  w it h  a  n e a r l y  u n if o r m  f i n e  g r a in e d  

m o z a ic  o f  m a in ly  d o lo m it e ,  an d  a  l i t t l e  q u a r t z .  A l l  d i a g e n e t i c  

s o l u t i o n  seam s t o g e t h e r  w it h  f r a c t u r e s  c a r r i e d  o v e r  fro m  e a r l i e r  

d e f o r m a t io n s  h a v e  e i t h e r  h e a le d  o r  a r e  s i t e s  o f  f o r m a t io n  o f  

v e r y  f i n e  c r y s t a l s .  M ost o f  t h e  e a r l i e r  c o a r s e  g r a i n s  i n  v e i n s  

h a v e  b e e n  r e c r y s t a l l i z e d  p r o d u c in g  a n e a r l y  u n if o r m  t e x t u r e  a l l  

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

c a l c i t e  i n  t h i s  z o n e .

6 . 3 . 1 . 4  Zone D

T h i s  zo n e  e x t e n d s  fro m  t h r e e  t o  f o u r  m e t r e s  b e lo w  t h e  

t h r u s t ,  and c o n s i s t s  o f  f a i r l y  u n if o r m  c r y s t a l l i z e d  g r a i n s ,
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c o - e x i s t i n g  w it h  o l d  s o l u t i o n  s u r f a c e s .  R e c r y s t a l l i z a t i o n  an d  

h e a l i n g  o f  f r a c t u r e s  h a s  a lm o s t  w ip e d  o u t  a l l  o r i g i n a l  

f r a c t u r e s  an d  d i a g e n e t i c  s e a m s . A l i t t l e  m ic a  an d  c h l o r i t e  

o c c u r  i n  some o f  t h e  s e a m s , e m p h a s iz in g  a n o t h e r  s e c o n d a r y  u s e  

o f  s o l u t i o n  s u r f a c e s , a s  s i t e s  f o r  n u c l e a t i o n  o f  new m i n e r a l s . 

T h i s  i s  t h e  g r e a t e s t  d e p th  w h e re  t h e  p r o d u c t s  o f  m e ta m o rp h ism  

h a v e  b e e n  r e v e a l e d ,  b o t h  b y  x - r a y  d i f f r a c t i o n  and e x t e n s i v e  

m i c r o s c o p ic  a n a l y s i s .  H en ce  i t  c o u ld  b e s a i d  t h a t  t h e  maximum  

d e p th  o f  t h e  zo n e  o f  p r o g r a d e  m e ta m o r p h is m ^ a s s o c ia te d  w it h  t h e  

t h r u s t  a t  K n o ck a n  i s  a b o u t  f o u r  m e t r e s .

6 . 3 . 1 . 5  Zone E

B e lo w  f o u r  m e tre sfro m  t h e  t h r u s t  p la n e  th e re  i s  a  f a i r l y  

c o a r s e -g r a i n e d  c a t a c l a s i t e  i n  w h ic h  t h e  l a s t  g e n e r a t io n  o f  

f r a c t u r e s  w as h e a le d  b y  g ro w th  o f  c a l c i t e  m ic r o g r a in s  i n t o  t h e  

f r a c t u r e s  o r  b y  t h e  d e p o s i t io n  o f  a b r o w n is h , i r o n - c o n t a i n i n g  

ce m en t w i t h i n  t h e  f r a c t u r e s .  T h e r e  i s  a  c h a r a c t e r i s t i c  a b s e n c e  

o f  q u a r t z  i n  v e i n s , u n l i k e  t h e  o t h e r  z o n e s , an d  t h e  v e i n s  a r e  

c a l c i t e - f i l l e d .  Some o f  t h e  d o lo m it e  g r a i n s  show c e n t r a l l y  

p la c e d  a l t e r a t i o n  h a lo e s  made up o f  c a l c i t e .  A l l  d i a g e n e t i c  

s t r u c t u r e s  h a v e  b e e n  w ip e d  o u t  b y  c r y s t a l l i z a t i o n ,  th o u g h  t h e r e  

i s  no e v id e n c e  i n  t h e  r o c k  o f  t h e  d e v e lo p m e n t o f  a  new f o l i a t i o n .

6 . 3 . 1 . 6  Zone F  F o r e la n d  D o lo m it e s

S in c e  t h e  w h i t i s h - c o l o u r e d  c a r b o n a t e s  d e s c r ib e d  a b o ve  

a r e  sm e a re d  o u t  i n t o  a wedge t h e  t o t a l  t h i c k n e s s  d i m i n is h e s  s o u t h  

and s o u t h -e a s t w a r d s .  A lo n g  t h e  v e r t i c a l  p r o f i l e  s a m p le d , t h e  

d a r k  f o r e la n d  c a r b o n a t e s  a r e  o n ly  a b o u t 6 m e tr e s  b e lo w  t h e  

M o in e t h r u s t  p la n e  ( P l a t e  3 . 3 a ,  6 ) ,  and e x t e n d  f o r  a n o t h e r  f o u r  

m e tr e s  t o  t h e  to p  o f  t h e  S e r p u l i t e  G r i t .  I t  i s  u n if o r m ly  

c r y s t a l l i z e d ,  i n t e n s e l y  f r a c t u r e d ,  p r o d u c in g  s e v e r a l  g e n e r a t io n s



PLA TE 6 . 7
M ic r o s t r u c t u r e  i n  th e  D r u n e s s  c a r b o n a t e  w i t h i n  1 - 2 m  o f  t h e

t h r u s t  p l a n e .
(a) , (b) an d  (c )

1  -  2m b e lo w  th e  t h r u s t  p l a n e .  A n e tw o rk  o f  s p a c e d

c a l c i t e  v e i n s  c r o s s - c u t s  th e  f o r m a t io n . T h e s e  v e in s

f i l l  f r a c t u r e s  a lo n g  w h ic h  t h e r e  h a s  b e en  d is p la c e m e n t

(a s  i n  a ) , o r  w h ic h  becam e d i s p l a c e d  b y l a t e r

movem ent a lo n g  e a r l i e r  s o l u t i o n  s u r f a c e  -  S ( i n  b an d  c ) .

The h ig h  i n c id e n c e  o f  c r o s s - c u t t i n g  v e in s  i n  t h i s  a r e a

s u g g e s t s  h ig h  f l u i d  a c t i v i t y  d u r in g  a  c y c l i c  s e q u e n c e  o f

t e c t o n i c  p u l s e s .

S c a l e  b a r :  a =  1cm  )
) O p t i c a l  m ic r o g r a p h s  i n  

b =  1cm  )
) c r o s s e d  p o l a r s . 

c  =  1cm  )

d . One m ile  e a s t  o f  th e  c l i f f  b e lo w  t h e  t h r u s t ,  f r a c t u r e s

a r e  a lm o s t  c o m p le t e ly  h e a le d ,  g r a i n  s i z e  r a n g e s  

fro m  1mm t o  much l e s s .  T h e r e  i s  no f o l i a t i o n ,  a n d  

g r a i n  b o u n d a r ie s  a r e  v e r y  s e r r a t e d .

S c a l e  b a r :  1mm, o p t i c a l  m ic r o g r a p h , c r o s s e d  n i c o l s .
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o f  f r a c t u r e s ,  b u t  no f o l i a t i o n .  D e s p it e  t h e  t o t a l r e c r y s t a l l i z a t i o n ,  

t h e  r o c k  s t i l l  m a in t a in s  i t s  d a r k  g r e y i s h  c o l o u r  d u e , p r o b a b l y ,  

t o  t h e  p r e s e n c e  o f  o p aq u e i m p u r i t i e s .

More t h a n  1km  e a s t  o f  t h i s  v e r t i c a l  p r o f i l e ,  a lo n g  t h e  

t o p  o n e m e tre  o f  t h e  c a r b o n a t e s  a  f o l i a t i o n  i s  s t i l l  l a c k i n g ,  

th o u g h  f r a c t u r e  i n t e n s i t y  an d  w id t h  h a v e  d im in is h e d  g r e a t l y  

( P l a t e  6 . 7 d ) .  The r e p e a t e d  f r a c t u r i n g  an d  r e c r y s t a l l i z a t i o n  h a v e  

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

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

f o r e  b e  u s e d  t o  e s t im a t e  t h e  s t r e s s  m a g n it u d e s .

6 . 3 . 2  C n o c a '  C h a o r u in n  A re a

Ten k i l o m e t r e s  t o  t h e  e a s t  o f  K n o c k a n  C r a g  b e lo w  t h e  

M o in e t h r u s t  p la n e  i s  t h e  a r e a  o f  f a i r l y  c o m p le x  d e f o r m a t io n  

d e s c r ib e d  i n  s u b s e c t io n  3 . 4 . 4 .  Here t h e  Lo w e r A s s y n t  t h r u s t ,  

t h e  BenM ore an d  M oine t h r u s t s  o u t c r o p  t o g e t h e r  i n  a s m a l l  a r e a  

( F i g s .  3 . 4 ;  3 . 7 )  a n d  w it h  t h e i r  i m b r ic a t e  t h r u s t s  im p a r t  an  

e le m e n t  o f  c o m p le x it y  t o  t h e  a r e a .  A p a r t  fro m  d i f f e r e n c e s  i n  

t e m p e r a t u r e s  b etw een  t h i s  a r e a  a n d  K n o ck a n  ( s e e  S u b s e c t io n  4 . 3 . 4 ) ,  

t h e r e  a l s o  e x i s t  im p o r t a n t  m i c r o s t r u c t u r a l  d i f f e r e n c e s .

H e r e , co m p ared  t o  K n o c k a n , a r e a s o n a b le  f o l i a t i o n  h a s  

d e v e lo p e d  i n  a d d i t i o n  t o  a  f a i r l y  o b v io u s  th o u g h  w eak l i n e a t i o n  

d e s c r ib e d  i n  C h a p t e r  3 .  The f o l i a t i o n  c o u ld  b e  d e s c r ib e d  a s  

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

a l t e r n a t i n g  ( P l a t e s  6 . 8 a ,  b ) . The p h y l l o s i l i c a t e  b a n d s  w h ic h  

a r e  m a in ly  i n h e r i t e d  fro m  s t y l o U t e s  an d  d i a g e n e t i c  s o l u t i o n  

seam s c o n t a in  f i b r e s  o f  m ic a  an d  c h l o r i t e .  T h e s e  b a n d s  r a n g e  

i n  t h ic k n e s s  b e tw ee n  2 . 5 p m  an d  100pm  n o rm a l t o  f o l i a t i o n .

The r o c k  i s  a b o u t  70 % d o lo m it e ,  w it h  c a l c i t e ,  q u a r t z  

a u t h i g e n i c  f e l d s p a r s  an d  p h y l l o s i l i c a t e s  m a k in g  up t h e  o t h e r
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3 0 % .  Th e m a in  o paq u e m in e r a l s  p r e s e n t  a r e  o x id e s  o f  i r o n  an d  

t i t a n i u m  a n d  s u l p h id e s  o f  i r o n  ( P l a t e s  6 . 8 b ,  6 . 8 c ) .

6 . 3 . 2 . 1  G r a in  S h a p e  a n d  B o u n d a r ie s

G r a in s  a r e  g e n e r a l l y  o f  e q u a n t  s h a p e s ,  b u t  i n  some c a s e s  

o n ly  s l i g h t l y  s o  ( P l a t e s  6 . 8 a ,  6 . 8 d ) .  The lo n g e r  d im e n s io n s  a r e  

n o t  a lw a y s  p a r a l l e l  to  f o l i a t i o n .  T h e r e  i s  some am ount o f  g r a i n  

b o u n d a ry  i n t e r p e n e t r a t i o n  w h e re  t h e  g r a i n s  h a v e  s e r a t e d  e d g e s  

( P l a t e  6 . 8 d  ) b u t  t h e  t e n d e n c y  to w a rd s  s t r a i g h t  b o u n d a r ie s

i s  q u i t e  o b v io u s . G r a in  w id t h  r a n g e s  b e tw ee n  37  -  40pm , n o rm a l  

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

6 . 3 . 2 . 2  O th e r  S t r a i n  F e a t u r e s

U n d u la t o r y  e x t i n c t i o n  a f f e c t s  m a in ly  t h e  l a r g e s t  g r a i n s  

( l i k e  q i n  P l a t e  6 . 8 c ) ,  an d  q u a r t z  m ore t h a n  d o lo m it e .  T w in n in g  

i s  v e r y  s c a r c e  h e r e ,  a v e r a g in g  a b o u t  one i n  t h r e e  h u n d r e d  g r a i n s ,  

an d  i n c r e a s i n g  v e r y  g r a d u a l l y  e a s t w a r d s  b e lo w  t h e  t h r u s t . r(10T4) 

c le a v a g e  d o m in a te s  i n  30 -  40% o f  d o lo m it e  an d  c a l c i t e  g r a i n s ,  

b e in g  m a in ly  a lo n g  one p l a n e .  M aybe b e c a u s e  o f  t h e  lo w  s t r a i n ,  

a n d /o r  lo w  t e m p e r a t u r e s , s u b g r a in s  and r e c r y s t a l l i z e d  g r a i n s  a r e  

g e n e r a l l y  n o t  p r e s e n t .

C a l c i t e / d o l o m i t e  m i c r o s t r u c t u r e  h e r e  ls :. i n t e r p r e t e d  t o  

h a v e  gone b e y o n d  th e  b r i t t l e  f i e l d  i n t o  w h a t may b e r e g a r d e d  a s  

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

a n d  h a s ^ t h e r e f o r e  b e e n  u s e d  i n  s t r e s s  e s t i m a t e s .  T h e r e s u l t s  

a r e  p r e s e n t e d  i n  S e c t io n  6 . 5

6 . 3 . 3  The G le n c o u l  A r e a

S a m p le s  c o l l e c t e d  w i t h i n  t h e  im b r ic a t e  s t r u c t u r e  b e lo w  

t h e  M oine T h r u s t  i n  t h i s  a r e a  (s e e  F i g .  3 . 9 )  show ed m i c r o s t r u e t u r e ^  

d i f f e r e n t  fro m  t h e  s o u t h e r n  a r e a s .  L i k e  t h e  r e s t  o f  t h e  s o u t h ,  

u b iq u it o u s  t w in n in g  i s  n o t  o b s e r v e d  i n  d o lo m it e ,  b u t  t h e r e  i s  a 

b e t t e r  d e v e lo p m e n t o f  f o l i a t i o n ,  e s p e c i a l l y  i n  t h e  F u c o id  B e d s  

( P l a t e  6 . 9 a ) .  T h is  i s  a id e d  p r i n c i p a l l y  b y  t h e  h ig h e r  c o n c e n t r a -
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L in e a te d  and f o l i a t e d  d o lo m ite s  -  Cnoc a ' C h a o ru in n .

a and c A f o l i a t i o n  has d e v e lo p e d  i n  t h i s  a re a  c o n s i s t in g
o f  bands o f  m ic a  -  m, bounded b y  d o l o m i t e / c a l c i t e  as  
i n  (a ) o r  q u a r t z  q ( i n  c ) . N o te  u n d u la to r y  e x t i n c t i o n  
o f  q u a r t z  g r a in  -  q .  I n  some p la c e s  th e  a l t e r a t i o n  
o f  m ic a  t o  c h l o r i t e  -  Ch and th e  f o rm a t io n  o f  
f e ld s p a r s  -  f p  (b ) a re  q u i t e  common.

I n  (d ) s e r r a t e d  g r a in  b o u n d a r ie s  r e s u l t  i n  i n t e r 
p e n e t r a te d  g r a in s ,  w he re  th e  p h y l l o s i l i c a t e  c o n te n t  
i s  lo w . T h is  i s  d i f f e r e n t  fro m  (a ) , w he re  g r a in  
b o u n d a r ie s  a re  m ore s t r a i g h t .

( a )  , (c )  and (d ) -  o p t i c a l  m ic ro g ra p h s  i n  
c ro s s e d  p o l a r s .
S c a le  b a r s :  1mm e a c h .
(b ) -  e le c t r o n  m ic ro g ra p h  ( b a c k s e a t te r e d .
S c a le  b a r :  lOO|Jm.
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F u c o id  B ed s , sam p le  S T -3 , w i t h i n  th e  im b r ic a te s  b e lo w  th e  
M oine  T h r u s t  a t  G le n c o u l (see  f i g .  3 .9  f o r  l o c a t io n  and  
A p p e n d ix  2 f o r  g r i d  r e f e r e n c e ) .
Q u a r tz  a ppea rs  d a rk  due t o  u l t r a t h in n in g .  N o te  th e  
"d ra w in g  o u t "  o f  q u a r tz  i n t o  r ib b o n s ,  w h i le  d o lo m ite  g r a in s  
a re  s t i l l  i r r e g u l a r  i n  shape w i t h  s e r r a te d  e d g e s , and o f t e n  
i n t e r p e n e t r a t in g  (see  d and a ) ,  th e re  i s  a g r e a te r  
p e rc e n ta g e  o f  w h i te  m ic a  i n  t h i s  ro c k  th a n  i n  th e  D u rness  
c a rb o n a te s .

a . T he re  i s  f a i r l y  e x te n s iv e  s u b g ra in  f o rm a t io n ,
e s p e c ia l l y  i n  q u a r tz  (see  q i n  ( a ) . Some o f  th e s e  
have f u r t h e r  r o t a t e d  t o  fo rm  r e c r y s t a l l i z e d  g r a in s .  
T w in n in g  o f  d o lo m ite  i s  v e ry  r a r e ,  hence  m os t o f  
th e  low  te m p e ra tu re  s t r a i n  h e re  m u s t have  been  
ta k e n  up by  q u a r t z  and g r a in  b o u n d a ry  s l i d i n g  i n  m ic a .

= 1mm ) O p t ic a l  m ic ro g ra p h s  i n
)
) c ro s s e d  p o la r s .

S ca le  - (a ) ,c a n d  (d) 
(b ) = 6 3pm
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t i o n  o f  w h i t e  m ic a  and q u a r tz  th a n  i n  th e  D u rness  F o rm a t io n .
The q u a r t z ,  as shown i n  P la te s  6 .9 a ,  b ,  c and d , fo rm s  r ib b o n s  
much m ore e a s i l y  th a n  d o lo m ite  o r  f e ld s p a r  and as a r e s u l t  has  
b e t t e r  d e v e lo p e d  p re s s u re  shadow s . Q u a r tz  (w h ic h  a p p e a rs  d a rk  
due t o  u l t r a t h in n in g )  shows f a i r l y  e x te n s iv e  s u b g ra in  fo rm a t io n  
and some r e c r y s t a l l i z a t i o n  (see  q i n  P la te  6 . 9 a ) ,  w h i le  th e  
g r a in s  t h a t  have  n o t  s t a r t e d  r e c r y s t a l l i z i n g  show e x te n s iv e  
d e fo rm a t io n  b a n d s . D o lo m ite  on th e  o th e r  hand  shows v e r y  l i t t l e  
s u b g ra in  fo rm a t io n  and c o r r e s p o n d in g ly  l i t t l e  r e c r y s t a l l i z a t i o n .  
I t s  g r a in  b o u n d a r ie s  a re  m ore s e r a te d  and le s s  r e g u la r  due m a in ly  
t o  in t e r p e n e t r a t io n  w i t h  o t h e r  d o lo m ite  g r a in s  (see  d i n  P la te  
6 . 9 a ) ,  w i t h  q u a r tz  (see d i n  P la te  6 . 9 b  and d) and w i t h  f e ld s p a r s

G ra in  s iz e  ra n ge s  fro m  37 -  45pm f o r  th e  d o lo m ite  g r a in s ,  
th e  lo w e r  end  s iz e  ra n ge  b e in g  i n  th o s e  sam p les  w i t h  h ig h e r  m ic a  
c o n te n t .  The absence  o f  tw in n in g  i s  p a r t l y  com pensa ted  b y  th e  
p re s e n c e  o f  s in g le  s e ts  o fp -c le a v a g e  w h ic h  b e a r  no  c o n s ta n t  
r e l a t i o n s h ip  t o  th e  f o l i a t i o n .

6 .4  MICROSTRUCTURE OF HIGH STRAIN AREAS; ALONG THE MOINE
THRUST IN  THE NORTH
In t e n s e ly  d e fo rm ed  o u tc r o p s  o f  th e  D u rness F o rm a t io n  

b e lo w  th e  M o ine  T h ru s t  i n  E r i b o l l  have  been  r e f e r r e d  t o  b y  
Peach e t  a l -  (1 9 0 7 ) , and g iv e n  a b r i e f  d e s c r ip t io n  b y  S op e r and  
W ilk in s o n  (1 9 7 5 , see a ls o  s u b s e c t io n  3 . 4 . 7 ) .  No d e t a i le d  m ic r o -  
s t r u c t u r a l  d e s c r ip t io n  o f  t h i s  ty p e  l o c a l i t y  has been done d e s p i t e  
i t s  p o t e n t i a l  f o r  a id in g  th e  u n r a v e l l i n g  o f  th e  h i s t o r y  o f  M o ine  
t h r u s t i n g .  The m ic r o s t r u c tu r e s  d e s c r ib e d  b e lo w  a re  o f  D u rness  
C a rb o n a te s  fro m  th e  l o c a l i t y  r e f e r r e d  t o  as " E r i b o l l  M a rb le "  i n  
F ig .  3 .1 0 .
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A v e r y  f i n e  m y l o n i t i c  f o l i a t i o n  i n  t h e  E r i b o l l  m a r b l e .

A v e r y  f i n e  m y l o n i t i c  f o l i a t i o n  h a s  d e v e lo p e d  i n  t h e  

D u rn e s s  c a r b o n a t e s  h e r e .  I t  i s  made up o f  b a n d s  o f  c a r b o n a t e  

( d o lo m it e  a n d  c a l c i t e )  m in e r a ls  i n t e r l e a v e d  w it h  c h l o r i t e  a n d  

t a l c .  Th e two g e n e r a t io n s  o f  d o lo m it e  g r a i n s  a r e  d ^  -  

p a r a l l e l  t o  f o l i a t i o n ,  an d  d 2 -  n o rm a l t o  i t  ( (b) a n d  (c ) ) .

D o lo m ite  g r a i n s ,  u n l i k e  i n  A s s y n t ,  a r e  r ib b o n e d  ( s e e  (a ) an d

(d) ) ,  and t w in n in g  i s  u b iq u it o u s  (c  a n d  d ) .

F o r  d^ t y p e  o f  g r a i n s ,  g r a in b o u n d a r ie s  a r e  p a r a l l e l  t o  

f o l i a t i o n ,  an d  g r a i n  i n t e r p e n e t r a i o n  i s  n o t  a s  common a s  i n  

A s s y n t .

S c a le  b a r s :  (a) , (b) a n d  (c )  =  0.5m m  ) O p t i c a l  m ic r o g r a p h s
)

(d) = 1mm ) in crossed polars. 

NOTE: Calcite has been stained ark by Alizarine S.
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6 . 4 . 1 . 1  F o l i a t i o n

A v e r y  f i n e  s c h i s t o s e  f o l i a t i o n  h a s  b e e n  d e v e lo p e d  i n  

th e  c a r b o n a t e s  o f  t h i s  p a r t  o f  t h e  M oine T h r u s t  Zone ( P l a t e  6 . 1 0 a ,  

b ,  c  and d ) . B a n d s o r  r ib b o n s  o f  c a l c i t e  a n d /o r  d o lo m it e  

a l t e r n a t e  w it h  l a t h s  o f  c h l o r i t e  a n d  t a l c  m o s t ly  w it h o u t  m ic a .  

P l a t e s  6 . 1 0 a  a n d  b  a r e  v e r y  much l i k e  t h e  m y l o n i t i c

q u a r t z i t e  fro m  t h e  M oine T h r u s t  Zone d e s c r ib e d  b y  C h r i s t i e  

( 1 9 6 3 ,  s e e  P l a t e  9 ) .  Two g e n e r a t io n s  o f  d o lo m it e  g r a i n s  a r e  

g e n e r a l l y  d i s p l a y e d  h e r e ?  an  e a r l i e r ,  h i g h l y  s t r a i n e d ,  o f t e n  

r ib b o n e d  an d  tw in n e d  t y p e ,  w h ic h  i s  p a r a l l e l  t o  f o l i a t i o n ;  an d  

a l a t e r  t y p e  n o rm a l t o  t h e  f o l i a t i o n ,  w it h  o r  w it h o u t  t w in n in g .  

T h ese l a t t e r  g r a i n  s h a p e s  a r e  d e s c r ib e d  l a t e r  i n  t h i s  s e c t i o n .

I n  P l a t e s  6 . 1 0 b  an d  c  th e  two t y p e s  o f  g r a i n  o r i e n t a t i o n s  a r e  

shown t o  c o e x i s t  v e r y  c l o s e l y .  The v e r y  f i n e  g r a in e d  n a t u r e  

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

a n d  t h e  p r e s e n c e  o f  h ig h  s t r a i n s  w h ic h  h a v e  r e s u l t e d  i n  t w in n in g  

a n d  r ib b o n  t e x t u r e s  o f  t h e  c a r b o n a t e  g r a i n s ,  a r e  a l l  f a c t o r s  

w h ic h  j u s t i f y  t h e  te rm  " m y Io n it e "  t o  be a p p l i e d  h e r e  t o o .

6 . 4 . 1 . 2  G r a in  B o u n d a r ie s

A lt h o u g h  g r a i n  b o u n d a r ie s  a r e  s t r a i g h t e r  an d  m ore  

p a r a l l e l  t o  f o l i a t i o n  h e r e  t h a n  an yw h ere i n  t h e  s o u t h ,  on c l o s e r  

v ie w  t h e  l a r g e r  g r a i n s  show e x t e n s iv e  g r a i n  b o u n d a r y  r e c r y s t a l l i z a 

t i o n ,  p r o d u c in g  s e r r a t e d  e d g e s  a n d  a m o r t a r  t e x t u r e  (co m pare S p r y ,  

1 9 6 9 ,  P l a t e  X X X V I I I ) .  The r e c r y s t a l l i z e d  g r a i n s  a r e  i n v a r i a b l y  

tw in n e d  an d  may h a v e  t h e i r  lo n g e r  d im e n s io n s  p a r a l l e l  t o  th e  

f o l i a t i o n  ( P l a t e s  6 . 1 1 a ,  b ) .

G r a in  s i z e  r a n g e s  fro m  2 3jJm to  50pm , n o r m a l t o  f o l i a t i o n  

f o r  t w in f r e e  d o lo m it e  g r a i n s  and i s  b etw een  30|jm a n d  40pm 

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

Th e g r a i n  s i z e
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T w in n in g  i n  c a l c i t e  an d  d o lo m it e .

T w in n in g  i n  c a l c i t e  an d  d o lo m it e  i s  u b iq u it o u s  a t  th e  E r i b o l l  

a r e a  o f  th e  M oine T h r u s t  Z o n e . The s m a l l e r  g r a i n s  d e v e lo p  

s i n g l e  t w in  s e t s  (se e  Sp i n  b , c ,  an d  d) w h i le  t h e  

p o r p h y r o c l a s t s  _  S 2  "  n o r m a lly  h a v e  two o r  m ore s e t s  o f  t w in s .

Tw in  s e t s  i n  c  a n d  d s u g g e s t  s im u lt a n e o u s ,  r a t h e r  th a n  

s e q u e n t i a l  d e v e lo p m e n t o f  f  -  t w in s  i n  d o lo m it e ,  h e n c e  one  

s e t  n o r m a lly  r o t a t e s  t h e  o t h e r  ( e a r l i e r )  s e t  (s e e  c ) .

R e c r y s t a l l i z a t i o n  a ro u n d  t h e  b o u n d a r ie s  o f  t h e  l a r g e s t  

g r a i n s  i s  m o st n o t i c e a b l e ,  r e p l a c i n g  th e  p o r p h y r o c l a s t s  

w it h  f i n e r ,  o f t e n  tw in n e d  g r a i n s .  The r e s u l t i n g  g r a i n  

b o u n d a ry  ( o f  t h e  p o r p h y r o c la s t )  i s  s e r r a t e d  (s e e  a ,  b an d  e ) .

O p t i c a l  m ic r o g r a p h s ,  i n  c r o s s e d  p o l a r s ,  a n d  a l i z a r i n .

S c a l e  b a r s :  a , b , c  an d  d =  1mm

e =  0.5m m .
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h a s  b e e n  u s e d  t o  e s t im a t e  th e  p o s s i b l e  s t r e s s  m a g n it u d e s .

6 . 4 . 1 . 3  T w in n in g

T w in n in g  i n  th e  D u r n e s s  C a r b o n a t e s  b e lo w  th e  M o in e t h r u s t  

i n  t h i s  a r e a  i s  u b i q u i t o u s ,  a f f e c t i n g  b o t h  c a l c i t e  and d o lo m it e  

g r a i n s  o f  b o t h  f o l i a t i o n  -  p a r a l l e l  an d  f o l i a t i o n  -  n o rm a l  

g e n e r a t io n s  ( P l a t e s  6 . 1 1 c ,  d a n d  e)  an d  a l s o  o f  d i f f e r e n t  s i z e s .  

T w in n in g  i s  p o l y s y n t h e t i c ,  w it h  m o st c a l c i t e  a n d  d o lo m it e  g r a i n s  

h a v in g  one s e t  o f  n a r r o w ly  s p a c e d  t w in s .  O c c a s i o n a l l y ,  t h e  v e r y  

l a r g e  d o lo m it e  g r a i n s  h a v e  two s e t s  o f  t w in s ,  b u t  t h e s e  a r e  i n  

th e  m i n o r i t y ,  o r  a  s e t  o f  c le a v a g e  may be s u p e r im p o s e d  on  

a l r e a d y  t w in n e d  g r a i n s . T h e s e  c l e a v a g e / t w in  p la n e s  t o g e t h e r  

w it h  t h e  g r a i n  b o u n d a r ie s  a r e  th e  s i t e s  f o r  n u c l e a t i o n  o f  new 

g r a i n s .

6 . 4 . 1 . 4  R e c r y s t a l l i z a t i o n

A p a r t  fro m  g r a i n  b o u n d a ry  c h e m ic a l  r e a c t i o n s  p r o d u c in g  

zo n e d  d o lo m it e  g r a i n s  ( P l a t e  6 . 4 b ) ,  g r a i n  b o u n d a r y  s l i d i n g  t o  

accom m odate la r g e  im p o se d  s t r a i n s , g r a i n  b o u n d a r ie s  a l s o  le n d  

t h e m s e lv e s  a s  s i t e s  o f  r e c r y s t a l l i z a t i o n  o f  new g r a i n s  ( P l a t e  

6 . 1 1 a , b ,  c  a n d  e ) . N ew ly r e c r y s t a l l i z e d  g r a i n s  t e n d  t o  a c q u ir e  

t w in s  e a s i l y  a n d  t o  e lo n g a t e  ; o u t  u n d e r  t h e  s t r a i n .  A lt h o u g h  

t h e y  a r e  l i k e l y  t o  h a v e  r e c r y s t a l l i z e d  a s  f i n e  e q u ia x e d  g r a i n s  

u n d e r  s y n t e c t o n i c  c o n d i t i o n s  (R o b e r t s  an d  A h lb lo m  , 1 9 7 8 ) ,  t h e y  

a r e  so o n  f l a t t e n e d  o u t  o r  e lo n g a t e d  due t o  s u b s e q u e n t  d e f o r m a t io n  

( N ic  o l a s  a n d  P o i r i e r ,  1 9 7 6 ) .  The r e c r y s t a l l i z a t i o n  p r o c e s s  i s  

t h e r e f o r e  v e r y  l i k e l y  t o  be s y n t e c t o n i c ,  an d  t h e  g r a i n s  o f  

e q u i l i b r i u m  s i z e .  The o t h e r  ty p e  o f  r e c r y s t a l l i z e d  g r a i n s  

n u c le a t e  m o s t ly  i n  th e  h i g h l y  s t r a i n e d  j u n c t i o n s  b e tw e e n  t w in s  

a n d  im p o se d  c le a v a g e  ( P l a t e  6 . 1 2 a  an d  b ) . I n  P l a t e  6 . 1 2 a ,  a  

l a r g e  r e l i c t  d o lo m it e  g r a i n  h a s  b e e n  tw in n e d  on two s e t s  o f  f  

t w in  p l a n e s ,  t h e  e a r l i e s t  s e t  r u n n in g  l e f t  t o  r i g h t  o f  th e  p h o t o .
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I n t r a c r y s t a l l i n e  r e c r y s t a l l i z a t i o n  (a  a n d  b) o c c u r s  a t  

h ig h  s t r a i n  j u n c t i o n s .

T h e se  j u n c t i o n s  a r e  fo rm e d  a s  i n :

a .  By s u p e r p o s i t io n  o f  a  l a t e  r  c le a v a g e  -  c l  -  o n

two e a r l i e r  f - t w i n  s e t s  ( e a s t -w e s t  s e t ,  n o r t h - w e s t  -  

s o u t h - e a s t  s e t ) , a n d  i n

b .  tw o jp c le a v a g e  s e t s  ( n o r t h -s o u t h  s e t  a n d  n o r t h - w e s t

-  s o u t h  - e a s t  s e t ) , on two e a r l i e r  t w in  s e t s  ( n o r t h  e a s t  

s o u t h  w e s t  s e t  a n d  n o r t h  w e s t  -  s o u t h  e a s t  s e t )  .

T h e s e  v e r y  h ig h  s t r a i n  i n t e r s e c t i o n s  a lo n g  t h e  c le a v a g e  

l a m e l l a e  becom e c e n t r e s  f o r  n u c l e a t i o n  o f  new g r a i n s .  

G row th o f  t h e s e  new g r a i n s  w o u ld  r e q u i r e  d i f f u s i o n  o r  

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

n u c le a t e d  g r a i n s  -  a  s o l i d  s t a t e  p r o c e s s .

T h e s e  i n t r a c r y s t a l l i n e  g r a i n s  a r e  g e n e r a l l y  s m a l l e r  

th a n  t h o s e  a t  t h e  g r a i n  b o u n d a r ie s .

I n  c  r e l i c t s  -  c  -  o f  t h e  l a r g e r  p o r p h y r o c l a s t s  a r e  b e in g  

an d  d p r o g r e s s i v e l y  r e d u c e d  b y  r o t a t i o n  o f  s u b  g r a i n s  s  i n t o  

new g r a i n s .

O p t i c a l  m ic r o g r a p h s  i n  c r o s s e d  p o l a r s  w it h  a l i z a r i n  

s  s t a i n i n g .

S c a l e  b a r s :  200pm .
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Th e c o u p l in g  o f  d e f o r m a t io n  s t r a i n s  r e s u l t i n g  fro m  t w in n in g  

w it h  t h o s e  r e s u l t i n g  fro m  c le a v a g e  p r o d u c e d  v e r y  n a rro w  z o n e s  

o f  h ig h  s t r a i n  e n e r g y  c o n c e n t r a t i o n .  S in c e  r e c r y s t a l l i z a t i o n  

i s  a s t r a i n  e n e r g y  r e d u c t io n  m e ch a n ism  ( M e r c ie r  e t  a l ;  1 9 7 7 ) ,  

i t  i s  n o t  s u r p r i s i n g  t h e r e f o r e  t h a t  t h e s e  z o n e s  o f  h ig h  s t r a i n  

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

I n  P l a t e  6 . 1 2 b  t h e r e  a r e  a t  l e a s t  two s e t s  o f  r  c le a v a g e  

im p o se d  on two s e t s  o f  f  t w in s  a n d  th e  same r e c r y s t a l l i z a t i o n  

p r o c e s s  t a k e s  p l a c e  a lo n g  t h e  f o r m e r . The i n t e n s i t y  o f  i n t r a 

c r y s t a l l i n e  r e c r y s t a l l i z a t i o n  i s  n o t  c o m p a ra b le  t o  g r a i n  b o u n d a r y  

r e c r y s t a l l i z a t i o n ,  an d  g r a i n s  p r o d u c e d  i n  t h e  fo rm e r  t e n d  t o  

be s m a l l e r  t h a n  i n  th e  l a t t e r .  T h is  c o u ld  p a r t l y  be e x p l a in e d  

i n  te rm s o f  d i f f e r e n c e  i n  a c t i v a t i o n  e n e r g y  b e tw ee n  i n t r a 

c r y s t a l l i n e  an d  b o u n d a ry  d i f f u s i o n .  A f t e r  t h e  n u c l e a t i o n  o f  a  

new g r a i n ,  be i t  w i t h i n  t h e  p o r p h y r o c l a s t  o r  a t  th e  b o u n d a r y ,  

th e  r a t e  o f  g r a i n  b o u n d a ry  m ig r a t io n  V  ^  o f  th e  new g r a i n  i s  a  

f u n c t io n  o f  t h e  d r i v i n g  f o r c e  F  an d  th e  g r a i n  b o u n d a ry  m o b i l i t y  

M a s  :

V ,  =  MFn -----------------------( 6 . 1 )gb

(S ee a l s o  N i c o l a s  and P o i r i e r ,  1 9 7 6 ;  e q u a t io n  4 . 4 1 ) .  T h i s  t h e r m a l l y  

a c t i v a t e d  p r o c e s s  i n v o l v e s  t h e  t r a n s p o r t  o f  atom s a c r o s s  t h e  

g r a i n  b o u n d a ry  b y  d i f f u s i o n .  The m o b i l i t y :

M =  Mo e x p —(AH , )  _ _ _ _ _  ( 6 . 2 )

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

M = Mo e x p  -  (AHfa) _ _ _ _ _  ( 6 . 3 )

KT

i s  th e  m o b i l i t y  o f  th e  m ig r a t in g  s p e c ie s  w i t h i n  t h e  p o r p h y r o c l a s t .  

A H ^  i s  th e  a c t i v a t i o n  e n e r g y  f o r  g r a i n  b o u n d a ry  m i g r a t io n ,  w h i l e  

AHb i s  t h a t  f o r  b u lk  m i g r a t io n .  K and T a r e  B o lt z m a n n 's  c o n s t a n t  

an d  th e  t e m p e r a t u r e  r e s p e c t i v e l y .  A t  a  p a r t i c u l a r  t e m p e r a t u r e
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The f ib r o u s  d o lo m it e  g r a i n s .

T h e s e g r a in s  u s u a l l y  grow a t  a  h ig h  a n g le  t o  th e  f o l i a t i o n  

(a  an d  b ) , a lt h o u g h  d e f o r m a t io n  may b e n d  (d) a n d /o r  t w in  

them  (c  an d  d ) .

T h e i r  c o n s t a n t  a t t a c h m e n t  to  a  p h y l l o s i l i c a t e  ( c h l o r i t e  an d  

t a l c )  s u b s t r a t u m  ( a , b , c  an d  d) s u g g e s t s  a g e n e t i c  r e l a t i o n s h i p  

betw een them .

P l a t e s  (e) an d  ( f )  -  q u a r t z  a n d  c a l c i t e  g r a i n s  g ro w in g  a s  

f i b r e s  on p y r i t e  g r a i n s  a l s o  grow i n  a  s i m i l a r  m anner -  

n o rm a l t o  f o l i a t i o n .  I n  ( f )  a q u a r t z  g r a i n  g ro w in g  on a  

p y r i t e  f a c e  t r a c e s  t h e  p a t h  o f  g ro w th . N o te  t h a t  o p t i c a l  

c o n t i n u i t y  b e tw ee n  b o th  e n d s i s  o n ly  s l i g h t l y  o f f .

As shown i n  (b) a n d  (d) some g r a i n s  a r e  t e r m in a t e d  a lo n g  

t h e i r  le n g t h  b y  o t h e r  m ore s u c c e s s f u l  o n e s . T h i s  may s u g g e s t  

gro w th  o f  f a v o u r a b ly  n u c le a t e d  g r a i n s .

O p t i c a l  m ic r o g r a p h s  i n  c r o s s e d  p o l a r s .

S c a l e  b a r s :  ( a ) ,  (c)  an d  ( f )  =  0.5mm  

( b ) , (d) a n d  (e) =  1mm
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^AHb<  AHgb^  2 /3 A H b (A s h b y , 1 9 7 2 ;  R u t t e r ,  1 9 7 6 ;  W h it e ,  1 9 7 6 ;

R o b e r t s  a n d  A h lb lo m , 1 9 7 8 ) ,  h e n c e  g r a i n  g ro w th  w o u ld  b e m ore  

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

i n t r a c r y s t a l l i n e  r e c r y s t a l l i z a t i o n  w as o n ly  fo u n d  i n  t h e  l a r g e r  

p o r p h y r o c l a s t s  i s  a s  p r e d ic t e d  b y  R o b e r t s  a n d  A h lb lo m  ( 1 9 7 8 ) *

6 . 4 . 1 . 5  Th e F ib r o u s  C a r b o n a t e  M ic r o s t r u c t u r e  

A p a r t  fro m  t h e  f o r e g o in g ,  t h e  o t h e r  m i c r o s t r u c t u r e  o f  

i n t e r e s t  a t  E r i b o l l  c o m p r is e d  t h e  f ib r o u s  c a r b o n a t e  c r y s t a l s  

g ro w in g  a t  a  h ig h  a n g le  ( ~ 9 0 ° )  t o  t h e  f o l i a t i o n  ( P l a t e  6 . 1 3 a , b ) .  

T h e y  w ere  p a r t l y  d i s c u s s e d  i n  s e c t i o n  5 . 5  i n  te rm s o f  f l u i d  

p r e s s u r e  r e q u ir e m e n t s  f o r  t h e i r  g r o w th . T h e s e  g r a i n s  h a v e  a 

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

o f  c h l o r i t e  an d  t a l c .  T h e y  a p p e a r  t o  grow fro m  t h e  p h y l l o s i l i c a t e s , 

s p a t i a l l y ,  w h ile  t h e  l a t t e r  grew  a s  lo n g  p l a t e s  p a r a l l e l  t o  t h e  

f o l i a t i o n .  Some p h y l l o s i l i c a t e  p l a t e s  may h a v e  two s u c h  o v e r 

g ro w th s  ab o ve  an d  b e lo w , b u t  i t  i s  r a r e  t o  f i n d  g r a i n s  g ro w in g  

i n  t h e  same way i n  t h e  c a r b o n a t e  b a n d s  ( i . e .  i n  t h e  n o n - p h y l l o s -  

i l i c a t e  b a n d s  o f  t h e  f o l i a t i o n ) . T h e s u g g e s t io n  i s  t h e r e f o r e  

t h a t  t h e r e  i s  a  g e n e t ic  r e l a t i o n s h i p  b e tw ee n  t h e s e  c a r b o n a t e  

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

O c c a s i o n a l l y  t h e s e  f i b r o u s  c r y s t a l s  a r e  t w in n e d  ( P l a t e  

6 . 1 3 c  a n d  may be b e n t  ( P l a t e  6 . 1 3 d ) ,  b u t  g e n e r a l l y  t h e y  t e n d  t o  

grow  p a r a l l e l  t o  o t h e r  l a t e r  m in e r a l s  ( l i k e  c a l c i t e  a n d  q u a r t z )  

g ro w in g  i n  a b u tm e n t t o  p y r i t e  c r y s t a l s  ( P l a t e  6 . 1 3 e ,  f ) .

C h e m ic a l ly  t h e s e  f ib r o u s  g r a i n s  a r e  d o lo m it e  g r a i n s  a n d  

t h e y  do n o t  r e s p o n d  p o s i t i v e l y  t o  an y  s t a i n i n g  t e s t s  ( e . g .  t h e y  

a r e  n o t  s t a i n e d  b y  a l i z a r i n e  S ) .

Although the mineralogical system under the Moines is 

unstable with respect to dolomite (which is altering to calcite - 

see chapter four) and mica (altering to chlorite - see chapter 

five), the persistently foliation-normal nature of the fibrous
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c r y s t a l s  s u g g e s t s  a  l a t e  d e v e lo p m e n t a f t e r  t h e  l a s t  t e c t o n i c  

p h a s e .  E a r l i e r  g ro w th  o f  th e  g r a i n s  w o u ld  h a v e  c a u s e d  e x t e n s i v e  

b e n d in g  o f  t h e  f i b r e s  i n  r e s p o n s e  t o  t h e  p r e v a i l i n g  s h e a r  s t r e s s .

I n  s e c t i o n  5 . 5  t h i s  m i c r o s t r u c t u r e  w as u s e d  a s  e v id e n c e  

t o  s u p p o r t  t h e  i n f e r e n c e  o f  h ig h  f l u i d  p r e s s u r e  ( 18 6  MPa ) i n  

t h i s  e n v ir o n m e n t . S u c h  a  f l u i d  p r e s s u r e ,  w h ic h  i s  a  c o m b in a t io n  

o f  w a t e r  an d  c a r b o n  d io x id e  fro m  t h e  r e a c t i o n :

D o lo m it e  — ►  C a l c i t e  +  P e r i c l a s e  +  C a rb o n  

D io x id e  - - - - -  -  ( 6 . 4 )

c o u ld  v e r y  e a s i l y  t r i g g e r  th e  r e v e r s e  r e a c t i o n :  ( s e e  F i g .  2 . 1 5 )

C a l c i t e  +  P e r i c l a s e  +  C a rb o n  D io x id e  --------------►

D o lo m it e  - - - - -  ( 6 . 5 )

Th e d o lo m it e  p r o d u c e d  i n  ( 6 . 5 )  c o u ld  th e n  b e t h e  l a t e  p h a s e  t h a t  

grew  a s  f ib r o u s  c r y s t a l s .

6 . 5  ESTIM A TES OF STR ESS BY MEANS OF DEFORMATION M ICRO

STRUCTURE IN  THE DURNESS CARBONATES

6 . 5 . 1  I n t r o d u c t io n

S in c e  T u r n e r  ( 1 9 6 2 )  f i r s t  d e s c r ib e d  p e t r o f a b r i c  t e c h n iq u e s  

f o r  m ap p in g  p r i n c i p a l  s t r e s s  o r i e n t a t i o n s  ( u s in g  c a l c i t e  t w in  

l a m e l l a e ) ,  an d  r e l a t i v e  s t r e s s  m a g n it u d e s , a  l o t  o f  in f o r m a t io n  

h a s  b e e n  made a v a i l a b l e  b y  g e o l o g i s t s ,  c e r a m i c i s t s ,  an d  m e t a l l 

u r g i s t s  a im e d  a t  r e l a t i n g  s t r e s s  d u r in g  m a t e r i a l  d e f o r m a t io n  t o  

t h e  r e s u l t i n g  m i c r o s t r u c t u r e .  A lt h o u g h  th e  s t a n d a r d  m i c r o s t r u c t u r a l  

f e a t u r e s  i n  u s e  t o d a y  a r e  d i s l o c a t i o n  d e n s i t y ,  s u b g r a in  s i z e  an d  

r e c r y s t a l l i z e d  g r a i n  s i z e  i n  a  s t e a d y  s t a t e  t e c t o n i t e  (d e fo rm e d  

a t  a c o n s t a n t  s t r e s s  an d  s t r a i n  r a t e  i n  th e  s e c o n d a r y  c r e e p - . f i e l d )  , 

o t h e r  p a r a m e t e r s  t h a t  h a v e  b e e n  c o n s id e r e d  a n d /o r  u s e d  a r e  

d e f o r m a t io n  t w in n in g  i n  c a r b o n a t e  r o c k s  (J a m is o n  an d  S p a n g , 1 9 7 6 ;  

T u l l i s ,  19 8 0 )  a n d  d io p s id e  ( R a le ig h  an d  T a l b o t ,  1 9 6 7 ) ,  a s  w e l l  

a s  i n s i t u  m e a su re m e n ts  ( M e r r i l l ,  1 9 6 4 ?  P o t t s ,  1 9 6 4 ) .  I n  s i t u  

t e c h n iq u e s  n o r m a lly  m e a su re  b o r e h o le  d e f o r m a t io n  ( s t r a i n )  w h ic h  i s
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t h e n  c o n v e r t e d  t o  t h e  s t r e s s  a ro u n d  t h e  b o r e h o le  v i a  s u f f i c i e n t  

k n o w le d g e  o f  t h e  e l a s t i c  m o d u li o f  th e  r o c k .  T h e y  a r e  m ore  

a p p r o p r ia t e  i n  th e  f i e l d s  o f  r o c k  e n g in e e r in g  a n d  m in in g ,  an d  

w i l l  t h e r e f o r e  n o t  be c o n s id e r e d  f u r t h e r  h e r e .  P a le o p ie z o m e t e r s  

t h a t  u s e  d e f o r m a t io n  m i c r o s t r u c t u r e s  a r e  b a s e d  on t h e  a p p a r e n t  

c o r r e l a t i o n  b e tw e e n  f lo w  s t r e s s  a n d  m i c r o s t r u c t u r e s  p r o d u c e d  i n  

e x p e r im e n t a l  d e f o r m a t io n  s t u d i e s  o f  s e v e r a l  c r y s t a l l i n e  m a t e r i a l s .

A tte m p ts  h a v e  b e e n  made i n  th e  r e c e n t  p a s t  b y  w o r k e r s  

i n  t h e  M oine T h r u s t  Zone t o  e s t im a t e  s t r e s s e s  a s s o c i a t e d  w it h  

t h e  e m p la ce m e n t o f  t h e  M oine n ap p e  (W e a th e rs e t  a l . ,  1 9 7 9 ;

W h it e , 1 9 7 9 a , b , c ) . B u t  t h e s e  h a v e  m a in ly  u s e d  one m in e r a l  t y p e  -  

q u a r t z .  I n  t h i s  s e c t i o n  c a l c i t e  an d  d o lo m it e  m i c r o s t r u c t u r e s  

( g r a in  s i z e s )  fro m  b e lo w  t h e  M oine t h r u s t  w i l l  be  u s e d  t o  e s t im a t e  

t h e  p a l e o s t r e s s e s  r e s p o n s i b le  f o r  th e  l a s t  p h a s e  o f  M oine t h r u s t i n g  

a n d  t h e  in f o r m a t io n  o b t a in e d  w i l l  be co m pared  t o  e a r l i e r  e s t im a t e s  

i n  o t h e r  r o c k  t y p e s .

6 . 5 . 2  M o d e ls  o f  F lo w  S t r e s s  an d  M i c r o s t r u c t u r e

6 . 5 . 2 . 1  D i s l o c a t i o n  D e n s it y  /  D i f f e r e n t i a l  S t r e s s

The u n d e r l y in g  a s s u m p t io n  i n  r e l a t i n g  f lo w  s t r e s s  t o  

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

i s  e n c lo s e d  w i t h i n  a  g r a i n  v o lu m e  o f  d e fo rm e d  r o c k  m in e r a l  b y  

t h e  a p p l ie d  s t r e s s  (O^ -  C 3 ^ ) . E a c h  d i s l o c a t i o n  e l a s t i c a l l y  

s t r a i n s  th e  l a t t i c e  o f  t h e  c r y s t a l ,  an d  a s  a  r e s u l t  h a s  a  s t r e s s  

f i e l d  a s s o c i a t e d  w it h  i t  ( N i c o l a s  an d  P o i r i e r ,  1 9 7 6 ;  K o h ls t e d t  

a n d  W e a t h e r s , 1 9 8 0 ) .  N e a rb y  d i s l o c a t i o n s  e x e r t  f o r c e s  on one  

a n o t h e r  th r o u g h  t h e i r  s t r e s s  f i e l d s ,  an d  t h e  sum t o t a l  o f  t h e  

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

When th e  a p p l ie d  s t r e s s  e q u a ls  t h e  i n t e r n a l  s t r e s s ,  a n y  e x c e s s  

d i s l o c a t i o n s  n e w ly  g e n e r a t e d  a r e  a n n i h i l a t e d  o r  a b s o r b e d  i n t o  

lo w -a n g le  b o u n d a r ie s .  S in c e  t h e  i n t e r n a l  s t r e s s  e x e r t e d  b y  one  

d i s l o c a t i o n  on i t s  n e a r e s t  n e ig h b o u r  i s  i n v e r s e l y  p r o p o r t i o n a l
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t o  t h e i r  s e p a r a t io n  ( K o h ls t e d t  a n d  W e a t h e r s , 1 9 8 0 ) .

^int* £  ...... 6*6
w h ere p. and b a r e  s h e a r  m o d u lu s  o f  t h e  m a t e r i a l  an d  t h e  B u r g e r s  

v e c t o r  r e s p e c t i v e l y .  The d i s l o c a t i o n  d e n s it y j>  i s  s im p ly  

r e l a t e d  t o  th e  s p a c in g  b e tw e e n  them  b y  th e  e q u a t io n :

p 2: 1/r2 --------  6.7
Hence CSy - CF-j) = C5"int = kpbp - - - 6.8

w h ere k  i s  a  m a t e r i a l  c o n s t a n t  o f  m a g n itu d e  1  t o  3 ( s e e  a l s o  

McQueen an d  J o n a s ,  1 9 7 5 ;  M e r c ie r  e t  a l .  1 9 7 7 ?  W h it e , 1 9 7 9 a ;  

W e a th e rs  e t  a l ,  1 9 7 9 ?  C h r i s t i e  a n d  O r d , 1 9 8 0 ;  K o h ls t e d t  a n d  

W e a t h e r s , 1 9 8 0 ) .  A lt h o u g h  6 . 8  i s  e m p i r i c a l l y  d e r iv e d ,  M e r c ie r  

e t  a l .  ( 1 9 7 7 ) ,  C h r i s t i e  a n d  O rd  ( 1 9 8 0 )  an d  K o h ls t e d t  a n d  W e a th e rs

( 1 9 8 0 ) ,  h a v e  o b t a in e d  l i n e a r  r e l a t i o n s h i p s  b y  p l o t t i n g  c o n v e n ie n t  

a r r a n g e m e n ts  o f  th e  r i g h t  a g a i n s t  t h e  l e f t  s i d e ,  u s in g  l a b o r a t o r y  

d a t a  d e t e r m in e d  f o r  q u a r t z  a n d  o l i v i n e .  H en ce th e  e m p i r i c a l  

e q u a t io n  6 .8  i s  s a i d  b y  K o h l s t e d t  a n d  W e a th e rs  ( 19 8 0 )  t o  p r o v id e  

a good b a s i s  f o r  e s t im a t in g  p a l e o s t r e s s e s , a lt h o u g h  t h e  i n e q u a l i t y  

o f  a p p l i e d  t o  i n t e r n a l  s t r e s s  i n  n a t u r a l l y  d e fo rm e d  r o c k s  m ay, 

a c c o r d in g  t o  W h ite  ( 1 9 7 9 )  , l i m i t  i t s  a p p l i c a b i l i t y .

6 . 5 . 2 . 2  On t h e  S t r e s s  D e p en d e n ce  o f  S u b g r a in  S i z e

The s i z e  o f  s u b g r a in s  i s  a f u n c t i o n  o f  s t r e s s  m a in l y ,  

a n d  a  r e l a t i o n s h i p  o f  t h e  fo r m :

(<5. - do = Ifib ------------- 6.9
1  3 fr-

h a s  b e e n  u s e d  b y  R a le ig h  an d  K ir b y  ( 1 9 7 0 ) ,  M e r c ie r  e t  a l .  ( 1 9 7 7 ) ,  

T w is s  ( 1 9 7 7 ) ,  W h ite  X 1 9 7 9 a ) , K o h ls t e d t  an d  W e a th e rs  ( 1 9 8 0 )  an d  

E d w a rd s e t  a l .  ( 1 9 8 2 ) .
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(3*  ̂ -  =  d i f f e r e n t i a l  s t r e s s

L  an d  v  a r e  m a t e r i a l  c o n s t a n t s  

p =  s h e a r  m o d u lu s

b =  B u r g e r s  v e c t o r

d =  S u b g r a in  s i z e

S u b g r a in s  ( o r  c e l l s  i n  low  t e m p e r a t u r e  d e f o r m a t io n )  fo rm  b e c a u s e  

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

t o  r e d u c e  t h e  t o t a l  f r e e  e n e r g y  ( T w i s s ,  1 9 7 7 ?  E d w a rd s e t  a l .  1 9 8 2 ) .  

A c c o r d in g  t o  T w i s s , th e  s u b g r a in  w a l l s  c o e x i s t  w it h  a s t e a d y  

s t a t e  d e n s i t y  o f  d i s l o c a t i o n s  i n  t h e  v o lu m e . S u b g r a in s  p r o d u c e d  

d u r in g  c o l d  w o r k in g  a t  h ig h  s t r a i n s  r e s e m b le  b o th  m o r p h o lo g ic a l l y  

and s t r u c t u r a l l y  t h e  s u b g r a in s  p r o d u c e d  d u r in g  c r e e p ,  a lt h o u g h  

t h e  h ig h  s t r e s s e s  an d  low  t e m p e r a t u r e s  i n  th e  f o r m e r  c a s e  r e s u l t  

i n  s m a l l e r  s i z e s  f o r  s u b g r a i n s ,  w h ic h  a l s o  c o n t a in  h ig h  

d i s l o c a t i o n  d e n s i t i e s  ( W h it e , 1 9 7 9 a ) . T h e r e  i s  a  c o n t in u o u s  

d i s l o c a t i o n  i n t e r a c t i o n  b e tw ee n  t h e  m a t r ix  o f  t h e  s u b g r a in  an d  

i t s  b o u n d a r y  t h r o u g h o u t  t h e  d e f o r m a t io n , s u c h  t h a t  a t  low  

s t r a i n s  s u b g r a in s  a r e  b o u n d ed  b y  h e d g e s  o f  d i s l o c a t i o n s .  The  

l a t t e r ,  a s  shown b y  W h ite  ( 1 9 7 9 a ) , r e o r g a n is e  i n t o  w a l l s  o f  

d i s l o c a t i o n s  a s  s t r a i n  i n c r e a s e s .

By m eans o f  r ig o r o u s  t h e o r e t i c a l  t r e a t m e n t ,  E d w ard s  

e t  a l .  ( 1 9 8 2 )  d e r iv e d  a s t r e s s / s u b g r a i n  s i z e  r e l a t i o n s h i p  o f  

th e  form

-< * 3  = L 64
S b̂ v“ (!i)v”(av" - - - 6.10

jjl -'T fg A (l-v )  D i  J l d^ 'd^

w here (3*  ̂ - < 3 ^ ,  p r b and d h a v e  t h e  same m e a n in g  as i n  6 .9  an d
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A and n are dimensionless constants
Cj = number of jogs per unit dislocation length 

= coefficient of diffusion for creep
D2 = coefficient of diffusion for dislocation climb 

in the boundary
g(o< g< 1 ) is determined by the local geometry of deformation

L = the mean slip distance
22V = Poisson*s ratio, and * has its usual value —  

Equation 6.10 resembles or reduces to equation 6.9 if

1 = UgAU-v) if bc3 H 3 ^  and
V in (6.9) =

The material constants l and v in equation 6.9 have values 
of 1 0  - 1 0 0  and 1  respectively for geological materials 
(Twiss, 1977; White,1979a; Etheridge and Wilkie, 1981; Edwards 
et al/ 1982) .

6 .5.2.3 On the Stress Dependence of Recrystallized 
Grain Size

At least three mechanisms of dynamic recrystallization 
have been outlined (see Mercier et al., 1977; Roberts and Ahlblom, 
1978; Kohlstedt and Weathers, 1980), and these will be considered 
under low temperature and high temperature subheadings.
(i) At low temperatures and/or low stresses subgrain
boundaries may continuously rotate to form grain boundaries. The 
misorientation across a subgrain boundary progressively increases 
with continued deformation as dislocations from the subgrain 
matrix are incorporated into the boundary. At about 7° mis
orientation the boundary energy approaches its maximum value 
(kohlstedt and Weathers, 1980), and is, for all purposes a
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grain boundary. This mechanism of subgrain - rotation re
crystallization has been identified in naturally deformed rocks 
(White, 1973b, 1976b; Poirier and Nicolas, 1975).
(ii) At high temperatures and high stresses, new grain 
boundaries do form by the migration of a small portion of an 
existing high-angle grain boundary. As the boundary migrates 
or bulges into the region of higher dislocation density, it 
absorbs the dislocations on its way thus reducing the strain 
energy in the grain. With further deformation the bulge pinches 
off at the base to form a new grain which is relatively strain 
free (Hobbs et al. 1976; Mercier et al. 1977; Kohlstedt and 
Weathers, 1980).
(iii) A third mechanism of recrystallization is outlined by
Mercier et al.(1977) to consist of the generation of new nuclei
preferentially at intersections of subgrains and grain boundaries.
Since the driving force for growth of the new grains is the
energy difference between the new grain and the old grain/subgrain
pair, the direction of growth is normal to the new grain
boundary (see Fig^ 6 of Mercier et al. 1977). ___  __
This third mechanism may not be very different from (i) and (ii).

Even though recrystallization lowers the strain energy
of the deforming material, it still needs to be thermally 
activated hence the observation of dolomite recrystallization 
above 700°C by Wenk and Shore (1975). Unlike recovery which 
begins very rapidly and decreases with time, recrystallization 
starts slowly, builds to a peak and then decreases with time, 
unless the deformation continues, when both processes may 
repeat themselves in cycles.

Due to the continued generation of dislcoations during 
deformation an equilibrium or steady state condition obtains 
when the reduction in free energy due to decrease in dislocation
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density is balanced by the increase in free energy due to 
strain and the increased grain boundary area. At that state, 
the grain size D is a monotonic function of the differential 
stress:

§  =  K „  p - ~  -------------------  6 .1 1

(Twiss, 1977, 1980; Kohlstedt and Weathers, 1980). 
n and Kn are constants of magnitude 1.47 and 4.60 respectively, 
calculated by Twiss (1977) on the basis of combined data for 
nine deformed materials. Equation 6.11 could be dimensionally 
represented by:

(<5i - <53) = m D-w  ---------  6 .1 2

showing the stress dependence of the reciprocal grain size 
-D (mm) through a constant m. The value of m varies from one 
material to another and also according to the ratio of internal 
to applied stress within the deforming matrix. Calcite, for 
instance, has m = 7.5 with w = 0 - 6 8  and quartz has m = 5.5 
(Twiss, 1977; Weathers et al. 1979; White, 1979a; Christie and 
Ord, 1980). Mercier et al. (1977) have obtained the relation:

( <SX -  C53 ) = 3 8 1 .D- 0 , 7 1  -------------------  6 .1 3

on the basis of deformed wet quartzites. ( C5. - O  ) is in 
megapascals and D is in microns. Similarly Friedman and Higgs
(1981) , obtained a relation of the form:

(<51 -<5) = 13.8D~° *7 0 ---------  6.14

from the simple shear deformation of calcite polycrystals. The 
stress is in MPa, while D is in millimeters. As Christie and 
Ord (1980) showed, although the relationships derived by Twiss, 
(1977) and Mercier et al, (1977) , have different values for 
m and w (in equation 6 .1 2 ) the real difference between the two 
functions is small, amounting to differences in estimated flow
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stress of less than a factor of 2 , for a particular grain size.
6.5.3 Problems and Inadequacies with stress estimates 

using the stress/microstructure relationship,
If dislocation densities, subgrain sizes and/or recrysta

llized grain sizes in deformed or deforming minerals are functions- 
only of the prevailing stress, one would expect the result 
(stress) to be the same no matter the material analysed in a 
given tectonite or the method (equation) used. But inconsistencies 
in results to date indicate that there may be difficulties right 
through from the equations and constants, methods of measuring 
the microstruetural parameter in question, as well as inadequate 
knowledge of the effect of the total physical/chemical 
environment or system on the microstructure/s being analysed in 
geological materials (see White, 1979a, b; Weatherset al. 1979; 
Christie and Ord, 1980? Etheridge and Wilkie, 1981).

5.5.3.1 Difficulties with measurement ofp , d and D 
It has been shown by White (1979a) that measurements 

of ̂ , d and D using different instruments should not be used 
together since the constants k, l and m in equations 6 .8 , 6.9 
and 6 . 1 2  respectively do vary from one instrument to another.
An accurate determination of dislocation density is an immensely 
difficult task due mainly to the numbers involved, the difficulty 
of getting all dislocations on a plane into contrast and 
counting errors due to overlap of dislocations (Christie and Ord, 
1980). On the other hand, grain and subgrain sizes determined 
by transmission electron microscopy are very different from 
those measured in optical microscopy. It is necessary to use 
one instrument for a given microstructure, at a time.
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6 .5.3.2 Difficulties with the physical equations 
To the extent that discrepancies exist in the coefficients 

and powers of the physical equations proposed either from 
theoretical treatment or empirical derivation, will little 
differences result from stress values determined using such 
equations (compare Mercier et al. 1977; Twiss, 1977 and Friedman 
and Higgs, 1981; see also S.S. 6 .5.2.3). Some of the
estimates of stresses recently published show wide differences 
for different microstructural parameters in the same rocks (see 
White, 1979a; Wheathers et al. 1979; Christie and Ord, 1980; 
Etheridge and Wilkie,1981). Some of these differences will, no 
doubt, have their roots in the basic inadequacies of the 
paleopiezometers.

The way temperature and strain rate affect dislocation 
density, subgrain and grain sizes of geological materials has not 
been widely exposed yet, but indications are that there is a 
dependence of subgrain and grain size at least on temperature 
(TaKeuchi and Argon, 1976; Mercier et al. 1977; Roberts and 
A hlblom, 1978; White, 1979a; Tullis and Yund, 1982). ’TaKeuchi 
and Argon (1976) showed that d/b is not only a function of y p 
at a constant temperature, but also between 400°C and 800°C 
for LiF, d/b increases with temperature at constant . This
demonstrated the inadequacy of their relation (see .TaKeuchi 
and Argon, 1976, equation 11, p.1551):

T  = K ---------  6.15d
which equates the shear stress resolved on single crystal 
planes t  , to the subgrain size d, Burgers vector b, shear 
modulus p and a constant K (10-100). The similarity of equation 
6.15 to 6.9 is obvious, though the former relates shear stress, 
while the latter relates deviatoric stress, to subgrain size.
Also using LiF, they showed that the dislocation density is a
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a function of the reciprocal temperature at constant shear stress: 
r ^ 2\ _/ 1  ---------  6.16(eb l  * t

Since p , d and D are related for a particular material,
it has been suggested (White, 1979a) that a temperature dependence
of one could also mean a dependence for the other parameters.
This is supported by Mercier et al's (1977) formulation of 
temperature dependence of grain size by the equation:

D = 1.13<5~1,4 exp (13500/RT)---------  6.17
where D is grain size, G is deviatoric stress, R and T are the 
universal gas constant and temperature respectively. Also 
Roberts and Ahlblom (1978) showed that the parameter Z (Zener - 
Hollomon parameter), increased as the dislocation density, but 
decreased as the subgrain and grain sizes increased. Z is
defined as:

Z = e exp (Q/RT) - - - - - 6.18
where e is the strain rate and

Q = - R [dlne/d(l/T)kma- -------  6.19
They proposed a decrease in grain size with decrease in strain 
rate at a constant temperature, that is the effect of strain rate 
on grain size is noticeable when the temperature is held constant, 
and vice versa. This is analogous to the twinning behaviour of 
calcite in temperature/strain rate space (Spiers, 1981).

6 .5.3.3 Problems connected with the Geological 
Environment

The geological environment is one in which deformed 
rocks are not monominerallie, their immediate past history is 
not easy to decipher and what contributions other deformation 
mechanisms have made to the present microstructure cannot be 
exactly assessed. The presence of a second phase, e.g. 
phyllosilicates, does actually inhibit grain growth to an
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equilibrium size (White, 1979a; Etheridge and Wilkie, 1981; 
see also Plate 6.5d). Clay minerals are usually associated 
with water (interstitial and bound water) and how this water 
in the vicinity of deforming crystallites affects grain size 
is not yet known.

Deforming rocks often go through cycles of high stress 
and stress relaxation, such that minerals of high strain go 
through periods of reduced strain, allowing other minerals 
to pick up strain (White and White, 1984). This cyclic 
behaviour was definitely not incorporated in formulations of 
steady state equations, and the way it affects the ratio of 
internal to applied stress within the deforming grains is yet 
to be understood.

6.5.4 On measured Grain Sizes
For the present study the microstructural parameters 

measured were recrystallized dolomite and calcite grains and 
twinned calcite grain sizes. Attempts to use twinned calcite 
grain size to estimate stress proved abortive. The stress/ 
twinned calcite grain size relationship suggested by Spiers 
(1981) produced an equation similar to 6.12, Stresses estimated 
using the equation always produced results more than an order of 
magnitude higher than those estimated with untwinned grain 
sizes, for the same rock sample.

As shown in Figure 6.1, mean untwinned calcite grain 
sizes (utw) in three of the four samples studied tend to be 
smaller than the twinned calcite (tw) grains in the same 
samples. Untwinned calcite in Oyster Shell rock (0Y1) and 0Y4) 
and the Durness Carbonates (ErlO and Erl2) do not seem to show 
any marked difference in grain sizes. Figure 6.2 shows the



Calcite grain size in Oystershell rock (OYl, OY4) and Durness 
carbonates (Er - 10, Er - 12) . Closed circles = tw are for 
twinned grains and open circles = utw are for untwinned grains. 
Bars above and below the points represent standard deviation.

F i g ,  6 . 1

All sizes of twinned and untwinned calcite and dolomite grains 
were measured by the intercept method using an optical microscope. 
Usually 150 to 200 measurements were made per sample, from which 
the mean and standard deviation were calculated.
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variation of twin-free dolomite grain size from Cnoc a* Chaoruinn 
(C88 - C105) , through Glencoul (ST^ - ST.^) to EriboIL (Er^ - Er.^) 
Carbonate grain sizes measured at Knockan could not be included 
in the figures or used in the stress estimates for the reason 
that the cataclastic nature of the deformation at Knockan will 
not always allow the application of laws based on steady state 
creep.

As shown in Figure 6.2, mean dolomite grain size tends 
to be between 20 |4m and 40 ^m, without a consistent tendency 
for recrystallized grains to decrease towards the north (Eriboll).

6.5.5 On Choice of Equations and Parameters
For estimates of stress using dolomite and calcite 

equilibrium grain sizes, the equations of Twiss (1977) were 
used (see Twiss, 1977, equation 11). He showed that

<5= Bd""°*68 , where B = Krb0 , 6 8 -------  6.20
<3is the differential stress ((3-̂  “ C5̂ ) in MPa,d is the grain 

size in (mm), K = 2.3988 ^  2.40.
r = _h _ ; where u is shear modulus, and

1—V
V is Poisson's ratio, and 
b is the most common Burgers

vector for the material under consideration. For calcite,
B = 7.5 (Twiss, 1977), while for dolomite the value of B is
unknown. It is necessary to estimate B for dolomite in order 
to set up a usable stress/grain size relationship.

Using physical data from Birch (1966) on Bethlehem
dolomite (U.S.A.),
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E = 
G = 
K = 
b =

(1 )

(2)

(3)

Log

Young's Modulus V = Poisson's Ratio (unknown)
Rigidity Modulus p =

Shear Modulus
Bulk Modulus = p = Compressibility

I
Burgers Vector

E G P = \ V( estimated)
0.710 0.323 1.19 0.36
0.930 0.362 1.19 0.32
0.916 0.398 1.19 0.32

Table 6 .2

V = 3k. - E 6 . 2 1
6k Using the values of E and JB =

V — 3 x 0.84 - 0.710 = 0.36 find V,
6 x 0.84

V = 3 x 0.84 - 0.930 = 0.32
6 x 0.84

V = 3 x 0.84 - 0.916 = 0.32
6 x 0.84

0.33 = average value of V
M = E 6 . 2 2i 2( 1+V)

= ' 3.2009 x 104 MPa (average)
T = [LI (Twiss, 1977) 6.23

1 - V
— 32009 = 4.7775 x: 104 MPa

0.67000
= 0 . 3 8  (from equation 6.20, also see Twiss 1977)

K = 2.40
b = 4.81 8 = 4.81 x 10 mm for dolomite (Paterson, 1976)
B (equation 6.20) becomes
B = 2.3988 X 4.7775 x 104 x (4.81 x 10_ 7 ) ° ‘ 68

5.7950
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Number

Source 
(Rock & 
Area)

Mean Grain 
Size (Twinned 
Cct) (pm)

Mean Grain 
Size (untwin 
ned Cct) (pm)

Mean Grain 
Size (untwin 
ned Dolomite 
(Mm)

Stress from 
equil. Cct 
grains (MPa)

Stress from 
equil. dolomite 
'grains (MPa)

OY1
Oystershe11 
Rock - 
Eriboll 358.43 65.00 48.07

OY4
Oystershell 
Rock - 
Eriboll 59.99 31.18 73.16

ErlO
Marble - 
Eriboll

72.27 57.60 52.42
Erl2

Marble - 
Eriboll

33.67 37.40 69.81
Er9

Marble - 
Eriboll

50.30 44.26
Erl5

Marble - 
Eriboll

28.58 64.97
Erl7

Marble !- 
Eriboll

22.52 76.48
ST7

Durness
Carbonates-
Glencoul 36.79 54.74

ST12
Durness 
Carbonates- 
Glencoul 44.50 48.10

C88
Durness 
Carbonates— 
Cnoc a' Cha. 39.83 51.72

C89d
Durness 
Carbonates—  
Cnoc a'Cha . 36.96 54.54

C105
\

Carbonates _ 
Cnoc a ' Cha. 25.13 71.20

MeanStress 60.87 58.25



£59

Therefore the stress/grain size relationship for dolomite
becomes:

<5= 5.795 x d - 0 , 6 8 6.24
and for calcite, using Twiss*s (1977) relationship

6.25
These are the equations to use in the stress estimates by 
means of dolomite and calcite recrystallized grain size. The 
accuracy of the value B as determined above depends on the 
accuracy of the elastic constants of dolomite grains measured 
in the laboratory. At the moment, data on elastic properties 
of dolomite grains are very rare and there is a tendency to use 
what is available, rather than choose the best values as in 
other minerals.

twelve carbonate samples are presented in Table 6.3. These range 
from 44.26 MPa (Er9) to 76.48 MPa (Erl7), with an average of 
58.25 MPa for dolomite and 60.87 MPa for calcite. These ranges 
and averages are quite within those estimated by White (1979b - 
50 - 100 MPa), despite his warning not to rely very much on the 
values, Wheathers et al. (1979), and Ord and Christie (1984) 
all of whom used recrystallized quartz grain size in the Moine 
Thrust Zone. The newly determined differential stress suggests 
a shear stress of between 22 to 38 MPa and possibly up to 40 MPa.

6 . 6 ANALYSIS OF THE CRYSTALLOGRAPHIC FABRIC OF DOLOMITE AND
CALCITE IN TECTONITES OF THE DURNESS FORMATION.
6.6.1 Introduction
In this section a dynamic analysis of the crystallographic

preferred orientation of the deformed carbonates is presented. 
This consists mainly of the c-axis fabric of dolomite tectonites

6.5.6 Result of Stress Analysis
Using equations 6.24 and 6.25 estimated stresses from



in the south (Assynt) and c-axis fabric of both calcite and 
dolomite tectonites from the Eriboll end of the thrust zone.

The microstructure of the carbonate rocks the fabric 
of which is hereby presented has been described in sections 6 . 3  

to 6.4 of this chapter. This fabric analysis excludes the 
dominantly cataclastic rocks of Knockan and the undeformed or 
low strain rocks of the foreland. It starts from the eastern 
bend of the Moine Thrust at Cnoc a 1 Chaoruinn northwards 
through Glencoul to Eriboll, within the thrust zone. Temper
atures are those determined, using the calcite/dolomite geo
thermometer, where possible (see Chapter Four).

6.6.2 Method of Analysis
Most of the samples studied had extension lineations 

clearly printed on them, and orientated thin sections were 
cut parallel to the lineations and normal to the foliation,
i.e. XZ sections according to the tectonic scheme shown in 
figure 6.3b. In this scheme X marks the direction of maximum 
finite elongation and Z is the direction of maximum finite 
shortening. Y, the intermediate axis, accordingly refers to the 
direction of intermediate strain. This representation therefore 
places the XY plane of the finite strain ellipsoid on the 
foliation.

The second type of sections were cut normal to lineations 
and normal to foliation i.e. YZ sections, and were used mainly 
to supplement or corroborate information from XZ sections. In 
both sections the two fabric elements L and S (Fig. 6.*3c) define 
a reference frame to which the crystallographic fabrics of the 
carbonate tectonites are related.

In samples with no noticeable lineations, sections were 
cut parallel toN120° - 300° which is approximately parallel to 
the lineations and the movement direction of the overlying
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(a)

(b)

Fig - J . . 3

Fabric of a non-tectonite and its typical random 
pattern of c-axes.
X,Y and Z are the principal directions of the finite 
strain ellipsoid. X is the direction of maximum finite 
elongation, while Z is the direction of maximum finite 
shortening. Y is the intermediate strain axis, and 
the foliation - s is accordingly an XY plane.
Fabric of a tectonite and one common pattern of c-axes 
crystallographic preferred orientation, t and s are 
lineation and foliation respectively.
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M o in e n a p p e  (Cow ard e t  a l .  1 9 8 0 ) .

U l t r a - t h i n  t h i n  s e c t i o n s  o f  t h e  c a r b o n a t e  s a m p le s  w ere  

p r e p a r e d  u s in g  t h e  m ethod o f  L in d h o lm e  a n d  D ean  ( 1 9 7 3 ) .  T h i s  

t h r e e - s t a g e  la p p in g  t e c h n iq u e  u s e s  1 , 2 0 0  g r i t  a lu m in iu m  o x id e  

po w d er f o r  t h e  f i n a l  l a p p i n g ,  p r o d u c in g  t h i n  s e c t i o n s  o f  a b o u t  

3pm t h i c k n e s s .  A lt h o u g h  t h e  m e th o d  o f t e n  p r o d u c e d  w e d g e - 

s h a p e d  s e c t i o n s ,  o n ly  w h ere s u c h  s e c t i o n s  w ere  ju d g e d  t o  b e  

r e p r e s e n t a t iv e  o f  t h e  sa m p le  w e re  t h e y  u s e d  f o r  f a b r i c  a n a l y s i s .  

Th e s t u d y  o f  c r y s t a l l o g r a p h i c  f a b r i c  was done b y  m eans o f  a  

u n i v e r s a l  s t a g e  a t t a c h e d  t o  a  n o r m a l p e t r o l o g i c a l  m ic r o s c o p e .

F a b r i c  d a t a  w ere p l o t t e d  b y  p r o j e c t i o n  u s in g  t h e  lo w e r  

h e m is p h e r e  o f  a  S c h m id t  n e t ,  w h i le  c o u n t in g  a n d  c o n t o u r in g  

w e re  done b y  m eans o f  a  K a ls b e e k  c o u n t in g  n e t  a s  s u g g e s t e d  b y  

R ag an  ( 1 9 7 3 )  .

6 . 6 . 3  R e s u l t s  o f  F a b r i c  A n a l y s i s

6 . 6 . 3 . 1  D o lo m ite  C - A x i s  (0 0 0 1)  c r y s t a l l o g r a p h i c  

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

As f i g u r e  6 .4  show s t h e  c - a x i s  f a b r i c  o f  d o lo m it e  

t e c t o n i t e s  b e lo w  t h e  M oine t h r u s t  d i s p l a y s  a  d e t e c t a b l e  v a r i a 

t i o n  fro m  C n o c a* C h a o r u in n  t o  E r i b o l l .  From  a p s e u d o -  

o r t h o r h o m b ic  sym m etry w it h  p e r i p h e r a l  g i r d l e s  (C -  39 a n d  C 

-  8 4 ) ,  t h e r e  i s  a  s l i g h t  t e n d e n c y  to w a rd s  c o n c e n t r a t io n s  a t  

h ig h  a n g le  t o  t h e  f o l i a t i o n  a s  t h e  t r a v e r s e  i s  f o l lo w e d  e a s t 

w a rd s  (C -  8 9 ) .  T h is  t r e n d  i s  n o t  q u i t e  so  w e l l  f o l lo w e d  b y  

ST -  1 2  a s  S T  -  7 fro m  t h e  G le n c o u l  a r e a .  Th e te n d e n c y  

to w a rd s  f o l i a t i o n  n o rm a l p o i n t  m axim a ( c h a r a c t e r i s t i c  o f  

c a r b o n a t e s )  i s  b e s t  d i s p l a y e d  b y E r  -  1 7  an d  E r  -  1 5  fro m  

E r i b o l l ,  co m p ared  t o  t h e  s a m p le s  fro m  t h e  s o u t h .  I n  a l l  c a s e s  

t h e r e  i s  a s t r o n g  t e n d e n c y  f o r  c - a x i s  o f  d e fo rm e d  d o lo m it e  

g r a i n s  t o  l i e  a t  a  h ig h  a n g le  t o  t h e  f o l i a t i o n ( s ) . T h i s  a l s o  

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

w h ic h  i t s e l f  l i e s  on t h e  f o l i a t i o n .  Th e l i n e a t i o n  ( l )  p o s i t i o n



F i g .  6 . 4

Dolomite c-axis crystallographic fabric from Cnoc a' Chaoruinn to 
Eriboll along the Moine Thrust (MT) Zone. Lower hemisphere 
projection using a Schmidt net. Contours are 2,4,6,8, 10% and 
above per 1% area. Temperatures estimated, by calcite/dolomite 
geothermometry (see Chapter 4).

The top of the fabric diagram corresponds to the top of 
the sample, while the top arrow of the simple shear couple 
is parallel to the tectonic transport direction. A sinistral 
sense of shear is inferred.
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a d o p te d  i n  a l l  t h e  d ia g r a m s  i s  t h a t  to w a rd s  t h e  t r a n s p o r t  

d i r e c t i o n  (WNW) w it h  r e s p e c t  t o  t h e  r e s t  o f  t h e  r o c k  g e o m e tr y ,  

a s  o p p o se d  t o  th e  p lu n g e  (E S E ) d i r e c t i o n .

A ls o  n o te w o rth y  i s  t h e  sym m etry o f  t h e  f a b r i c  w it h  

r e s p e c t  t o  t h e  f o l i a t i o n  p la n e  a n d  l i n e a t i o n  d i r e c t i o n .  I n  a l l  

t h e  f a b r i c  d ia g r a m s  i t  i s  q u i t e  e a s y  t o  i n s e r t  a t  l e a s t  two 

p la n e s  o f  sym m etry one o f  w h ic h  i s  i n v a r i a b l y  t h e  f o l i a t i o n  

p la n e  (S) . I n  th e  sym m e try a n a l y s e s  i t  i s  t h e  s k e l e t a l  o u t l i n e  

o r  m a in  f e a t u r e s  r a t h e r  t h a n  d e n s i t y  d i s t r i b u t i o n  t h a t  i s  

r e l i e d  u p o n , b e c a u s e  a s  s u g g e s t e d  b y  P a t e r s o n  an d  W e is s  ( 1 9 6 1 )  

a n d  L i s t e r  and W il l ia m s  ( 1 9 7 9 )  a  f i n a l  f a b r i c  w h ic h  i s  s y m m e tr ic  

w it h  r e s p e c t  t o  t h e  s k e l e t a l  o u t l i n e s ,  may be a s y m m e t r ic  when 

d e n s i t y  d i s t r i b u t i o n  i s  c o n s id e r e d .  Law e t  a l .  ( 19 8 4 )  a l s o  

fo u n d  v e r y  h ig h  sym m etry o f  c - a x i s  f a b r i c s  w it h  r e s p e c t  t o  t h e  

f o l i a t i o n  and l i n e a t i o n s .  T h e y  a n a ly s e d  q u a r t z  c - a x i s  f a b r i c s  

o f  b o th  p o r p h y r o c la s t s  an d  r e c r y s t a l l i z e d  g r a i n s  i n  t h e  lo w e r  

a n d  u p p e r  A r n a b o l l  n a p p e s  b e lo w  t h e  M oine t h r u s t  p la n e  o f  

E r i b o l l  a r e a .  A s shown i n  F i g u r e s  6 . 5  an d  6 .6  t h e  sym m etry  

d i s p l a y e d  b y  d o lo m it e  i s  n o t  s i m i l a r  t o  t h a t  o f  c a l c i t e .  The  

c a l c i t e  f a b r i c s  a r e  m ore o b l iq u e  w it h  r e s p e c t  t o  t h e  f o l i a t i o n  

a n d  l i n e a t i o n ,  much i n  th e  sam e way a s  r e c r y s t a l l i z e d  q u a r t z  

f a b r i c s  o f  Law e t  a l .  ( 19 8 4 )  a r e  o b l iq u e  i n  c o m p a r is o n  t o  t h e  

f a b r i c s  o f  q u a r t z  p o r p h y r o c l a s t s . T h is  a n a lo g y  i s  e a s i e r  t o  

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

a n d  c a l c i t e  i n  t h i s  p a r t  o f  t h e  M o in e t h r u s t  gone a r e  s o l i d  s t a t e  

d e r i v a t i v e s  o r  p r o d u c t s  fro m  p o r p h y r o c l a s t s  o f  q u a r t z  an d  

d o lo m it e  r e s p e c t i v e l y ,  e v e n  i f  t h e  fo rm e r  i s  p h y s i c a l  an d  t h e  

l a t t e r  i s  c h e m ic a l i n  n a t u r e .

The te n d e n c y  f o r  c - a x i s  f a b r i c s  o f  d o lo m it e  t o  ch a n g e  

fro m  p e r ip h e r a l  g i r d l e s  t o  p s e u d o -m a x im a  a t  a h ig h  a n g le  t o  

f o l i a t i o n  (com pare C -  39 t o  E r  -  1 5 ,  F i g .  6 . 4 ) ,  c o r r e l a t e s  w e l l



C o m p a riso n  o f  d o lo m it e  (a) an d  c a l c i t e  (b) f a b r i c s  fro m  t h e  

same t e c t o n i t e  (Sam ple E r  -  1 5 )  . N o te  t h e  asym m etry o f  t h e  

p o i n t  m axim a i n  (b) , w h ile  (a) shows b e t t e r  sym m etry w it h  r e s p e c t  

t o  s .  C o n to u r s  a r e  2 , 4 , 6 , 8 ,  10 %  an d  a b o ve  p e r  1 %  a r e a .

D o lo m ite  -  1 5 0  g r a in s

F i g .  6 . 5

c a l c i t e 110 g r a i n s .
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w it h  r i s e  i n  te m p e r a t u r e  fro m  3 1 4 ° C  t o  4 0 0 °C  (s e e  C h a p t e r  

F o u r  f o r  m ethod o f  e s t i m a t e ) . T h e s i g n i f i c a n c e  o f  t h i s  c o r r e l a 

t i o n  i s  d i s c u s s e d  l a t e r .

6 . 6 . 3 . 2  C o m p a riso n  o f  D o lo m it e  and C a l c i t e  F a b r i c s  from  

t h e  same T e c t o n i t e s

Neumann ( 1 9 6 9 ) ,  made a c o m p a r is o n  b e tw e e n  d o lo m it e  and  

c a l c i t e  f a b r i c s  fro m  n a t u r a l l y  d e fo rm e d  n e ig h b o u r in g  l a y e r s  o f  

i n t e r l a m i n a t e d  m a r b le  an d  d o lo m it e .  T h e  s p e c im e n s  w ere  

c o l l e c t e d  30cm a p a r t .  I n  t h i s  s u b s e c t io n  t h e  f a b r i c s  o f  c a l c i t e  

an d  d o lo m it e  fro m  t h e  same r o c k  s a m p le s  a r e  p r e s e n t e d .  The  

s a m p le s  a n a ly s e d  w ere m a in ly  fro m  t h e  E r i b o l l  e n d  o f  t h e  M oine  

T h r u s t  Z o n e , w here t h e  p r o p o r t io n s  o f  c a l c i t e  t o  d o lo m it e ,  a s  ca n  

be s e e n  i n  o p t i c a l  m ic r o s c o p y , a r e  s u f f i c i e n t  f o r  c o m p a r is o n .

B y c o n t r o l l e d  s t a i n i n g  w it h  A l i z a r i n e  S t h e  c a l c i t e  c o u ld  be  

j u s t  d i f f e r e n t i a t e d  fro m  th e  d o lo m it e  w it h o u t  e x c e s s i v e  d e 

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

As shown i n  F ig u r e s  6 . 5  a n d  6 .6  c a l c i t e  an d  d o lo m it e  

f a b r i c s  fro m  th e  same r o c k  s a m p le s  a r e  d i s s i m i l a r .  A lt h o u g h  

b o t h  h a v e  c - a x i s  m axim a a t  h ig h  a n g le s  t o  t h e  f o l i a t i o n ,  c a l c i t e  

f a b r i c s  a r e  more a s y m m e tr ic  t h a n  d o lo m it e  w it h  r e s p e c t  t o  t h e  

f o l i a t i o n .  S e c o n d ly ,  w h ile  d o lo m it e  t e n d s  t o  s p l i t  up i n t o  

s e v e r a l  d i s c r e t e  m axim a, c a l c i t e  t e n d s  t o  fo rm  a s i n g l e  maximum 

d e n s i t y .  T h a t  b o th  s a m p le s  E r  -  1 5  a n d  E r  -  1 7  show s t r o n g e r  

m axim a f o r  c a l c i t e  th a n  d o lo m it e  c a n  be r e l a t e d  d i r e c t l y  t o  

t h e  s t r e n g t h  o f  t h e  two m a t e r i a l s ,  d o lo m it e  b e in g  s t r o n g e r  th a n  

c a l c i t e  ( M e r c ie r  e t  a l .  1 9 7 7 ;  B a r b e r ,  1 9 7 7 ) .  Neumann ( 1 9 6 9 )  

n o t ic e d  s i m i l a r i t i e s  i n  c a l c i t e  an d  d o lo m it e  f a b r i c s  fro m  w h ic h  

t h e  c o n c lu s io n  was a d v a n c e d  t h a t  th e  o r i e n t i n g  m e ch a n ism  m u st  

be one t h a t  p r o d u c e s  s i m i l a r  r e s u l t s  i n  b o th  m i n e r a l s .

The f a b r i c s  o f  F ig u r e  6 . 5 b  an d  6 .6 b  a r e  s i m i l a r  t o
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C o m p a riso n  o f  t e c t o n i t e  f a b r i c s  o f  d o lo m it e  (a )  a n d  c a l c i t e  (b) 

fro m  t h e  sam e sa m p le  ( E r  -  1 7 ) .  C o n t o u r  i n t e r v a l s  2 , 4 , 6 , 8 ,  1 0 %  

an d  a b o v e  p e r  1 %  a r e a .

D o lo m ite  ~ 1 5 0  g r a i n s  t c a l c i t e  — 1 1 0  g r a i n s
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t h o s e  o b t a in e d  b y  R u t t e r  a n d  R u s b r id g e  ( 1 9 7 7 )  fro m  n o n -

c o a x i a l l y  d e fo rm e d  C a r r a r a  m a r b le  a t  4 0 0 ° c .  Th e s t r a i n  r a t e  o f
- 5  - I

t h e  l a b o r a t o r y  d e f o r m a t io n  w as 1 0  s e c  , w h ile  th e  c o n f i n i n g  

p r e s s u r e  r a n g e d  b e tw ee n  1 5 0  MPa a n d  300 M Pa. T h e y  c o n c lu d e d  

t h a t  s u c h  f a b r i c s  c o u ld  r e s u l t  fro m  s im p le  s h e a r  p o ly p h a s e  o r  

n o n - c o a x i a l  d e f o r m a t io n  i n v o l v i n g  l a r g e  s t r a i n s .  E a r l i e r  Wenk 

e t  a l .  ( 1 9 6 8 )  an d  Wenk an d  S h o re  ( 1 9 7 5 )  o b t a in e d  s i m i l a r  o b l iq u e  

f a b r i c s  fro m  n a t u r a l  c a l c i t e  m y l o n i t e s .

6 . 6 . 4  I n t e r p r e t a t i o n  o f  F a b r i c s  o f  D o lo m it e  an d  C a l c i t e

C r y s t a l l o g r a p h i c  f a b r i c  a n a ly s e s  i n  d o lo m it e  t e c t o n i t e s  

s i n c e  S a n d e r  ( 1 9 3 0 ) ,  F a i r b a i r n  a n d  Hawkes ( 1 9 4 1 ) ,  F a i r b a i r n  

( 1 9 4 2 ) ,  C h r i s t i e  ( 1 9 5 8 )  t o  T ro m m sd o rff  and Wenk ( 1 9 6 5 )  an d  

Neumann ( 1 9 6 9 )  h a v e  p r o d u c e d  a s i m i l a r  o r  r e c u r r i n g  p a t t e r n :  

a  c - a x i s  maximum o r  te n d e n c y  to w a rd s  a  c - a x i s  maximum a t  a h ig h  

a n g le  t o  t h e  f o l i a t i o n .  Th e p ro b le m  h a s  a lw a y s  b e e n  w h a t  

e x p l a n a t io n  w o u ld  s u f f i c e  f o r  t h i s  f a b r i c  s i n c e  k n o w le d g e  o f  

t h e  p h y s i c s  o f  d o lo m it e  d e f o r m a t io n  i s  s t i l l  e v o l v i n g .  U n l ik e  

i n  t h e  p a s t ,  th e  p r e s e n t  a p p r o a c h  to w a rd s d e f o r m a t io n  s t u d i e s  

c o m b in in g  h ig h  r e s o l u t i o n  e l e c t r o n  m ic r o s c o p y  w it h  m a t e r i a l  

d e f o r m a t io n  ( s i n g l e  an d  p o l y c r y s t a l l i n e )  s t u d i e s  -  i s  l i k e l y  t o  

s p e e d  up u n d e r s t a n d in g  o f  t h e  o p e r a t in g  m e ch a n ism s d u r in g  

p l a s t i c  d e f o r m a t io n  i n  d o lo m it e .  A t  t h i s  l e v e l  o f  u n d e r s t a n d in g  

i t  seem s t h e  m o st im p o r t a n t  q u e s t io n s  y e t  t o  be a n sw e re d  a r e :

( i )  A t  w h at l e v e l  o f  r e s o lv e d  s h e a r  s t r e s s  a  p a r t i c u l a r  

g l i d e  s y s te m  i s  l i k e l y  t o  s t a r t  m a k in g  m e a n in g f u l c o n t r i b u t i o n s  

t o  p r e f e r r e d  o r i e n t a t i o n  i n  d o lo m it e ,  and

( i i )  How i n t e r a c t i n g  g l i d e  s y s te m s  u n d e r  a  p a r t i c u l a r  s e t  

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

p a r t i c u l a r l y  i n  d o lo m it e .

I n  C h a p t e r  Two (s e e  F i g .  2 . 1 0 )  i t  w as r e v ie w e d  t h a t
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a t  low  t e m p e r a t u r e s  ( < 1 0 0  -  5 0 0 ° c )  t h e  g r e a t e s t  c o n t r i b u t i o n  

t o  t h e  d e f o r m a t io n  o f  d o lo m it e  i s  l i k e l y  t o  come fro m  c - s l i p  

o r  b a s a l  s l i p  i n  a n  .a. d i r e c t i o n .  W it h in  t h i s  t e m p e r a t u r e  r a n g e  

t h e  c r i t i c a l  r e s o lv e d  s h e a r  s t r e s s  T c  i s  b e lo w  1 0 0  M Pa. The  

l i k e l i h o o d  o f  t h i s  s l i p  s y s te m  o p e r a t in g  a t  h i g h e r  t e m p e r a t u r e s  

a n d  i n f l u e n c i n g  c - a x i s  f a b r i c  ( > 5 0 0 ° c )  i s  n o t ,  a p p a r e n t ly ,  

v e r y  r e d u c e d  b y  t h e  known e f f e c t  o f  t e m p e r a t u r e  on i t  (Wenk 

a n d  S h o r e , 1 9 7 5 ;  W h ite  an d  W h it e , 1 9 8 0 ) .  The known e f f e c t  o f  

t w in n in g  i s  l i m i t e d  t o  t h e  400 -  5 0 0 ° c  t e m p e r a t u r e  r a n g e , W ith  

p o s s i b l e  e x t e n s io n s  t o  3 5 0 ° c  an d  ab o ve 5 0 0 ° c  ( F i g .  2 . 1 0 c ) .  

f ( 2 0 2 1 ) s l i p  -  t h e  o t h e r  w e l l  known s l i p  s y s t e m  i n  d o lo m it e  

( B a r b e r  e t  a l .  1 9 8 1 )  h a s  a  v e r y  h ig h  CRSS v a lu e  a t  low  te m p e ra 

t u r e s  -  1 5 0  M Pa, w h ic h  d r o p s  t o  1 0 0  MPa a t  7 0 0 ° c  ( F i g .  2 . 1 0 b )

As Wenk an d  S h o re  ( 1 9 7 5 )  show ed fro m  l a b o r a t o r y  

d e f o r m a t io n  o f  d o lo m it e ,  t h e  f a b r i c  p a t t e r n s  e x p e c t e d  and t h e i r  

r e l a t i v e  i n t e n s i t i e s  d e p e n d  on t e m p e r a t u r e , c o n f i n i n g  p r e s s u r e ,  

s t r a i n  r a t e ,  t o t a l  s t r a i n  an d  p o s s i b l y  s t r a i n  p a t h .  H en ce i t  

i s  n o t  s u f f i c i e n t  t o  i n t e r p r e t e  t h e  f a b r i c  t r a n s i t i o n  fro m  C n o c  

a* C h a o r u in n  t o  E r i b o l l  ( F i g .  6*4)  i n  te rm s o f  t h e  known 

t e m p e r a t u r e  d i f f e r e n c e  a l o n e .  A lt h o u g h  C -  39 (T =  3 1 4 ° c ) ,

C -  84 an d  C -  89 s u g g e s t  t e m p e r a t u r e s  i n  t h e  ra n g e  w h ere  b a s a l  

s l i p  i s  d o m in a n t , t h e i r  f a b r i c  p a t t e r n s  a r e  too co m p le x  t o  i n t e r p r e t e  

i n  te rm s o f  b a s a l  s l i p  a l o n e .  The sa m p le  fro m  E r i b o l l ,  E r  -  1 5  

i n  p a r t i c u l a r ,  may show h i g h e r ,  b u t  n o t  e x c l u s i v e  a c t i v i t y  on  

t h e  b a s a l  p l a n e .  The m ic r o s t r u c t u r e  show s t w in n in g  a c t i v i t y  i s  

a l s o  c o n s i d e r a b l e .  H en ce  t h e  f a b r i c  p a t t e r n s  a t  t h e  E r i b o l l  en d  

may s u g g e s t  a  c o m b in a t io n  o f  b a s a l  (0 0 0 1)  s l i p  an d  f  ( 0 2 2 1 )  

t w in n in g .

H o s t  g r a i n  c - a x i s  f a b r i c s  s y m m e tr ic  w it h  r e s p e c t  t o  t h e  

f o l i a t i o n  an d  l i n e a t i o n  h a v e  b e e n  i n t e r p r e t e d  a s  i n d i c a t i n g  a
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c o a x i a l  d e f o r m a t io n  h i s t o r y  ( R u t t e r  a n d  R u s b r id g e ,  1 9 7 7 ?  L i s t e r ,  

1 9 7 8 ;  Law e t  a l .  1 9 8 4 )  o r  t h e  r e s u l t  o f  p la n e  s t r a i n .  T h e n o n 

c o a x i a l  f a b r i c s  o f  t h e  l a t e - s t a g e  m in e r a l  -  c a l c i t e  may i n d i c a t e  

a  p r o g r e s s iv e  o v e r p r i n t i n g  o f  n o n - c o a x i a l  d e f o r m a t io n  o v e r  an  

e a r l i e r  c o a x i a l  t y p e ,  ( s e e  a l s o  Ramez a n d  M u r r e l l ,  1 9 6 4 ;  Law 

e t  a l .  1 9 8 4 ) .

C o m p a rin g  t h e  f a b r i c s  o f  F i g u r e s  6 . 4 ,  6 . 5  a n d  6 .6  i n  te rm s  

o f  sym m etry w it h  r e s p e c t  t o  t h e  f o l i a t i o n  a n d  l i n e a t i o n ,  t o  t h o s e  

o f  Law e t  a l .  ( 1 9 8 4 )  , a  few  i n t e r e s t i n g  o b s e r v a t io n s  t e n d  t o  

e m e rg e ;

( i )  B e lo w  th e  M oine n a p p e  fro m  A s s y n t  t o  E r i b o l l  t h e  f a b r i c s  

o f  d e fo rm e d  h o s t  g r a i n  q u a r t z  an d  d o lo m it e  t e n d  t o  be s y m m e t r ic  

w it h  r e s p e c t  t o  th e  f o l i a t i o n  a n d  l i n e a t i o n .

( i i )  Th e f a b r i c s  o f  r e c r y s t a l l i z e d  q u a r t z  a r e  l i k e  t h o s e  o f  

r e c r y s t a l l i z e d  c a l c i t e  t o  t h e  e x t e n t  o f  t h e i r  a sy m m e try  w it h  

r e s p e c t  t o  th e  f o l i a t i o n  a n d  l i n e a t i o n ,  co m pared  t o  h o s t  g r a i n  

q u a r t z  a n d  d o lo m it e  f a b r i c s .

6 . 6 . 5  F a b r i c  o f  t h e  F ib r o u s  D o lo m it e  M ic r o s t r u c t u r e

6 . 6 . 5 . 1  I n t r o d u c t io n

I n  s e c t i o n  6 .4  t h e  m i c r o s t r u c t u r e  o f  a  l a t e - f o r m i n g  s e t  

o f  f ib r o u s  d o lo m it e  g r a i n s  w as p r e s e n t e d .  T h e y  w ere show n t o  be 

th e  r e s u l t  o f  n u c l e a t io n  an d  g ro w th  on a  p h y l l o s i l i c a t e  b a s e ,  

a s  o p p o se d  t o  n u c l e a t io n  a n d  g r a i n  g ro w th  d u r in g  r e c r y s t a l l i z a t i o n .  

Th e s e l e c t i v e  p r e s e n c e  o f  t h i s  d o lo m it e  m i c r o s t r u c t u r e  o n ly  a t  

t h e  r '  L r ’ E r i b o l l  end o f  t h e  M oine t h r u s t

was a l s o  c i t e d  a s  e v id e n c e  i n  C h a p t e r  F i v e  f o r  t h e  p r e s e n c e  o f  

v e r y  h ig h  f l u i d  p r e s s u r e s  a c c o m p a n y in g  M oine t h r u s t i n g  a t  E r i b o l l .  

I n  t h i s  s u b s e c t io n  t h e  f a b r i c  o f  t h e  f ib r o u s  d o lo m it e  g r a i n s  i s  

p r e s e n t e d  an d  an i n t e r p r e t a t i o n  i s  o f f e r e d .



F i g .  6 . 7

a ,  b an d  c  -  g ro w th  f a b r i c s  o f  l a t e  d o lo m it e  g r a i n s  i n  s a m p le s  

E r  -  9 ,  E r  -  19  an d  E r  -  1 5

(a) 20 0  g r a i n s  o f  d o lo m it e  i n  sa m p le  E r  -  9

(b) 1 5 0  g r a i n s  o f  d o lo m it e  i n  sa m p le  E r  -  19

(c )  2 0 0  g r a i n s  o f  d o lo m it e  i n  sa m p le  E r  -  1 5

( d ) R e c r y s t a l l i z a t i o n  f a b r i c  o f  d o lo m it e  g r a i n s  i n  sa m p le  E r  -  1 5

f o r  c o m p a ris o n  w it h  (c) from  t h e  sam e s a m p le .

1 5 0  d o lo m it e  c - a x e s .

C o n to u r  i n t e r v a l s :  2 , 4 , 6 , 8 , 10 %  an d  ab o ve  p e r  1 %  a r e a
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a
Er-9 Dol (200)
ctxti of crystalites normal 

to the follatioa(s).

b
Er-19 Dol 050)

c-axes of crystalites growing 
normal to the foliation(s).
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Er-15 Dol (200)

c-axes of crystalites growing 
normal to the foliation(s).
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6.6.5.2 Growth c-axis crystallographic fabrics 
of Dolomite

As shown in Figure 6.7, the fibrous dolomite microstructure 
described in section 6.4 has a fairly strongly developed c-axis 
preferred orientation. This seems to vary a little from sample 
to sample, but there is a tendency for the maximum concentration 
areas (> 10% per 1% area) to lie at a high angle (-^90°) 
to the foliation (e.g. Er - 9 and Er - 19). In Figure 6.7c 
and d, the fabric of dolomite due to growth (c) is compared to 
that due to strain (d). Both (c) and (d) were obtained from 
the same rock sample (Er - 15), and although the mechanisms that 
produced the respective fabrics were different, the resulting 
fabrics bear some resemblance, at least in skeletal outline.
Once more the symmetry of the growth fabrics both in terms of 
skeletal outlines and detailed features is pseudo-orthorhombic 
(Er - 9 and Er - 19), with the foliation as one of the planes 
of symmetry.

6.6.5.3 Interpretation of Preferred Orientation of 
the Dolomite Fibres

Growth fabrics of quartz and calcite in veins have been 
studied by Dumey and Ramsay (1973). Although their quartz c-axes 
showed random orientations, they noticed that calcite c-axes in 
the same rocks showed a slight fabric with respect to the pyrite 
face on which they grew. Earlier Pabst (1931) noticed that 
quartz fibres growing in the stretching direction (pressure 
shadows) in abutment to pyrite grains produced no definite and 
consistent patterns of preferred orientation. In both studies 
the temperature of the rock was not estimated, or taken into 
consideration. The work of Sander (1970, being a translation 
of his work of 1930), first showed the possibility of the 
development of a good preferred orientation under pure growth
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conditions. He showed that under growth conditions (as 
opposed to strain and recrystallization) calcite and aragonite 
affixed to a single substratum, and calcite and quartz growing 
in veins could develop strong c-axis preferred orientations 
(see Sander, 1970 pp612 and 613). His fabrics showed calcite 
c-axes (fabrics 160 and 162) to tend to point maxima perpendicular 
to the wall or substratum from which growth took place, and on 
which the fibres stand at right angles (as in Fig. 6.7). These 
fabrics strongly resemble the c-axis fabrics of calcite produced 
in strain conditions (see Fabrics 61, 63 and 69 of pp596 -597).
Also quartz growing in veins (Fabrics 165 and 166) was shown 
to develop quite strong c-axis preferred orientations normal to 
the vein walls, with some very weak orientations parallel to 
the wall (Fabric 165).

The dolomite fibres analysed in the present study have 
been shown to grow consistently foliation-normal (Plate 6.13), 
in tectonites that have undergone intense plastic deformation 
and the generation of a fine foliation. Any such crystal growth 
before and during deformation would have produced curved or 
bent crystals as a result of the deformation process (Ramsay 
and Graham, 1970; Wickham and Elliott, 1970; Durney and Ramsay, 
1973; White and Wilson, 1978; Spry, 1979). Hence the growth 
is very likely to be late phase or post-tectonic. The straight 
nature of the fibres means that the direction of opening of the 
foliation has remained constant. This combined with the inference 
in Chapter Five of fluid assistance in jacking up the foliation 
(see also Shearman et al. 1972), would indicate that fibre 
nucleation and growth was by combinations of secretion and 
displacement. The rate of growth of new dolomite crystals depended 
on the orientation relation between the new grains and the 
deformed host dolomite crystals (Spry, 1979; p223). As figure
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6.7 shows, the most favoured orientation was such that established 
or preserved optical continuity between host and new dolomite 
crystals. Once the optical continuity relationship was 
established, given the dimensional anisotropy of dolomite 
(longest dimension parallel to the c-axis), the dimensional 
fabric was also fixed. Hence growth was fastest parallel to 
the c-axis.

6.6.5.4 Relationship of the Fibres to Mylonitization 
in the Durness Carbonates

In subsection 6.4.1, the very fine grained nature of the 
carbonates below the Moines at Eriboll, the fine or very close 
schistose banding they exhibit and the presence of high strains 
which resulted in twinning and ribbon textures of the carbonate 
grains were all presented as evidence to support the application 
of the term "mylonite" to this part of the Durness Formation.
The reduction in grain size during the mylonitization and 
recrystallization processes not only increased grain boundary 
area per unit rock volume, but also the grain boundary porosity, 
due to the development of voids at grain boundaries (White,
1976b; White and Wilson, 1978; White and White, 1980). The 
presence of a fine mylonitic foliation created multiple channels 
for fluid passage into and out of the rock, making possible the 
dissolution and transportation or growth of materials out of 
solution. Also the presence of very high strains in the rocks 
(resulting from dislocation glide and twinning) made the rocks 
more susceptible to dissolution and diffusive mass transfer 
(strain solution, see Bosworth, 1981 and Engelder, 1982). The 
combination of these factors effectively changed the deformation 
mechanism in the carbonate rocks from a dominantly crystal 
plastic process to one in which material dissolution, diffusive 
mass transfer and grain growth were more stable processes. Such
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a change in deformation mechanism as a function of grain size 
in quartz was predicted by White (1976a), and used by White 
and Wilson (1978) to explain the presence of quartz pressure 
fringes in mylonites of Mount Isa (Australia).

6.7 CONCLUSION
Microstruetural development in the Durnesss Formation 

of the Moine Thrust Zone can be traced from the foreland with 
dominantly bedding-parallel styldLites and pressure solution 
seams to intermediate strain zones with crenulation cleavage and 
evolution of new minerals in some places. The high strain 
areas very close to the thrust may be subdivided into a northern 
area (Eriboll), characterized by mylonitization in the bulk rock, 
slip*twinning and recrystallization of dolomite and late stage 
solution, diffusive mass transfer and crystal growth from 
solution. The southern area was dominated by cataclastic 
deformation which produced a wide range of fracture sizes.

The stress/grain size relationship for deformed dolomite 
grains has been estimated, using the Twiss (1977) format, as 
0 =  5.795 D “ , where (5* is the differential stress in MPa
and D is the grain size in (mm). Estimates of stresses 
associated with the deformation of the carbonate rocks in the 
Moine Thrust Zone produced values ranging from 44.26 MPa to
76.48 MPa. These estimates using calcite and dolomite 
equilibrium grain sizes are comparable to those made by earlier 
workers in the MTZ using other minerals and different micro- 
structural parameters.

Dolomite c-axis fabric showed a fairly complex pattern 
in Assynt, becoming more organised into a pattern at a high 
angle to foliation characteristic of dolomites towards Eriboll. 
The fabrics of dolomite, like those of host grain quartz below
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the Moine Thrust plane tend to be highly symmetric with respect 
to the foliation and lineation characteristic of plane strain. 
Those of recrystallized calcite and quartz are asymmetric with 
respect to the foliation and lineation, typical of non-coaxial 
deformation at a later stage.

The c-axis fabrics of fibrous dolomite are thought to 
be host grain controlled, while the grain growth itself was 
a late stage, post tectonic process fastest parallel to the 
c-axis. This change in microstructure is presented as evidence 
of a change in deformation mechanism from dominantly crystal 
plastic to dissolution, diffusive mass transfer and grain growth 
processes, i.e. grain boundary dominated processes.
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CHAPTER SEVEN

GENERAL CONCLUSION AND INFERENCES

In this chapter the main conclusions arrived at in the 
thesis are presented. An attempt is made to draw inferences 
based on these conclusions and the chapter ends with a 
presentation of suggestions for further research.

7.1 CONCLUSIONS
1 . Macroscopic deformation of the Durness Formation at 
the level of present exposure below the Moine Thrust plane, 
varies from cataclasis at Knockan to crystal plasticity at 
Eriboll, which has induced the mylonitization there.
2. Mylonitization and lineations in the carbonates were not 
found outside the Moine Thrust contact, although folds of 
varying orientations exist as far from the thrust as the 
westernmost boundary of the Caledonian deformation. In the 
south of the Assynt region at least, there is no apparent 
relationship between the timing of mylonitization events in 
Moine rocks and in Durness carbonates. Also in this region, 
movement along the Moine Thrust plane is likely to have outlived 
that on the Assynt Thrust as well as the intrusions of Loch 
Ailsh and Borolan.
3. Prograde metamorphism of the Durness Formation accompanied 
and was closely associated with Moine thrusting. The highest 
grade of metamorphism of the carbonates presently exposed
is greenschist, with temperatures reaching approximately
390°C .
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4. A temperature difference of approximately 80°C exists 
between Knockan and Eriboll in the carbonate rocks, while 
that between Knockan and Cnoc a' Chaoruinn could be 19°C.
5. The energy for prograde metamorphism of Durness carbonates 
was mostly derived from the overthrust Moine nappe and partly 
from warm fluids associated with the thrusting.
6. Earlier observations that the FeO/MgO ratio of chlorites 
may be an increasing function of grade of metamorphism are 
confirmed by this study. The relationship of temperature
to the FeO/MgO ratio, thus: T(°C) = 278.0 + 456.0 FeO/MgO, in 
chlorites applies to clinochlore and to mean temperatures
only. It may not apply when the error band associated with the 
temperatures is taken into consideration.
7. The last phase of Moine thrusting might have been aided 
by fluids of minimum pressure up to 143 MPa and possibly as 
high as 186 MPa. Fluid pressure difference between Knockan 
and Eriboll is in the range of 40 MPa, the maximum being at 
Eriboll. This difference may have contributed to the change 
in style of deformation and resultant microstructure in the 
carbonates of the two areas.
8. The confining pressure during the last phase of thrusting 
in the Moine Thrust Zone might have ranged from 133 MPa to 176 
MPa, the upper limit believed to have prevailed at Eriboll.
9. On a microscopic scale, the deformation of the Durness 
carbonates in the high strain zone close to the Moine thrust 
plane is characterized by slip, twinning, recrystallization 
and late stage diffusive mass transfer and growth of dolomite 
in the northern area (Eriboll) and extensive fracturing in the 
south (Knockan), with some of the fractures being of grain
size level.
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10. The stress/grain size relationship for deformed
dolomite has been calculated as = 5.795d where <5
is the differential stress and d is the grain size. The 
power (0.68) was determined by Twiss (1977). Estimates of 
deviatoric stresses associated with the deformation of the 
carbonate rocks during Moine thrusting produced values 
ranging from about 44.0 MPa to about 76.0 MPa.
11. The c-axis crystallographic fabrics of dolomite showed 
a transition from a complex orthorhombic pattern in Assynt, 
towards a foliation-normal pattern at Eriboll. These highly 
symmetric fabrics are characteristic of plane strain 
tectonites.

7.2 INFERENCE
The main inference arising from this work relates to 

the noted temperature difference between the south of the 
Moine Thrust Zone (Assynt) and the north (Eriboll). Such 
a temperature difference in the carbonate rocks below the 
Moine nappe could mean that the Eriboll area was under a 
thicker cover of rocks than the south (see Oxburgh and Turcote, 
1974). The same inference was arrived at by Coward (1982), 
who explained it with the suggestion of a steeper ramp climb 
in the north relative to the south.

7.3 SUGGESTIONS FOR FURTHER RESEARCH
The following problems were encountered in the course 

of or resulted from this research and would provide interesting 
areas for further research.
1. The effect of strain, if any, on the calcite/dolomite 
geothermometer.
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2. The effect of pressure and/or differential stress on 
the newly derived geothermometer (relating FeO/MgO in chlorite 
to temperature) expressed in equation 5.2.
3. To continue the investigation for the temperature 
dependence of FeO/MgO in chlorite below 278°C and above 400°C.
4. The actual mechanism for the conversion of a 1o8 phase 
to a 14& phase phyllosilicate in a thrust plane and the effect 
of water in the process.
5. The actual relationship between the deviatoric stress 
and twinned calcite/dolomite grain size, at the inception of 
twinning and its paleopiezometric significance.
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APPENDIX 1 METHOD OF CALCULATING MOLES % MgC03, MnC03
or CaC03 FROM THE RESULT OF AN EDS ANALYSIS 
OF CALCITE......................

ELMT %ELMT %0XIDE FORMULA

Mg 0.536 0.889 0.006 Atomic weight of Mg = 24.32 g/mole
Ca 39.211 54.864 0.262 Atomic weight of Ca = 40.08 g/mole
Mn 0.217 0.280 0.001 Atomic weight of Mn = 54.94 g/mole

lOOg of calcite contain 0.536g Mg = ^'4̂ ~3g^mol = 0,022 m°les Mg.

lOOg of calcite contain 0.217g Mn = 0.0039 moles Mn.

- - , . . , . on m i  i 0.978 moles CalOOg of calcite contain 39.211 gla = ---------------
= 1.004 moles metal carbonate.

>re for 1 mole
0.022 100

1 X 1
0.978 100

1 X 1
0.004i X 1001

= 2.2 mole % MgC03 ,

= 97.8 mole % CaC03 , and

= 0.4 mole % MaCO.
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APPENDIX 2 National Grid References of all 
Sample Locations correct to 10m.

SUB-AREA A SUB-AREA B
A6 NC 25492272 B4 - NC 32481221
All - NC 27571710 B5 - NC 33101225
A21 - NC 24602251 B6 - NC 33141224
A2 3 - NC 26172230 B12 - NC 29441321
A40 - NC 24032413 B13 - NC 29401330
A48 - NC 23622415 B15 - NC 29091379
A50 - NC 23812397 B43 - NC 32401163
A97 - NC 26062100 B45 - NC 32221161
A98 - NC 26142063
A99 - NC 26272063
A102 - NC 24921986
A117 - NC 24941984

SUB-AREA C SUB-AREA D
C13 - NC 31940900 D1 - NC 19090945C39 - NC 30110825 D2 - NC 19060944
C40 - NC 30110831 D3 - NC 19060944C43 - NC 29780837 D6 - NC 19140940
C50 - NC 29880839 D24 - NC 19910939
C76 - NC 30110898 D23 - NC 19880933
C83 - NC 30510895 D60 - NC 19880916
C84 - NC 30600898 D61 - NC 19810893
C88 - NC 31560908 D62 - NC 19790845
C89 - NC 31960920 D63 - NC 19980815
C91 - NC 32000925 D31 - D31A-D31B-D1C-D31D-D32-
C105 - NC 29920847 NC 19110948
C106 - NC 29920834 D46 - NC 20451032

D48 - NC 20851030
D64 - NC 20440935
D65 - NC 20600933

SUB-AREA ST ERIBOLL
ST1, ST2 - NC 30602562 Eriboll Marble - NC 44005640
ST3 - NC 30602564 0Y1, 0Y2 - NC 44325654
ST4/ ST5 - NC 30732562 0Y3, 0Y4 - NC 44345654
ST6 - NC 31002610 K1 - NC 44305812
ST7 - NC 31002605 K2, K3 - NC 44325809
ST8 - NC 31102615 K4 - NC 44705810
ST9 - NC 31322623 
ST10 - NC 31542638

K5 - NC 44755812
ST11, ST12 - NC 30732578




