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ABSTRACT 

A d e s c r i p t i o n of the s t r a t i g r a p h y of the area 
s t u d i e d i s given i n which the v a r i a t i o n s i n l i t h o l o g y 
and sequence are i l l u s t r a t e d . 

The methods o f . c l a y mineral analysis are 
discussed and i t i s concluded t h a t X-ray a n a l y s i s 
i s most u s e f u l f o r the present work. 

The a r g i l l a c e o u s rocks are c l a s s i f i e d i n t o 
types on c h a r a c t e r i s t i c s recognisable i n the f i e l d 
and the r e s u l t s of petrographic and X-ray analyses 
are t a b u l a t e d . Apart from k a o l i n i t e , which i s 
p o s t - d e p o s i t i o n a l i n o r i g i n , only three d i f f e r e n t 
c l a y minerals occur: i l l i t e , c h l o r i t e and mixed-
l a y e r . 

D i f f e r e n t types of a r g i l l a c e o u s rock have 
d i f f e r e n t c l a y m i n e r a l assemblages. 

Associated arenaceous and calcareous rocks are 
s i m i l a r l y c l a s s i f i e d on f i e l d characters and are 
analysed p e t r o g r a p h i c a l l y . A system of sandstone 
c l a s s i f i c a t i o n i s proposed. 



The r e l a t i o n s h i p between the c l a y mineralogy 
of a sedimentary rock and the o r i g i n , t r a n s p o r t , 
d e p o s i t i o n and p o s t - d e p o s i t i o n a l h i s t o r y of the 
minerals i s discussed. 

Recent shallow water marine and d e l t a i c 
sedimentation are reviewed and the various f a c i e s 
recognised i n the Gulf of Mexico and the M i s s i s s i p p i 
Delta are enumerated. 

I t i s p o s t u l a t e d t h a t the Yoredale sediments 
were deposited i n a shallow water marine environment 
from a series of small shoal-water d e l t a s . The 
d i f f e r e n t sediment types and t h e i r mineralogies are 
r e l a t e d t o d i f f e r e n t c o n d i t i o n s i n the various 
f a c i e s of the environment. R e p e t i t i o n of the 
sedimentation i n the form of cycles i s discussed 
" b r i e f l y . 

An a d d i t i o n a l chapter deals w i t h the igneous 
rocks i n t r u d i n g the sediments and the metamorphic 
e f f e c t s of the Whin S i l l upon the country rocks. 

- i i -



F i n a l l y , the d i s t r i b u t i o n s of the various 
sedimentary and metamorphic sulphides i n the 
country rocks are discussed. 

- i i i -
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INTRODUCTION 

AIMS OF THE PRESENT INVESTIGATION 

I t has been suggested by M i l l o t ( 1 9 5 2 ) , M i l l e r 
( 1 9 5 U ) and. Pott e r and Glass ( 1 9 5 8 ) t h a t the petrography 
and mineralogy of a series of sediments are dependent 
on the characters of the source areas of the d e t r i t u s 
and the environments of d e p o s i t i o n of the sediments. 

Although shales form a l a r g e percentage of the 
sedimentary column ( P e t t i j o h n , 1 9 5 7 , gives the 
f o l l o w i n g f i g u r e s ; - limestone 20%, sandstone 22% 

and shale , they have, u n t i l recent years, been 
much neglected i n studies of ancient sediments. This 
i s p r i n c i p a l l y due to the d i f f i c u l t i e s encountered 
dur i n g use of o r d i n a r y petrographic methods. 

The aim of the present i n v e s t i g a t i o n has been t o 
study the mineralogy of some of the shales from the 
Carboniferous rocks of the Yoredale f a c i e s i n Upper 
Teesdale so as to provide more i n f o r m a t i o n on the 
composition of shales i n general. I n a d d i t i o n , by 
combining a study of the shales w i t h a petrographic 
study of the associated rocks, an attempt has been 
made to provide a more d e t a i l e d p i c t u r e of the 



d e p o s i t i o n a l environment i n which the rocks were 
formed. 

The samples studied were c o l l e c t e d from an area 
of Upper Teesdale, mapped on a 6 " : 1 mile scale, from 
which d e t a i l e d evidence of the rock sequences and 
associations were obtained. The map i s reproduced 
on a 2?":1 m i l e scale (Figure 0 . 1 ) . 

B. GENERAL GEOGRAPHY AMD GEOLOGY OF THE AREA STUDIED 

F i e l d observations have been made i n an area of 
over e i g h t y square miles of Upper Teesdale, on the 
borders o f Yorkshire, Durham and Westmorland. The 
main p a r t of the area s t u d i e d l i e s between M i c k l e t o n 
( N a t i o n a l G r i d Reference: 9 6 5 2 3 7 ) , Mickle F e l l 
( 8 0 5 2 U 5 ) , Meldon H i l l ( 7 7 2 2 9 0 ) and Three Pikes ( 8 3 5 3 U 3 ) . 

The area i s dissected by the wide v a l l e y of the 
River Tees and Harwood Beck which trends W.N.W. and 
the south-western p a r t of the area i s cut by the Maize 
Beck and River Tees drainage system which f o l l o w s 
an E. to N.E. d i r e c t i o n . 

The Tees v a l l e y r i s e s from about 700 f t . a t 
Mickleton t o over 1 5 0 0 f t . above Harwood. The f e l l s 
b o r dering Teesdale are g e n e r a l l y over 1 5 0 0 f t . w i t h 

- i i -



summits over 2 0 0 0 f t . , Mickle P e l l , the h i g h e s t , 
being 2591 f t . 

Most of the area of Teesdale under c o n s i d e r a t i o n 
has a p a r t i a l cover of Pleistocene and Recent u n c o n s o l i ­
dated sediments; boulder c l a y on the v a l l e y sides and 
peat on the f e l l tops. East of High Force, the Tees 
v a l l e y i s f l o o r e d by a l l u v i u m . 

There hss been extensive working f o r minerals i n 
the past and although mining i s no longer a c t i v e i n 
Teesdale, s h a f t and quarry records provide much 
valuable i n f o r m a t i o n . 

Previous workers i n the area have s t u d i e d the 
Lower Palaeozoic I n l i e r at Cronkley (Gunn and Clough, 
1 8 7 8 ) and the Whin S i l l and i t s metamorphic e f f e c t s 
(Sedgwick, 1 8 2 7 , Clough 1 8 7 6 , Hutchings 1895 and 1 8 9 8 } , 

Smythe 1 9 2 4 , Holmes and Harwood 1 9 2 8 , and Wager 1 9 2 8 ) . 

The Cleveland Dyke has been described by T e a l l 
( 1 8 8 4 ) and again by Holmes and Harwood ( 1 9 2 9 ) . . 

Upper Teesdale was mapped f o r H.M. Geological 
Survey by C.T. Clough, maps on 1 " : 1 mile scale being 
published i n 1 8 8 7 . 

More r e c e n t l y , the basement beds of the 

- i i i -



Carboniferous were examined by Harry i n 1950 

and some o f the beds s t u d i e d i n the present 
i n v e s t i g a t i o n were examined by Jones (Ph.D. 
t h e s i s , 1 9 5 6 ) . 

D e t a i l e d s t r a t i g r a p h i c a l and mining data i s 
to be found i n the Northern Pennine O r e f i e l d 
Memoir, v o l . I , Dunham ( 1 9 U 8 ) , pages 1 U - 2 5 and 
2 7 6 - 3 1 8 . 

I n t h i s p a r t of Upper Teesdale, the s t r a t a 
c o n s i s t of the Carboniferous Limestone Series which 
r e s t unconformably on ol d e r Palaeozoic rocks and 
which have a capping o f " M i l l s t o n e G r i t " . Unconsoli­
dated Pleistocene and Recent beds o v e r l y these rocks. 
The o l d e r , Lower Palaeozoic, rocks are cut by minette 
dykes which are probably of Devonian age. The 
Carboniferous rocks c o n t a i n the Carbo-permian quartz 
d o l e r i t e i n t r u s i o n , the Whin S i l l , and are cut by 
a p o r p h y r i t i c t h o l e i i t e , the Cleveland Dyke, which i s 
of T e r t i a r y age. The generalised s t r a t i g r a p h i c a l 
column can be given as f o l l o w s -

- i v -



Unconsolidated Sediments 
Thickness i n 

f e e t 
Recent 

H i l l peat up to 10 
P l u v i a t i l e a l l u v i u m v a r i a b l e 

Pleistocene 
Boulder c l a y up t o 180 

Consolidated sediments 

Carboniferous 
M i l l s t o n e G r i t . 

Coarse sandstones, g r i t s and 
shales. up t o about 300 

Carboniferous Limestone Series. 
The beds which make up t h i s 
s e r i e s of s t r a t a are d i v i d e d 
i n t o f o u r groups -
Upper Limestone Group; coarse 
g r i t s , sandstones, g a n i s t e r s , 
t h i n coals, shales and l i m e ­
stones. 580 - 780 

Middle Limestone Group; 
rhythmic a l t e r n a t i o n of l i m e ­
stones, shales, sandstones and 
t h i n c o a l s . 725 - 850 

Lower Limestone Group; Massive 
limestone, o v e r l a i n by a l t e r n a ­
t i n g limestones, shales and 
sandstones. 300 - 550 

-v-



Basement Group: Conglomerates 
o v e r l a i n by sandstones and 
shales. about 100 

Unconformity 

Lower Palaeozoic. 
Slates, p o s s i b l y Skiddaw Slate 
Series, and volcanic rocks. 

-VI-



CHAPTER I 

The S t r a t i g r a p h y 

INTRODUCTION 

The "beds s t u d i e d c o n s i s t of a succession 
of a l t e r n a t i n g limestones, shales and sandstones, 
which form the upper h a l f of the Middle Lime­
stone Group between the base of the Tyne Bottom 
Limestone and the base of the Great Limestone. 
The beds are r e p e t i t i v e i n character and are of 
a rhythmic or cyclothemic nature. 

THE CYCLOTHEM 

Previous workers, studying the Carboniferous 
s t r a t a i n which d e p o s i t i o n has occurred i n rhythms, 
have set out examples of the " t y p i c a l " cyclothem 
as i t appears i n the area which they have s t u d i e d , 
v i z . Hudson (1922+), Brough (1929), Vv'anless and 
Weller (1932), Robertson (192+8), Dunham (192+8,1950), 

Moore (1959) and Johnson (1959). 

Since the concept of a cyclothem has been 
i n t e r p r e t e d i n various ways by d i f f e r e n t authors 
i t i s necessary t o consider the usage o f t h i s term. 
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According t o Wanless and Weller (1932) who f i r s t 
used i t , "The word cyclothem i s t h e r e f o r e proposed 
to designate a series of "beds deposited d u r i n g a 
si n g l e sedimentary cycle of the type t h a t p r e r a i l e d 
d u r i n g the Pennsylvanian Period". Much e a r l i e r , 
M i l l e r (1887), w r i t i n g of the Calcareous D i v i s i o n 
of the Upper Limestone Series of northwest Northumberland 
had s t a t e d , "The a l t e r n a t i o n s of these beds f a l l i n t o 
a c e r t a i n o r d e r l y sequence which marks them out i n t o 
zones or cycles .......... The i n t e r v a l between any 
one limestone and the next i n order above i t i s thus 
i n d i c a t e d as forming ...a complete cycle 
of d e p o s i t i o n " . 

I n the nor t h e r n Pennines, of which Teesdale 
forms a p a r t , the existence of beds which e x h i b i t 
a cyclothemic nature has long been recognised. 
P h i l l i p s (I836) obviously recognised the r e p e t i t i v e 
character of the Yoredale beds although he was not 
concerned w i t h i t s s i g n i f i c a n c e . 

Dunham (19U8) i l l u s t r a t e d the c y c l i c character 
of the beds i n the present area of i n v e s t i g a t i o n and 
noted t h a t the cycles were very s i m i l a r to those 
described by Yifanless and Weller f o r the Pennsylvanian. 
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Dunham's " t y p i c a l " cyclothem consisted o f the 
f o l l o w i n g succession of "beds, s t a r t i n g w i t h the 
limestone a t the base: limestone, calcareous 
shale, f e r r u g i n o u s shale, sandy shale or shaly 
sandstone, sandstone, g a n i s t e r or underclay, c o a l . 

Although the " t y p i c a l " cyclothem v a r i e s from 
area t o area and although d i f f e r e n t workers may 
accentuate d i f f e r e n t aspects of the cyclothem, they 
are a l l e s s e n t i a l l y of the same nature and i n t h e i r 
simplest form are very s i m i l a r t o Dunham's cyclothem. 

I t appears from a c o n s i d e r a t i o n of the diagrams 
and d e s c r i p t i o n s f e a t u r e d by the afore-mentioned 
workers, t h a t the.ir " t y p i c a l " cyclothems are subject 
t o much l o c a l l a t e r a l v a r i a t i o n . This i s c e r t a i n l y 
t r u e of the beds st u d i e d i n Teesdale. The general­
i s a t i o n of the c h a r a c t e r i s t i c s of the Yoredale 
cyclothems and the s e t t i n g out of " t y p i c a l " cyclothems, 
has caused workers to overlook the l o c a l v a r i a b i l i t y 
when i t comes to a c l o s e r understanding of the 
con d i t i o n s under which the sediments were deposited. 

The general f e a t u r e s of the cyclothems are 
important i n understanding the broader aspects of 
d e p o s i t i o n . The " t y p i c a l " f e a t u r e s are a p p l i c a b l e 
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only to the major cyclothems, then not over the 
whole area, and t o some of the minor cyclothems. 

The limestones, although g e n e r a l l y t h i n beds, 
cover very l a r g e areas and remain a t f a i r l y constant 
distances a p a r t . The limestones are u s u a l l y over­
l a i n by a shale which i s succeeded by a sandstone. 
Whenever a major sandstone occurs i n a cyclothem, 
i t s p o s i t i o n i s ge n e r a l l y constant. The coa l s , 
wherever they are preserved, u s u a l l y o v e r l i e the 
main sandstone i n the succession and occur at or 
near the base of a main limestone. 

As w i l l be i l l u s t r a t e d i n the succeeding 
pages, there are considerable l o c a l l a t e r a l 
v a r i a t i o n s and also many d i f f e r e n c e s i n the rock 
types and t h e i r petrography. These can be r e l a t e d , 
as they are i n a l a t e r chapter, to d i f f e r e n c e s i n 
the environments of d e p o s i t i o n . 

Following Dunham (1950), the bases of the 
cyclothems recognised i n the Teesdale area are taken 
as the bases of the major limestones. The basic 
s t r u c t u r e of the h y p o t h e t i c a l , i d e a l Teesdale 
cyclothem can be given as:-
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7. Coal 
6. Ganister or underclay 
5* Sandstone 
i | . Sandy shale, shaly sandstone 

or shale w i t h t h i n sandstone 
bands. 

3. U n f o s s i l i f e r o u s (? non-marine) 
f e r r u g i n o u s shale. 

2. Marine shale 
1. Marine limestone 

c. NOMENCLATURE OP THE CYCLOTHEMS 
I n Teesdale, several cyclothems are recognised 

i n the series of beds s t u d i e d . These are named a f t e r 
the limestone o c c u r r i n g a t the base. Some of the 
more prominent sandstones i n the succession are also 
name d. 

Two l o c a l terms are f r e q u e n t l y encountered i n 
the nomenclature of the beds s t u d i e d i n t h i s area o f 
England. These are the names "hazel" or "hazle" f o r 
sandstones and "plate", f o r shale beds. The term 
"grey beds" i s also o f t e n used and i n d i c a t e s a se r i e s 
of t h i n shales w i t h f l a g g y sandstone bands. 

I n some cyclothems there are minor rhythms which 
are o f t e n marked by the presence of t h i n limestone 
bands. 
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The f o l l o w i n g t a b l e i n d i c a t e s the nomenclature 
of the beds s t u d i e d and shows t h a t -they are d i v i d e d 
i n t o f i v e cyclothems: 

Great Limestone. 
^ T u f t or Vfeter S i l l (sandstone) 

Shale (not named) 
I r o n Post Limestone 
Quarry Hazle (sandstone) 
Shale (not named) 
Pour Fathom Limestone 

Pour Fathom Cyclothem 

Three Yard Cyclothem 

Five Yard Cyclothem 

Scar Cyclothem 

Tyne 
Bottom 
Cyclothem 

A l t e r n a t i n g 
Beds 

( Nattrass G i l l Hazle (sandstone) 
Shale (not named) 
Three Yard Limestone 

( High B r i g Hazle (sandstone) 
Shale (not named) 
Five Yard Limestone 

( Low B r i g Hazle (sandstone) 
{ Shale (not named) 
( Scar Limestone 
( Copper Hazle (sandstone) 

Shale and sandy shale (not named) 
Cockle S h e l l Limestone 
Shale and sandy shale (not named) 
Single Post Limestone 
Tyne Bottom P l a t e (shale) 
Tyne Bottom Limestone 
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VARIATIONS IN THE STRATA 
With i n the mapped p a r t o f Upper Teesdale, 

exposure i s v a r i a b l e . West of High Force (8802814-), 
the s t r a t a are very p o o r l y exposed and the most 
valuable sections occur east of the High Force. 
Even to the east of High Force, the exposures of 
beds are poor except f o r those which l i e between 
the Scar and Three Yard Limestones. Dunham (1924.8) 
d e a l t w i t h the s t r a t i g r a p h y of the Yoredale s t r a t a 
i n the area s t u d i e d and Jones (Ph.D. thesis,1956) 
gave a f a i r l y comprehensive l i s t of sections from 
Bow Lee Beck eastwards. For these reasons, the 
f o l l o w i n g d i s c u s s i o n of the v a r i a t i o n of the s t r a t a 
w i l l be based p r i n c i p a l l y on an a n a l y s i s of the s t r a t a 
between the Scar and Three Yard Limestones and of the 
Cockle Shell Limestone. 

F i e l d observations have shown t h a t there i s 
a considerable v a r i a t i o n i n any one cyclothem over 
the whole area and t h a t even c l o s e l y spaced stream 
sections may y i e l d very d i f f e r e n t p i c t u r e s . Examples 
of the v a r i a t i o n can be seen i n the s t r a t i g r a p h i c a l 
columns given i n Figures I,A,1,2 and 3. W h i l s t the 
thickness and the character of the limestones vary 
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s l i g h t l y , the most no t i c e a b l e e f f e c t s are i n the 
sandstone and shale content of the cyclothems. 

VARIATIONS IN THE STRATA BETWEEN THE SCAR AND 
THREE YARD LIMESTONES 

The f i r s t f a i r l y complete s e c t i o n of the s t r a t a 
o c c u r r i n g "between the Scar and Three Yard Limestones 
i n the western p a r t of the area i s seen i n Langdon 
Beck (858311+). Here, the succession i s a t l e a s t 
86 f e e t t h i c k and consists o f : -

Three Yard Limestone 
c. 5' 0" Fine nodular mica shale. 

1 ' !+'» Coal 
18' 0" Brown f a l s e bedded sandstone-

High B r i g Hazle 
i+' 0" Calcareous f o s s i l i f e r o u s shale 

16' 6" Pine dark limestone w i t h shale 
p a r t i n g s - Five Yard Limestone 
"-̂ -̂ -̂ --̂ -̂  Erosion surface 

+15* 0" Massive white sandstone-Low B r i g Hazle 
? Gap 

+25' 0" Pale c r i n o i d a l limestone) Scar 
1-2' 0" Arenaceous limestone ) Limestone 

on massive f a l s e bedded brown 
sandstone. 

Two and a h a l f miles to the south-east, i n 
E t t e r s g i l l (883309), the succession i s considerably 
changed. The Scar Limestone i s reduced i n thickness 
but i s otherwise l i t t l e a l t e r e d . However, the Low 
Br i g Hazle i s apparently much t h i c k e r and the High 
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B r i g Hazle consists of two sandstone beds separated 
by a shale sequence which contains a t h i n c o a l . 
Owing to l a c k of exposure i n the i n t e r v e n i n g ground, 
i t i s not possi b l e to say which of the sandstone 
beds i n the High B r i g Hazle i n t h i s s e c t i o n i s 
equivalent to the High B r i g Hazle i n Langdon Beck. 

The succession between the Three Yard Limestone 
and the coal below i t i s notably d i f f e r e n t i n t h a t i t 
i s much t h i c k e r and contains a sandstone bed. The 
t o t a l thickness o f the sequence i s about 13& f e e t and 
i s as f o l l o w s : -

Three Yard Limestone 
1 ' 7" Brown Sandstone 

c.1 ' 0" Clayey s i l t s t o n e 
18' 0" Massive f a l s e bedded sandstone 

c o n t a i n i n g c l a y g a l l s , and w i t h J H i _ h B r i s shale fragments i n the lower ) 8 8 

surface. s nazxe 
9' 0" Pine mica shale 
0* 9" Coal 

15' 0" Massive f a l s e bedded sandstone 
c.1' 0 n S h e l l y calcareous shale 
18' U" Pine dark limestone w i t h occasional 

shale p a r t i n g s - Pive Yard Limestone. 
1 ' 2" Pale brown sandstone 
1 '10" Micaceous shaly sandstone 
2' 6" Mica shale w i t h t h i n sandstone bands. 



18'10" Massive f a l s e bedded and ) 
r i p p l e d sandstone. ) 

12' o" Mica sandstone w i t h t r a i l s and< Low B r i g 
? a l g a l ? markings, and p i t < Hazle 
and mound s t r u c t u r e s . < 

3' o" Very f i s s i l e mica sandstone. ) 
10' O F i s s i l e mica shale w i t h t h i n 

sandstone bands. 
3 O F o s s i l i f e r o u s nodular shale. 

23' 0" Pale c r i n o i d a l limestone - Scar Limestone. 
On shale. 

One and a quarter miles to the east of E t t e r s g i l l , 
i n H e l l Cleugh (910294), the succession has again 
changed. The shale above the Scar Limestone i s much 
t h i n n e r and a minor rhythm occurs above the Low B r i g 
Hazle. The Five Yard Limestone i s more shaly. The 
High B r i g Hazle again consists of two sandstone beds. 
Here, the coal below the Three Yard Limestone i s over­
l a i n by a nodular shale as i n Langdon Beck but t h i s i s 
o v e r l a i n i n t u r n by a sandstone bed s i m i l a r to t h a t i n 
E t t e r s g i l l . 

The t o t a l thickness of s t r a t a i n t h i s s e c t i o n 
i s about 135 f e e t and consists o f : -
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Three Yard Limestone. 
6-8' 0" Rotten s i l t s t o n e w i t h sandstone 

"bands to mica sandstone. 
0-9'" Shaly sandstone. 

1' 6" Sandstone. 
11' 8 U Black s i l t y mica shale w i t h 

small p y r i t e nodules. 
1 ' U" Coal. 
0' 6" Black carbonaceous .shale. 

26' 0" Soft brown sandstone. 
9 » - 1 S h a l e - (obscured). 
17' 0 H Fine dark limestone w i t h 

shaly p a r t i n g s , lower ) Five Yard 
1*8" arenaceous. ) Limestone 

2' 8" Fine sandstone. 
3' 6" Arenaceous grey shale. 
1' 6" Py r i t o u s sandstone. 
0' 9" Arenaceous grey shale. 
0' 9" Shaly sandstone. 
3' 0" Obscure. 
3' 0i! Ganister. 
2' 0" Sandy shale. 
3' 0" Shaly sandstone. 

30' 0" Massive sandstone w i t h ) Low B r i g 
c l a y g a l l s i n lower k f t . ) Hazle 

5' 0" Mica shale w i t h occasional 
f o s s i l s . 

+15' 0" Pale c r i n o i d a l limestone w i t h 
top 2 f e e t shaly - Scar Limestone. 

One h a l f to t h r e e quarters of a m i l e to the 
south, i n Bow Lee Beck, there i s only one sandstone 
forming the High B r i g Hazle and the minor rhythm 
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above the Low Br i g Hazle i s absent, being replaced 
by a shale succession. The beds immediately below 
the Three Yard Limestone are not w e l l exposed but 
probably c o n s i s t of shale. The t o t a l thickness 
of the cyclothem here i s about 150 f e e t . The 
succession can be given as f o l l o w s : -

Three Yard Limestone 

15' 0' 
25' 0' 

2' 
2' 

18' 9' 

6' 0" 

3' 0' 

1 » 0f! 

28' 0' 

5' 0' 

5' 0' 

29 f 81 

Obscured - ?shale? 
Massive f a l s e bedded sandstone. 
High B r i g Hazle. 
Obscured - ?shale? 
Calcareous and f o s s i l i f e r o u s shale 
Pine dark limestone w i t h numerous) Five Yard 
shaly p a r t i n g s , base arenaceous.) Limestone 
F i s s i l e mica shale w i t h f i n e 
limestone bands. 
Fine mica shale w i t h f i n e 
sandstone lenses. 
Unlaminated calcareous shale 
and carbonaceous shale. 
Massive sandstone, top f a l s e bedded) 
w i t h s t i g m a r i a and base 
calcareous. 

Low B r i g 
Hazle 

Ferruginous, s i l t y , nodular 
mica shale. 
S i l t y nodular mica shale w i t h 
f o s s i l s , 
Massive pale c r i n o i d a l l i m e - ) g c a r 

stone, shaly towards the top) T i m e s t o n e 

and w i t h an arenaceous base. ) 
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A h a l f mile t o the south-east, i n Newbiggin 
Beck, the succession has again changed considerably. 
Both of the hazles i n the succession are t h i n and 
t h e i r bases are unconformable. There i s a l a r g e 
number of minor shales between the sandstones. The 
sequence i s about 126 f e e t t h i c k and can be given 
i n the f o l l o w i n g generalised form, the s e c t i o n i t s e l f 
v a r y i n g considerably along the l e n g t h of the exposure; 

Three Yard Limestone 
1'* 6"-Lf.T 0" Gap- ?shale? 
3' 8 u - 5 ' 7" Massive sandstone w i t h ) 

micaceous and shaly base 
to 12' sandstone w i t h g r i t 
base w i t h clay g a l l s and 
coal fragments. 
^ N - ^ - N ^ ^ ?Unconformity? ( High B r i * 

c . 6 ' 0" S i l t y mica shale w i t h 
carbonaceous fragments. 

1|' G"-6' 6" Massive sandstone. 
c .12'0'" Gap w i t h arenaceous shale 

fragments. 
8' 0" Massive sandstone w i t h 

p y r i t o u s base w i t h coal 
fragments and c l a y g a l l s . 
/v^v^N-^^-?Unconformity? 

1 ' 2" Nodular shale w i t h f o s s i l 
fragments. 

1 ' 2" Calcareous shale. 
17' 0 n Pine dark limestone i n 

several posts w i t h s h a l y , ) * £ ^ 8 £ £ 
top, } 

2"-L(." Dark f e r r u g i n o u s shale. 
8"-10" C r i n o i d a l , calcareous 

sandstone. 
- x i x -
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8" Very f i n e mica shale. 
3' 0" Rippled s i l t y mica shale w i t h 

?algal? s t r u c t u r e s . 
1' 6" Sandstone 
1' 0" S i l t y mica shale. 

Small gap. 
1' 0" Sandstone 
V 0" S i l t s t o n e 
3' 6" Sandstone 

? 3' 0"? Gap 
6' 0" Massive pale brown sandstone 

-6' 0" Massive white sandstone 
-^'N^^-N^V- Unconformity 

-U' 2" Calcareous, f o s s i l i f e r o u s 
nodular shale. 

27' "H " Pale c r i n o i d a l limestone w i t h 
shaly top. 

The s t r a t a discussed i n the preceding pages 
serve to i l l u s t r a t e the v a r i a b i l i t y of the beds 
st u d i e d , p a r t i c u l a r l y the sandstones and shales. 
Some of the s t r a t a e x h i b i t even greater v a r i a t i o n s 
but few sections of these are exposed. The minor 
limestones, i n p a r t i c u l a r , are very v a r i a b l e and 
the Cockle S h e l l Limestone e x h i b i t s numerous 
v a r i a t i o n s . 

VARIATIONS IN THE COCKLE SHELL LIMESTONE AND 
ASSOCIATED .STRATA. 

The Cockle S h e l l Limestone i n Bow Lee Beck, 
near i t s confluence w i t h the Tees, c o n s i s t s of 
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10 f e e t o f w h i t e t o p a l e grey arenaceous and 

p y r i t o u s l i m e s t o n e . Less t h a n a hundred yards 

away, a t S c o r b e r r y B r i d g e , i t i s a r g i l l a c e o u s 

b u t n o t arenaceous and c o n t a i n s the g i g a n t o p r o d u c t i d 

f a u n a which i s c h a r a c t e r i s t i c o f t h i s l i m e s t o n e . 

The s u c c e s s i o n a t t h e b r i d g e can be g i v e n as:-

1' 1" Pine dark l i m e s t o n e 

5' 0" Pine d a r k l i m e s t o n e w i t h 
g i g a n t o p r o d u c t i d s and c r i n o i d 
stems. 

2' 0" Calcareous s h a l e . 
3' 6" Pine d a r k l i m e s t o n e . 

I n t h e Lunedale Q u a r r i e s , t h r e e and a h a l f 
m i l e s t o t h e s o u t h - e a s t , the l i m e s t o n e i s r e p r e s e n t e d 
by t h e f o l l o w i n g sequencer­

s'' Hard f o s s i l i f e r o u s a l g a l l i m e s t o n e 
w i t h p y r i t e . 

1' 10"-2' 8" P o s s i l i f e r o u s c a l c a r e o u s s h a l e . 

3' 5" Shaly l i m e s t o n e 

10"-1 T 3" H i g h l y f o s s i l i f e r o u s c a l c a r e o u s 
s h a l e t o s h a l y l i m e s t o n e . 

3' 9" Pine d a r k l i m e s t o n e . 

A c c o r d i n g t o Jones (1956), the above s u c c e s s i o n 

i s r e p r e s e n t a t i v e o f t h e S i n g l e Post Limestone. 

However, t h i s i s b e l i e v e d t o be the e q u i v a l e n t o f 
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the Cockle S h e l l Limestone f o r the f o l l o w i n g r e a s o n s . 

F i r s t , t h e r e i s a t r a n s g r e s s i o n o f t h e Whin S i l l 

on C r o s s t h w a i t e Common which c u t s t h e S i n g l e Post 

Limestone so t h a t i n t h e s o u t h - e a s t t h i s l i m e s t o n e 

l i e s below the Whin S i l l , There i s no evidence o f 

f u r t h e r change i n h o r i z o n o f t h e s i l l . Thus t h e 

S i n g l e Post Limestone must s t i l l l i e below the Whin 

S i l l i n t h e Lunedale Q u a r r i e s , where i t l i e s below 

the l i m e s t o n e s u c c e s s i o n d e s c r i b e d above. 

Second, i n th e Lunedale Q u a r r i e s , t h e r e i s a 

t h i n l i m e s t o n e between t h e beds d e s c r i b e d and the 

Scar Limestone. T h i s i s 2'8" i n t h i c k n e s s and i s 

f i n e , d a r k and s h a l y , c o n t a i n i n g g i g a n t o p r o d u c t i d s . 

T h i s l i m e s t o n e a l s o bears cauda g a l l i markings 

(Wells,1955) on the upper s u r f a c e and mi g h t be t h o u g h t 

t o be e q u i v a l e n t t o t h e Cockle S h e l l Limestone. 

However, a s i m i l a r l i m e s t o n e p o s t o c c u r s a t t h e base 

o f t h e Scar Limestone on C r o s s t h w a i t e Common wh i c h 

becomes s e p a r a t e d f r o m t h e Scar Limestone by a s e r i e s 

o f t h i n s h a l e s and sandstones t h i c k e n i n g t o the s o u t h ­

e a s t . The 2'8" l i m e s t o n e bed i n the Lunedale Q u a r r i e s 

i s c o n s i d e r e d , t h e r e f o r e , t o be e q u i v a l e n t t o t h e 

bottom p o s t o f the Scar Limestone t o the n o r t h - w e s t . 
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The s t r a t i g r a p h i c a l s e c t i o n s i l l u s t r a t e d 

( F i g u r e s I . A, 1, 2, and 3»)> a 2 1 ( 3- "the s e c t i o n s 

d i s c u s s e d i n t h e p r e v i o u s paragraphs show the 

e x t e n t o f t h e l o c a l v a r i a b i l i t y o f the s t r a t a , 

p a r t i c u l a r l y i n t h e area s t u d i e d . T h i s v a r i a b i l i t y 

serves t o emphasise t h a t t h e r e i s no " t y p i c a l " 

c y c l o t h e m a l t h o u g h t h e r e are many v a r i a t i o n s o f 

the h y p o t h e t i c a l i d e a l c y c l o t h e m . 

VARIATION IN RELATION TC TEE THICKNESS OF STRATA 

The s t r a t i g r a p h i c a l s e c t i o n s show t h a t t h e t o t a l 

t h i c k n e s s o f se d i m e n t a r y r o c k between one l i m e s t o n e 

and t h e n e x t i n o r d e r above i t i s v a r i a b l e f r o m one 

s e c t i o n t o a n o t h e r , even over t h e s m a l l area s t u d i e d . 

There appears (see Figs„ I , 1,2, and 3) t o be no 

c o r r e l a t i o n between t h e s h a l e o r sandstone c o n t e n t 

and t h e t h i c k n e s s o f s t r a t a between the l i m e s t o n e s . 

The type o f m a t e r i a l d e p o s i t e d and t h e r e s i i l t a n t 

d i f f e r e n t r e l a t i v e r a t e s o f compaction a r e , t h e r e f o r e , 

n o t w h o l l y , i f a t a l l , r e s p o n s i b l e f o r changes i n 

t h i c k n e s s o f s t r a t a f r o m one area t o a n o t h e r . I t 

appears t h a t t h e changes are more p r o b a b l y due t o 

v a r y i n g r a t e s o f s e d i m e n t a t i o n a t d i f f e r e n t p o i n t s . 

- x x i i i -



VARIATION I N RELATIVE PROPORTION TO ROCK TYPES 

Not o n l y a r e t h e r e d i f f e r e n c e s i n t h e t h i c k n e s s 

o f sediment between t he l i m e s t o n e s "but a l s o d i f f e r e n c e s 

i n t h e p r o p o r t i o n s o f t h e r o c k t y p e s . The f o l l o w i n g 

t h r e e s e c t i o n s t a k e n f r o m Teesdale i l l u s t r a t e t h e 

v a r i a t i o n i n p r o p o r t i o n s o f the r o c k t y p e s : -

T o t a l 
Thickness Limestone Sandstone Shale 

G - r a s s h i l l s h a f t , 151 f t . h9 f t . f t . 56 f t . 
Scar t o Three 
Yard Limestone. 32.5% 31 .5% 3S% 

B e a g i l l - H e l l 135 f t . 36 f t . 70 f t . 29 f t . 
Cleugh, Scar 
t o Three Yard 29% 50% 21% 
Limestone. 

Skears Great R i s e , 160 f t . 20 f t . 70 f t . 70 f t . 
Three Yard t o 
Great Limestone. kh% Uh% 

Because of t h e g r e a t v a r i a b i l i t y o f t h e Teesdale 

s t r a t a and "because much o f the area i s unexposed , an 

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

r o c k types over t he whole area i s n o t ass e s s a b l e • 

I t appears however, f r o m a c o n s i d e r a t i o n o f many s e c t i o n s , 

t h a t t h e abundance o f r o c k t y p e s i s i n the f o l l o w i n g 

o r d e r : sandstone, s h a l e and l i m e s t o n e . 
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CHAPTER I I 

THE ARGILLACEOUS ROCKS: PART I . 

The L a b o r a t o r y Techniques 

a» INTRODUCTION 

The c l a y m i n e r a l s have "been s t u d i e d b y 

means o f X-ray powder p h o t o g r a p h y , d i f f e r e n t i a l 

t h e r m a l a n a l y s i s and i n f r a - r e d a b s o r p t i o n 

s p e c t r o s c o p y . 

P e t r o g r a p h i c s t u d i e s , b y means o f t h i n 

s e c t i o n s , have a i d e d o t h e r methods o f s t u d y . 

Vt f h i l s t a l l t h e samples o f a r g i l l a c e o u s 

r o c k s have been s u b j e c t t o X-ray powder a n a l y s i s 

i n t h e i r n a t u r a l s t a t e , many s e p a r a t e d f i n e 

f r a c t i o n s have a l s o been s t u d i e d . 

b. METHODS USED I N THE SEPARATION OF THE FINER 
CLAY FRACTIONS 

A l t h o u g h the u n d e r c l a y s examined were 

g e n e r a l l y s u f f i c i e n t l y f r i a b l e t o be powdered 

w i t h o u t c r u s h i n g , a l l o f t h e shales were 

i n d u r a t e d and r e q u i r e d c r u s h i n g t o e f f e c t 

d i s a g g r e g a t i o n . 

The s h a l e s were f i r s t crushed i n a 

p e r c u s s i o n m o r t a r t o a minus 120 mesh s i z e , 
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Grinding i n an agate p e s t l e and mortar was d i s ­

continued a f t e r the f i r s t few s e p a r a t i o n s as i t 

was found t h a t i t tended to cause d i s l o c a t i o n of 

the c l a y mineral l a t t i c e s , i n t u r n r e s u l t i n g i n 

the production of e x c e s s i v e l y d i f f u s e X-ray powder 

photographs. The f i n e powder, a f t e r c r u s h i n g , was 

separated by a modified form of the method des c r i b e d 

by Mackenzie (1956), as f o l l o w s : 

About 50 gms. of the powder obtained from 

c r u s h i n g were pl a c e d i n a quart b o t t l e . The b o t t l e 

was then h a l f f i l l e d w i t h d i s t i l l e d water. Three 

or four mis. of 0.880 ammonium hydroxide s o l u t i o n 

were added as a d i s p e r s i n g agent. The b o t t l e was 

then corked and p l a c e d i n an end over end shaker. 

Normally f o u r samples were shaken at the same time 

f o r three to f o u r hours. The b o t t l e s were then 

removed, almost f i l l e d by adding more d i s t i l l e d 

water and shaken by hand f o r one minute. They were 

then allowed to stand f o r eig h t hours. A f t e r t h i s 

time, the top 10 cms of the suspensions were siphoned 

o f f i n t o l a r g e beakers. Using S t o k e r s Law:-

v = X x LILP d 2 18 n 
(where g i s the a c c e l e r a t i o n due to g r a v i t y , b i s the 
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s p e c i f i c g r a v i t y o f t h e s o l i d , p i s the s p e c i f i c 

g r a v i t y o f t h e l i q u i d , n i s the v i s c o s i t y o f t h e 

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

m i l l i m e t r e s and v i s the s e t t l i n g v e l o c i t y i n 

c e n t i m e t r e s per second). 

i t can be c a l c u l a t e d t h a t a l l p a r t i c l e s g r e a t e r 

than two m i c r o n s e q u i v a l e n t s p h e r i c a l d i a m e t e r , 

2/Ae. S o d. w i l l have s e t t l e d below t h e 10 cm l e v e l 

i n e i g h t h o u r s . 

A f u r t h e r two o r t h r e e mis o f 0.880 ammonium 

h y d r o x i d e s o l u t i o n were added, t h e b o t t l e s were 

r e f i l l e d , shaken by hand, and allowed t o s t a n d a 

f u r t h e r e i g h t h o u r s . The p r o c e d u r e was r e p e a t e d 

g e n e r a l l y f o u r t o s i x t i m e s t o ensure r e p r e s e n t a t i v e 

s a m p l i n g axid a l s o t o o b t a i n s u f f i c i e n t q u a n t i t i e s 

of the s u s p e n s i o n s . 

O c c a s i o n a l l y longer p e r i o d s of suspension were 

used, f o r example, s i x t e e n h o u r s t o c o l l e c t p a r t i c l e 

s i z e s o f l e s s than 1 „U,M e. s .d. 

D u r i n g t he f i r s t few s e p a r a t i o n s , t h e suspensions 

were n e u t r a l i s e d by t h e a d d i t i o n o f 9N a c e t i c a c i d and 

were then c o a g u l a t e d by a d d i n g 20 mis of 1N magnesium 

c h l o r i d e s o l u t i o n . I t was f o u n d as work proceeded 
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t h a t , i n most cases, the a d d i t i o n o f a c e t i c a c i d 

was n o t ne c e s s a r y and u s u a l l y 5 mis or l e s s o f 

magnesium c h l o r i d e s o l u t i o n were s u f f i c i e n t t o 

c o a g u l a t e t he c l a y suspensions. 

When t h e s u p e r n a t a n t l i q u i d was c l e a r i t was 

decanted and t h e c l a y s l u dge was washed i n t o 25 ml 

tubes and c e n t r i f u g e d . A f t e r p o u r i n g o f f t h e w a t e r , 

the c l a y was washed by s h a k i n g w i t h d i s t i l l e d w a t e r 

and a g a i n c e n t r i f u g e d . T h i s was r e p e a t e d s e v e r a l 

t i m e s . The c l a y was t h e n washed and ©entrifuged t w i c e , 

u s i n g 96% e t h y l a l c o h o l , i n o r d e r t o d r y i t and a l s o 

t o remove any r e m a i n i n g s a l t s . The washings were 

t e s t e d w i t h s i l v e r n i t r a t e s o l u t i o n d u r i n g t h i s l a s t 

p r o c e s s t o d e t e c t the presence o f c h l o r i d e i o n s and 

the sample was rewashed i f the t e s t was p o s i t i v e . 

The c l a y was a l l o w e d t o d r y i n a i r , was c r u s h e d 

g e n t l y and p l a c e d i n sample t u b e s . 

For d i f f e r e n t i a l t h e r m a l a n a l y s i s and i n f r a - r e d 

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

i n a d e s s i c a t o r f o r f o u r days over a s a t u r a t e d s o l u t i o n 

o f magnesium n i t r a t e (56/2 r e l a t i v e h u m i d i t y ) . I n 

p r a c t i c e , t h i s was f o u n d t o be unnecessary f o r most o f 
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the r o u t i n e work o f i d e n t i f i c a t i o n . The same 

pr o c e d u r e as f o r X-ray samples was t h e r e f o r e used 

t o o b t a i n samples f o r d i f f e r e n t i a l t h e r m a l and 

i n f r a - r e d a b s o r p t i o n s p e c t r o g r a p h i c a n a l y s i s . 

X-RAY POWDER ANALYSIS 

i . The Cameras 

The specimens o f s e p a r a t e d and n a t u r a l 

c l a y samples were examined by means o f X-ray 

powder p h o t o g r a p h y . Both 9 cm and 11.1+ cm 

powder cameras were used. I n t h e l a t e r stages 

o f t h e i n v e s t i g a t i o n s an 11 *Z+ cm P h i l l i p s powder 

camera, i n c o r p o r a t i n g t h e s l i t c o l l i m a t i n g system, 

was o b t a i n e d and t h i s was used; f o r t h e e a r l i e r 

p a r t o f t h e i n v e s t i g a t i o n o n l y a 9 cm powder 

camera was a v a i l a b l e . 

The 9 em camera was m o d i f i e d f o r use w i t h 

c l a y m i n e r a l specimens i n t h e manner d e s c r i b e d 

b y Brown and D i b l e y (1956) f o r unevacuated cameras. 

W i t h t he a c q u i s i t i o n o f a new X-ray a p p a r a t u s , 

the camera was s u b s e q u e n t l y r e m o d i f l e d and t h e 

c o l l i m a t i n g system improved. A s l i t c o l l i m a t i n g 

system was designed t o g i v e a beam w h i c h was 

between 0.5 and 1 mm wide a t t h e beam s t o p . The 
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beam o u t l e t tube was r e p l a c e d by a narrow, h o l l o w 

b r a s s t r a p w i t h a l e a d b a c k i n g . 

Measurements o f spacings up to 27A w i t h copper 

r a d i a t i o n and 32A w i t h c o b a l t r a d i a t i o n c o u l d be made. 

These l i m i t s are more t h a n adequate f o r t h e i d e n t i f i ­

c a t i o n o f the c l a y m i n e r a l s d e a l t w i t h i n t h i s work. 

The camera c o n s t a n t o f t h e 9 cm camera was 

c a l c u l a t e d , e m p l o y i n g a c c u r a t e measurements f o r the 

camera d i a m e t e r , w i d t h o f t h e k n i f e edges and 

d i s t a n c e o f t h e k n i f e edges f r o m t he camera w a l l 

(see F i g . 2 . 1 ) . Using t h i s c a l c u l a t e d c o n s t a n t , 

the spacings o f p u r e ^ - q u a r t z ( l o w t e m p e r a t u r e 

q u a r t z ) were d e t e r m i n e d f r o m an X-ray powder p h o t o ­

graph t a k e n w i t h t h e camera. The spacings were 

f o u n d t o be i n c l o s e agreement w i t h t hose g i v e n by 

the N a t i o n a l Bureau o f Standards, c i r c . 5 3 9 , v o l . 

I l l , the maximum e r r o r s b e i n g i n t h e o r d e r o f 

i i . E x p e r i m e n t a l Technique 

Specimens o f s e p a r a t e d and n a t u r a l c l a y samples 

were mounted on p y r e x g l a s s h a i r s , u s i n g c o l l o d i o n 

as t h e b o n d i n g a g e n t . Comparison o f photographs o f 

specimens mounted i n t h i s manner, w i t h p h o t o g r a p h s 

o f the same samples mounted i n Lindemann g l a s s tubes 
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showed no r e c o g n i s a b l e d i f f e r e n c e s . The powders 

can t h u s be r e g a r d e d as random a g g r e g a t e s . 

F i l t e r e d copper (CuKx) and c o b a l t (CoKX) r a d i a t i o n s 

were used i n the i n v e s t i g a t i o n s a l t h o u g h t h e 

c o b a l t r a d i a t i o n was g e n e r a l l y o n l y used f o r t h e 

i r o n - r i c h samples. 

A l l o f t h e i n t e n s i t i e s o f t h e l i n e s measured 

on t h e f i l m s were e s t i m a t e d v i s u a l l y and t h e 

l i n e a r measurements were a c c u r a t e t o 0.005 cm. 

CHARACTERISTICS USED I N THE X-RAY IDENTIFICATION 
OF THE CLAY MINERALS 

i . Quartz and o t h e r n o n - c l a y m i n e r a l s . 

Most of t h e s h a l e s examined c o n t a i n some 

q u a r t z . T h i s m i n e r a l was d i s t i n g u i s h e d by t h e 
* 

presence of s t r o n g l i n e s on t h e f i l m s a t I4.26, 
o o 

1.816 and 1 .5I4OA. The s t r o n g e s t l i n e a t 3.35A 

i s near t o t h a t o f s e v e r a l c l a y m i n e r a l s , f o r 
o o 

example, i l l i t e , 3«3UA and k a o l i n i t e , 3.36A. 
C a l c i t e was i d e n t i f i e d p r i m a r i l y i n t h e f i e l d 

( a c i d t e s t ) , b u t i t s presence i s i n d i c a t e d i n 

u n t r e a t e d c l a y samples by s t r o n g l i n e s a t 3»03 

and 1.917A. 

- x x x i -



I l l i t e s 

A lmost a l l t h e s h a l e s examined c o n t a i n 

i l l i t e , g e n e r a l l y as t h e maj o r c o n s t i t u e n t . 

The term i l l i t e was f i r s t p roposed by Grim, 

Bray and B r a d l e y (1937) as a g e n e r a l name f o r 
o 

the m i c a - l i k e c l a y m i n e r a l s w i t h a 10A c - s p a c i n g 

and w i t h no expanding l a t t i c e c h a r a c t e r i s t i c s . 

T h i s d e f i n i t i o n i n c l u d e s b o t h the d i o c t a h e d r a l 

m u s c o v i t e - t y p e l a t t i c e and the t r i o c t a h e d r a l 

b i o t i t e - t y p e l a t t i c e . 

Mackenzie (1957 and 1959) has proposed 

t h a t t h e d i o c t a h e d r a l and t r i o c t a h e d r a l l a t t i c e 

t y p e s s h o u l d be s e p a r a t e d and has r e s e r v e d t h e 

name i l l i t e o n l y f o r t h e i r o n - p o o r d i o c t a h e d r a l 

mica c l a y m i n e r a l s . The i r o n - r i c h d i o c t a h e d r a l 

t y p e s are the t r u e g l a u c o n i t e s , w h i l s t t h e 

t r i o c t a h e d r a l t y pes he p l a c e s i n a s e p a r a t e 

group, t he l e d i k i t e s . 

Here, t h e term i l l i t e w i l l be used i n 

the sense i m p l i e d by Mackenzie's d e f i n i t i o n 

and the i l l i t e s a re i d e n t i f i e d p r i m a r i l y b y 

the presence o f t h e b a s a l r e f l e c t i o n s a t 10, 

5 and 3.3UA. 

- x x x i i -



Levinson (1955) has shown t h a t t h e X-ray d a t a 

can a l s o be used t o d i s t i n g u i s h t h e d i f f e r e n t polymorph 

o f i l l i t e , o f w h i c h f o u r have been r e c o g n i s e d . These 

can be l i s t e d i n t h e f o l l o w i n g manner: 

1. The t h r e e - l a y e r t r i g o n a l polymorph, 
3R ( o r 3T, see b e l o w ) . 

2. The t w o - l a y e r m o n o c l i n i c polymorph, 2M. 

3. The o n e - l a y e r o r d e r e d m o n o c l i n i c 
polymorph, 1M. 

U» The o n e - l a y e r d i s o r d e r e d m o n o c l i n i c 
polymorph, 1Md. 

The use o f l e t t e r s r e q u i r e s c a r e f u l c o n s i d e r a t i o n . 

Ramsdell (19U7), s t u d y i n g the v a r i o u s t y p e s o f 

s i l i c o n c a r b i d e , suggested t h a t t h e number o f l a y e r s 

i n t h e u n i t c e l l c o u l d be expressed by a number, 

f o l l o w e d by a c a p i t a l l e t t e r , f o r example, 'Hf f o r 

h e x a g o n a l , t o d e s i g n a t e t h e symmetry o f t h e u n i t c e l l . 

Ramsdell used o n l y 'H' f o r hexagonal and 'R' f o r 

rhombohedral. He chose the l e t t e r s !P' and 'TT 

t o express t h e b a s i c p a r a l l e l o g r a m and t r a p e z o i d a l 

arrangements o f t h e atoms i n t h e 1120 p l a n e s . 

The p r e s e n t w o r k e r b e l i e v e s t h a t t h e l e t t e r 'T' 

s h o u l d be used i n the sense t h a t Ramsdell o r i g i n a l l y 

i n t e n d e d and t h u s t h e use o f 'T' f o r t r i g o n a l u n i t 

c e l l s ( L e v i n s o n , 1955) o r t r i c l i n i c u n i t c e l l s 
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(Mackenzie, 1957 and Frank-Kamenetsky, 1960) s h o u l d 

"be d i s c o u r a g e d . 

I t i s proposed t o use t h e f o l l o w i n g n o t a t i o n 

f o r t h e v a r i o u s u n i t c e l l s ; p r e v i o u s w o r k e r s ' use 

of t h e l e t t e r s i n t h e same sense i s i n d i c a t e d : -

' R' - rhombohedral ( R a m s d e l l , 19U7) 

' H' - hexagonal (Ramsdell, 19^7) 

' M' - m o n o c l i n i c ( L e v i n s o n , 1955) 

'pM' - ps e u d o m o n o c l i n i c (Mackenzie, 1957) 

'Tc' - t r i c l i n i c (Mackenzie, 1957) 

L e v i n s o n (1955) used r d f a f t e r t h e main 

n o t a t i o n t o i n d i c a t e d i s o r d e r i n the i l l i t e s , w h i l s t 

Mackenzie (1959) used ' y ' b e f o r e the main n o t a t i o n 

t o i n d i c a t e d i s o r d e r i n t h e k a n d i t e s . Here, i t i s 

proposed t o f o l l o w the e a r l i e r w o r ker and use t h e 

symbol 'd'. 

The s p a c i n g s o f t h e d i f f e r e n t polymorphs are 

i l l u s t r a t e d i n t a b l e s 2,1 ( f r o m L e v i n s o n , 1955) and 

2.2 ( f r o m Mackenzie, Walker and H a r t , 19U9). D i f f e r e n ­

t i a t i o n o f t h e f o u r polymorphs can be made u s i n g t h e 
o 

spacings o f t h e l i n e s o c c u r r i n g between I+.I4. and 2.6A. 

Except f o r t h e s t r o n g b a s a l r e f l e c t i o n {00t) a t 

- x x x i v -



o 

3.3UA, t h i s r e g i o n c o n t a i n s o n l y (02-c) and ("11 € ) 

r e f l e c t i o n s . 

I n t h e o n e - l a y e r d i s o r d e r e d m o n o c l i n i c 

polymorph, 1Md, the l i n e s a re e i t h e r v e r y weak o r 
o 

absent i n t h e r e g i o n between and 2.6A. I n 

p a r t i c u l a r , l i n e s a t 3.07 and 3.62A are e x t r e m e l y 

weak o r ab s e n t . 

I n t h e t h r e e - l a y e r t r i g o n a l polymorph, 3R, 

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

a t about 3.85A, a r e o f medium i n t e n s i t y . 
I n t h e t w o - l a y e r m o n o c l i n i c polymorph, 2M, 

the l i n e s i n t h i s r e g i o n are o f weak t o medium 
o 

s t r e n g t h . The l i n e a t 3.8f>A i s v e r y weak as i s 
o 

the l i n e o u t s i d e t h i s r e g i o n a t 1.50A ( 0 6 0 ) . 

I n t h e o n e - l a y e r o r d e r e d m o n o c l i n i c polymorph, 

1M, the l i n e s are v e r y s i m i l a r i n c h a r a c t e r t o 

those o f photographs o f t h e 2M polymorph. Great 

d i f f i c u l t y may be e n c o u n t e r e d when a t t e m p t i n g t o 

d i s t i n g u i s h between these two f o r m s . The presence 

o f a. l i n e o f weak t o medium i n t e n s i t y a t about 
o 

2.67A i s i n d i c a t i v e o f the 1M v a r i e t y . 
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Walker (1950) and Grim, B r a d l e y and Brown 

(1951), have s t r e s s e d t h a t t h e p o s i t i o n o f t h e 

(060) r e f l e c t i o n and t h e i n t e n s i t y o f t h e "basal 
o 

r e f l e c t i o n a t about 5A can be used t o d i s t i n g u i s h 

between t he d i o c t a h e d r a l and t r i o c t a h e d r a l micas* 

Nagelschmidt (1937) has shown t h a t f o r t h e 

d i o c t a h e d r a l forms t h e (060) s p a c i n g i s near 
o o 

1.50A and t h e b a s a l s p a c i n g a t 5A i s s t r o n g . For 

the t r i o c t a h e d r a l forms t h e (060) s p a c i n g i s near 
o o 

1.53A and t h e 5A b a s a l s p a c i n g i s weak. 
Brown (1951) has emphasised t h a t care must 

o 
be e x e r c i s e d when u s i n g t he 5A b a s a l s p a c i n g . I f 

o 

the mica, i s d i o c t a h e d r a l and aluminous, t he 5A 

b a s a l r e f l e c t i o n i s o f t h e same o r d e r o f i n t e n s i t y 
o 

as t h e 10 and 3»3A b a s a l r e f l e c t i o n s . I f , however, 

the mica i s d i o c t a h e d r a l and i s m a i n l y f e r r i f e r o u s 
o 

i n t h e o c t a h e d r a l p o s i t i o n s , the 5A b a s a l 

r e f l e c t i o n i s weak o r abs e n t . 
For t h e known t r i o c t a h e d r a l micas, t h e 3«3 

o 

and t h e 2.OA b a s a l spacings are compared. I f 

these are o f s i m i l a r i n t e n s i t y , t h e mica i s 
o 

magnesium-rich b u t i f t h e l i n e a t 3.3A i s 
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a p p r e c i a b l y s t r o n g e r , t h e mica i s i r o n - r i c h . I n 

the l a t t e r comparison the c l a y must he q u a r t z - f r e e . 

i i i . K a n d i t e s . o r K a o l i n M i n e r a l s 

Ross and K e r r (1931) d e f i n e d t h e k a o l i n group 

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

o f a p p r o x i m a t e c o m p o s i t i o n 2 H 2 0„Al 2 0 ^ . 2 S i 0 2 . . B r i n d l e y 

(1951) has shown t h a t t h e k a o l i n i t e m i n e r a l s a r e 

c h a r a c t e r i s e d "by s t r o n g "basal r e f l e c t i o n s a t about 
o 

7.1 and 3.57A.. The t e r m k a n d i t e s was suggested b y 

Brown ( 1955) . 

A c c o r d i n g t o Murray (195U), t h e v a r i a t i o n s w h i c h 

occur i n t h e X-ray powder photographs f r o m h i g h l y 

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

d i s c o n t i n u o u s s e r i e s . 

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

d e h y d r a t e d h a l l o y s i t e ( h a l l o y s i t e w h i c h has been 

he a t e d t o i | 00°C), t h r o u g h t h e " f i r e c l a y " m i n e r a l s 

t o h i g h l y c r y s t a l l i n e k a o l i n i t e . Murray d e f i n e d 

the degree o f c r y s t a l l i n i t y t o i n c l u d e d i s o r d e r 

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

t h e s t a c k i n g V a r i a t i o n s o f t h e u n i t l a y e r s . 

I n t e r n a l d i s o r d e r i s due t o t h e randomness o f 
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d i s t r i b u t i o n o f the alum i n i u m atoms among t h e 

o c t a h e d r a l p o s i t i o n s . 

B r i n d l e y and Robinson ( i 9U55. 1 9U6) showed t h a t 

the k a o l i n i t e o f a h i g h l y o r d e r e d n a t u r e was t r i c l i n i c . 

The k a o l i n i t e s o f lower c r y s t a l l i n i t y can "be in d e x e d 

as m o n o c l i n i c o r ps e u d o m o n o c l i n i c w i t h a u n i t c e l l 

o f the same dimensions as t h e t r i c l i n i c k a o l i n i t e "but 

w i t h ^ e q u a l t o 9 0 ° . They have a l s o shown t h a t t h e 

s t r u c t u r e i s h i g h l y d i s o r d e r e d a l o n g t h e b - a x i s w i t h 

u n i t l a y e r s randomly d i s p l a c e d "by m u l t i p l e s o f b / 3 . 

The arrangement a l o n g t h e a - a x i s i s l i k e t h a t o f 

t r i c l i n i c k a o l i n i t e . 

Murray (195U) suggested t h a t t h e X-ray r e f l e c t i o n s 

r e v e a l b o t h t he i n t e r n a l s t r u c t u r a l d i s o r d e r and the 

random s t a c k i n g o f t h e u n i t l a y e r s , whereas d i f f e r e n t i a l 

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

i n t e r n a l s t r u c t u r e . 

I n h i g h l y c r y s t a l l i n e k a o l i n i t e , t h e r e f l e c t i o n s 

are sharp b u t w i t h a decrease i n c r y s t a l l i n i t y by 

random d i s p l a c e m e n t a l o n g the b - a x i s and r o t a t i o n o f 

the l a y e r s t h r o u g h 1 2 0 ° , t h e r e i s an i n c r e a s e i n t h e 

d i f f u s e n e s s and a b r o a d e n i n g o f t h e reflections„ W i t h 
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a decrease i n c r y s t a l l i n i t y t h e r e i s a l s o a. decrease 

i n t h e number of r e f l e c t i o n s . Thus k a o l i n i t e has 
o 

t h i r t y one r e f l e c t i o n s f rom t h e b a s a l 7A t o t h e 

(060) l i n e whereas d e h y d r a t e d h a l l o y s i t e has o n l y 

seven. There i s a l s o an i n c r e a s e i n t h e b a s a l s p a c i n g 
o 

f r o m 7o18A i n t h e h i g h l y c r y s t a l l i n e k a o l i n i t e t o 
o 

7.U0A i n the d e h y d r a t e d h a l l o y s i t e . T h i s i s due t o 

the presence o f w a t e r molecules between o c c a s i o n a l 

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

and/or due t o e i t h e r d i s o r d e r w i t h i n t h e u n i t l a y e r s 

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

o f w h i c h w o u l d be ex p e c t e d i n t h e more p o o r l y 

c r y s t a l l i n e m i n e r a l s . W i t h decrease i n c r y s t a l l i n i t y , 

r e s o l u t i o n a l s o decreases so t h a t c l o s e d spaced 

l i n e s are e i t h e r p o o r l y r e s o l v e d o r u n r e s o l v e d . I n 

p a r t i c u l a r , t h e ( i l l ) , 2+.17A and t h e ( i l l ) , l i n e s 

a re u n r e s o l v e d . 

F i n a l l y , a decrease i n c r y s t a l l i n i t y i s marked 

by t h e absence o f c e r t a i n r e f l e c t i o n s due t o r e g u l a r 

d i s p l a c e m e n t a l o n g t he b - a x i s . 

Johns and Murray (1959) use an e m p i r i c a l 

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

i n t e n s i t i e s o f t h e l i n e s c o r r e s p o n d i n g t o t h e (021) 
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and t h e (060) s p a c i n g s . 

Mackenzie (1959) has suggested t h a t t h e k a n d i t e s 

can he c l a s s i f i e d on a s t r u c t u r a l "basis i n a manner 

s i m i l a r t o t h a t used f o r t h e micas. Thus n a c r i t e 

would "become 6 l v l - k a o l i n i t e ; d i c k i t e , 2 M - k a o l i n i t e ; 

k a o l i n i t e , T c - k a o l i n i t e i f t h e m i n e r a l had an o r d e r e d 

t r i c l i n i c s t r u c t u r e a n d y M - k a o l i n i t e i f i t had a b / 3 

d i s o r d e r e d m o n o c l i n i c s t r u c t u r e as i n t h e " f i r e c l a y " 

m i n e r a l s . As i n d i c a t e d above, t h e use o f M d - k a o l i n i t e 

i s p r e f e r a b l e t o ^ M-kaolinite„ 

The main d i f f i c u l t y e n c o u n t e r e d i n t h e i d e n t i f i c a t i o n 

o f the c l a y m i n e r a l s d e a l t w i t h i n t h i s work was the 

d i s t i n c t i o n between k a n d i t e s and c h l o r i t e s . C l a y 

m i n e r a l s , o t h e r t h a n i l l i t e s , o n l y occur i n s m a l l 

q u a n t i t i e s i n most o f t h e s h a l e s examined. When a 
o 

7A l i n e o f a weak n a t u r e was observed i n t h e X-ray 

p h o t o g r a p h , t h i s may have been due t o k a n d i t e or 

c h l o r i t e m i n e r a l s o f an i r o n - r i c h v a r i e t y i n w h i c h 
o 

the 1U and 4.7A f i r s t and t h i r d o r d e r b a s a l r e f l e c ­

t i o n s are weak or a b s e n t . The (060) l i n e can be used 

i n some cases t o d i s t i n g u i s h between t h e two m i n e r a l s . 

A c i d and h e a t t r e a t m e n t were g e n e r a l l y used i n t h i s 

work where t h e r e was any doubt as t o the i d e n t i t y o f 
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the c l a y m i n e r a l - g i v i n g r i s e t o a 7A l i n e . These 

two t e c h n i q u e s are d i s c u s s e d i n t h e n e x t s e c t i o n . 

Examples o f t y p i c a l k a n d i t e s p a c i n g s are g i v e n 

i n Table 2.3 ( t a k e n f r o m M u r r a y , 1 9 5 k ) . 

G h l o r i t e s 

C h l o r i t e s have been f o u n d i n s m a l l q u a n t i t i e s 

i n many o f the sh a l e s examined b u t were n o t i d e n t i f i a b l e 

s p e c i f i c a l l y . 

Grim (1953) has s t r e s s e d t h a t t h e c l a y s i z e 
o 

II4A c h l o r i t e s o c c u r r i n g i n sediments are n o t w e l l known 

and i t i s n o t d e f i n i t e l y e s t a b l i s h e d whether t h e y a r e 

s i m i l a r t o t h e w e l l c r y s t a l l i s e d c h l o r i t e s o f metamorphic 

and o t h e r o r i g i n s . An e x a m i n a t i o n o f t h e a v a i l a b l e 

d a t a shows t h a t t h e y may d i f f e r by random s t a c k i n g o f 

the l a y e r s and perhaps o c c a s i o n a l l y i n t h e i r s t a t e o f 

h y d r a t i o n . 

I t has been shown by B r i n d l e y and Robinson (1951) , 

Grim (1953) and B r a d l e y (I95I4.) t h a t t h e s m a l l s i z e 

and l e s s r e g u l a r c r y s t a l l i n i t y o f the s e d i m e n t a r y 

c h l o r i t e s causes d i f f u s e n e s s o f a l l o f t h e r e f l e c t i o n s 

w i t h t h e e l i m i n a t i o n o f some o f t h e weaker ones. 

B r i n d l e y and Robinson (1951) have shown t h a t 

- x x x x i -



the c h l o r i t e s can be i d e n t i f i e d f r o m t h e 1 1 + and 
o o 

7 A l i n e s , t h e one a t 11+A r e m a i n i n g a f t e r h e a t i n g 

t o 5 5 0 t o 6 0 0 ° C and o f t e n i n c r e a s i n g i n i n t e n s i t y , 
o 

whereas the 7A l i n e becomes reduced i n i n t e n s i t y . 

K a n d i t e s on h e a t i n g t o t h i s t e m p e r a t u r e are 

d e s t r o y e d due t o breakdown o f t h e l a t t i c e and t h u s 

t h e l i n e s due t o k a o l i n i t e c o m p l e t e l y d i s a p p e a r . 

C h l o r i t e s , u n l i k e the k a n d i t e s , are d e s t r o y e d 

a f t e r h e a t i n 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 , t h e 

l e n g t h o f t i m e v a r y i n g w i t h t h e a c i d s t r e n g t h and 

the t y pe o f c h l o r i t i c m a t e r i a l b e i n g i n v e s t i g a t e d . 
C h l o r i t e s r i c h i n i r o n g i v e weak f i r s t and 

o 

t h i r d o r d e r b a s a l r e f l e c t i o n s a t 1U and U .7A, but' 

g i v e s t r o n g second and f o u r t h o r d e r r e f l e c t i o n s 
o 

a t 7 and 3 . 5 A o As shown above, the f i r s t and 

t h i r d o r d e r s are i n c r e a s e d i n i n t e n s i t y w h i l s t t h e 

second and f o u r t h o r d e r s are decreased i n i n t e n s i t y 

on h e a t i n g . 

Some t y p i c a l examples o f c h l o r i t e spacings 

are g i v e n i n Table 2 .U which i s t a k e n f r o m B r i n d l e y 

and Robinson (1951) . 

Mixed-Layer Clay M i n e r a l s 
The c h a r a c t e r i s t i c s o f t h e m i x e d - l a y e r c l a y 
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m i n e r a l s , though r a t h e r v a r i a b l e , enable them t o be 

d i s t i n g u i s h e d f r o m t h e pure s p e c i e s . A g e n e r a l i s e d 

summary o f these c h a r a c t e r i s t i c s i s g i v e n i n t h e 

f o l l o w i n g p a r a g r a p h s , based on d a t a f r o m Hendricks 

and T e l l e r (19*4-2), B r i n d l e y (1951) , Brown and MacEwan 

(1951) and Br a d l e y (1953) . 

I n t e r s t r a t i f i c a t i o n i n m i x e d - l a y e r c l a y m i n e r a l s 

may be i n t h e fo r m o f r e g u l a r o r random s t a c k i n g o f 

the component c l a y m i n e r a l s . 

I n r e g u l a r m i x e d - l a y e r s t r u c t u r e s , t h e m i n e r a l 

i s composed o f d i f f e r e n t l a y e r s w h i c h are s t a c k e d a t 

r e g u l a r i n t e r v a l s a l o n g t he c - a x i s . From t h e X-ray 

powder p h o t o g r a p h s , t h e spacings o f t h e (OOif) b a s a l 

r e f l e c t i o n s are r e g u l a r and eq u a l t o the sum o f t h e 

b a s a l s p a c i n g s o f the two component l a y e r s . T h i s 

i s because, i n r e g u l a r m i x e d - l a y e r s t r u c t u r e s , t h e 

separ a t e l a y e r s c o n t r i b u t e t o make l a r g e r u n i t c e l l s 

and, because o f the r e g u l a r i t y o f t h e l a y e r i n g , a l l 

o f t h e l a r g e r u n i t c e l l s f o r m e d are i d e n t i c a l . The 

s t r u c t u r e o f c h l o r i t e i s an example o f a r e g u l a r 

m i x e d - l a y e r s t r u c t u r e , b e i n g composed o f r e g u l a r l y 

s t a c k e d m i c a - l i k e l a y e r s and b r u c i t e l a y e r s . 

B r i n d l e y and Robinson (1951) have shown, f o r 
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example, t h a t a r e g u l a r m i x e d - l a y e r m i n e r a l 

composed o f c h l o r i t e and 21 mica i n t h e r a t i o 

1:2 w i l l g i v e r i s e t o t h e f o l l o w i n g s e r i e s o f 

b a s a l r e f l e c t i o n s i n w h i c h o n l y t h e r e f l e c t i o n s 

which a r e near t o those o f the 2M mica ( i n g r e a t e r 

q u a n t i t y ) w o u l d be ex p e c t e d t o be s t r o n g : 

Mixed-Layer 
M i n e r a l 

o 

3I4A (weak) 

17 (moderate) 

11.3 ( s t r o n g ) 

8.5 (weak) 

6,8 (weak) 

I n random m i x e d - l a y e r s t r u c t u r e s t h e r e i s 

no r e g u l a r i t y i n t h e s t a c k i n g of t h e component 

l a y e r s e A n o n - i n t e g r a l s e r i e s o f r e f l e c t i o n s w i l l 

a r i s e due t o r e f l e c t i o n s f r o m the b a s a l p l a n e s . 

The l a y e r s can c o n t r i b u t e t o t h e s c a t t e r i n g o f 

the X-ray beam o n l y as i n d i v i d u a l s . S c a t t e r i n g 

due t o mutua l o r i e n t a t i o n o f the n e i g h b o u r i n g 

l a y e r s as i n t h e mu s c o v i t e s w i l l be e l i m i n a t e d . 

Basal r e f l e c t i o n s w i l l be enhanced where t h e y 

c o r r e s p o n d t o the r e f l e c t i o n s due t o b o t h component 

l a y e r s b u t those n o t common t o the two l a y e r s w i l l 
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(001) MA 20A 

(002) 7 10 

(003) 4.66 6.66 

(00k) 3.5 5 

(005) 2.8 k 



amounts o f i n t e r s t r a t i f i e d m a t e r i a l i s i n d i c a t e d by 
o 

a d i f f u s e n e s s and a s h a d i n g o f the 10A l i n e towards 

the h i g h e r s p a c i n g s . I f , on h e a t i n g a t 500°C f o r 
o 

s e v e r a l h o u r s , the 10A l i n e "becomes sharp, t h e i n t e r -

l a y e r m a t e r i a l may be m o n t m o r i l l o n i t e or may r e p r e s e n t 

water m o l e c u l e s . I f the l i n e remains d i f f u s e , t h e 

i n t e r - l a y e r m a t e r i a l i s p r o b a b l y c h l o r i t e . 

I n the Teesdale r o c k s , t h e o n l y m i x e d - l a y e r m i n e r a l 

f o u n d was a random i n t e r s t r a t i f i c a t i o n o f i l l i t e and 

a m a t e r i a l which the X-ray evidence suggests i s c h l o r i t e , 

the c h l o r i t e b e i n g p r e s e n t i n s m a l l q u a n t i t i e s . 

No l i n e s except those due t o t h e c l a y m i n e r a l s 

d e a l t w i t h above and those due t o q u a r t z and c a l c i t e 

were observed. I t i s n o t , t h e r e f o r e , proposed t o 

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

such as m o n t m o r i l l o n i t e and s e p i o l i t e . 

The c l a y m i n e r a l s o c c u r r i n g i n t h e Teesdale r o c k s 

and t h e i r d i s t r i b u t i o n s are d e a l t w i t h i n the ensuing 

c h a p t e r o Examples o f some t y p i c a l X-ray powder 

photographs a r e g i v e n i n F i g . 2.2 and t a b l e s o f spacings 

are g i v e n i n Tables 3.10 t o 3.15 (Chapter I I I ) . 

DIFFERENTIAL THERMAL ANALYSIS 

A t t h e commencement o f t h e i n v e s t i g a t i o n s , i t . w a s 
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hoped t h a t d i f f e r e n t i a l t h e r m a l a n a l y s i s m i g h t 

show some d i f f e r e n c e s between the i l l i t e s and t h e 

random m i x e d - l a y e r m i n e r a l s i n t h e u n d e r c l a y s and t h e 

i l l i t e s i n th e marine s h a l e s , A s m a l l number of t h e 

Teesdale shales and u n d e r c l a y s were, t h e r e f o r e , a n a l y s e d 

by t h i s t e c h n i q u e . The analyses were k i n d l y c a r r i e d 

out i n t h e department by Dr. G.A.L. Johnson. 

As most o f t h e samples c o n t a i n a h i g h p e r c e n t a g e 

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

t o be masked and a r e , t h e r e f o r e , d i f f i c u l t t o r e c o g n i s e . 

Mackenzie (1957) has shown t h a t t h e t e m p e r a t u r e s o f 

t y p i c a l peaks can be g i v e n as f o l l o w s : -

Endothermic Endothermic Endothermic Exothermic 

K a n d i t e s 120-130°C 550-600°C c. 950°C 950-1000°C 

I l l i t e s c. 125°C c. 550°C c. 900°C 900-1000°C 

C h l o r i t e s c. 125°C c. 600°C c. 800°C c. 900°C 

As X-ray a n a l y s i s r e v e a l s , k a n d i t e s are u s u a l l y 

absent f r o m t h e s h a l e s s t u d i e d and the c h l o r i t e s 

o c c u r r i n g i n them g e n e r a l l y have a weak s e r i e s o f b a s a l 

r e f l e c t i o n s . Grim (1951) has shown t h a t t h i s t y p e o f 

c h l o r i t i c m a t e r i a l has l i t t l e e f f e c t on t h e d i f f e r e n t i a l 

t h e r m a l curves o f i l l i t e s 0 

Mackenzie (1957) has shown t h a t i f t h e c o l o u r o f 
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t h e f i r e d c l a y sample i s r e d i t may i n d i c a t e the 

presence o f a c h l o r i t e "but the presence o f carbon 

and i r o n - b e a r i n g m a t e r i a l s may have t h e same e f f e c t . 

Thus, a l t h o u g h d i f f e r e n t i a l t h e r m a l a n a l y s i s has 

been used f o r some samples, i t s u s e f u l n e s s as an a i d 
of 

t o t h e i d e n t i f i c a t i o n / t h e minor q u a n t i t i e s o f c l a y 

m i n e r a l s o c c u r r i n g i n the s h a l e s v/as v e r y l i m i t e d . 

Some r e p r e s e n t a t i v e curves are g i v e n i n P i g . 2 . 3 o 

The f i r s t curve (T . 2U) i s t h a t o f a r a t h e r pure 

i l l i t i c s h a l e and shows a t y p i c a l endothermic peak 

a t about 120°C due to t h e l o s s o f h y g r o s c o p i c w a t e r . 

A second endothermic peak occurs a t about 600°C due t o 

l o s s o f t h e l a t t i c e h y d r o x y l groups. The t h i r d 

e n d o t h e r m i c peak a t about 1000°C due t o breakdown o f 

the l a t t i c e does n o t occ u r . 

The second curve (T . 7 5 ) i s o f an i l l i t i c s h a l e 

w h i c h c o n t a i n s , i n a d d i t i o n , q u a r t z and c h l o r i t e . Here, 

the endothermic peak a t about 1000°C i s p r e s e n t . The 

e f f e c t o f c h l o r i t e i s n o t seen i n t h i s c u r v e , a l t h o u g h 

the s m a l l endothermic peak a t about 770°C may be due 

to c h l o r i t e . 

The t h i r d curve (T . 9 9 ) i s o f an i l l i t i c s h a l e 

c o n t a i n i n g some c h l o r i t e and q u a r t z . The ex o t h e r m i c 
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peak 'P' a t 700°C i s due t o s m a l l amounts o f p y r i t e 

i n t h e f i n e f r a c t i o n . 

The f o u r t h curve (T.259) i s o f an i l l i t i c u nder-

c l a y w h i c h c o n t a i n s c h l o r i t e , q u a r t z and m i x e d - l a y e r 

m i n e r a l . The curve i s r a t h e r poor f o r an i l l i t i c 

s hale h u t o t h e r w i s e t h e e f f e c t s o f t h e m i x e d - l a y e r 

m i n e r a l and t h e c h l o r i t e are n o t seen. 

F i g . 2 . U shows two curves o f an u n d e r c l a y (T .3&U) 

which c o n t a i n s m i x e d - l a y e r m i n e r a l w i t h m inor amounts 

of c h l o r i t e and i l l i t e . The curve f o r t h e n a t u r a l 

c l a y i s t y p i c a l of the i l l i t e curves except f o r a 

l a r g e e x o t h e r m i c peak a t 14.00-500°C due t o t h e b u r n i n g 

o f carbonaceous m a t e r i a l . The f i n e f r a c t i o n i s s i m i l a r 

b u t shows t h a t t he carbonaceous m a t t e r i s d i f f e r e n t 

f r om t h a t i n t h e course f r a c t i o n and i t s combustion 

g i v e s r i s e t o a double e x o t h e r m i c peak. The e x o t h e r m i c 

peak a t 1000°C b e f o r e t h e f i n a l endothermic peak cannot 

be e x p l a i n e d and i t s o r i g i n i s n o t known. 

I n f r a - r e d a b s o r p t i o n a n a l y s i s 

I t was hoped t h a t where d i f f e r e n t i a l t h e r m a l 

a n a l y s i s had f a i l e d t o y i e l d more i n f o r m a t i o n on t h e 

Teesdale c l a y m i n e r a l s , i n f r a - r e d a b s o r p t i o n a n a l y s i s 
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might be o f more use. Analyses were made o f a number 

o f s e l e c t e d c l a y samples, u s i n g one o f the l a t e s t 

models (G.S.2.A.) o f t h e Grubb Parsons g r a t i n g and 

p r i s m I n f r a - r e d A b s o r p t i o n S p e c t r o g r a p h . 

Before a n a l y s e s o f the c l a y samples f r o m the 

Teesdale rocks were made, s e v e r a l samples o f pu r e 

r e f e r e n c e m i n e r a l s ( P i t h i a n i l l i t e , Supreme K a o l i n , 

c h l o r i t e , m o n t m o r i l l o n i t e and q u a r t z ) and v a r i o u s 

weighed m i x t u r e s o f these c l a y s a l s o were a n a l y s e d . 

This was done i n o r d e r t o t e s t t h e u s e f u l n e s s o f 

the method and a l s o t o de t e r m i n e i t s s e n s i t i v i t y . 

I t was a l s o n e c e s s a r y t o o b t a i n a s e r i e s o f r e f e r e n c e 

c u r v e s . Reference curves produced by K e r r and P i c k e t t 

w h i c h were p u b l i s h e d i n t h e A . P . I , Research P r o j e c t 

U9 (1951) were n o t so d e t a i l e d as those o b t a i n e d i n 

the p r e s e n t work and i t was t h e r e f o r e t h o u g h t necessary 

t o p r e p a r e a new s e r i e s o f s t a n d a r d s . More r e c e n t l y 

Lyon and Tuddenham (1959, 1960) have p u b l i s h e d curves 

f o r t h e c h l o r i t e f a m i l y . 

For t h e a n a l y s i s , two m i l l i g r a m s o f the c l a y 

sample were t h o r o u g h l y mixed w i t h O.U gram of w a t e r -

f r e e potassium bromide by g r i n d i n g i n an agate m o r t a r . 

The m a t e r i a l was the n p l a c e d i n a p r e s s and a p r e s s e d 

_ 1 _ 



d i s c o f 0.5 mm t h i c k n e s s and 15 mm dia m e t e r was 

formed. A b s o r p t i o n c urves f o r 'the d i s c s were t h e n 

made. 

Dry p o t a s s i u m bromide g i v e s t4h'e"'few a b s o r p t i o n 

peaks i n the t h i r d and f i r s t o r d e r s o f w a v e l e n g t h 

(2 .5 t o 3.7 microns and 5 t o 25 microns r e s p e c t i v e l y ) . 

The two s m a l l peaks a t 3.U3 and 3.50 microns a r e 

d i s t i n c t and cannot be confused w i t h peaks due t o t h e 

c l a y m i n e r a l s . 

i • A b s o r p t i o n peaks o f pure c l a y m i n e r a l s 

The number and p o s i t i o n s o f the a b s o r p t i o n 

peaks d i f f e r f r o m one c l a y m i n e r a l t o a n o t h e r and, 

w i t h any one c l a y m i n e r a l , the h e i g h t s o f t h e peaks 

v a r y w i t h t h e q u a n t i t y o f t h e m i n e r a l p r e s e n t . 

Peaks o f any d i a g n o s t i c importance o n l y occur i n 

the t h i r d and f i r s t o r d e r s o f wav e l e n g t h and o n l y 

these were used. The main d i f f e r e n c e s between 

the v a r i o u s m i n e r a l s are seen i n the t h i r d o r d e r 

a b s o r p t i o n curve ( P i g . 2 . 5 ) . 

Quartz has a s t r o n g peak a t 2.89 m i c r o n s and 

v e r y weak peaks a t 3«07 and 3»33 m i c r o n s . 

P i t h i a n i l l i t e has a weak peak a t 2.67 m i c r o n s 
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and a medium peak a t 2.95 m i c r o n s , whereas 

Supreme K a o l i n has a s t r o n g peak a t 2.70 

microns w i t h a s h o u l d e r a t 2.73 and a s t r o n g 

peak a t 2.76 m i c r o n s . 

Calcium m o n t m o r i l l i n o i d , P u l l e r ' s E a r t h , 

has a medium peak a t 2.77 microns and a medium, 

b r o a d peak a t 2.90 microns w h i l s t P e n n i n i t e has 

a s t r o n g peak a t 2.75 microns w i t h a b r o a d 

s h o u l d e r a t 2.89 m i c r o n s . 

The d i f f e r e n c e s i n t h e p o s i t i o n s o f the peaks 

has been a t t r i b u t e d t o d i f f e r e n c e s i n t h e b o n d i n g 

of t h e (OH) groups by K e l l e r and P i c k e t t ( 1950) . 

Monomeric (OH) g i v e s an a b s o r p t i o n peak a t about 

2.75 m i c r o n s , d i m e r i c (OH) a t about 2.85 m i c r o n s 

and p o l y m e r i c (OH) a t about 2 0 95 m i c r o n s . Adsorbed 

w a t e r g i v e s a b s o r p t i o n peaks a t 2.7 t o 3.2 m i c r o n s 

i n t h e t h i r d o r d e r and a t about 6 microns i n t h e 

f i r s t o r d e r . 

I n t h e f i r s t o r d e r , a b s o r p t i o n peaks 

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

o c c u r , b u t these have n o t been r e l a t e d t o any 

p a r t i c u l a r b o n d i n g s . However, a b s o r p t i o n peaks 
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a t 9 m i c r o n s are b e l i e v e d t o be due t o t h e S i - 0 

l i n k a g e s and peaks a t about 10 microns a r e b e l i e v e d 

to.be due t o the o c t a h e d r a l a l u m i n a s h e e t s . I t 

has been shown by Launer (1952) t h a t t h e s i l i c o n -

oxygen groups have d i f f e r e n t a b s o r p t i o n bands i n 

d i f f e r e n t c o - o r d i n a t i o n s , v i z . 

I s o l a t e SiO^ 9»7 t o 12.2 microns 

S i n g l e c h a i n 9 .2 t o 11.7 microns 

Double c h a i n 9.6 t o 10.6 microns 

Layer 9.3 "to 10 .k microns 

Framework 9.6 t o 10.1 microns 

S i 0 2 c. 9.2 m i c r o n s 

Thus q u a r t z has a s t r o n g a b s o r p t i o n peak a t 

9.27 microns and the c l a y s w i t h l a y e r e d o r sheet 

s t r u c t u r e s have s t r o n g a b s o r p t i o n peaks a t 9.85 

microns f o r F i t h i a n i l l i t e , 9.7 and 9.9 m i c r o n s 

f o r Supreme K a o l i n , 9.62 microns f o r F u l l e r ' s 

E a r t h and 9 .23 , 9.53 and 10.0 microns f o r p e n n i n i t e , 

i i . A b s o r p t i o n peaks due t o m i x t u r e s o f c l a y m i n e r a l s 

For pure c l a y s , o f known c h a r a c t e r s , t h e 

i n f r a - r e d a b s o r p t i o n s p e c t r o g r a p h was f o u n d t o be 

u s e f u l i n t h e d e t e r m i n a t i o n o f r e l a t i v e amounts i n 
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mixtures. A s e r i e s of curves f o r various mixtures 
of pure F i t h i a n i l l i t e and Supreme k a o l i n i n various 
p r o p o r t i o n s "by weight were produced. A graph was 
then constructed, p l o t t i n g the r a t i o o f the two 
minerals i n the mixtures against the d i f f e r e n c e 
i n heights (measured i n inches f o r convenience) of 
a series o f absorption peaks due to i l l i t e and 
k a o l i n i t e . A s e r i e s of curves was constructed from 
which, using the height d i f f e r e n c e between any two 
given peaks on the curve, the r a t i o of i l l i t e t o 
k a o l i n i t e by weight, could be determined. This graph 
and some of the c h a r a c t e r i s t i c curves are given i n 
Figs. 2.6 and 2.7. 

I t i s r e a l i s e d t h a t f o r the purer i l l i t e s and 
k a o l i n i t e s the graph i s of value, but when using 
m a t e r i a l which i s o f t e n impure and p o o r l y c r y s t a l l i n e , 
the curve can only be used as an i n d i c a t i o n of the 
q u a n t i t i e s present. The examination of l a r g e numbers 
of mixtures of kandites and i l l i t e s of v a r y i n g 
c r y s t a l l i n i t y might p o s s i b l y show t h a t the method i s 
very u s e f u l f o r q u a n t i t a t i v e work. 

The d i f f e r e n t absorption curves, although 
not f u l l y understood, are a u s e f u l a i d i n the 
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i d e n t i f i c a t i o n of the clay minerals as separate 
species "but are of l i t t l e use i n d i s t i n g u i s h i n g 
the i l l i t e s of s l i g h t l y d i f f e r e n t composition 
such as occur i n the Teesdale rocks. Thus i n 
Fig.2.7, curve T.36U i s of an underclay c o n t a i n i n g 
mixed-layer m i n e r a l , i l l i t e , c h l o r i t e and quartz, 
curve T.75 i s of a shale c o n t a i n i n g i l l i t e , 
c h l o r i t e and quartz w h i l s t curve T.22.. i s of a 
pure i l l i t i c shale. I n s o f a r as the cla y minerals 
are concerned, no recognisable d i f f e r e n c e between 
these curves occurs. The curves f o r T93&k and 
T.75 show small peaks between 8 and 9 microns 
i n the f i r s t order wavelength, due to the presence 
of quartz. 

FLUORINE ANALYSES OF SOME OF THE ARGILLACEOUS ROCK TYPES 

I t has been suggested by K e i t h and Degens (1959) 
t h a t clay minerals take up f l u o r i n e when exposed t o sea. 
water f o r any l e n g t h of time. Shales which have been 
deposited i n d i f f e r e n t environments from marine to nonmarine 
would be expected, t h e r e f o r e , to have d i f f e r e n t f l u o r i n e 
contents. F l u o r i n e analyses were accordingly made of some 
re p r e s e n t a t i v e samples of Teesdale shales. The analyses 
were k i n d l y c a r r i e d out i n the department by Dr. R.P. 
Ho l l i n g w o r t h . 
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The method employed was e s s e n t i a l l y t h a t given 
"by H o l l i n g w o r t h (1957) i n A n a l y t i c a l Chemistry, 29, 
1130, "but w i t h two important m o d i f i c a t i o n s -

1. The p r e c i p i t a t e s of S i , A l , Fe and other 
elements are, a f t e r d i g e s t i o n , by immersion of 
the beaker and i t s contents i n b o i l i n g water, 
f i l t e r e d by s u c t i o n on a f i n e p o r o s i t y s i n t e r e d 
glass f u n n e l . Separations of the p r e c i p i t a t e 
from the f i l t r a t e are made very sharp by f i t t i n g 
the s i n t e r e d glass p l a t e w i t h a c i r c l e of Whatman 
i+2 f i l t e r paper on the top o f which i s layered 
some f i l t e r paper p u l p . 

2. The t i t r a t i o n of the f l u o r i d e , as f l u o s i l i c i c 
a c i d , w i t h thorium n i t r a t e i n the presence of 
the i n d i c a t o r SPADM3, i s done i n a b u f f e r e d 
s o l u t i o n , the b u f f e r being prepared by h a l f -
a c i d i f y i n g sodium s u l p a n i l a t e w i t h p e r c h l o r i c 
a c i d . 

This m o d i f i e d method has given d i r e c t l y comparable 
r e s u l t s on metamorphic rocks analysed by the o r i g i n a l 
method. 

Since the SPADNS method i s capable of determining 
f l u o r i n e i n 0.25 gram samples of rocks t o p l u s or minus 
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one m i l l i g r a m of f l u o r i n e and since 10 ml a l i q u o t s 
out of a 1 0 0 ml d i s t i l l a t e were taken, the r e s u l t s 
given i n the succeeding chapter should he w i t h i n 
plus or minus O.OOI4. gm of f l u o r i n e per 1 gm of sample 
or 0,k% of f l u o r i n e of the most probable r e s u l t s 
obtained by t h i s method. However, i n view of some 
doubt on the blanks run d u r i n g the analyses, the 
poor agreement among the various workers using 
d i f f e r e n t methods f o r f l u o r i n e analyses of rocks, 
and the f a c t t h a t the thorium n i t r a t e was standardised 
on 25 ml a l i q u o t s , the r e s u l t s f o r the sake of 
comparison among themselves and others should be 
regarded as no b e t t e r than 1 p a r t i n 1 0 . I n other 
words, the f l u o r i n e values given may vary w i t h i n a 
range of plus or minus 10^5 of the act u a l value given. 

The r e s u l t s of the f l u o r i n e analyses are given 
i n the f o l l o w i n g chapter where the r e s u l t s of the 
clay mineral analyses are d e a l t w i t h a t greater l e n g t h . 

CONCLUSION 

Prom the various techniques a p p l i e d to the shales 
examined, X-ray powder analysis was chosen as the most 
e f f e c t i v e method f o r clay mineral i d e n t i f i c a t i o n . 
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A d d i t i o n a l a i d s , such as heat and a c i d treatment, 
were also found to be indispensable i n some cases. 
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CHAPTER I I I 

THE ARGILLACEOUS ROCKS: PART I I 

Results of F i e l d and Laboratory I n v e s t i g a t i o n s 

a. INTRODUCTION 

A t o t a l of 1UO shale and underclay samples, 
r e p r e s e n t a t i v e of the main types, were c o l l e c t e d 
from the various stream sections i n the f i e l d . 
The d i v i s i o n of rooks i n t o types was based on 
c h a r a c t e r i s t i c s which are e a s i l y recognisable 
i n the f i e l d such as mica content, c a l c i t e content, 
( t e s t e d w i t h d i l u t e h y d r o c h l o r i c a c i d ) , presence 
or absence of quartz (based on roughness of hand 
specimen,gauged by f e e l ) , nodule content, f o s s i l 
content and bedding. 

I n the l a b o r a t o r y , the shale samples were 
examined f o r d i f f e r e n c e s i n mineralogy and petrography 
and an attempt has been made t o r e l a t e the 
mi n e r a l o g i c a l d i f f e r e n c e s to v a r i a t i o n s i n f i e l d 
characters and s t r a t i g r a p h i c a l occurrence. 

b. FIELD CLASSIFICATION OF THE ARGILLACEOUS ROCKS 
The a r g i l l a c e o u s rocks were c l a s s i f i e d i n t o 
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f i v e major and. two minor types i n the f i e l d "by means 
of a few simple t e s t s and observations of e a s i l y 
i d e n t i f i a b l e characters. These were as f o l l o w s : 

1 . Bedding c h a r a c t e r i s t i c s : the rocks were classed 
as bedded or imbedded. Bedded rocks were 
f u r t h e r c l a s s i f i e d according to t h e i r degree of 
f i s s i l i t y (good or poor) or f r i a b i l i t y . 

2. C a l c i t e content: the rocks were tested w i t h 
d i l u t e h y d r o c h l o r i c a c i d and classed as calcareous 
or noncalcareous according to whether the t e s t 
was p o s i t i v e or negative. 

3» F o s s i l content: the rocks were classed as h i g h l y 
or sparsely f o s s i l i f e r o u s and u n f o s s i l i f e r o u s 
according t o t h e i r f o s s i l content. 

k« Mica content: the rocks were classed as 
nonmicaceous i f mica grains were not v i s i b l e 
to the unaided eye and f i n e to coarsely micaceous 
according t o the size of v i s i b l e micas ( l e s s than 
0.25 mm, f i n e ; 0.25 to 1 mm, medium; over 1 mm 
coarse) 

5. Presence of quartz: a good guide to the presence 
or absence of quartz i n the f i e l d was the f e e l 
of the bedding plane i n hand specimen. This was 
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rough i f quartz was present i n s u b s t a n t i a l 
quanti t i e s . 

6. P y r i t e nodules: the rocks were c l a s s i f i e d 
i n t o those w i t h o u t nodules or bands, those 
c o n t a i n i n g p y r i t e nodules or bands and those 
c o n t a i n i n g ironstone nodules or bands. The 
l a t t e r group was r a r e . 

The r e l a t i v e colour of the beds ( l i g h t , 
medium or dark grey) was considered as a u s e f u l 
d i s t i n g u i s h i n g character but apart from the type 
6a shales (see below) t h i s depended to a l a r g e 
extent on the moisture content of the a r g i l l a c e o u s 
rocks. As most of the rocks were permanently wet 
i n the f i e l d t h i s was not a p r a c t i c a l method of 
d i s t i n c t i o n . 

The types of a r g i l l a c e o u s rock and t h e i r 
general c h a r a c t e r i s t i c s are summarised thus:-
Type 1 Underclays beneath present t h i n coal 
seams or i n the suspected former p o s i t i o n s of 
coals. Generally non-cal«areous and c o n t a i n i n g 
a v a r i a b l e amount of mica. F o s s i l s , apart from 
p l a n t fragments, are absent. Bedding and f i s s i l i t y 
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are absent. No nodules occur. The amount of quartz 
i s v a r i a b l e . These beds may occur below the limestone 
m6mbers of the sequence. 

Type 2. Calcareous, non-micaceous and, g e n e r a l l y , 
very f o s s i l i f e r o u s shales, having well-developed 
bedding and poor to good f i s s i l i t y . Quartz, i f 
present, i s not detectable and no nodules occur. 
These shales occur i n and immediately above l i m e ­
stones and very o c c a s i o n a l l y below the limestones. 

Type 3« Galcareous to non-calcareous, f i n e l y 
micaceous shales which c o n t a i n a r e s t r i c t e d fauna, 
mostly brachiopods. Bedding i s w e l l developed and 
f i s s i l i t y i s good. P y r i t e nodules commonly occur 
and a small amount of quartz i s u s u a l l y detectable 
by f e e l . These shales always occur above the Type 
2 a r g i l l a c e o u s rocks which o v e r l i e the limestones. 

Type I 4 . Non-calcareous, f i n e t o coarsely micaceous 
shales w i t h no f o s s i l s but w i t h some evidence of 
tracks and t r a i l s and p i t and mound s t r u c t u r e s i n 
the more sandy p a r t i n g s . P y r i t e nodules o f t e n occur 
at the base and very o c c a s i o n a l l y ironstone nodules 
or bands may occur near the top. The bedding i s 
w e l l developed but the f i s s i l i t y i s not very marked, 
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Quartz i s very apparent by f e e l . These shales 
always occur above the Type 3 a r g i l l a c e o u s rocks 
but below the sandstones, 

Type §. Non-calcareous shales which o f t e n c o n t a i n 
an abundance of coarse mica. F o s s i l s , p a r t from 
p l a n t fragments, are absent. P y r i t e and iron s t o n e 
nodules are u s u a l l y , but not always, absent and 
the bedding i s g e n e r a l l y p o o r l y developed. Quartz 
i s always present but i s very v a r i a b l e i n q u a n t i t y . 
The c h a r a c t e r i s t i c s of these shales are r a t h e r more 
v a r i a b l e than those of the other shales and many 
of the Type 5 a r g i l l a c e o u s rocks show t r a n s i t i o n s 
towards other types. These shales g e n e r a l l y occur 
above the main sandstone members of the cyclothems. 

Two a d d i t i o n a l a r g i l l a c e o u s rock types were 
recognised, which were of much r a r e r occurrence. 
These are both found w i t h i n the sandstone members 
of the cyclothems and are designated Types 6a and 
6b. 

Type 6a. Thin shale bands o c c u r r i n g i n the more 
massive and w e l l s o rted, clean sandstones. They 
are pale i n colour and co n t a i n a v a r i a b l e amount 
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of mica which i s ge n e r a l l y coarse. Bedding i s good 
and the rocks are f r i a b l e . F o s s i l s and nodules are 
absent. Quartz i s g e n e r a l l y absent. 
Type 6b. Clay g a l l s o c c u r r i n g i n some of the 
sandstones, 

Among the a r g i l l a c e o u s rock types, c l a s s i f i e d 
on f i e l d c h a racters, were included some a r g i l l a c e o u s 
sandstones. Examination of t h i n sections enabled 
estimates of the quartz contents of these rocks t o 
be made. For the present purpose, sandstones are 
regarded as having over 50% quartz by volume and 
rocks c o n t a i n i n g less than 50% quartz are regarded 
as shales. With few exceptions, the f i e l d characters 
were found t o be a r e l i a b l e basis on which t o c l a s s i f y 
the various sandy a r g i l l a c e o u s rocks as e i t h e r 
arenaceous shales or shaly sandstones. 

W h i l s t much work has been done on the c l a s s i f i ­
c a t i o n of sandstones and limestones, comparatively 
l i t t l e has been done on the c l a s s i f i c a t i o n of the 
ar g i l l a c e o u s rocks. No adequate comparisons w i t h 
s i m i l a r rocks studied by other workers can, t h e r e f o r e , 
be made. The c l a s s i f i c a t i o n of the a r g i l l a c e o u s rocks 
studied i n t o Types 1 to 6 developed f o r the present 
work i s , t h e r e f o r e , p e c u l i a r to t h i s study. 
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The use of d e f i n i t e names such as marine f o r 
the Type 2 and 3 a r g i l l a c e o u s rocks was considered. 
However, the Types i-i, 5 and 6a cannot be named i n 
a l i k e manner w i t h any c e r t a i n t y and, t h e r e f o r e , 
the only names r e t a i n e d are those of seat e a r t h 
or underclay f o r the Type 1 rocks as these have 
long been used i n g e o l o g i c a l and mining l i t e r a t u r e 
and, i n a d d i t i o n , are w e l l known and w e l l defined 
rock types. 

A t a b l e of the d i f f e r e n t a r g i l l a c e o u s rock .-
types summarising t h e i r f i e l d characters i s given 
i n Table 3.1. 

LABORATORY INVESTIGATION OF THE ARGILLACEOUSROCK TYPES 

I n the i n v e s t i g a t i o n of rocks i n the l a b o r a t o r y , 
the f i r s t method which i s u s u a l l y a p p l i e d i s the 
examination of t h i n s e c t i o n s . One of the reasons 
f o r the comparative r a r i t y of d e s c r i p t i o n s of 
ar g i l l a c e o u s rocks i n geologic l i t e r a t u r e i s t h a t 
t h i n s e c t i o n examination presents a number of 
d i f f i c u l t i e s . Thin sections of f r i a b l e shales are 
d i f f i c u l t t o prepare and many f r i a b l e shales are 
s u f f i c i e n t l y dense to prevent the use of impregnation 
methods. Even when t h i n sections of shales can be 
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prepared they are o f t e n almost opaque due to f i n e ­
grained carbonaceous matter or the clay mineral 
components are too f i n e grained t o i d e n t i f y them 
w i t h any degree of c e r t a i n t y . 

S i m i l a r d i f f i c u l t i e s were met i n the examination 
of the Teesdale a r g i l l a c e o u s rocks. The metamorphosed 
shales, however, have been p a r t i a l l y r e c r y s t a l l i s e d 
and have l o s t most of t h e i r o p a c i t y , probably as a 
r e s u l t of the expulsion of carbonaceous or bituminous 
matter. 

Thin sections have been mainly used, t h e r e f o r e , 
to determine the q u a r t z contents of the rocks although 
some general f e a t u r e s have also been observed. Thin 
sections have shown t h a t the underclays have no 
defined o r i e n t a t i o n of the clay minerals, whereas 
the shales have a s u b p a r a l l e l o r i e n t a t i o n of the 
clay m i n e r a l s . The s u b p a r a l l e l t e x t u r e i s best 
seen under crossed n i c o l s , where i t i s revealed by 
p a r t i a l mass e x t i n c t i o n i n the p a r a l l e l p o s i t i o n . 

The shales studied vary i n t h e i r degree of 
o r i e n t a t i o n of the clay mineral p a r t i c l e s and the 
b e t t e r bedded shales g e n e r a l l y have a more marked 
s u b p a r a l l e l t e x t u r e . I t has not been p o s s i b l e t o 
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d i s t i n g u i s h any secondary growth of the c l a y minerals 
i n the shales and, although t h i s may have occurred, 
i t seems l i k e l y t h a t the t e x t u r e i s mainly due to the 
o r i g i n a l d e p o s i t i o n of the c o n s t i t u e n t f l a k e s and 
p o s s i b l y also some r e o r i e n t a t i o n under pressure. The 
coarser, d e t r i t a l micas, i n p a r t i c u l a r , show a marked 
o r i e n t a t i o n which i s probably o r i g i n a l . 

The underclays show no o r i e n t a t i o n of the c l a y 
minerals and some of the more arenaceous seat earths, 
more p r o p e r l y classed as sandstones, show evidence 
of e i t h e r r e c r y s t a l l i s a t i o n or d e p o s i t i o n of secondary 
c h l o r i t e . This i s shown i n F i g . i+»7. 

Except f o r the underclays and the metamorphosed, 
o f t e n markedlsr r e c r y s t a l l i s e d shales, the i d e n t i f i c a t i o n 
of the c l a y minerals by microscopic methods was very 
d i f f i c u l t and i t was t h e r e f o r e necessary to r e s o r t 
to other methods of a t t a c k . As already noted the 
several techniques which were t r i e d included X-ray 
powder a n a l y s i s , d i f f e r e n t i a l thermal a n a l y s i s and 
i n f r a - r e d a b s o r p t i o n s p e c t r o g r a p h s a n a l y s i s , AS 
stressed i n the previous chapter, X-ray a n a l y s i s proved 
to be the most s a t i s f a c t o r y and the r e s u l t s of the 
clay mineral analyses of the a r g i l l a c e o u s rocks are 
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based mainly on t h i s technique of i n v e s t i g a t i o n . 
Tables 3«2 to 3.7 summarise the f i e l d and l a b o r a t o r y 
data f o r the a r g i l l a c e o u s rocks. 

RESULTS OF THE CLAY MINERAL ANALYSES OF THE 
ARGILLACEOUS ROCKS 

Apart from the v a r i a t i o n s i n the quartz, mica 
and c a l c i t e content of the a r g i l l a c e o u s rocks 
recognised i n the f i e l d and the l a b o r a t o r y , X-ray 
analyses have shown t h a t there i s some d i v e r s i t y 
i n the clay mineral content. Several d i f f e r e n t types 
of c l a y mineral occur i n the shales and underclays. 
Excluding k a n d i t e , the c l a y minerals found i n the 
Teesdale rocks were i l l i t e , c h l o r i t e and random 
mixed-layer minerals. Kandites were found i n some 
coarse arenaceous bands i n shales above the Three 
Yard Limestone. Examination of t h i n sections showed 
t h a t these bands contained k a o l i n i t e i n the form of 
"books" between the quartz g r a i n s . I n view of the 
d e l i c a t e nature of these aggregates which would be 
broken i n t r a n s p o r t , i t i s i n f e r r e d t h a t the k a o l i n i t e 
here i s of secondary o r i g i n , probably derived from 
the weathering of f e l d s p a r s . 

The d e t r i t a l c lay minerals occur i n the rocks 
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i n the f o l l o w i n g combinations:-
1 . I l l i t e 
2. C h l o r i t e 
3. I l l i t e plus c h l o r i t e 
U- Mixed-layer mineral 
5. I l l i t e plus mixed-layer mineral 
6. I l l i t e plus c h l o r i t e plus mixed-

lay e r m i n e r a l . 
No mixtures of c h l o r i t e plus mixed-layer mineral 
without i l l i t e were observed. 

The r e l a t i o n s h i p s between the c l a y mineralogy 
and the d i f f e r e n t rock types are best expressed i n 
ta b u l a r form (Tables 3,8 and 3»9)» The r e s u l t s are 
also expressed g r a p h i c a l l y i n Figa3«1= 

The i l l i t e s , as shovra by X-ray analyses, are 
of the one l a y e r disordered monoclinic v a r i e t y (iMd) 
w i t h p o s s i b l y some admixed two l a y e r monoclinic (2M) 
v a r i e t y . The c h l o r i t e s are also p o o r l y c r y s t a l l i n e 
and, i n general, have weak to very weak f i r s t and 
t h i r d order basal r e f l e c t i o n s and are, t h e r e f o r e , 
mostly i r o n - r i c h . 

I n the presence of i l l i t e , the mixed-layer 
minerals are r a t h e r d i f f i c u l t to i d e n t i f y s p e c i f i c a l l y 
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The v a r i a t i o n s between the d i f f e r e n t samples 
of the same rock type i s lar g e and the v a r i a t i o n s 
i n the f l u o r i n e content which have been observed 
are of d o u b t f u l s i g n i f i c a n c e . 

CONCLUSION 

Several d i f f e r e n t types of a r g i l l a c e o u s rock 
can be recognised both i n the f i e l d and the l a b o r a t o r y . 
Differences i n c l a y mineralogy occur which appear to 
be r e l a t e d t o the d i f f e r e n c e s i n rock type. 

F l u o r i n e analyses have not e s t a b l i s h e d a d e f i n i t e 
r e l a t i o n s h i p between the shale type and the f l u o r i n e 
content. 
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CHAPTER IV 

THE SANDSTONES: PART I 

F i e l d and Laboratory Work 

INTRODUCTION 

Several types of sandstone have been recognised 
i n the f i e l d and t h i n sections of these were examined 
i n the l a b o r a t o r y . 

Some of the more a r g i l l a c e o u s and calcareous 
rooks were i d e n t i f i e d i n the f i e l d as arenaceous 
shales and arenaceous limestones. These were 
subsequently placed i n t h e i r c o r r e c t classes a f t e r 
l a b o r a t o r y i n v e s t i g a t i o n . However, most of the 
sandstones were recognised as such i n the f i e l d 
and could be c l a s s i f i e d i n t o types. Laboratory 
i n v e s t i g a t i o n has shown t h a t these types have 
s i g n i f i c a n t m i n e r a l o g i c a l c h a r a c t e r i s t i c s . 

The p y r i t e - b e a r i n g sandstones were examined 
by r e f l e c t e d l i g h t . Heavy mineral analyses were 
made of some of the sandstones c o n t a i n i n g the higher 
peroentages of heavy minerals. 
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FIELD CLASSIFICATION OP THE SANDSTONES 

The c h a r a c t e r i s t i c s used i n the f i e l d 
c l a s s i f i c a t i o n of the sandstones were a l l of a 
simple nature. The c h a r a c t e r i s t i c s chosen as 
"being most u s e f u l were both s t r u c t u r a l and m i n e r a l -
o g i c a l . S t r u c t u r a l characters included "bedding, 
r i p p l e marks and minor i n t e r n a l f e a t u r e s such as 
p i t and mound s t r u c t u r e s . M i n e r a l o g i c a l characters 
used included the amount and s i z e of mica f l a k e s , 
the amount of clay m a t e r i a l , size of the quartz 
grains and the presence or absence of calcium 
carbonate ( d i l u t e h y d r o c h l o r i c a c i d t e s t ) . 

I n the f i e l d , the f o l l o w i n g types were 
recognised:-

Type 1 . Clean, massive sandstones which show 
f a l s e bedding and occasional r i p p l e marks. These 
co n t a i n very low percentages of mica, and c l a y 
minerals and are u s u a l l y c a l c i t e - f r e e . They 
g e n e r a l l y form the main sandstones i n the succession 
where they occur b u t , i n some of the cyclothems, 
are not present i n every s e c t i o n . They are seen 
i n some sections to be i n t e r l e a v e d l e n s o i d bodies 
and not continuous sheets. 
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Type 2. Flaggy sandstones which may contai n shale 
hands at the base and grade up from shales or "grey 
beds" to the o v e r l y i n g Type I massive sandstones, 
where these occur. They are o f t e n r i p p l e d or 
laminated and contain a h i g h percentage of mica and 
clay mi2ierals„ They are u s u a l l y c a l c i t e - f r e e . Those 
which occur a t the base of the more massive sandstones 
are u s u a l l y p y r i t o u s . Some of these'rocks may contai n 
p i t and mound s t r u c t u r e s . They may also occur at the 
top of the succession i n a cyclothem above the massive 
sandstones. 

Type 3 . A r g i l l a c e o u s and non-flaggy sandstones which 
contai n a v a r y i n g amount of mica. They occur at or 
near the top of the cyclothems and are g e n e r a l l y r o t t e n 
p o o r l y consolidated and may c o n t a i n s t i g m a r i a n r o o t l e t s . 
They show t r a n s i t i o n to the underclays and seat e a r t h s . 

Type k» Calcareous sandstones which have vary i n g 
amounts of cl a y minerals and mica. These o f t e n grade 
l a t e r a l l y or upwards i n t o limestones. 

Type 5 . Coarse, massive sandstones which are s i m i l a r 
i n mode of occurrence t o the Type I sandstones, b u t 
w i t h a n o t i c e a b l y greater a r g i l l a c e o u s content. 
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Unlike the other a r g i l l a c e o u s sandstones, the clay-
m a t e r i a l occurs i n d i s t i n c t pockets and i s g e n e r a l l y 
pale cifeam i n colour and not grey. 

Type 6 . Pine to coarse, g e n e r a l l y dark grey-green 
sandstones which o f t e n c o n t a i n clay g a l l s , f e r r u g i n o u s 
fragments (now l i m o n i t e , "but probably o r i g i n a l l y 
clay i r o n s t o n e ) and p y r i t e . These sandstones have 
unconformable or abrupt bases. Only the High B r i g 
Hazle, i n Newbiggin Beck contains t h i s sandstone; 
here i t i s found at the base of each of the two 
sandstones i n the sandstone-shale sequence which 
makes up the Hazle. 

The c h a r a c t e r i s t i c s of the d i f f e r e n t sandstone 
types are summarised i n Table Z+.1 . 

This c l a s s i f i c a t i o n i s not a r i g i d one as 
gradations occur between one type and another. I n 
p a r t i c u l a r , sandstones occur above the Single Post 
Limestone which are s i m i l a r i n mode of occurrence 
to the Type 6 sandstones but m i n e r a l o g i c a l l y are 
s i m i l a r to the Type 3 and Type ^ sandstones. However, 
i f a l l the c r i t e r i a are used, the g r a d a t i o n a l types 
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can u s u a l l y be s a t i s f a c t o r i l y placed. 

Characters of each i n d i v i d u a l sample c o l l e c t e d 
are given i n the section on l a b o r a t o r y work, i n 
Tables Lj.,2 to U . 7 . 

LABORATORY INVESTIGATION OF_THE SANDSTONES 

As has been s t a t e d , the l a b o r a t o r y i n v e s t i g a t i o n 
took the form of the examination of t h i n sections 
and p o l i s h e d s e c t i o n s . Some heavy mineral analyses 
were c a r r i e d out and X-ray studies were made of c e r t a i n 
of the c l a y minerals and micas. 

Two important f a c t o r s i n the v a r i a t i o n s of the 
sandstones are the degree of s o r t i n g and the maximum 
and minimum size grades which occur. However, the 
rocks examined were g e n e r a l l y too indurated t o e f f e c t 
disaggregation of the c o n s t i t u e n t grains w i t h o u t 
f r a c t u r i n g or crushing them. Examination of the rocks 
i n order to determine the g r a i n sizes and the degree 
of s o r t i n g was, t h e r e f o r e , l i m i t e d t o t h i n s e c t i o n 
a n a l y s i s . 

Krumbein (1935) has shown t h a t the t h i n s e c t i o n 
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analysis of sandstones produces f a i r l y r e l i a b l e data 
as to the l i m i t s of the g r a i n size and the average 
g r a i n s i z e . A f t e r performing a series of experiments 
on a r t i f i c i a l m a t e r i a l and unconsolidated sediments, 
he came to the f o l l o w i n g conclusions; 

The average diameter, as measured on a random 
s e c t i o n , of an a r t i f i c i a l l y prepared equigranular 
"rock" was about 0 .75 of the t r u e diameter and the 
g r a i n s i z e v a r i e d from 0 to the tr u e diameter. Using 
n a t u r a l m a t e r i a l w i t h grains v»rhich were not a l l the 
same size and which were not s p h e r i c a l , he found t h a t 
the s p h e r i c i t y and degree of s o r t i n g had l i t t l e e f f e c t 
on the es t i m a t i o n s . He d i d , however, use a l a r g e 
number of grains i n h i s determinations. 

The estimates used i n t h i s thesis were made with, 
a micrometer eyepiece i n the microscope and where 
graded bedding occurred, each l a y e r was estimated 
i n d i v i d u a l l y . 

I n order t o determine the e f f e c t on the e s t i m a t i o n 
of grain, size of t h i n s e c t i o n examination, as opposed 
to examination of separated g r a i n s , an arenaceous 
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limestone, T . 6 a , v/as placed i n d i l u t e a c e t i c a c i d and 
the m a t r i x d i s s o l v e d . The separated grains and a 
t h i n s e c t i o n of the rock were then examined. The 
r e s u l t s of the two examinations can be compared i n 
the f o l l o w i n g manner:-

Thin Section Separated Grains 

Range of g r a i n 
s i z e . 0 .025 to 0 .45 mm 0 .05 to 0 .45 mm 
General g r a i n 
s i z e . 0 .1 to 0 . 175 mm 0 .125 t o 0 .25 mm 
D e s c r i p t i o n . Grains subangular Grains subangular 

to subrounded, to subrounded, few 
some angular to rounded, 
very angular. 

N.B. The t h i n s e c t i o n shows t h a t many of the grains 
are sutured and are replaced by c a l c i t e and t h a t some 
of the grains show secondary overgrowths of qua r t z . 

I t i s here suggested t h a t the r e s u l t s of t h i n 
s e c t i o n estimations are s u i t a b l e f o r comparative studies 
f o r the present purposes and can, w i t h c a u t i o n , be used 
when comparing the g r a i n size d i s t r i b u t i o n of ancient 
sediments w i t h modern unconsolidated sediments. I t 
must be borne i n mind, however, t h a t the t h i n sections 
tend to give an impression of a l a r g e r number of smaller 
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grains and a smaller number of l a r g e r g r a i n s . Thin 
sections do not a f f e c t the es t i m a t i o n of the maximum 
g r a i n size i n the sandstones i n v e s t i g a t e d as even the 
coarser ones contain s u f f i c i e n t grains t o enable some 
of the grains i n the t h i n s e c t i o n t o approximate t o 
the maximum g r a i n s i z e . They do, however, give an 
impression of a lower minimum g r a i n s i z e because 
random sections through the grains include those 
sections which cut the p e r i p h e r i e s . The lowering 
of the minimum g r a i n size can be lessened by not 
considering the very small grains as seen i n t h i n 
s e c t i o n which are due to the c u t t i n g of the g r a i n 
p e r i p h e r i e s . This would preclude the very p o o r l y 
sorted sandstones. However, the number of very small 
grains o c c u r r i n g i n most of the t h i n sections examined 
was very low and thus most o f the rocks are b e l i e v e d 
to be f a i r l y w e l l s o r t e d . 

Thin sections tend, as a consequence of the 
aforementioned f a c t o r s , to give an impression of a 
lower average g r a i n s i z e , although t h i s e f f e c t i s 
not l a r g e . 

F i n a l l y , although t h i n s e c t i o n examination of 
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sandstones does a f f e c t the e s t i m a t i o n of the degree 
of s o r t i n g , the e f f e c t i s n e g l i g i b l e . This i s due 
to the f a c t t h a t lowering of the value of the average 
g r a i n size i s small and the f a c t t h a t the Wentworth 
grade scale s i z e l i m i t s are such t h a t a considerable 
degree of tolerance occurs and the g r a i n size must 
vary considerably before the class of the degree of 
s o r t i n g i s a l t e r e d . 

THE mmOG^PE^J^Dja^_ALpaY_^ THE; DIFFERENT 
SANDSTO m"TYPES 

As has been s t a t e d i n the s e c t i o n on the f i e l d 
c l a s s i f i c a t i o n of the sandstones, the d i f f e r e n t types 
recognised i n the f i e l d also show s i g n i f i c a n t 
v a r i a t i o n s i n t e x t u r e and mineralogy. These v a r i a t i o n s 
are described below. 

Owing to the d i f f i c u l t y o f t e n i n c u r r e d i n 
making p o s i t i v e o p t i c a l i d e n t i f i c a t i o n s of such 
f i n e - g r a i n e d m a t e r i a l , the c l a y minerals can only 
be t e n t a t i v e l y i d e n t i f i e d on the basis of c o l o u r , 
form, b i r e f r i n g e n c e and other general characters 
unless they occur i n s u f f i c i e n t q u a n t i t i e s t o permit 
separation f o r f u r t h e r o p t i c a l or X-ray work. For 
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these reasons many s p e c i f i c names are placed i n 
i n v e r t e d commas. 

Type 1 . Sandstones 

I n t h i n s e c t i o n ( F i g . 4 . 1 ) , these sandstones 
are c h a r a c t e r i s t i c a l l y w e l l sorted ( t h e i r c o n s t i t u e n t 
grains a l l l i e w i t h i n small l i m i t s i n one or two 
of the size classes on the Wentworth grade scale) 
although a few have only a f a i r degree of s o r t i n g 
( t h e i r consituents s t i l l l i e w i t h i n two classes h u t 
the l i m i t s may approach a t h i r d c l a s s ) . Most of 
the grains l i e between 0 .075 and 0 . 375 mm. Some 
of the rocks may co n t a i n grains as small as 0 .05 mm, 
or as l a r g e as 0 .75 mm but these are r a r e . On the 
Wentworth grade scale, these correspond to very f i n e 
to medium grained sandstones. 

Most of the rocks c o n t a i n subangular to 
subrounded grains although some c o n t a i n angular 
to subangular or some subrounded t o rounded g r a i n s . 

Quartz forms 95 to almost 100% of the rocks and 
the grains are of three d i f f e r e n t v a r i e t i e s : -
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1 . Strained grains showing undulose e x t i n c t i o n . 
These form the h u l k of the m a t e r i a l . 

2 . Unstrained grains which show complete t o t a l 
e x t i n c t i o n . These occur i n very minor amounts. 

3 . Composite grains made up of intergrown quartz 
i n d i f f e r e n t o r i e n t a t i o n s . These g r a i n s are 
the l e a s t abundant of the three types. 

Some rocks may c o n t a i n a few c h e r t grains but 
these are very r a r e and always form much less than 1%. 

The sandstones are cemented by secondary over­
growths of quartz which are i n d i r e c t o p t i c a l continua­
t i o n w i t h the d e t r i t a l quartz g r a i n s ( F i g . 1+.2) . 

Occasionally a l i t t l e c a l c i t e cement occurs and may 
form up to 3% of the r o c k 0 

Mica occurs i n most of the rocks, the q u a n t i t y 
v a r y i n g from 0 to 2%. The micas are g e n e r a l l y w e l l 
s c a t t e r e d throughout the rocks and are u s u a l l y 
coarse, being between 0 .25 and 2 .5 mm and mostly over 
1 mm i n l e n g t h . 

Most of the mica i s muscovite but r a r e l y leached 
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brown mica or " h y d r o b i o t i t e " may occur. I n a very 
few of the samples examined b i o t i t e occurs but t h i s 
i s g e n e r a l l y i n the form of a l t e r e d f l a k e s or shredded 
aggregates. Most of the b i o t i t e i s leached t o 
" h y d r o b i o t i t e " or o c c a s i o n a l l y has been a l t e r e d to 
c h l o r i t e . 

A t y p i c a l example of t h i s s o r t of a l t e r a t i o n i s 
seen i n a sample of Low B r i g Hazle, T . 5 3 . Here, the 
mica i s mostly a l t e r e d b i o t i t e . Flakes w i t h r e s i d u a l 
areas of u n a l t e r e d b i o t i t e show t h a t the o r i g i n a l 
b i o t i t e i s pale t o dark brown or green-brown i n 
colour and shows second order i n t e r f e r e n c e c o l o u r s . 
The a l t e r a t i o n products are of two s o r t s . Many of 
the f l a k e s have d i s i n t e g r a t e d and a l t e r e d to f i n e ­
grained aggregates of a p l e o c h r o i c , yellow-brown 
mineral which appears t o show f i r s t order white 
b i r e f r i n g e n c e masked by the colour of the m a t e r i a l . 
This i s probably f i n e - g r a i n e d " h y d r o b i o t i t e 1 ' or 
" i l l i t i c " m a t e r i a l . Other f l a k e s have expanded and 
become p a l e r i n colour. The i n t e r f e r e n c e colours of 
t h i s m a t e r i a l are reduced to the f i r s t order. This 
m a t e r i a l though not i d e n t i f i a b l e s p e c i f i c a l l y can be 
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grouped under the term "Hydrobiotite"» Some of the 
" h y d r o b i o t i t e " i s p a r t i a l l y a l t e r e d to a pale green, 
almost c o l o u r l e s s , c h l o r i t e . C h l o r i t e , which i s 
c o l o u r l e s s , o f t e n occurs as a secondary i n t e r s t i t i a l 
m i n e r a l a 

I n t e r s t i t i a l c l ay minerals u s u a l l y form less 
than 1% of the rocks but may form up t o 3%. O p t i c a l 
examination reveals t h a t the clay minerals are mostly 
f i n e - g r a i n e d " s e r i c i t e " or " i l l i t e " b u t some of the 
rocks c o n t a i n small amounts of "chlorite'' 1 and, very 
o c c a s i o n a l l y , k a o l i n i t e . Most of the i n t e r s t i t i a l 
clay mineral i s secondary and occurs as a l t e r a t i o n 
products of other minerals such as micas and quartz. 

The " s e r i c i t e " occurs i n aggregates of c o l o u r l e s s 
to very pale yellow (due p r i n c i p a l l y t o " i r o n " s t a i n i n g ) 
f l a k y m a t e r i a l which i n v a r i a b l y shows second order 
i n t e r f e r e n c e colours under crossed n i c o l s . 

The " i l l i t e " - i s g e n e r a l l y a pale yellow s l i g h t l y 
p l e o c h r o i c c o l o u r . I t i s very f i n e w i t h p o o r l y 
developed mutual o r i e n t a t i o n of the f l a k e s . I t 
g e n e r a l l y shows f i r s t order i n t e r f e r e n c e colours under 
crossed n i c o l s , probably due t o i t s f i n e - g r a i n e d n a t u r e . 
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The " c h l o r i t e " i s c o l o u r l e s s to very pale green-
yellow, s l i g h t l y p l e o c h r o i c , and i s very f i n e - g r a i n e d . 
I t shows low f i r s t order greys under crossed n i c o l s . 

The k a o l i n i t e always occurs i n t y p i c a l "book" 
s t r u c t u r e s which are too d e l i c a t e to have been t r a n s p o r t e d . 
They are thought to have been formed by the a l t e r a t i o n 
of f e l d s p a r s o c c u r r i n g i n the rocks. K a o l i n i t e i s very 
r a r e i n these sandstones. 

Amongst the accessory minerals, f e l d s p a r i s very 
rare and only one specimen, from the Nattrass G i l l 
Hazle, was found t o c o n t a i n t h i s m i n e r a l . The f e l d s p a r 
formed much less than \% of the rock and was composed 
of f a i r l y f r e s h p l a g i o c l a s e . 

The d e t r i t a l heavy minerals u s u a l l y form less 
than 1%' and never more than 2% of the o r i g i n a l minerals 
i n the sandstones. They can be l i s t e d i n the 
f o l l o w i n g order of abundance; z i r c o n , tourmaline, 
r u t i l e , leucoxene and magnetite. 

Zircon occurs i n subangular to w e l l rounded 
grains and i s more o f t e n w e l l rounded. Two v a r i e t i e s 
occur, a c o l o u r l e s s v a r i e t y and a less abundant very 

- I x x x v i i -



pale brown v a r i e t y . 

Tourmaline u s u a l l y occurs as very w e l l rounded 
grains although a few subrounded p r i s m a t i c grains 
occur. Most of the tourmaline i s a pale green to 
o l i v e green or brown ple o c h r o i c v a r i e t y but emerald 
green and very pale brown v a r i e t i e s also occur. 

R u t i l e occurs o n l y r a r e l y and i s a dark brown 
v a r i e t y i n the form of small a c i c u l a r c r y s t a l s . 
Some of the quartz grains i n the sandstones also 
cont a i n r u t i l e and, r a r e l y , a p a t i t e or tourmaline 
i n the form of minute c r y s t a l s . 

Other grains include an opaque mineral w i t h 
white surface r e f l e c t i o n i d e n t i f i e d as "leucoxene", 
and also a l i t t l e magnetite. 

A l i t t l e p y r i t e occurs which appears to be 
o r i g i n a l but most of t h i s c o n s t i t u e n t i s probably 
of secondary o r i g i n . Small grains and euhedra of 
p y r i t e occur i n many of the rocks but they are mostly 
of secondary o r i g i n since they replace both the quartz 
grains and the cement. Some of the sandstones are 
seen to be spotted i n the f i e l d , the spots c o n s i s t i n g 
of a mixture of clay mineral and l i m o n i t e . Polished 
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sections show t h a t some of the spots c o n t a i n small 
c e n t r a l g r a i n s of p y r i t e . The spotted rocks are, 
t h e r e f o r e , considered to have "been formed by the 
weathering o f p y r i t e - b e a r i n g sandstones. The o r i g i n 
of the p y r i t e i s obscure but may have been deposited 
around minute n u c l e i from connate and groundwater 
s o l u t i o n s . 

Type 2. Sandstones 

I n t h i n s e c t i o n ( F i g s . I4..3 to these 
rocks are c h a r a c t e r i s t i c a l l y impure and f i n e - g r a i n e d , 
most of the g r a i n s l y i n g between 0.025 and 0.25 mm 
diameter, although the s i z e may vary between diameters 
less than 0.001 up to 0.375 mm. The degree of s o r t i n g 
i s v a r i a b l e but i s g e n e r a l l y such t h a t most of the 
p a r t i c l e s l i e w i t h i n two classes on the Wentworth 
grade s c a l e . These are f i n e to very f i n e sandstones 
on the grade scale. 

Most of the rocks c o n t a i n angular t o subangular 
quartz grains although a few may be subrounded. 

Quartz; grains form 50 to about 95% but g e n e r a l l y 
75 t o 90% of the rocks. 
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The mineralogy of these rocks i s s i m i l a r to 
th a t of the Type 1 sandstones, except f o r the clay 
and mica content. The cement of the rock v a r i e s 
considerably and may be quartz, c l a y or carbonate 
or a combination of any of these c o n s t i t u e n t s . 
Secondary s i l i c a , occurs i n t e r s t i t i a l l y and i s 
g e n e r a l l y chalcedonic i n form. 

The micas are more abundant than i n the Type 1 

sandstones, v a r y i n g bet?;een 1 and 30%, and are 
concentrated along the bedding planes. The micas 
vary considerably i n s i z e from less than 0.2 t o 
about 2.0 mm, the rocks w i t h the f i n e r quartz 
grains u s u a l l y c o n t a i n i n g the f i n e r micas. 

Most of the mica i s b i o t i t e and u h y d r o b i o t i t e " 
(degraded b i o t i t e ) i n the greater p r o p o r t i o n of 
samples. C h l & r i t e i s much more common than i n the 
Type 1 sandstones. I n these rocks, as i n the Type 1 , 

the c h l o r i t e i s f l a k y , o d o u r l e s s t o very pale green, 
and shows b i r e f r i n g e n c e i n f i r s t order g r e y s 0 

Several i n t e r e s t i n g r e l a t i o n s h i p s are found 
among the micas which were observed under the microscope. 
B i o t i t e was seen to be a l t e r e d to " i l l i t e " , c h l o r i t e , 
" h y d r o b r i o t i t e " , and other l e s s w e l l d e f i n e d products. 
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Both c o l o u r l e s s and green c h l o r i t e s occur i n the 
rocks and a t h i r d occurrence was noted i n some of 
the rocks„ i n the form of spheroidal aggregates of 
c o l o u r l e s s to brown c h l o r i t i c m a t e r i a l w i t h a very 
low b i r e f r i n g e n c e . Most of the spheroidal aggregates 
are enclosed i n t h i n s h e l l s of " i l l i t i c " m a t e r i a l * 
This t h i r d c h l o r i t e was i d e n t i f i e d on the basis of 
X-ray analysis (Table U.8) as an i r o n - r i c h c h l o r i t e . 
Other more d i f f u s e patches i n the rocks which have a 
s i m i l a r appearance are also probably c h l o r i t e . 

The clay c o n s t i t u e n t s may form as low as 2% but 
g e n e r a l l y form between 5 and 25/2 of these rocks. The 
clays are mostly very f i n e - g r a i n e d d e t r i t a l micaceous 
minerals of the " i l l i t e " type. No kandite was 
observed i n any of the sections. 

Plagiocla.se f e l d s p a r occurs i n some of the rocks 
and i s g e n e r a l l y f a i r l y f r e s h . I t always forms much 
le s s than 1% of the rocks. 

The d e t r i t a l heavy minerals are the same as occur 
i n the Type 1 sandstones. 

One f u r t h e r accessory mineral occurs, u s u a l l y i n 
the more micaceous rocks, i n the form of small rounded 

- l x x x x i -

http://Plagiocla.se


grains of a s i m i l a r size to the quartz g r a i n s . I t has 
a low r e f l e c t i v i t y and appears black i n r e f l e c t e d l i g h t 
w i t h a l i t t l e white r e f l e c t i o n from small i s o l a t e d p o i n t 
This m a t e r i a l i s probably carbonaceous but there was 
i n s u f f i c i e n t q u a n t i t y to e s t a b l i s h i t s s p e c i f i c i d e n t i t y 

Type 3. Sandstones 

I n t h i n s e c t i o n (Fig .U«7) these rocks are found 
to be very f i n e t o f i n e - g r a i n e d (Wentworth grade scale) 
a r g i l l a c e o u s sandstones which may c o n t a i n up to UO% 
of c l a y minerals. A r g i l l a c e o u s sandstones are regarded 
f o r the purpose of the present work as sandstones 
co n t a i n i n g between 5 and 50fo of c l a y m a t e r i a l 0 The 
quartz grains vary between 0U01 and 0*25 mm i n size and 
are angular t o subangular 0 A l i t t l e f i n e s c a t t e r e d 
mica may occur but forms much le s s than 1% of the rocks 
and the p a r t i c l e s are l e s s than 0.5 mm i n s i z e . Apart 
from the clay content, these rocks are s i m i l a r i n 
mineralogy t o the Type 1 sandstones. 

Most of the c l a y i s d e t r i t a l " i l l i t i c " m a t e r i a l , 
although spheroidal aggregates of c o l o u r l e s s c h l o r i t e 
also occur,, These aggregates, as i n the Type 2 rocks, 
are always spheroidal and appear to have formed i n s i t u 
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as the m a t e r i a l i s too d e l i c a t e to have "been t r a n s p o r t e d 
along w i t h the r e s t o f the sediment. The o r i g i n of t h i s 
secondary c h l o r i t e i s obscure. 

Type U. Sandstones 

I n t h i n s e c t i o n ( F i g s . U*& and U»9), these rocks 
are f i n e - g r a i n e d to very f i n e - g r a i n e d and are w e l l 
s o r t e d . The quartz grains are g e n e r a l l y "between 0.05 

and 0.25 mm i n diameter and vary from angular t o 
subrounded, the f i n e r rocks c o n t a i n i n g the more angular 
g r a i n s . 

The clay minerals and micas, together, r a r e l y 
exceed 5% and u s u a l l y vary from 0 to 5%. The micas 
are u s u a l l y l e s s than 0.75 mm i n s i z e . 

The heavy minerals are the same as occur i n the 
other sandstones, and, as i n the other r o c k s , f e l d s p a r 
may occur i n minor amounts. Secondary p y r i t e may occur 
and appears to "be r e p l a c i n g the c a l c i t e . 

Apart from the carbonate, which i s always c a l c i t e 
( d i s s o l v e s completely i n c o l d d i l u t e h y d r o c h l o r i c acid) 
and which varies between 1 and 20%, the rocks are 
s i m i l a r to the other sandstone types. Where the amount 
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of c a l c i t e i s small ( i t u s u a l l y forms 3 to 5%), the 
cement may "be quartz or the rock may "be bonded by clay 
m i n e r a l . 

Two subtypes of t h i s sandstone can be recognised. 
One represents the more arenaceous end member of the 
Type 2 limestone, the arenaceous limestone,and i s 
f a i r l y clean, w h i l s t the other more a r g i l l a c e o u s 
subtype represents a more calcareous f a c i e s of the 
Type 2 sandstone. 

Type 5 Sandstone 

Some of the less a r g i l l a c e o u s of these rocks, 
when examined i n the l a b o r a t o r y , were found to be the 
coarser more a r g i l l a c e o u s r e p r e s e n t a t i v e s of the Type 
1 sandstones and were subsequently placed i n t h i s group. 

A l l of the Type 5 sandstones, recognised as being 
d i s t i n c t , both i n the f i e l d and the l a b o r a t o r y , occur 
above the Pour Fathom Limestone and belong to the 
Quarry Hazle or T u f t . 

I n t h i n s e c t i o n (Pig . U.lO) these sandstones are 
characterised by t h e i r poor degree of s o r t i n g , the 
g r a i n size v a r y i n g from about 0.125 or l e s s , t o over 
1.0 mm. These correspond to f i n e to coarse sandstones 
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on the Wentworth grade scale. 

The mica i s g e n e r a l l y small i n amount and i s 
g e n e r a l l y up t o 2 mm i n diameter. 

" I l l i t e " i s found i n minor q u a n t i t i e s i n these 
rocks "but they are unusual i n t h a t they are the only 
rocks examined which were found to c o n t a i n any 
s u b s t a n t i a l amounts of k a o l i n i t e . The k a o l i n i t e forms 
pockets up t o 1 mm, or o c c a s i o n a l l y more, i n diameter 
and forms up to 10% of some of the rocks. The k a o l i n i t e 
i s i n the form of w e l l c r y s t a l l i s e d "books" and appears 
to be secondary i n o r i g i n , p o s s i b l y d e r i v e d from the 
a l t e r a t i o n o f f e l d s p a r . 

Type 6.Sandstones 
I n t h i n s e c t i o n (Fig . U . 1 1), these rocks are seen 

to be very p o o r l y s o r t e d w i t h angular to subrounded 
quartz g r a i n s which are cemented by secondary quartz. 
The g r a i n size v a r i e s between 0.05 and 1.75 mm (from 
very f i n e to very coarse on the Wentworth s c a l e ) . The 
m a t r i x i s a r g i l l a c e o u s and forms 10 t o 25% of the rocks. 
The clay minerals forming the m a t r i x are mostly c o l o u r l e s s 
to yellow ( s t a i n e d ) or pale green c h l o r i t e , but minor 
amounts of " i l l i t e " and k a o l i n i t e may also occur. 

is 
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Mica,apart from a l i t t l e leached " h y d r o b i o t i t e n , 
i s r a r e . The heavy minerals are s i m i l a r to those 
found i n the other sandstone types. 

Pebbles of weathered c l a y ironstone and coal 
fragments are common. A l i t t l e c a l c i t e and some 
p y r i t e euhedra may occur i n the i n t e r s t i c e s of the 
rocks. 

CONCLUSION 

Several types of sandstone were recognised i n 
the f i e l d which were found to d i f f e r i n mineralogy 
when examined i n the l a b o r a t o r y . There are associated 
v a r i a t i o n s i n f a b r i c 0 The diverse types recognised 
are u s u a l l y found i n d i f f e r e n t p a r t s of the succession 
i n the cyclothems. 

The genetic s i g n i f i c a n c e of the var i o u s sandstone 
types i s considered i n the f o l l o w i n g chapter. 

- l x x x x v i -



CHAPTER V 

THE SANDSTONES: PART I I 

Their C l a s s i f i c a t i o n and t h e i r Environmental 
S i g n i f i c a n c e 

INTRODUCTION 

Previous workers have attempted to c l a s s i f y 
the sandstones e i t h e r as a separate group of rocks 
or on broader o u t l i n e s which include the limestones 
and the a r g i l l a c e o u s rocks. Various f a c t o r s have 
been stressed by d i f f e r e n t workers, f o r example:-

1. Environment - Twenhofel, 1950. 

2. Tectonism - Jones,1938, Krynine, 19U8. 

3. Tectonism and environment - Pettijohn, 1 9 5 7 . 

U' L i t h o l o g i c associations - Krumbein, 195U« 

5. Dynamic processes - G r i f f i t h s , 1951 •> 

I n a d d i t i o n , many d i f f e r e n t combinations of m i n e r a l -
o g i c a l characters have been used i n the l a s t few 
years and a l a r g e number of c l a s s i f i c a t i o n s , based 
on t e r n a r y or quaternary diagrams, have been put 
forward. Some of the more important of these are 
discussed i n c h r o n o l o g i c a l order. 
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Pj^VIOUS_CJLASSIFICATIONS 
( i ) P e t t i j o h n , I g M 

I n 19*4-8, P e t t i John c l a s s i f i e d the sandstones 
on the "basis of a t e r n a r y diagram w i t h three end 
members: quartz plus c h e r t , f e l d s p a r and c l a y -
s e r i c i t e plus c h l o r i t e , (Figure I I . 1 ) . (The 
diagrams of the other workers are o r i e n t e d so 
t h a t the p o s i t i o n s of end members correspond, 
where p o s s i b l e , to those of P e t t i j o h n . ) P e t t i j o h n 
defined q u a r t z i t e as a sandstone c o n t a i n i n g 0 to 
10% of f e l d s p a r and 0 to 20% of cla y m a t r i x w i t h 
f e l d s p a t h i c q u a r t z i t e having the same range of 
clay m a t e r i a l but cont a i n i n g 10 to 25% of f e l d s p a r . 
The a r k o s i t e also contains 0 to 20% of clay m a t e r i a l 
but has between 25 and 100% of f e l d s p a r . The 
subgraywacke contains 20 to 75% of clay m a t e r i a l 
and 0 to 10% of f e l d s p a r , whereas the graywacke 
has the same range of clay m a t e r i a l but contains 
10 to 80% of f e l d s p a r . 

According to Naumann (1858, page 663), who 
f i r s t defined the term, a graywacke consists o f 
angular and rounded grains of quartz, small 
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fragments of s i l i c e o u s s l a t e , p h y l l i t e and other 
rocks and, i n many cases, f e l d s p a r s , a l l "bound together 
by a f i n e - g r a i n e d m a t r i x . 

I n the c l a s s i f i c a t i o n given by P e t t i j o h n , the 
graywacke which he defin e d does not c o n t a i n the 
e s s e n t i a l c o n s t i t u e n t s of rock fragments i n c l u d i n g 
low grade metamorphic rocks, thus d e p a r t i n g from 
Naumann's d e f i n i t i o n . Graywacke, as defined by 
P e t t i j o h n , i s i n f a c t an a r g i l l a c e o u s f e l d s p a t h i c 
sandstone. 

( i i ) Krynine. 19U8 

Krynine also proposed a c l a s s i f i c a t i o n of 
sandstones i n 19U8. I n h i s t e r n a r y diagram ( P i g . I I . 2 ) , 

he included k a o l i n w i t h f e l d s p a r and rock fragments 
w i t h mica and c h l o r i t e . Although he d i d not give 
d e f i n i t e percentages on the diagram and only one i n 
the t e x t , i t appears t h a t the quartz-chert end member, 
the o r t b o q u a r t z i t e , contains 0 t o 15% of clay m a t e r i a l 
plus rock fragments plus f e l d s p a r . The arkose contains 
10 to 100% of f e l d s p a r and k a o l i n and 0 to 20% o f clay 
plus rock fragments. The impure arkose contains about 
1+0 t o 80% of k a o l i n plus f e l d s p a r and 20 to 60% of 
cla y plus rock fragments. The low rank graywacke 
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contains 0 to 20% of k a o l i n plus f e l d s p a r and 10 to 
100% of clay micas and rock fragments. The h i g h rank 
graywacke contains 20 to 2+0% of f e l d s p a r p l u s k a o l i n 
and 20 to 80% of clay micas plus rock fragments. 

This c l a s s i f i c a t i o n i s very d i f f e r e n t i n i t s class 
l i m i t s from t h a t proposed by P e t t i j o h n . Krynine d i d 
not d i s t i n g u i s h between a r g i l l a c e o u s sandstone and 
graywacke proper and he d i d not s p e c i f y the type of 
rock fragments o c c u r r i n g i n the sandstones. 

( i i i ) Tallman. 19U9 

Tallman, 19U9, produced f u r t h e r c l a s s i f i c a t i o n 
which was d i f f e r e n t , both i n class l i m i t s and the 
p o s i t i o n s of some of the rock types. Although he gave 
no diagram i t i s p o s s i b l e to c o n s t r u c t one from the 
t e x t as i n Figure I I . 3 . Here, the c o n s t i t u e n t s are 
quartz, f e l d s p a r and c l a y plus micas. The o r t h o q u a r t z i t e 
contains 90% or more of d e t r i t a l qixartz and the sub-
graywacke f i e l d includes a l l rocks which c o n t a i n between 
10 and 25% of c l a y m a t r i x . The graywacke f i e l d includes 
a l l rocks i n which the c l a y component makes up more than 
25% of the rock. The f e l d s p a t h i c q u a r t z i t e and arkose 
both c o n t a i n 0 to 10% of clay m a t e r i a l . The f e l d s p a t h i c 
q u a r t z i t e contains 10 to 25% of f e l d s p a r , whereas the 
arkose contains 25 to 100% of f e l d s p a r s 
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A gap occurs between the o r t h o q u a r t z i t e , 
f e l d s p a t h i c q u a r t z i t e and subgraywacke f i e l d s . 
This c l a s s i f i c a t i o n also contains no t r u e 
graywackes, as defined by Naumann, but only 
a r g i l l a c e o u s sandstones. 

Dapples, Krumbein and Sloss, 1953, produced 
yet a f u r t h e r c l a s s i f i c a t i o n (Figure II.k»)» This 
diagram i s s i m i l a r to t h a t given by Krynine i n 
t h a t i t includes rock fragments w i t h m a t r i x and 
has, as the other two poles, f e l d s p a r and quartz 
plus c h e r t . However, the o r t h o q u a r t z i t e f i e l d 
i s much reduced i n size and includes rocks w i t h 
0 to 5% o f ma t r i x and 0 to 5% of f e l d s p a r . The 
f e l d s p a t h i c sandstone contains 5 to 25% of f e l d s p a r 
and up to 5% o f ma t r i x whereas the arkose contains 
25 to 100% of f e l d s p a r and up t o 25% of m a t r i x . 
The subgraywacke f i e l d includes the rocks w i t h 
5 t o 25% of ma t r i x and 0 t o 25% o f f e l d s p a r . The 
graywacke f i e l d includes a l l rocks w i t h over 25% 

of m a t r i x . Further s u b d i v i s i o n of the rock types 
was made on the basis of s o r t i n g , using a three 

( i v ) Dapples. Krumbein and Sloss.19 



dimensional diagram i n the form of a prism. 

Folk. 195U 

Folk, "195k, r e a l i s e d the d i f f i c u l t i e s which 
occurred by i n c l u d i n g the d e t r i t a l clays and 
produced a diagram, (Figure I I . 5 ) , i n which the 
chemical cements and d e t r i t a l clays were d i s ­
regarded. The end members of h i s t e r n a r y diagram 
include quartz plus c h e r t , f e l d s p a r plus a l l 
igneous rock fragments and mica plus metamorphic 
and metaquartzite rock fragments. The o r t h o -
q u a r t z i t e s are defined as rocks which c o n t a i n 0 to 
5% of igneous rock fragments and 0 t o 5% of 
metamorphic rock fragments. The subarkose contains 
5 to 25% of igneous rock m a t e r i a l and 0 t o 10% 

of metamorphic rock m a t e r i a l whereas the t r u e 
arkose has the same range of metamorphic rock 
m a t e r i a l but has 25 to 100% of f e l d s p a r and 
igneous rock fragments. The impure arkose contains 
25 to 90% of igneous rock fragments and f e l d s p a r 
but also contains between 10 and 50% of metamorphic 
rock m a t e r i a l . The subgraywacke and graywacke 
both contain less than 10% of f e l d s p a r and igneous 
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rock fragments. The subgraywacke contains 5 to 25% 
of metamorphic rock m a t e r i a l s and the graywacke, 25 

to 100%. The f e l d s p a t h i c graywacke contains 10 to 
50% of f e l d s p a r p l u s igneous rock fragments and 25 

to 90% of metamorphic rock fragments. F i n a l l y there 
i s a f e l d s p a t h i c subgraywacke f i e l d which contains 
10 t o 25/? each o f metamorphic and igneous rock m a t e r i a l . 

The d i f f i c u l t y w i t h t h i s c l a s s i f i c a t i o n i s t h a t the 
d e t r i t a l clays are not included and many a r g i l l a c e o u s 
rocks are, t h e r e f o r e , not placed. 

( v i ) Gil,be.rt^195^ 

G i l b e r t i n W i l l i a m s , Turner and G i l b e r t , 195U, 

c l a s s i f i e d the sandstones by forming two groups of 
rocks, the wackes, w i t h "[0% or more of d e t r i t a l 
c l ay m a t e r i a l , and the a r e n i t e s , w i t h less than 
10% of d e t r i t a l c l a y m a t e r i a l , (Figures I I . 6 and 7 ) . 

The three groups of c o n s t i t u e n t s used f o r the poles 
of the diagrams were f e l d s p a r , the s t a b l e grains of 
quartz plus chert plus q u a r t z i t e and the unstable 
grains of other rock fragments. The various f i e l d s 
are r a t h e r l o o s e l y defined and many of the r a r e r rocks 
are unnamed. 
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The quartz wackes and a r e n i t e s c o n t a i n 0 to 
10% each of f e l d s p a r and unstable rock fragments. 
The subfeldspathic l i t h i c wackes and a r e n i t e s 
contain 10 to 50% of unstable rock fragments and 
0 t o 10% of f e l d s p a r . The l i t h i c wackes and 
are n i t e s are placed i n a r a t h e r vague area which 
s t a r t s at about 10% each of f e l d s p a r and rock 
fragments and approaches 100% of rock fragments 
and 50% of feldspar„ Nearer to these two 
e x t r e m i t i e s are loc a t e d the vo l c a n i c a r e n i t e s 
and wackes. The f e l d s p a t h i c wacke and a r e n i t e 
c o n t a i n 10 t o 25% of f e l d s p a r and up t o about 
25% of rock fragments. The arkose contains up 
to about 10% of rock fragments and 25 to about 
70% of f e l d s p a r . The arkosic wacke and a r e n i t e 
l i e i n r a t h e r vague areas between the arkose and 
the l i t h i c wacke and l i t h i c a r e n i t e . 

I n ' t h i s c l a s s i f i c a t i o n there has been some 
attempt at separating the rock fragments and 
d e t r i t a l clays from the other components. However, 
the t r u e graywackes, as defined by Naumann, are 
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completely neglected. 

( Y i i ) Bokman, 1955 

The p i c t u r e was much s i m p l i f i e d "by Bokman, 
1955, who gave as the three components: cl a y , 
quartz,and f e l d s p a r plus rock fragments, ( F i g . 
I I . 8 ) . His o r t h o q u a r t z i t e includes a l l rocks 
which c o n t a i n over 90% of quartz, w h i l s t the 
p r o t o q u a r t z i t e includes a l l rocks which c o n t a i n 
l e s s than 90% o f quartz but do not contain more 
than 20% of clay or more than 25% of f e l d s p a r . 
The area i n c l u d i n g rocks w i t h more than 20% 

c l a y i s the graywacke area. The arkose and 
l i t h i c sandstone occur i n the area "between 25 

and 100% of f e l d s p a r plus rock fragments and 0 

to 20% of c l a y . Here, as i n many of the other 
c l a s s i f i c a t i o n s , the defined graywacke i s i n 
f a c t an a r g i l l a c e o u s sandstone. 

( v i i i ) P e t t i j o h n . 1957 

P e t t i j o h n , 1957, gave yet another c l a s s i f i c a t i o n 
which was very d i f f e r e n t from the one he produced 
i n 19U8, i n t h a t i t i s based on a quaternary 
diagram. An exploded view of the tetrahedron 
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i s seen i n Figure I I „ 9 . The f o u r components 
are rock fragments, f e l d s p a r , quartz plus c h e r t 
and d e t r i t a l m a t r i x . The l i m i t s of the types 
of sandstone ere "best expressed i n t a b u l a r form 
as f o l l o w s : -

Quartz D e t r i t a l 
M a t r i x 

Rock 
Frag­
ments 

Feldspar 

O r t h o q u a r t z i t e % 
80 .5-100 

% 
0-15 

% 
0-5 

% 
0-5 

P r o t o q u a r t z i t e 61+-95 0-15 0-25 0-25 
L i t h i c Graywacke 0-6U 15-85 U-85 0-1+2.5 
Subgraywacke 0-75 0-15 11-100 0-50 
Feldspathic 
Graywacke 0-61+ 15-85 0-U2.5 U-85 

Arkose 0-75 0-15 0-50 11-100 
Feldspathic 
Q u a r t z i t e 11-85 15-85 0-21 0-21 

I n using f o u r components, P e t t i j o h n has 
departed considerably from h i s e a r l i e r c l a s s i f i c a t i o n . 
Although the rocks are b e t t e r defined than i n 
the previous c l a s s i f i c a t i o n s , the graywackes are 
s t i l l not the same as the o r i g i n a l graywacke of 
Naumann. 

GENERAL DISCUSSION OF SANDSTONE CLASSIFICATION 
Several terms are used which r e q u i r e d e f i n i t i o n , the 
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the most important "being sandstone. A sandstone i s 
here considered as a sedimentary rock which contains 
30% or more "by volume of sand size t e r r i g e n o u s d e t r i t u s . 
Sand size m a t e r i a l i s defin e d according t o the Wentworth 
grade ssale, being composed of p a r t i c l e s between 1/16 

and 2 mm. S i l t s t o n e s w i t h g r a i n sizes of 1/256 to 
1/16 mm are not considered here but can be c l a s s i f i e d 
i n a s i m i l a r manner. 

Rocks c o n t a i n i n g more than f>0/:' d e t r i t a l c l ay 
matter are considered to be a r g i l l a c e o u s rocks, w h i l e 
those c o n t a i n i n g more than 30% of m a t e r i a l l a r g e r than 
coarse sand size are considered to be conglomerates. 

The term graywacke, as has been shown i n the 
previous paragraphs, has been used by d i f f e r e n t authors 
to r e f e r to a r g i l l a c e o u s sandstones and graywacke 
congomerates. Here, i t w i l l be used i n the o r i g i n a l 
sense which Naumann (1858) intended, t h a t i s , a rock 
c o n s i s t i n g of angular and rounded quartz g r a i n s , small 
fragments of s i l i c e o u s s l a t e , p h y l l i t e and other rocks 
and, i n many cases, f e l d s p a r s , a l l bound together by a 
f i n e - g r a i n e d m a t r i x . The graywackes are associated 
w i t h vigorous t e c t o n i c a c t i v i t y and the rocks of the 
graywacke s e r i e s , t h a t i s , rocks w i t h the characters 

- c v i i -



of graywackes, are o f t e n found associated w i t h 
geosynclinal deposits. 

An arkose i s a rock which i s r i c h i n f e l d s p a r and 
o f t e n contains the more s t a b l e igneous minerals. Rocks 
of the arkose s e r i e s are derived from o l d g r a n i t e t e r r a i n s 

A r e n i t e was used as a general term by P e t t i John 
(1957) to describe the c l a s t i c rocks of sand s i z e 
m a t e r i a l w i t h o u t any genetic or m i n e r a l o g i c a l connotations 
G i l b e r t used the term t o d e l i m i t sand size sediments 
c o n t a i n i n g less than 10% a r g i l l a c e o u s matter. " Q u a r t z i t e " 
w i t h various p r e f i x e s has been used by Krynine and 
P e t t i j o h n to describe sandstones of epeirogenic o r i g i n . 
However, the term q u a r t z i t e also r e f e r s to rocks of 
metamorphic o r i g i n . The word a r e n i t e w i l l be used here 
i n a s i m i l a r sense as G i l b e r t ' s use of the term to 
include sandstones of epeirogenic or i g i n , , G i l b e r t , 
however, placed an upper l i m i t of \Q>% on the c l a y 
mineral content whereas the present worker places the 
upper l i m i t of clay mineral content at 50^. 

The a r e n i t e s u s u a l l y c o n t a i n l i t t l e i f any f i r s t 
cycle igneous or metamorphic minerals or rock fragments 
except o c c a s i o n a l l y those derived from lavas. 
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A l l the c l a s s i f i c a t i o n s which have been put forward 
by the various workers are d i f f e r e n t and, as some 
workers have s t a t e d , not only the mineralogy but the 
degree of s o r t i n g , o r i g i n of the d e t r i t u s , environment 
of d e p o s i t i o n and other minor f a c t o r s a^e a l l of 
importance when attempting t o c l a s s i f y the d i f f e r e n t 
sandstones. 

According to P e t t i j o h n (19^8) , "No c l a s s i f i c a t i o n 
independent of rock genesis can be worthy of c o n s i d e r a t i o n " 
Here, three sources of o r i g i n of the sandstones are 
considered. These are the young t e c t o n i c areas which 
give r i s e t o the graywacke s e r i e s of rocks, o l d 
g r a n i t e t e r r a i n s which give r i s e to the arkose series 
of rocks and epeirogenic areas which give r i s e to the 
a r e n i t e s . The a r e n i t e s are c l a s s i f i e d under the group 
heading of o r t h o q u a r t z i t e s e r i e s . This term, used 
by Krynine (19U1), i s r e t a i n e d as the group heading 
because of i t s u n i v e r s a l usage both i n petrographic 
c l a s s i f i c a t i o n s and i n palaeogeologic works. 

T e c t o n i c a l l y , the d i f f e r e n t s e r i e s of rocks are 
r e l a t e d . Thus sediments from a s t a b l e area are o f the 
o r t h o q u a r t z i t e s e r i e s . With i n c r e a s i n g t e c t o n i c 
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a c t i v i t y , low grade metamorphic rocks are exposed at 
the source of the m a t e r i a l and the sediments enter the 
graywacke s e r i e s . The o l d g r a n i t e t e r r a i n s , eroded 
at the t e r m i n a t i o n of t e c t o n i c a c t i v i t y , give r i s e to 
rocks of the arkose s e r i e s . 

An examination of the quartz-rock fragment-feldspar 
t r i a n g l e , (Figure 11.10), i n d i c a t e s one of the i n h e r e n t 
d i f f i c u l t i e s of the c l a s s i f i c a t i o n s which have been 
put forward. To move from any end of the t r i a n g l e t o 
another, through a series of rocks, may be the r e s u l t 
of change i n the. t e c t o n i c environment. On the other 
hand, i f moving from rocks r i c h i n f e l d s p a r or rock 
fragments to the quartz end, i t may equally w e l l be the 
r e s u l t of the distance from the source area w i t h 
weathering e f f e c t s destroying a l l but the more s t a b l e 
grains during t r a n s p o r t . 

An examination of the t r i a n g l e : sand (quartz 
plus f e l d s p a r ) rock fragments - c l a y , (Figure 11 . 1 1 ) , 

i n d i c a t e s a f u r t h e r d i f f i c u l t y of the c l a s s i f i c a t i o n s . 
The absence of rock fragments and sand size p a r t i c l e s 
from a sediment may be the r e s u l t of the distance of 



t r a n s p o r t and the absence of clay or s i l t s ize 
p a r t i c l e s from a rock may be due to l o c a l s o r t i n g 
i n the environment of d e p o s i t i o n . 

The p o s i t i o n of second, t h i r d or more cycle 
sandstones presents a d i f f i c u l t y which, unless the 
t e c t o n i c s e t t i n g i s examined, cannot e a s i l y be 
overcome. Thus an arkose may, under co n d i t i o n s of 
desert weathering, give r i s e to a second cycle arkose 
i n a non-tectonic environment. 

I n view of these d i f f i c u l t i e s , any c l a s s i f i c a t i o n 
must of n e c e s s i t y include an i n d i c a t i o n o f the t e c t o n i c 
s e t t i n g of the rocks. I t must also i n c l u d e , amongst 
the m i n e r a l o g i c a l characters, d e t r i t a l c l a y minerals 
and rock fragments i n separate groups. A d e s c r i p t i o n 
of the type of rock fragments and the type of clay 
m a t e r i a l i s also necessary i n t h a t both are i n v a r i a b l y 
r e l a t e d to the t e c t o n i c s e t t i n g and the rock types. 

I f a l l of these characters are considered, the 
sandstones can be r e l a t e d to the other d e t r i t a l rocks 
of terrigenous o r i g i n , the shales and clays and the 
conglomerates and sedimentary b r e c c i a s . 
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I t i s here proposed t o c l a s s i f y the sandstones 
i n the f o l l o w i n g manner. 

PROPOSED CLASSIFICATION OP THE SANDSTONES 

Three series of sandstone are recognised 
according t o t h e i r t e c t o n i c environments. The series 
can he subdivided i n t o rock types on the basis of 
quaternary diagrams. The three se r i e s and the 
components of the diagrams can be l i s t e d as f o l l o w s : -
i . Non-tectonic or o r t h o q u a r t z i t e s e r i e s : quartz 

plus chert and cl a y of v a r i a b l e composition are 
the important c o n s t i t u e n t s . Some f e l d s p a r may 
occur. The rock fragments are u s u a l l y of 
sedimentary o r i g i n . 

i i . Late t e c t o n i c or arkose s e r i e s : f e l d s p a r 
and k a o l i n i t i c c l a y are the important c o n s t i t u e n t s , 
w h i l s t quartz and rock fragments, mostly g r a n i t i c , 
form the other two c o n s t i t u e n t s . 

i i i . E a r l y t e c t o n i c or graywacke s e r i e s : low grade 
metamorphic rook fragments and c h l o r i t i c c l a y 
are important c o n s t i t u e n t s , w h i l s t quartz and 
fe l d s p a r form the other two c o n s t i t u e n t s . 
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Exploded views of the three quaternay diagrams 
are given i n Figures II,1 2 , 1 3 , 1k» These diagrams 
also show the trends of the changes i n mineralogy 
due to weathering, t r a n s p o r t and s o r t i n g . The o r t h o ­
q u a r t z i t e s e r i e s are u s u a l l y derived from p r e - e x i s t i n g 
sedimentary rocks and thus the e f f e c t of weathering 
on the conglomerates w i l l he n e g l i g i b l e i n determining 
the mineralogy of the sandstones der i v e d from them. 
The environment of d e p o s i t i o n of the graywacke serie s 
i s such t h a t again weathering has l i t t l e e f f e c t because 
the rocks are u s u a l l y deposited r a p i d l y * 

The heavy mineral s u i t e may o f t e n be u s e f u l i n 
the determination of the series and i n the i d e n t i f i c a t i o n 
of second cycle rocks. Semi-stable minerals are 
p a r t i c u l a r l y u s e f u l i n t h i s r e s pect. The type of quartz 
may o c c a s i o n a l l y be u s e f u l i n d i s t i n g u i s h i n g g r a i n s 
derived from g r a n i t e "terrains from those derived from 
metamorphic t e r r a i n s . 

1 . The Non-tectonic or O r t h o q u a r t z i t e Series. 

Only the rocks o c c u r r i n g near the quartz pole 
are common amongst the rocks of sand siz e range. 
Amongst these commonly o c c u r r i n g rocks, nine types 
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are recognised. The l i m i t s of these types can "be 
l i s t e d i n ta b u l a r form as f o l l o w s : -

Quartz Rock Feldspar Clay 
+ Frag-

Chert ments 
/0 /o % % 

1. Quartz a r e n i t e . 95-100 0-5 0-5 0-5 

2 . Impure quartz 
a r e n i t e . 90-95 0-10 0-10 0-5 

3. Subargillaceous 
a r e n i t e . 67.5-95 0-9.5 0-9.5 5-25 

U. Subargillaceous 
f e l d s p a t h i c 
a r e n i t e . i+8-85.5 0-9.5 k-2k 5-25 

5. Feldspathic 
a r e n i t e . 61,5-90 0-10 5-25 0-5 

6. A r g i l l a c e o u s 
a r e n i t e . U5-75 0-7.5 0-7.5 25-50 

7. A r g i l l a c e o u s 
f e l d s p a t h i c 
a r e n i t e . 37 .5-67.5 0-7,5 2-19 25-50 

8. Pebbly a r e n i t e . 61.5-90 5-25 0-10 0-5'-
9. A r g i l l a c e o u s 

pebbly a r e n i t e . 37o5-85.5 2-2U 0-9.5 5-50 

W h i l s t the l i m i t s are not i n the form of "round" 
numbers such as 5, 10, 15, 25%, the l i m i t s are a c c u r a t e l y 
f i x e d by using w e l l d e f i n e d boundaries on the base of 
the tetrahedron and j o i n i n g these l i n e s t o the apex. 
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Any attempt to "round o f f " the l i m i t s of the classes 
could o n l y be accommodated by d i s t o r t i o n of the 
diagram or overlapping of the d i f f e r e n t types. 

I t i s important t h a t a l l rocks w i t h greater 
than 50% of cl a y m a t e r i a l should be classed as 
a r g i l l a c e o u s rocks as these u s u a l l y appear to be 
a r g i l l a c e o u s i n the f i e l d . S i m i l a r l y a l l recks 
w i t h more than 30% of rock fragments are classed 
as conglomerates and b r e c c i a s . 

Whatever the composition of the parent m a t e r i a l , 
p r o v i d i n g i t contains quartz of sand size or l a r g e r , 
the t r e n d i n composition of the sediment i s towards 
the q u a r t z - r i c h rocks,by s o r t i n g from the 
a r g i l l a c e o u s rocks, by t r a n s p o r t plus s o r t i n g 
from the conglomerates and by weathering plus 
s o r t i n g from the f e l d s p a t h i c rocks. 

Weathering without s o r t i n g of the f e l d s p a t h i c 
rocks gives r i s e to more a r g i l l a c e o u s rocks, w h i l s t 
t r a n s p o r t plus weathering without s o r t i n g of the 
conglomerates, which i n v a r i a b l y c o n t a i n some clay 
matter or shale pebbles, w i l l also tend t o r e s u l t 
i n a r g i l l a c e o u s rocks, 
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The Late Tectonic or Arkose Series 

Apart from the a r g i l l a c e o u s rocks and the 
g r a n i t e conglomerates, only three rocks commonly 
occur. These can he l i s t e d i n t a b u l a r form as 
f o l l o w s : -

Quartz Rock Feldspar Clay 
Frag-

__________ ments ___________ _ 

1 . Arkose 0-75$ 0-25% 22-75% 0-10% 

2 . A r g i l l a c e o u s 
arkose. 0-65% 0-22% 12-68% 10-50% 

3. L i t h i c arkose. 0-50% 22-50% 22-75% 0-10% 

Trends can he recognised on the diagram o f 
the arkose s e r i e s . Movement towards the more 
a r g i l l a c e o u s rocks i s due t o weathering of the 
f e l d s p a r s , w h i l s t movement i n the d i r e c t i o n of 
the quartz - f e l d s p a r l i n e i s due t o s o r t i n g . 
Passage from the g r a n i t e conglomerate to the 
quartz pole may he accomplished by t r a n s p o r t plus 
s o r t i n g and weathering w h i l s t passage towards 
the arkose may be accomplished by t r a n s p o r t w i t h o u t 
weathering. Movement from arkose t o the 
a r g i l l a c e o u s arkose may be accomplished by 
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weathering w h i l s t movement towards the quartz 
pole i s due to weathering plus s o r t i n g . 

3• The Early Tectonic or Graywacke Series 

Apart from the graywacke conglomerates, only 
f o u r rock types are recognised i n t h i s s e r i e s . 
These can be l i s t e d as f o l l o w s : -

Quartz Rock Feldspar Clay 
Frag­
ments 

1. Graywacke. 0-81$ 5-50% 0-8.5% 10-50% 

2. Feldspathic 0-71.5% 5-50% 5-25% 10-50% 
Graywacke. 

(This i s shown as (2) on diagram I I . 1 U and l i e s 
w i t h i n the tetrahedron adjacent to the graywacke 
and above the f e l d s p a t h i c subgraywacke.) 

3. Subgraywacke 30-90% 9-50% 0-10% 0-10% 

U. Feldspathic 
Subgraywacke. 16.5-81% 9-50% 9-25% 0-10% 

Normally the environment of d e p o s i t i o n i s 
such t h a t weathering i s s l i g h t and s o r t i n g i s not 
a c t i v e during the d e p o s i t i o n of the graywackes. I f , 
however, the distance of t r a n s p o r t allowed s o r t i n g 
and weathering,the sediments would t r e n d i n 
composition towards the quartz p o l e . 
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As has been p o i n t e d out i n the s e c t i o n on the 
f i e l d c l a s s i f i c a t i o n , the Type 5 sandstones,with 
k a o l i n i t e , occur h i g h i n the succession studied and 
are more probably r e l a t e d to changes i n the amount of 
coarser m a t e r i a l and f e l d s p a r brought i n from the 
source area. 

The Type 6 sandstones are, as has been shown on 
f i e l d evidence, the r e s u l t of l o c a l erosion and 
ch a n n e l l i n g w i t h o u t accompanying r e s o r t i n g . 

The several sandstone types w i l l be more c l o s e l y 
r e l a t e d to the environment of d e p o s i t i o n i n a l a t e r 
chapter, a f t e r the limestone members of the sequence 
have been considered. 
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CHAPTER_VI 

THE LIMESTONES 

INTRODUCTION 

Several types of limestone were d i s t i n g u i s h e d 
i n the f i e l d on the "basis of e a s i l y recognisable 
c h a r a c t e r i s t i c s . I n a d d i t i o n , gradations between 
limestones and shales or sandstones were recognised. 
The d i f f e r e n t types recognised i n the f i e l d were 
examined i n the l a b o r a t o r y by means of t h i n s ections 
and t h e i r c h a r a c t e r i s t i c s have been used to f i t them 
i n t o a general c l a s s i f i c a t i o n scheme. 

Folk (1959) and Baner.jee (1959) have shown t h a t 
limestones can be c l a s s i f i e d on t h e i r f i e l d occurrence 
and petrography and the r e s u l t a n t c l a s s i f i c a t i o n can 
be used to e l u c i d a t e t h e i r environmental c o n d i t i o n s 
of d e p o s i t i o n . Following these workers, an attempt 
has been made t o r e l a t e the Teesdale limestones t o 
conditions of deposition,, 
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THE FIELD CLASSIFICATION OF THE LIMESTONES 

Several characters were used to c l a s s i f y 
limestones i n the f i e l d . These i n c l u d e d : -

1. Colour which v a r i e d from l i g h t t o dark 
grey and pale brown, 

2 . Texture which v a r i e d from f i n e ( c a l c i t e 
mudstone) to coarsely c r y s t a l l i n e or 
sparry. 

3 . Quartz content: the limestones were 
examined f o r quartz g r a i n s using a hand 
l e n s . 

U. Mica content: some o f the limestones 
contained mica which was v i s i b l e to the 
unaided eye, 

5. Shaliness: many of the limestones were 
shaly as opposed t o t h i n l y bedded. 

6. F o s s i l content: many limestones contained 
abundant f o s s i l s , i n p a r t i c u l a r , c r i n o i d s 
and brachiopods. 

On the characters o u t l i n e d above, s i x types 
of limestone were recognised i n the f i e l d . More 
d e t a i l e d d e s c r i p t i o n * o f these types i s given below, 
together w i t h a d e s c r i p t i o n of t h e i r modes of occurrence. 

- c x x i i -



Type 1. C o a r s e - g r a i n e d , p a l e , n o n - s h a l y l i m e s t o n e s 

which c o n t a i n no apparent q u a r t z "but do c o n t a i n 

abundant c r i n o i d o s s i c l e s . They o f t e n c o n t a i n 

l a r g e c o r a l s o r l a r g e b r a c h i o p o d s , 

These f o r m t he main body o f many o f t h e t h i c k e r 

l i m e s t o n e s and t h e whole o f some o f t h e t h i n n e r 

l i m e s t o n e s . 

Type 2. C o a r s e - g r a i n e d , p a l e l i m e s t o n e s which 

c o n t a i n n o t i c e a b l e amounts o f q u a r t z . They a r e 

no n - s h a l y and may c o n t a i n a few c r i n o i d o s s i c l e s 

or may be unfossiliferous„ 

These may form t h e whole o f t h e t h i n n e r l i m e s t o n e s 

and o f t e n f o r m t h e base o f t h e t h i c k e r l i m e s t o n e s . 

A few t h i n l e n s e s o f t h i s r o c k t y p e may a l s o o c c u r 

i n f i n e sandstones o r s i l t s t o n e s . 

Type 3. P i n e - g r a i n e d , dark g r e y l i m e s t o n e s w h i c h 

c o n t a i n no app a r e n t q u a r t z . They are non-shaly and 

c o n t a i n some c r i n o i d o s s i c l e s . 

These form t he whole o f some o f t h e t h i n n e r and 

t h i c k e r l i m e s t o n e s and o f t e n form t h e tops t o t h e 

t h i c k e r and p a l e r l i m e s t o n e s . 
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Type U. C o a r s e - g r a i n e d , d a r k l i m e s t o n e s w h i c h 

c o n t a i n no apparent q u a r t z . They are non - s h a l y 

and c o n t a i n some c r i n o i d o s s i c l e s . 

Only one sample o f t h i s r o c k t y p e has been 

r e c o g n i s e d and occurs as a t h i n m inor l i m e s t o n e . 

Type 5. F i n e - g r a i n e d s h a l y l i m e s t o n e s t o 

ca l c a r e o u s s h a l e s w h i c h c o n t a i n no apparent q u a r t z . 

They a r e d a r k grey and u s u a l l y c o n t a i n an abundant 

f a u n a . 

These r o c k s occur as p a r t i n g s i n l i m e s t o n e s 

and a l s o a t t h e t o p o f many l i m e s t o n e s . 

Type 6. Medium g r e y , s h a l y and arenaceous l i m e s t o n e s 

which may c o n t a i n c r i n o i d o s s i c l e s and s h e l l s . 

These rocks occur as t h i n bands i n c a l c a r e o u s 

s h a l e s a s s o c i a t e d w i t h t h e Three Yard L i m e s t o n e . 

Table 6.1 summarises t h e f i e l d c h a r a c t e r s o f 

the v a r i o u s l i m e s t o n e s r e c o g n i s e d . 

LABORATORY CLASSIFICATION OF THE LIMESTONES 

F o l k (1959), showed t h a t l i m e s t o n e s a r e made 

up e s s e n t i a l l y o f t h r e e main c o n s t i t u e n t s . These 

are the a l l o c h e m s , m i c r o c r y s t a l l i n e ooze and s p a r r y 



c a l c i t e . Allochems a r e t r a n s p o r t e d and o t h e r w i s e 

d i f f e r e n t i a t e d c a r b o n a t e b o d i e s i n the s e d i m e n t s . 

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

are i n t r a c l a s t s o r reworked f r a g m e n t s o f penecontempor-

aneous c a r b o n a t e sediment, o o l i t h s , f o s s i l f r a g m e n t s 

and p e l l e t s . 

M i c r o c r y s t a i l i n e c a l c i t e ooze o f 1 t o U m i c r o n 

s i z e forms t h e m a t r i x and s p a r r y c a l c i t e i s c o a r s e r 

and forms t h e p o r e - f i l l i n g cement. 

The nomenclature i s based on t h e dominant 

c o n s t i t u e n t s . Thus a l i m e s t o n e composed o f f o s s i l s 

i n a m i c r o c r y s t a i l i n e ooze i s c a l l e d a b i o m i c r i t e . 

T h i s c l a s s i f i c a t i o n i s g i v e n i n Table 6.2. 

F u r t h e r d i f f e r e n t i a t i o n i s accomplished by the 

use o f a g r a i n s i z e s c a l e f o r b o t h t h e t r a n s p o r t e d 

and the a u t h i g e n i c c o n s t i t u e n t s as i n Table 6.3. 

A d i f f i c u l t y o f t e n e n c o u n t e r e d i n the c l a s s i f i c a t i o n 

o f t h e l i m e s t o n e s i s t h e f r e q u e n t l a c k o f t h e p o s i t i v e 

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

Two e f f e c t s which are encountered a r e r e c r y s t a l l i s a t i o n 

and d o l o m i t i s a t i o n ; b o t h c o m p l i c a t e t h e p r o b l e m . "Ghost" 

s t r u c t u r e s can o f t e n be used t o determine t h e o r i g i n a l 
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n a t u r e of t h e c o n s t i t u e n t s . 

I t i s her e proposed, t o c l a s s i f y t h e l i m e s t o n e s 

s t u d i e d i n t h i s work on a b a s i s s i m i l a r t o t h a t used 

"by F o l k a t t h e end o f each p e t r o g r a p h i c d e s c r i p t i o n . 

>"HE J?5TROGRAPHY OF THE LIMESTONES 

A d e s c r i p t i o n o f t h e p e t r o g r a p h y of t h e s i x 

l i m e s t o n e t y p e s i s g i v e n i n the f o l l o w i n g paragraphs 

and t h e main f e a t u r e s a r e summarised i n Tables 6.U 

t o 6.9. 

Type 1. These r o c k s a l l c o n t a i n s p a r r y c a l c i t e and 

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

c r y s t a l l i n e ooze. 

The p e r c e n t a g e o f s p a r r y c a l c i t e v a r i e s c o n s i d e r a b l y 

n o t o n l y f r o m one l i m e s t o n e t o another o r w i t h i n t h e 

same l i m e s t o n e from one l o c a l i t y t o a n o t h e r , b u t a l s o 

i n t h e d i f f e r e n t s e c t i o n s t a k e n f r o m t h e same hand 

specimen. Hov/ever, t he s p a r r y c a l c i t e u s u a l l y forms 

more than &Ofo o f t h e rocks and. v a r i e s between 0.1 and 

1,0 mm i n g r a i n s i z e . 
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M i c r o c r y s t a l l i n e ooze g e n e r a l l y forms l e s s t h a n 

10% of t h e r o c k s and the g r a i n s i z e v a r i e s "between 

1 m i c r o n and 5 m i c r o n s . 

Some r o c k s show evidence o f r e c r y s t a l l i s a t i o n 

i n the o c c u r r e n c e o f v e i n l e t s o f s p a r r y c a l c i t e . 

Most s p a r r y c a l c i t e , however, appears t o he o r i g i n a l 

as most o f t h e f o s s i l s and p a r t s o f t h e f i n e m a t r i x 

a r e n o t r e c r y s t a l l i s e d . 

The Four Fathom Limestone and i n some p l a c e s , 

the Scar Limestone, i s r e c r y s t a l l i s e d w i t h t h e f o r m a t i o n 

o f d o l o m i t e , R . I . o r d i n a r y r a y , 1.6800 ( d e t e r m i n e d 

a l s o by s t a i n i n g and X-ray a n a l y s i s ) . I n Hudeshope 

Beck ( g r i d r e f . 9U-8272), a c o r a l band i n t h e Four 

Fathom Limestone w h i c h has been r e c r y s t a l l i s e d w i t h 

the f o r m a t i o n o f d o l o m i t e , a l s o c o n t a i n s c h a l c e d o n i c 

s i l i c a i n t h e c o r a l s . The d o l o m i t e rhombs have, i n 

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

and t h e d o l o m i t e i s , t h e r e f o r e , t h o u g h t t o have formed 

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

A l i t t l e a n h e d r a l + o o u h e d r a l p3n?ite o f t e n o c c u r s , 

r e p l a c i n g c a l c i t e . 
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Most o f t h e l i m e s t o n e s c o n t a i n c r i n o i d d e b r i s 

and many c o n t a i n b r a c h i o p o d s o r c o r a l s . 

These l i m e s t o n e s v a r y f r o m c r i n o i d a l m i c r o -

s p a r i t e s t o c o r a l o r b r a c h i o p o d b i o s p a r i t e s and 

o c c a s i o n a l l y m i c r i t e s . Examples o f some o f these 

rocks a r e i l l u s t r a t e d i n F i g s . 6.1 and 6.2. 

Type 2. These rocks c o n t a i n q u a r t z i n a s p a r r y 

c a l c i t e m a t r i x . The q u a r t z i s u s u a l l y a n g u l a r t o 

subangular b u t o c c a s i o n a l l y may be subrounded. The 

g r a i n s v a r y between 0.025 and 0.5 mm i n s i z e b u t 

most o f t h e r o c k s c o n t a i n w e l l s o r t e d g r a i n s w h i c h 

v a r y between 0.025 and 0*25 mm i n s i z e . The q u a r t z 

c o n t e n t v a r i e s between 2 and 50%. 

Some r o c k s c o n t a i n a c c e s s o r y d e t r i t a l m i n e r a l s 

s i m i l a r t o those f o u n d i n t h e sandstones such as 

t o u r m a l i n e , z i r c o n and p l a g i o c l a s e . The p l a g i o c l a s e 

i s always f r e s h and a p p e a r s 9 f r o m t h e few g r a i n s 

measured, t o be i n t h e o l i g o c l a s e - a n d e s i n e range. 

Micas such as m u s c o v i t e , b i o t i t e and c h l o r i t e a l s o 

occur i n some o f these r o c k s . 
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The c a l c i t e v a r i e s f r o m f i n e t o coarse g r a i n e d 

s p a r r y c a l c i t e . A sample o f a c a l c a r e o u s l e n s o f 

m a t e r i a l f r o m t he sandstone below t he S i n g l e Post 

Limestone i n B i r k Sike (82933U), T.210, was composed 

o f q u a r t z g r a i n s and brown m i c r i t e aggregates i n a 

c a l c i t e m a t r i x . A l t h o u g h t h e brown c a r b o n a t e was t o o 

f i n e - g r a i n e d f o r o p t i c a l work, X-ray a n a l y s i s ( T a b l e 

6.10) r e v e a l e d t h a t the r o c k was composed o f q u a r t z , 

c a l c i t e and c h a l y b i t e and t h e brown m a t e r i a l i s 

t h e r e f o r e b e l i e v e d t o be c h a l y b i t e . 

Euhedrail t o a n h e d r a l p y r i t e , r e p l a c i n g c a l c i t e , 
forms up t o A% o f some o f t h e r o c k s . 

Some o f t h e r o c k s c o n t a i n c r i n o i d o s s i c l e s , 

f o r a m i n i f e r a , bryozoa o r , o c c a s i o n a l l y , c o r a l s . 

These l i m e s t o n e s v a r y between m i c r o s p a r i t e s and 

s p a r i t e s . Examples o f these r o c k s are i l l u s t r a t e d 

i n F i g s , 6.3 and 6.I4.. 

Type 3. These a r e f i n e - g r a i n e d l i m e s t o n e s w h i c h 

c o n t a i n abundant f o s s i l s and l i t t l e ( g e n e r a l l y l e s s 

t h a n ^ o r no q u a r t z . 

The c a l c i t e v a r i e s i n g r a i n s i z e between 1 m i c r o n 

and about 15 m i c r o n s . 
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A l i t t l e v e r y f i n e i n t e r s t i t i a l opaque m a t t e r 

o c c u r s i n t h e r o c k s a l t h o u g h t h e pe r c e n t a g e ( l e s s 

t han 1$) was t o o s m a l l t o p e r m i t e x t r a c t i o n , s e p a r a t i o n 

and i d e n t i f i c a t i o n . The o p t i c a l c h a r a c t e r s , low 

r e f l e c t i v i t y , "black w i t h s m a l l p o i n t s o f l i g h t r e f l e c t e d 

f r o m t h e s u r f a c e , suggest, t h a t the m i n e r a l i s 

carbonaceous. E x t r a c t i o n w i t h carbon d i s u l p h i d e was 

a t t e m p t e d b u t no r e s u l t s were o b t a i n e d , s u g g e s t i n g 

t h a t t h e l i m e s t o n e s a r e f r e e o f b i t u m i n o u s m a t t e r . 

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

0.25 mm d i a m e t e r f o r m up t o 2% o f some o f t h e r o c k s . 

Quartz g r a i n s , w h e r e t h e y o c c u r , f o r m l e s s t h a n 

'S'fo o f t h e r o c k and a r e l e s s t h a n 0.15 mm i n d i a m e t e r . 

F o s s i l s are common i n these l i m e s t o n e s and i n c l u d e 

a l g a e , b r y o z o a , f o r a m i n i f e r a , s h e l l f r a g m e n t s , c r i n o i d 

o s s i c l e s and o c c a s i o n a l l y c o r a l s . 

These r o c k s can be c l a s s i f i e d as d i f f e r e n t types 

o f b i o m i c r i t e s and b i o m i c r o s p a r i t e s . An example o f 

t h i s l i m e s t o n e t y p e i s i l l u s t r a t e d i n F i g . 6.5. 

Type Only one sample o f t h i s r o c k t y p e was r e c o g n i s e d . 

A l t h o u g h q u a r t z was n o t apparent i n t h e f i e l d , t h e r o c k 
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c o n t a i n s about ~J% o f sub a n g u l a r t o subrounded q u a r t z 

o f g r a i n s i z e 0.05 t o 0.75 mm d i a m e t e r . 

The r o c k c o n t a i n s abundant f o r a m i n i f e r a , b r y o z o a , 

b r a c h i o p o d f r a g m e n t s , c r i n o i d o s s i c l e s and o c c a s i o n a l 

p e l l e t s i n a m a t r i x o f f i n e s p a r r y c a l c i t e and ooze. 

The r o c k can be c l a s s i f i e d as a f o r a m i n t r a m i c r i t e 

T h i s r o c k i s shown i n t h i n s e c t i o n i n F i g . 6.6, 

Type 5. I n t h i n s e c t i o n these r o c k s a r e r a t h e r 

v a r i a b l e b u t a l l have t h e common f e a t u r e o f b e a r i n g a 

medium t o l a r g e amount o f c l a y m i n e r a l . Most o f t h e 

r o c k s are v e r y opaque due t o t h e presence, o f t h e c l a y 

m i n e r a l s and a l s o p o s s i b l y due t o t h e presence o f 

carbonaceous m a t e r i a l . The m a t r i x i s composed o f 

c l a y m i n e r a l and f i n e c arbonate b u t i n some o f t h e 

r o c k s i n t r a c l a s t s o f c o a r s e l y c r y s t a l l i n e c a l c i t e occur 

F o s s i l s i n c l u d e complete s h e l l s and s h e l l f r a g m e n t s , 

c r i n o i d o s s i c l e s , b r y o z o a , f o r a m i n i f e r a a n d , r a r e l y , 

a l g a e . 

O c c a s i o n a l l y a v e r y l i t t l e v e r y f i n e q u a r t z may 

occ u r , t he g r a i n s b e i n g up t o 0.0015 mm i n d i a m e t e r . 

P y r i t e euhedra and a n h e d r a l masses occur i n 

v a r i a b l e amounts and may f o r m up t o 50% o r more i n 

p l a c e s . 
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The c l a y m i n e r a l s , i d e n t i f i e d f r o m X-ray a n a l y s i s 

are i l l i t e w i t h m inor amounts o f c h l o r i t e . 

Most o f these l i m e s t o n e s can he c l a s s e d as 

a r g i l l a c e o u s b i o m i c r i t e s . A t y p i c a l example o f 

t h i s r o c k t y p e i s shown i n F i g . 6.7. 

Type 6. These are arenaceous a r g i l l a c e o u s l i m e s t o n e s . 

Quartz forms up t o 30% o f t h e r o c k s and v a r i e s f r o m 

0.01 t o 0.175 mm i n d i a m e t e r . The q u a r t z v a r i e s f r o m 

a n g u l a r t o rounded b u t i s g e n e r a l l y s u b a n g u l a r and 

a n g u l a r . 

The c l a y m i n e r a l s a r e masked by t h e carbonate 

b u t X-ray a n a l y s e s r e v e a l t h a t t h e c l a y m i n e r a l s a r e 

i l l i t e w i t h minor amounts o f c h l o r i t e . 

Mica f l a k e s up t o 0.25 mm i n l e n g t h i n v a r i a b l y 

o c c u r and u s u a l l y f o r m up t o 1.5% o f t h e r o c k s . The 

mica i s g e n e r a l l y m u s c o v i t e b u t may be " h y d r o b i o t i t e " . 

" H y d r o b i o t i t e w o c c a s i o n a l l y forms up t o k% o f some 

r o c k s and t h e f l a k e s may be up t o O.U mm l e n g t h . 

A l i t t l e p a l e g r een or emerald green c h l o r i t e may 

a l s o occu3?» 
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Rounded g r a i n s o f carbonaceous m a t e r i a l sometimes 

occur w i t h t h e mica b u t i n v e r y s m a l l amounts. 

Accessory m i n e r a l s i n c l u d e p l a g i o c l a s e and 

o c c a s i o n a l l y t o u r m a l i n e . 

P y r i t e o ccurs i n a n h e d r a l masses w h i c h f o r m up 

t o 3fi o f t h e r o c k s . The p y r i t e r e p l a c e s m a t r i x , s h e l l s 

and q u a r t z g r a i n s and i s t h e r e f o r e b e l i e v e d t o be o f 

secondary o r i g i n . 

Those Type 6 rocks w h i c h occur above t h e Cockle 

S h e l l Limestone and t h e Three Yard Limestone a r e 

u n f o s s i l i f e r o u s w h i l s t t h o s e o c c u r r i n g below t h e 

Three Yard Limestone a r e r i c h i n b r a c h i o p o d f r a g m e n t s . 

These r o c k s can be c l a s s e d as arenaceous m i c r o -

s p a r i t e s and b i o m i c r o s p a r i t e s . T y p i c a l examples o f 

these r o c k s are shown i n F i g s . 6.8 and 6.9. 

THE ENVIRONMENTAL SIGNIFICANCE OF THE DIFFERENT 
LIMESTONE TYPES 

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

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

r a t h e r more d i f f i c u l t t h a n f o r o t h e r r o c k t y p e s , 

p r i n c i p a l l y because t h e r o c k s a r e u s u a l l y m o n o m i n e r a l i c 

and a l s o because c a l c i t e i s o f t e n a f f e c t e d by 
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r e c r y s t a l l i s a t i o n . I n accordance w i t h s t u d i e s made by 

P o l k (1959) and Banerjee (1959), t h e f o l l o w i n g comments 

can be g i v e n on t h e o r i g i n o f the d i f f e r e n t t y p e s : 

Type 1. These c o n t a i n abundant s h e l l and c r i n o i d 

f r a g m e n t s and have an abundance o f s p a r r y c a l c i t e . 

A r g i l l a c e o u s and o t h e r t e r r i g e n o u s d e t r i t u s i s absent 

or o c c u r s b u t s p a r s e l y . These l i m e s t o n e s were p r o b a b l y 

d e p o s i t e d i n c l e a r w a t e r i n w h i c h l i v e d a l a r g e number 

o f organisms and w h i c h was s u f f i c i e n t l y c l e a r t o s u p p o r t 

o c c a s i o n a l c o r a l c o l o n i e s . The unbroken n a t u r e o f many 

o f t h e f o s s i l s suggests t h a t wave a c t i o n was i n s i g n i f i c a n t . 

Type 2. These c o n t a i n few f o s s i l s and l i t t l e o r no 

a r g i l l a c e o u s m a t e r i a l . They occur a t the b o t t o m o f 

t h e t h i c k e r l i m e s t o n e s and as l a t e r a l f a c i e s o f t h e 

t h i n n e r l i m e s t o n e s . They can o f t e n be seen t o grade 

i n t o sandstones. 

They were p r o b a b l y d e p o s i t e d i n c l e a r marine w a t e r 

areas where c u r r e n t a c t i o n was s u f f i c i e n t l y s t r o n g t o 

b r i n g i n sand g r a i n s f r o m sand banks o c c u r r i n g on t h e 

sea f l o o r . A t t h e same t i m e , the w a t e r was s u f f i c i e n t l y 

c l e a r and r i c h i n carbon d i o x i d e t o a l l o w t h e c h e m i c a l 

p r e c i p i t a t i o n o f c a l c i t e . 
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Type 3* These are f i n e - g r a i n e d and f o s s i l i f e r o u s 

h u t c o n t a i n some a r g i l l a c e o u s m a t e r i a l . They were 

p r o b a b l y d e p o s i t e d i n areas o f q u i e t w a t e r as a 

f o r a m i n i f e r a l ooze i n t o w h i c h c u r r e n t s were b r i n g i n g 

s m a l l q u a n t i t i e s o f a r g i l l a c e o u s m a t e r i a l . 

Type U. As has been p o i n t e d o u t , t h i s t y p e o f 

l i m e s t o n e i s v e r y s i m i l a r t o t h e Type 3, except f o r 

the presence o f q u a r t z and t h e l a r g e number o f macro-

f o s s i l f r a g m e n t s . 

T h i s t y p e was p r o b a b l y d e p o s i t e d i n an area o f 

q u i e t w a t e r r e c e i v i n g some a r g i l l a c e o u s m a t e r i a l b u t 

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

from n e i g h b o u r i n g banks and a l s o removed most o f t h e 

c a l c i t e mud. 

Type 5» These a r e t h e s h a l y l i m e s t o n e s t o c a l c a r e o u s 

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

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

Where t h i s was o f a temporary n a t u r e t he band i s 

succeeded by f u r t h e r p u r e r l i m e s t o n e d e p o s i t i o n . 

Type 6. These a r e arenaceous s h a l y t o n o n - s h a l y 

l i m e s t o n e s and r e p r e s e n t c a l c a r e o u s d e p o s i t i o n 
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i n t he presence o f u n s o r t e d , l a n d d e r i v e d d e t r i t u s . 

CONCLUSION 

F i e l d e x a m i n a t i o n o f t h e l i m e s t o n e s i n Teesdale 

r e v e a l s t h a t s e v e r a l d i f f e r e n t t y p e s can be 

r e c o g n i s e d . These t y p e s are s i g n i f i c a n t l y d i f f e r e n t 

i n t h e i r p e t r o g r a p h y and t h e d i f f e r e n c e s can be 

r e l a t e d t o v a r i a t i o n s i n the environments o f d e p o s i t i o n . 
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CHAPTER V I I 

THE CLAY MINERALS I N RELATION TO THEIR ENVIRONMENTS 

OF DEPOSITION 

INTRODUCTION 

When a t t e m p t i n g t o r e l a t e t h e c l a y m i n e r a l 

c o m p o s i t i o n o f a sediment t o i t s d e p o s i t i o n a l e n v i r o n ­

ment, t h e more i m p o r t a n t f a c t o r s t o he c o n s i d e r e d 

i n c l u d e : -

1. The n a t u r e of t h e o r i g i n a l m i n e r a l s i n 
th e source area. 

2. The e f f e c t s o f t h e t r a n s p o r t i n g a g e n t . 

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

k* The che m i c a l e f f e c t s o f the d e p o s i t i o n a l 
e n v i r o n m e n t . 

5. D i a g e n e s i s . 

6. P o s t - d i a g e n e t i c e f f e c t s , i n c l u d i n g w e a t h e r i n g . 

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

p r e t a t i o n o f t h e d e p o s i t i o n a l environments o f a r g i l l ­

aceous sediments i s t h e use and meaning o f t h e t e r m 

" d i a g e n e s i s " . T h i s term has been used by d i f f e r e n t 

w orkers i n d i f f e r e n t c o n t e x t s and thus t h e d e s c r i p t i o n s 
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o f modern sediments are sometimes d i f f i c u l t t o 

i n t e r p r e t i n terms of a l t e r a t i o n o f t h e c l a y m i n e r a l s . 

Von Gumbel (1888) d e f i n e d d i a g e n e s i s as "a term 

d e n o t i n g t h e sum o f s u c c e s s i v e changes w h i c h t a k e 

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

s e d i m e n t a t i o n above them, o r t h e p e r c o l a t i o n o f 

groundwaters t h r o u g h them; e.g. c o n s o l i d a t i o n , 

development o f l a m i n a t i o n by i n c r e a s e o f v e r t i c a l 

p r e s s u r e due t o t h e superincumbent l o a d , and 

c e m e n t a t i o n and r e c r y s t a l l i s a t i o n due t o se a s o n a l 

and o t h e r r e g u l a r changes i n t h e w a t e r c o n t e n t and 

t e m p e r a t u r e o f t h e normal e x o g e n e t i c c h a r a c t e r " . 

T h i s i n c l u d e s a l l changes i n c u r r e d d u r i n g o r a f t e r 

d e p o s i t i o n ( e x c l u d i n g t he e f f e c t s o f metamorphism). 

P e t t i j o h n (195U) s t a t e d " t h e p r i n c i p a l 

d i a g e n e t i c p rocesses are c e m e n t a t i o n , d i a g e n e t i c 

r e o r g a n i s a t i o n ( a u t h i g e n e s i s ) , d i a g e n e t i c d i f f e r e n t i a t i o n 

and s e g r e g a t i o n , d i a g e n e t i c metasomatism ( e . g . 

d o l o m i t i s a t i o n ) , i n t r a s t r a t a l s o l u t i o n and compaction". 

A u t h i g e n e s i s and c e m e n t a t i o n do, i n some cases, t a k e 
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place d u r i n g d e p o s i t i o n . I n t r a s t r a t a l s o l u t i o n may 
also occur during the weathering processes. 

I n 1953, Strakhov proposed the f o l l o w i n g three 
d e f i n i t i o n s : -

1. Sedimentogenesis - the p h y s i c a l and chemical 
e f f e c t s of the environment of d e p o s i t i o n 
during d e p o s i t i o n . 

2. Diagenesis - the t r a n s f o r m a t i o n of a 
sediment i n t o a sedimentary rock. 

3. Epigenesis - the stage of a l t e r a t i o n o f 
an already c o n s t i t u t e d rock under t e c t o n i c a l l y 
produced changes i n the p h y s i c a l and 
chemical c o n d i t i o n s of i t s existence ( e x c l u d i n g 
metamorphism and weathering). 

Epigenesis and diagenesis are d i f f i c u l t t o 
separate i n many cases. Not a l l sediments, f o r 
example, are consolidated or transformed i n t o s o l i d 
rocks. Another d i f f i c u l t y i s found i n Strakhov's 
d e f i n i t i o n of epigenesis. His d e f i n i t i o n includes 
t e c t o n i c a l l y produced changes hut does not s p e c i f i c a l l y 
i n c l u d e e p e i r o g e n e t i c a l l y produced changes. He also 
excludes the weathering processes and t o separate 
epigenetic processes and weathering i s d i f f i c u l t i n 
p r a c t i c e . Not only the surface and subsurface 
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weathering may a l t e r the mineralogy of a sedimentary 
rock. Potter and Glass (1958) have shown t h a t even 
subvadose weathering may occur. However, Strakhov's 
d e f i n i t i o n s are probably the best so f a r set out and 
diagenesis as discussed i n t h i s chapter w i l l f o l l o w 
h i s d e f i n i t i o n as c l o s e l y as p o s s i b l e . 

Changes o c c u r r i n g d u r i n g and a f t e r the b u r i a l 
of the sediments o f t e n overlap so t h a t the e f f e c t s 
of sedimentogenesis and diagenesis are mutual and 
continuous as are those of diagenesis and epigenesis 
and also epigenesis and weathering. Where p o s s i b l e , 
however, d i s t i n c t i o n s are made. Thus the syngenetic 
a l t e r a t i o n of sedimentary minerals d u r i n g d e p o s i t i o n 
(e.g. the f o r m a t i o n of g l a u c o n i t e ) , due t o the chemical 
e f f e c t of the environment, i s considered as belonging 
to the process o f sedimentogenesis and not diagenesis. 
I n some cases, i t i s not p o s s i b l e t o r e l a t e the f o r m a t i o n 
of a p a r t i c u l a r mineral to any one stage i n the 
h i s t o r y of a sedimentary rock. 

THE MATURE OF THE ORIGINAL MINERALS IN THE SOURCE AREA 

A very important f a c t o r determining the f i n a l 
clay mineral assemblage of a sedimentary rock i s the 
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nature of the o r i g i n a l c l a y minerals i n the source 
area. This has been emphasised by Weaver (1958) and 
much o f the i n f o r m a t i o n here set out i s taken from 
h i s work. 

Clay minerals are formed p r i n c i p a l l y "by the 
chemical weathering of s i l i c a t e s , almost i n v a r i a b l y 
the a l u m i n o s i l i c a t e s , and by the hydrothermal 
a l t e r a t i o n of p r e - e x i s t i n g rocks. Of these two modes 
of o r i g i n , only the former i s u s u a l l y important on 
a r e g i o n a l scale. The c l a y minerals o c c u r r i n g i n 
s o i l s are, t h e r e f o r e , d e r i v e d p r i n c i p a l l y from the 
chemical weathering of s i l i c a t e s and the p h y s i c a l 
and chemical weathering of the clay minerals o c c u r r i n g 
i n sedimentary and low grade metamorphic rocks. 

Grim (1953) (1958) and K e l l e r (1958) have 
summarised the f o r m a t i o n of the various c l a y minerals 
under d i f f e r e n t weathering and hydrothermal c o n d i t i o n s . 

( i ) Hydrothermal a l t e r a t i o n 
The e f f e c t s of hydrothermal a l t e r a t i o n have 

been summarised by Grim (1953), (1958). The 
p r i n c i p l e can be given i n broad o u t l i n e thus: 
the types of c l a y mineral formed by hydro-
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thermal a c t i o n are dependent on the pH of the 
s o l u t i o n s and t h e i r a l k a l i - b a s e content. 

Thus s o l u t i o n s c o n t a i n i n g magnesium ions 
tend to give r i s e t o the development o f m o n t m o r i l l -
o n i t e o r , a t higher concentrations, c h l o r i t e . 
C a i l l e r e and Henin (19U9) have shown experimentally 
t h a t the i n t e r a c t i o n of m o n t m o r i l l o n i t e w i t h 
magnesium-rich s o l u t i o n s produced a mine r a l 
tending towards the c h l o r i t e s t r u c t u r e . Mica 
minerals, such as muscovite and s e r i c i t e , form 
i n the presence of potassium-hearing s o l u t i o n s , 
w h i l s t n e u t r a l to a c i d s o l u t i o n s , devoid of 
a l k a l i e s or a l k a l i n e e a r t h s , r e s u l t i n the 
f o r m a t i o n of k a o l i n i t e 0 

Grim has shown t h a t the hydrothermal 
a l t e r a t i o n of volcan i c rocks, which may take 
place on a r e g i o n a l s c a l e , produces m o n t m o r i l l o n i t e 
or h a l l o y s i t e , k a o l i n i t e and allophane, depending 
l a r g e l y on the magnesium content of the rocks. 

( i i ) Weathering. 
M i l l o t (1952), R i v i e r e (1952), K e l l e r (1958), 

Milne and Earley (1958), Weaver (1958) and Harrison 
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and Murray (1958) have shewn t h a t the types of 
clay mineral o c c u r r i n g i n a s o i l depends p r i m a r i l y 
on the nature of the parent rock, the c l i m a t e , 
the v e g e t a t i o n cover and the topography. 

I f the climate and topography favour vigorous 
l e a c h i n g a c t i o n , k a o l i n i t e or s i l i c a plus i r o n and 
aluminium hydrates tend t o he formed. When the 
pH i s n e u t r a l t o a c i d and the parent rock contains 
a r e l a t i v e l y high c o n c e n t r a t i o n of Al(OH)^ and 
when the hydrogen ions occur i n the s i l i c a t e 
weathering system, k a o l i n i t e tends to he formed. 
K e l l e r (1958) has shown t h a t various f a c t o r s may 
give r i s e t o t h i s c o n d i t i o n . These are:-

1 ., Parent rock r i c h i n A l and p o s s i b l y 
Na and K. 

2„ S i l i c a t e parent rock r i c h i n Na and 
K ions, which s t a b i l i s e the removal 
of S i 0 2 . 

3o Parent rock r i c h i n metal ions but 
subject to intense leaching by ground­
waters w i t h removal of the metal ions 
and a l k a l i n e hydrates. 

- e x x x x i i i -



k* Humid climate w i t h e f f i c i e n t drainage. 
5. pH n e u t r a l t o a c i d . 

A r e l a t i v e l y low conc e n t r a t i o n of Al(OH)^ 
and SiO^ ions i n the weathering system, due to 
a very humid climate or due to a h i g h abrasion 
pH (see below), may s t i l l r e s u l t i n d e p o s i t i o n 
of b a u x i t e i f a s l i g h t decrease i n pH occurs 
and the Al(OH)-j. reaches i t s s a t u r a t i o n p o i n t . 
Stevens and Carron define the abrasion pH 
of a mineral as the c h a r a c t e r i s t i c pH developed 
a t the i n t e r f a c e between the mineral surface and 
the surrounding water medium d u r i n g h y d r o l y s i s 
of the mi n e r a l , e f f e c t e d by g r i n d i n g the mineral 
under water. K e l l e r uses the term f o r the n a t u r a l l y 
developed pH at the surface of c o l l o i d size 
p a r t i c l e s i n contact w i t h water. 

Grim (1958) has po i n t e d out t h a t i n the e a r l y 
stages of the leaching process, micas may be de­
graded and mixed-layer minerals developed by 
p a r t i a l removal of the i n t e r l a y e r potassium from 
the micas and magnesium from the b r u c i t e l a y e r s of 
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the c h l o r i t e s . I f erosion i s s u f f i c i e n t l y r a p i d , 
the weathering processes may not r e s u l t i n the 
f o r m a t i o n of k a o l i n i t e . 

S i m i l a r r e s u l t s were shown t o occur i n the 
weathering of a t i l l by Droste ("1956). Here, 
c h l o r i t e was p a r t i a l l y leached w i t h the f o r m a t i o n 
of a mixed-layer c h l o r i t e - v e r m i c u l i t e and f i n a l l y 
v e r m i c u l i t e . I l l i t e became hydrated s h o r t l y a f t e r 
i n the weathering process and r e s u l t e d i n the f o r m a t i o n 
of a mixed-layer m o n t m o r i l l o n i t e - i l l i t e . 

I f the climate and topography do not favour 
l e a c h i n g , a l k a l i e s and a l k a l i n e earths may be concen­
t r a t e d i n the zone of weathering so t h a t i l l i t e s , 
m o n t m o r i l l o n i t e s , c h l o r i t e s and s e p i o l i t e - a t t a p u l g i t e 
are formed. The nature of the minerals depends on the 
amount of potassium and magnesium. Grim (1958) has 
shown t h a t the presence of l a r g e amounts of sodium 
may r e s u l t i n the f o r m a t i o n of z e o l i t e m i n e r a l s . 

The composition of the parent rock may g r e a t l y 
i n f l u e n c e the clay mineral composition of the s o i l 
d erived from i t , Milne and Earley (1958), Weaver (1958), 
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Jackson (1958) and Taggart and Kaiser (1960), 
have made studies on the e f f e c t of the source 
rock and the source area on the deri v e d c l a y 
mineral assemblages. To quote an example from 
Milne and Earley: " M o n t m o r i l l o n i t e which i s the 
predominant c l a y mineral of the M i s s i s s i p p i River 
and Delta sediments, i s apparently the s t a b l e 
mineral of s o i l development and rock weathering i n 
the drainage basin of the M i s s i s s i p p i River. 
The sediments of the M i s s i s s i p p i Sound-Mobile 
Bay area, east of the M i s s i s s i p p i Delta and 
der i v e d u l t i m a t e l y from the Appalachian Province, 
c o n t a i n considerably more k a o l i n i t e . T r a n s i t i o n 
zones between the two sediments can be d i f f e r e n ­
t i a t e d " . 

Sedimentary and low grade metamorphic rocks 
may show l i t t l e a l t e r a t i o n on p h y s i c a l d i s ­
i n t e g r a t i o n i f the e f f e c t s of chemical weathering 
are weak or absent. I l l i t e s and c h l o r i t e s g e n e r a l l y 
occur i n greater percentage than the other clay 
minerals i n the ancient sedimentary rocks and 
metamorphic rocks. The derived s o i l s would be 
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expected, t h e r e f o r e , to co n t a i n these minerals 
w i t h a d d i t i o n a l degraded mixed-layer minerals. 

G l a c i a l t i l l s may contai n a v a r i a b l e 
assemblage of p h y s i c a l l y d e r i v e d m a t e r i a l and 
the s o i l s formed from the weathering of the t i l l s 
may, t h e r e f o r e , contain a wide v a r i e t y of c l a y 
minerals. 

Volcanic rocks, i n p a r t i c u l a r the basie 
rocks, tend, i f subject t o moderate weathering 
c o n d i t i o n s , t o give r i s e to m o n t m o r i l l o n i t e -
r i c h s o i l s . 

The h i g h grade metamorphic and c r y s t a l l i n e 
rocks may give r i s e t o a v a r i e t y of clay minerals, 
dependent on t h e i r compositions and t h e i r modes 
of weathering. Thus a p o t a s h - r i c h g r a n i t e would 
give r i s e to i l l i t e on non-acid weathering but 
would y i e l d k a o l i n i t e on vigorous l e a c h i n g . 

I n summary, i t can be s t a t e d t h a t the .clay 
mineral assemblage formed dur i n g weathering 
depends on the f o l l o w i n g f a c t o r s : -
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1. The nature of the parent rock. 
2. The type of c l i m a t e . 
3. The drainage (dependent on 

topography and ve g e t a t i o n c o v e r ) . 
U. The i n t e n s i t y of weathering 

(dependent on 1 and 2 ) . 
5. The e f f e c t i v e n e s s of t r a n s p o r t i n g 

agents i n s o i l removal. 

THE EFFECT OF TRANSPORTING AGENTS 

During t r a n s p o r t from t h e i r place of o r i g i n to 
t h e i r place of f i n a l d e p o s i t i o n , the c l a y minerals may 
"be a l t e r e d i n response to the environment provided "by 
the t r a n s p o r t i n g agent. G l a c i a l , a e o l i a n and f l u v i a l 
t r a n s p o r t may "be expected t o r e s u l t i n some p h y s i c a l 
abrasion of the minerals "but, due t o the small 
p a r t i c l e s i z e , t h i s e f f e c t w i l l not "be important. From 
the aspect of chemical change, only the f l u v i a l 
environment may "be expected t o have any l a r g e e f f e c t . 

Brown and Ingram (195U), studying the c l a y minerals 
of the Neuse River sediments, found t h a t abrasion and 
"diagenesis" cause a decrease i n k a o l i n i t e downstream 
w i t h degradation of the k a o l o n i t e near the r i v e r mouth. 
Accompanying t h i s e f f e c t , i s a downstream increase i n 

- c x x x x v i i i -



the amount of amorphous m a t e r i a l and mixed-layer 
aggregates and the appearance of " c h l o r i t e " . They 
p o s t u l a t e d t h a t k a o l i n i t e and m o n t m o r i l l o n i t e a l t e r 
to degraded k a o l i n and amorphous m a t e r i a l which a l t e r , 
i n t u r n , t o mixed-layer aggregates. The authors 
p o i n t out, however, t h a t these changes are more 
noticeable near the estuary and are p o s s i b l y f a c i l i t a t e d 
by the estuarine environment. 

I n t e r r u p t e d t r a n s p o r t may, by temporary d e p o s i t i o n 
i n a new environment, a f f e c t the clay mineralogy 
considerably. Deposition as a l l u v i u m may subject 
the clay minerals t o f u r t h e r weathering, p o s s i b l y 
of a d i f f e r e n t nature to t h a t which took place i n 
the source area. Although i n t e r r u p t e d t r a n s p o r t by 
d e p o s i t i o n as a l l u v i u m may occur q u i t e commonly, 
the amount of m a t e r i a l i n v o l v e d , compared t o the 
amount of m a t e r i a l c a r r i e d w i t h o u t i n t e r r u p t i o n , i s 
probably very s m a l l . 

Transport by r i v e r s may a f f e c t the cl a y mineralogy 
of the t r a n s p o r t e d m a t e r i a l but the e f f e c t s are b e l i e v e d 
to be s m a l l . Grim (1958) has p o i n t e d out t h a t chemical 
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abrasion may occur w i t h removal of the i n t e r l a y e r 
potassium from the micas, r e s u l t i n g i n degradation 
arid the for m a t i o n of mixed-layer m i n e r a l s . Diphormic 
or two-layer minerals, m o n t m o r i l l o n i t e s and degraded 
micas would probably remain unchanged and any r e ­
generation or for m a t i o n of t r i p h o r m i c or th r e e - l a y e r 
minerals i s considered improbable. 

d. THE PHYSICAL EFFECTS OF THE ENVIRONMENT OF DEPOSITION 
The p h y s i c a l and chemical e f f e c t s of the environ­

ment of d e p o s i t i o n are g e n e r a l l y c l o s e l y r e l a t e d , 
p a r t i c u l a r l y i n a marine environment. The marine 
environment only i s considered here, as the s t r a t a 
s t u d i e d are b e l i e v e d to have been deposited i n marine, 
quasimarine and p o s s i b l y freshwater environments. 
The f a c t o r s which can be considered as being p u r e l y 
p h y s i c a l are:-

1. The e f f e c t of p a r t i c l e s i z e . 
2. The e f f e c t of the meeting of two 

d i f f e r e n t f l u i d environments of 
d i f f e r e n t s a l i n i t y and hence d e n s i t y . 

3. The e f f e c t of cu r r e n t a c t i o n and 
turbulence. 
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P a r t i c l e size i s of great importance since i t 
may i n f l u e n c e the d i s t r i b u t i o n of the clay minerals 
i n an environment, p a r t i c u l a r l y when the other two 
p h y s i c a l f a c t o r s are prominent. P a r t i c l e size i s 
g e n e r a l l y a f f e c t e d by chemical a c t i o n i n a marine 
environment as w i l l be discussed l a t e r . I n any 
environment of a f l u i d medium i n which small p a r t i c l e s 
are i n suspension, p r o v i d i n g the c u r r e n t a c t i o n i s 
n e g l i g i b l e , the coarser p a r t i c l e s w i l l s e t t l e f i r s t 
and the f i n e r p a r t i c l e s l a t e r and much more slo w l y . 
I f two d i f f e r e n t c l a y minerals are brought i n t o an 
environment, each w i t h i t s own p a r t i c u l a r s i z e range, 
separation w i l l be e f f e c t e d by t h e i r v e l o c i t i e s of 
s e t t l i n g . 

A t y p i c a l example of the e f f e c t o f two d i f f e r e n t 
environments meeting i s seen i n the Gulf o f Mexico. 
Bates (1953) and Moore and Scruton (1957) have shown 
t h a t the M i s s i s s i p p i River water moves over the denser 
s a l i n e waters o f the Gulf and plumes of sediment are 
" j e t t e d " up to 65 miles i n t o the Gulf. This prolonged 
suspension i n the marine environment would a i d b o t h 
chemical a c t i o n and p h y s i c a l s e p a r a t i o n . 
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environments i t i s probably r e l a t i v e l y unimportant 
i n the marine environment and, as w i l l be shown 
below, most of the minerals are r e c o n s t i t u t e d from 
degraded m a t e r i a l s . 

D i e t z (19U2), discussing the clay minerals 
oc c u r r i n g i n Recent marine sediments, was of the 
opin i o n t h a t the clay minerals increased i n s i z e 
from shallow water t o the ocean deeps and areas of 
very slow sedimentation. He also b e l i e v e d t h a t 
m o n t m o r i l l o n i t e only occurred i n nearshore sediments. 
He t h e r e f o r e p o s t u l a t e d t h a t i l l i t e may, i n p a r t , 
form from m o n t m o r i l l o n i t e by the absorption o f 
potassium. This would account f o r the potassium/ 
sodium r a t i o of seawater as compared w i t h r i v e r water 
and would also account f o r the increase i n clay 
p a r t i c l e size due t o growth i n the deeper oceanic 
areas. Dietz also b e l i e v e d t h a t t h i s r e s u l t e d i n 
a general absence of m o n t m o r i l l o n i t e from the deep 
sea sediments and also from most shales. 

Murray and Harrison (1956), however, have shown 
t h a t the most abundant clay mineral i n sediments from 
the Sigsbee Deep i s m o n t m o r i l l o n i t e . 



M i l l o t (1952) c i t e d the a s s o c i a t i o n of ancient 
shallow water marine lagoons c o n t a i n i n g i l l i t e w i t h 
" f i r e c l a y " deposits c o n t a i n i n g k a o l i n i t e as evidence 
of the "neoformation" of i l l i t e i n the lagoons, as 
both clays had a common o r i g i n . 

Harrison and Murray (1958) have shown t h a t 
i l l i t i c shales, on weathering, may be leached to 
y i e l d s o i l s c o n t a i n i n g clays of the mixed-layer 
type, the weathering p r o f i l e being very s i m i l a r t o 
t h a t of the " f i r e c l a y s " . I t does not seem unreasonable 
to assume t h a t more a c i d leaching would l e a d to the 
d e s t r u c t i o n of mixed-layer minerals and r e s u l t i n 
the f o r m a t i o n of k a o l i n i t e . Thus the "neoformation" 
of k a o l i n i t e from i l l i t e i s an e q u a l l y p o s s i b l e theory 
and the existence of weathering p r o f i l e s i n many 
" f i r e c l a y " deposits suggests t h a t t h i s i s the more 
probable answer. 

Grim, Dietz and Bradley (19U9) and Grim and 
Johns (195U) (1958) have shown t h a t the p r i n c i p a l 
e f f e c t s of the marine environment are r e g r a d a t i o n 
of degraded i l l i t e and c h l o r i t e by absorption of 
potassium and magnesium r e s p e c t i v e l y . M o n t m o r i l l o n i t e 
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i s apparently u n a f f e c t e d , although Grim, Dietz and 
Bradley (19U9) s t a t e t h a t they thought t h a t k a o l i n i t e 
and m o n t m o r i l l o n i t e decreased seawards due to very 
slow t r a n s f o r m a t i o n . The regeneration of i l l i t e i s 
r a p i d and thought to he completed before d e p o s i t i o n . 

f 
Bradley (1953) has shown t h a t the m o n t m o r i l l o n i t e -

i l l i t e mixed-layer s t r u c t u r e , on diagenesis i n sea 
water w i t h absorption of potassium and magnesium forms 
mixed-layer c h l o r i t e - i l l i t e s . Inaccurate i n t e r p r e t a t i o n 
of the r e s u l t s by many e a r l i e r workers may have shown 
t h a t the m o n t m o r i l l o n i t e was l o s t i n sea water and 
t h a t the c h l o r i t e was e n t i r e l y "neoformational". 

Weaver (1958), has shown t h a t most of the 
c h a r a c t e r i s t i c s of the cl a y minerals o c c u r r i n g i n 
marine sediments are i n h e r i t e d from the source areas 
of the d e t r i t u s . He has shown t h a t most o f the 
expandable c l a y minerals o c c u r r i n g i n marine sediments 
are t r u e m o n t m o r i l l o n i t e s and t h a t the mixed-layer 
minerals r a p i d l y regrade by potassium abso r p t i o n and 
f i x a t i o n . Caille're and He'nin (19U9), have shown 
experimentally t h a t t r u e m o n t m o r i l l o n i t e s subject t o 
strong chemical a c t i o n are a l t e r e d w i t h great d i f f i c u l t y 
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and do not form t r u e micas or c h l o r i t e s . 

Work by Brown and Ingram (195U), G r i f f i n and 
Ingram (1955), Powers (1957) (1958) and K e l l e r (1956), 

lends support to the theory o f rege n e r a t i o n . 

"Glauconite" i s c h a r a c t e r i s t i c of the marine 
environment. Burst (1958), has shown t h a t the 
mineralogy i s very v a r i a b l e and t h a t several d i f f e r e n t 
types of "g l a u c o n i t e " occur. These include ordered 
and disordered mica-type l a t t i c e s , the former correspond 
i n g t o true g l a u c o n i t e . Other types e x i s t i n c l u d i n g 
i n t e r l a y e r e d s w e l l i n g minerals and mixed-layer 11). and 

o 

10A minerals. Burst's survey of the l i t e r a t u r e shows 
t h a t a l l types of "glauconite" are authigenic and can 
form from b i o t i t e s , i l l i t e s and also from f a e c a l p e l l e t s 
"Glauconite" i s n o t , however, found i n the s t r a t a 
s t u d i e d . 

I t does appear t h a t , apart from g l a u c o n i t e , most 
of the clay minerals o c c u r r i n g i n marine sediments 
are i n h e r i t e d and t h a t few are a u t h i g e n i c . 

Weaver (1958) has st a t e d t h a t the experimental 
work by Yoder and Eugster (1955), has shown t h a t the 
s t a b l e low temperature forms of muscovite and i l l i t e 
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are the 1M and 1Md v a r i e t i e s , whereas the h i g h 
temperature form i s the 2M v a r i e t y . I n Recent 
marine sediments, the 1M and 1Md v a r i e t i e s are rare 
and are p r a c t i c a l l y r e s t r i c t e d to the glauconites 
whereas the i l l i t e s are mostly of the 2M v a r i e t y . 
I t appears, t h e r e f o r e , t h a t the 2M i l l i t e s i n 
sediments are d e t r i t a l and are not a u t h i g e n i c . However, 
where ancient sediments c o n t a i n 1Md i l l i t e s among 
the clay minerals, these are mostly land derived from 
the weathering of non-clay s i l i c a t e s or from pre­
e x i s t i n g rocks c o n t a i n i n g 1Md i l l i t e s . 

C h l o r i t e presents a s i m i l a r problem. Most of 
the minerals r e p o r t e d as a l t e r i n g to c h l o r i t e are 
d i o c t a h e d r a l , whereas the c h l o r i t e i t s e l f i s g e n e r a l l y 
t r i o c t a h e d r a l o 'Dioctahedral c h l o r i t e s are r a r e or 
absent from marine sediments and i f they are formed 
i n a marine environment, the "diagenetic" process 
must be r e l a t i v e l y i n e f f e c t u a l . C h l o r i t e s i n sediments 
are mostly t r i o c t a h e d r a l and are, t h e r e f o r e , d e t r i t a l 
i n o r i g i n . 

Grim (1958), has shown t h a t diphormic (two-layer, 
Mackenzie, 1959) clay minerals are not i n e q u i l i b r i u m 
w i t h the marine environment. However, the adsorptive 
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capacity of these minerals i s very small and also 
the s t r u c t u r a l changes r e q u i r e d to form t r i p h o r m i c 
or t h r e e - l a y e r c l a y minerals are major changes. I t 
might "be expected, t h e r e f o r e , t h a t clay minerals such 
as k a o l i n i t e w i l l occur i n the marine environment and 
w i l l a l t e r only very slowly and remain r e l a t i v e l y 
unchanged over long periods of t i m e , the t r a n s f o r m a t i o n 
to the t r i p h o r m i c minerals being incomplete. The 
r a t e of sedimentation would, t h e r e f o r e , exert a l a r g e 
i n f l u e n c e on the amount of m a t e r i a l changed. True 
b e n t o n i t i c m o n t m o r i l l o n i t e might be expected to remain 
r e l a t i v e l y u n a l t e r e d i n a marine environment and 
would probably a l t e r only very slowly t o r e g u l a r l y 
s t r a t i f i e d mixed-layer minerals, whereas the d e t r i t a l , 
g e n e r a l l y random, mixed-layer minerals would r a p i d l y 
regrade to micas. 

f . DIAGEKESIS 

As has already been p o i n t e d out i n the i n t r o d u c t i o n 
t o t h i s chapter, the term "diagenesis" has been used 
r a t h e r l o o s e l y i n the past. For the purpose of t h i s 
work, the only diagenetic f a c t o r s which are considered 
i n r e l a t i o n t o the c l a y minerals are authigenesis 
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( d i a g e n e t i c r e o r g a n i s a t i o n ) , i n t r a s t r a t a l s o l u t i o n 
and compaction. 

Weaver (1958), has po i n t e d out t h a t p ost-
deposit i o n a l a l t e r a t i o n of the clay minerals i n 
permeable and porous sands and sandstones i s common. 
Potter and Glass (1958), and Novin (1952), have also 
i l l u s t r a t e d t h i s phenomenon. I n shales and c l a y s , 
however, t h i s e f f e c t i s small, Ross (1955) and Grim 
(1958), have p o i n t e d out t h a t v o l c a n i c m a t e r i a l 
i n t e r r e d w i t h marine sediments may he expected to 
a l t e r to rn o n t m o r i l l o n i t e by r e a c t i o n w i t h the i n t r a ­
s t r a t a l connate water c o n t a i n i n g potassium and 
magnesium ions. Bradley (1953) showed t h a t the 
i l l i t e - m o n t m o r i l l o n i t e mixed-layer s t r u c t u r e s , on 
diagenesis i n sea water, form mixed-layer i l l i t e -
c h l o r i t e s by absorption of potassium and magnesium. 

According to Murray and Harrison (1956), i n 
the Sigsbee Deep, i l l i t e and c h l o r i t e develop a 
b e t t e r c r y s t a l l i n i t y a few m i l l i m e t r e s below the 
sediment i n t e r f a c e . Milne and Earley (1958), have 
shown t h a t i n b u r i e d Pleistocene and T e r t i a r y sediments, 
a l i t t l e i l l i t e may be developed i n the shales, p o s s i b l y 
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due to absorption of potassium by m o n t m o r i l l o n i t e w i t h 
pressure and time. The sands of the Miocene sediments 
show developments of c h l o r i t e , p o s s i b l y from m o n t m o r i l l ­
o n i t e , as m o n t m o r i l l o n i t e occurs i n the associated 
i n t e r f i n g e r i n g shales. 

Powers (1958), has recognised t h a t magnesium 
i s p r e f e r e n t i a l l y adsorbed near the sediment i n t e r f a c e 
and t h a t w i t h i n c r e a s i n g depth, more potassium and 
less magnesium i s adsorbed. At a c e r t a i n depth, bo t h 
w i l l be adsorbed i n equal q u a n t i t i e s . This depth i s 
the "equivalence l e v e l " w h i c h w i l l vary w i t h the p h y s i c a l 
c h a r a c t e r i s t i c s of the sediment, the i o n i c p o t e n t i a l 
of the two ions and t h e i r r e l a t i v e concentrations. 

Weaver (1958), Bux*st (1958) and Powers (1958) 

b e l i e v e t h a t the depth of b u r i a l i s an important f a c t o r 
i n the d e s t r u c t i o n of m o n t m o r i l l o n i t e i n sediments. 
Burst showed t h a t m o n t m o r i l l o n i t e becomes less evident 
i n the Gulf Coast Eocene below 3,000 f e e t . Between 
3,000 and 1U,000 f e e t the m o n t m o r i l l o n i t e l a t t i c e s are 
int e r s p e r s e d w i t h i l l i t e components which increase 
i n frequency w i t h depth. Below 1U,000 f e e t there i s 
a v i r t u a l absence of m o n t m o r i l l o n i t e . C h l o r i t e appears 
to be more predominant and p o s s i b l y increases i n 
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c r y s t a l l i n i t y w i t h depth. 

Weaver (1958), has p o i n t e d out t h a t mixed-layer 
i l l i t e - m o n t m o r i l l o n i t e and m o n t m o r i l l o n i t e do increase 
i n amount w i t h depth hut t h i s may r e f l e c t a d i f f e r e n c e 
i n the source areas between o l d e r and younger sediments. 
Yi/eaver also p o i n t e d out t h a t a review of m o n t m o r i l l o n i t e -
hearing rocks suggests t h a t below 10,000 f e e t , 
m o n t m o r i l l o n i t e gives way to mixed-layer i l l i t e -
m o n t m o r i l l o n i te and t h a t deeper b u r i a l causes a 
r e d u c t i o n i n the number of m o n t m o r i l l o n i t e l a y e r s . 

POST-DIAGEMiTIC EFFECTS 

Althoug;h they are due t o d i f f e r e n t causes, the 
epigenetic e f f e c t s and weathering are o f t e n d i f f i c u l t 
t o d i f f e r e n t i a t e i n p r a c t i c e . They a r e , - t h e r e f o r e , 
considered together under the term "post-diagenetic 
e f f e c t s " . Post-diagenetic e f f e c t s can be subdivided 
i n t o : -

3. 
2 . 
1. The e f f e c t s of groundwater s o l u t i o n s . 

The e f f e c t s of weathering. 
The e f f e c t s o f hydrothermal s o l u t i o n s . 
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The e f f e c t s of hydrothermal s o l u t i o n s w i l l not he 
considered here as the s t r a t a s t u d i e d , w i t h few 
po s s i b l e exceptions, have not been a f f e c t e d by such 
s o l u t i o n s . These exceptions are discussed i n a 
l a t e r chapter. 

( i ) The e f f e c t s of groundwater s o l u t i o n s 
and weathering. 
The e f f e c t s of groundwater s o l u t i o n s and 

weathering on the c l a y minerals i n sediments are 
inseparable and, i n most 'cases, tend t o produce 
the same e f f e c t s . The porous and permeable 
rocks such as the sandstones are p a r t i c u l a r l y 
s u s c e p t i b l e t o these e f f e c t s . 

P o t t e r and Glass (1958) have shown t h a t 
the c l a y minerals o c c u r r i n g i n sandstones may 
have o r i g i n a t e d i n several d i f f e r e n t ways. The 
cl a y minerals may have been washed i n t o the 
i n t e r s t i c e s of the rock e i t h e r during or a f t e r 
d e p o s i t i o n but p r i o r to f i n a l b u r i a l . I n the 
l a t t e r case, the cl a y minerals may appear to be 
o r i g i n a l but were not deposited contemporaneously 
w i t h the sand g r a i n s . Due to t h e i r porous nature, 
many sandstones may have a constant f l o w of 
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groundwaters through them. Groundwaters may have 
a varying pH which may a l t e r the nature of the o r i g i n a l 
c l ay minerals i n a d d i t i o n t o causing the f o r m a t i o n of 
new minerals i n s i t u . 

Several examples of clay mineral authigenesis 
can be seen i n the Teesdale sandstones i n c l u d i n g 
" i l l i t e s " from b i o t i t e and muscovite and f i n e s e r i c i t e 
from quartz. Well c r y s t a l l i s e d k a o l i n i t e occurs i n 
the i n t e r s t i c e s of some of the more porous sandstones. 
As such d e l i c a t e "book" s t r u c t u r e s are incapable of 
tr a n s p o r t w i t h o u t disaggregation, they are thought t o 
have developed at the expense of other s i l i c a t e s , 
probably f e l d s p a r s , and are of secondary o r i g i n . 
Smithson and Brown (195^),0957), have recorded 
s i m i l a r e f f e c t s i n other areas. 

Weaver (1958), has shown t h a t the occurrence of 
secondary k a o l i n i t e i s dependent on the p o r o s i t y of 
the sandstone. This appears t o be the case i n the 
s t r a t a s t u d i e d , where the a r g i l l a c e o u s sandstones and 
the shales which are impermeable, or almost so, do not 
show the development of secondary k a o l i n i t e . P o t t e r 
and Glass (1958), have shown t h a t these secondary e f f e c t s 
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may be expected t o be more pronounced i n surface 
outcrop, where both p h y s i c a l and chemical weathering 
are i n t e n s i f i e d . Surface samples of shales and 
subgraywackes { t h e i r nomenclature) may d i f f e r i n 
c l a y mineralogy from subsurface samples but the 
d i f f e r e n c e s are much less than d i f f e r e n c e s observed 
i n the porous sandstones. 

I n the present work, most of the shale and 
a r g i l l a c e o u s sandstone samples s e l e c t e d showed no 
v i s i b l e signs of weathering and only the f r e s h e s t 
samples obtainable were c o l l e c t e d . As many of the 
sandstones and limestones c o n t a i n interbedded shale 
bands, these were sampled as r e p r e s e n t a t i v e of the 
clay minerals deposited d u r i n g the time of sandstone 
or limestone d e p o s i t i o n . 

CONCLUSION 

The c l a y mineral assemblage of any sedimentary 
rock i s r e l a t e d to the nature o f the o r i g i n a l minerals 
brought i n t o the environment of d e p o s i t i o n , the 
nature of the environment, d i a g e n e t i c processes and 
weathering. Where, as i n the Teesdale rocks, the 
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c l a y minerals are b e l i e v e d t o have a common source 
area and where subsequent diagenesis and weathering 
has been s i m i l a r i n a l l rock types, apart from the 
porous sandstones, d i f f e r e n c e s i n clay mineralogy 
s t r o n g l y suggest v a r i a t i o n s i n the d e p o s i t i o n a l 
environments of the rock types. 
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CHAPTER V I I I 

RECENT SHALLOW WATER MARINE AND DELTAIC SEDIMENTATION 

a. INTRODUCTION 

The purpose of t h i s i n v e s t i g a t i o n has been t o 
i n t e r p r e t the o p p o s i t i o n a l environment of the Middle 
Yoredale sediments. A review o f Recent sedimentation 
and d e p o s i t i o n a l environments have helped i n t h i s 
i n t e r p r e t a t i o n . 

P e t t i j o h n (1957), gave the f o l l o w i n g m o d i f i e d 
form of Barr e l ' s geographical c l a s s i f i c a t i o n o f 
environments:-

I . C o n t i n e n t a l (above t i d a l r e a c h ) . 
A. T e r r e s t r i a l . 

1. G l a c i a l . 
2. A e o l i a n . 
3. ' P l u v i a l . 
U. P l u v i a l . 

B. Paludal. 
C. Lacu s t r i n e . 

1 . Freshwater 
2. Saline. 
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I I . Mixed Continental and Marine. 
A. L i t t o r a l . 

1 . T i d a l lagoon. 
2. Beach. 

B. Delta. 
C. Estuarine. 

I I I . Marine. 
A. Offshore ( N e r i t i c Pacies). 
B. E p i c o n t i n e n t a l Sea. 
C. Oceanic and Mediterranean (Bathyal and 

Abyssal). 
The f o l l o w i n g c h a r a c t e r i s t i c s of the Yoredale 

rocks narrows the choice of environments:-
1. The occurrence of marine limestones 

and shales. 
2. The occurrence o f s u b a e r i a l deposits 

(underclays and c o a l s ) . 
3» Shallow water d e p o s i t i o n a l s t r u c t u r e s . 
U. The great v a r i e t y of rock types. 

These c h a r a c t e r i s t i c s and the lack of c h a r a c t e r i s t i c s 
which might i n d i c a t e the presence o f other environments 
narrows the choice to mixed shallow water marine and 
c o n t i n e n t a l and marine environments. Several sub-
environments may occur i n areas o f mixed c o n t i n e n t a l 
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and marine environments. For example, an estuary-
w i l l have as marginal f a c i e s , a beach and may also 
include a t i d a l lagoon. 

The great v a r i e t y of deposits i n the Yoredales, 
both i n the area s t u d i e d and over the whole of 
Northern England, and the occurrence o f channel 
deposits i n the Upper Yoredales (Dunham, 19U8), are 
more t y p i c a l of the d e l t a i c environment than any 
othe r . The r a p i d v a r i a t i o n s i n the d e p o s i t s , i n 
p a r t i c u l a r the l a t e r a l v a r i a t i o n s , are embraced only 
by the d e l t a i c environment. I t i s proposed, t h e r e f o r e , 
t o consider only the shallow water marine and d e l t a i c 
environments when r e l a t i n g the Yoredale type of 
sedimentation to Recent d e p o s i t i o n . 

Perhaps the most i n t e n s i v e l y s t u d i e d area o f 
shallow water marine sedimentation i s the Gulf of 
Mexico, which also includes the most i n t e n s i v e l y 
s t u d i e d area of d e l t a i c sedimentation, the M i s s i s s i p p i 
Delta (Figure 8 .1 ) . 

THE SHALLOW WATER MARINE AREA OF THE GULF OF MEXICO 

Gould and Stewart (1955) studied the Continental 
Terrace sediments i n the n o r t h e a s t e r n area of the 
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Gulf of Mexico. This i s a shallow water area 
"between 0 and 100 fathoms deep. I n the east, o f f 
the west coast of F l o r i d a , the amount of terrigenous 
d e t r i t u s brought i n t o the area of sedimentation i s 
n e g l i g i b l e . I n the n o r t h e r n p a r t of the area, o f f 
the coast of Alabama, r i v e r s b r i n g i n l a r g e amounts 
of d e t r i t u s . 

During the Pleistocene epoch the sea l e v e l 
was lowered and remained at a lower l e v e l f o r a 
considerable time. This lower l e v e l r e s u l t e d i n the 
f o r m a t i o n of a wave cut p l a t f o r m at about 35 fathoms. 

Off the west coast of F l o r i d a , limestone d e p o s i t i o n 
has occurred during the Pleistocene and Recent epochs. 
Near the peninsula, where small r i v e r s empty i n t o the 
Gulf, terrigenous m a t e r i a l forms p a r t of the sediments. 
The general d i s t r i b u t i o n of sediments i n the area 
i s shown i n Figure 8,2. The sediments are arranged 
z o n a l l y , p a r a l l e l t o the shore, and c o n s i s t of the 
f o l l o w i n g : -
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1. Q u a r t z - s h e l l sand w i t h over 30% quartz. 
2. Q u a r t z - s h e l l sand w i t h l ess than 50% quartz. 
3. Shell sand. 
U. A l g a l sand. 
5. O o l i t e sand. 
6. Foram sand and s i l t . 

Reef "building corals are found i n the area and 
form small mounds, mostly shoreward o f the 10 fathom 
depth, "but do not form t r u e r e e f s . The absence of 
major r e e f b u i l d e r s from the area i s a t t r i b u t e d t o 
the low w i n t e r temperature of the water of 18 to 20°C. 
Consolidated Pleistocene limestone occurs on the 
s h e l f , p a r t i a l l y covered by unconsolidated sediments. 

Off Alabama and n o r t h e r n F l o r i d a , sampling of 
the unconsolidated sediments revealed an absence o f 
the o o l i t e sand (Figure 8 . 3 . ) . Off F l o r i d a the zones 
recognised were:-

1. Quartz sand. 
2. Narrow zone of q u a r t z - s h e l l sand. 
3. Zone o f a l g a l sand narrowing to the northwest. 
i-U For am sand and s i l t . 
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The zones of q u a r t z - s h e l l sand and a l g a l sand 
narrow to the northwest so that o f f the coast of 
Alabama only quartz sand and f o r a m i n i f e r a l sand and 
s i l t occur. The greater q u a n t i t y of te r r i g e n o u s 
m a t e r i a l i n the northwestern p a r t of the area i s due 
to the greater supply of d e t r i t u s from the r i v e r s o f 
nor t h e r n F l o r i d a and Alabama. There has also been 
a more complete removal of older coastal p l a i n deposits 
from the outer p a r t of the s h e l f o f f c e n t r a l F l o r i d a 
during the more recent marine t r a n s g r e s s i o n . 

THE DELTAIC AREA OF SEDIMENTATION. THE MISSISSIPPI DELTA 

F i f t y miles west o f the no r t h e r n p a r t of the 
area of marine sedimentation described above i s the 
M i s s i s s i p p i Delta area. This has been i n t e n s i v e l y 
studied by Fi s k , McFarlan, Kolb and W i l b e r t (195U), 

Scruton (1955), Shepard (1956), Moore and Scruton 
(1957), and Shepard and Lankford (1959). 

The modern s u b a e r i a l b i r d f o o t d e l t a (Figures 
8.U to 8,6) i s about 25 miles wide and about 25 miles 
long. The d e l t a deposits extend beyond the d e l t a f r o n t 
i n t o the Gulf of Mexico to a depth of more than 100 
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fathoms and i n t o s h a l l o w e r w a t e r t o t h e e a s t and 

n o r t h , where t h e m a r g i n a l sediments have been s t u d i e d . 

S c r u t o n has shown t h a t t h e t o t a l a rea o f d e l t a i c 

s e d i m e n t a t i o n i s v e r y l a r g e , s i x i m b r i c a t i n g d e l t a s 

b e i n g r e c o g n i s e d ( F i g u r e 8.7). 

Two i m p o r t a n t f a c t o r s i n the s t u d y o f t h i s area 

o f d e l t a i c s e d i m e n t a t i o n a r e the f a c i e s o f t h e modern 

d e l t a and t h e e f f e c t s o f t h e r e w o r k i n g o f t h e o l d e r 

d e l t a s . 

The area can be d e s c r i b e d i n t h r e e s e c t i o n s ; 

the s u b a e r i a l d e l t a as d e s c r i b e d by P i s k e t a l . , 

t h e m a r g i n a l f a c i e s as d e s c r i b e d by Shepard, and t h e 

br o a d f e a t u r e s o f t h e p e t r o g r a p h y . 

THE DELTA PAGIES 

P i s k and h i s co-workers r e c o g n i s e d s e v e r a l sub-

f a c i e s i n t h e M i s s i s s i p p i D e l t a , some o f w h i c h do n o t 

form a c t u a l s u b a e r i a l d e p o s i t s b u t w h i c h are l i s t e d 

h ere f o r t he sake o f completeness. The environments 

d e s c r i b e d were:-
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1. The p r o d e l t a . ( t h i s i s d e s c r i b e d w i t h t h e 
m a r g i n a l f a c i e s ) . 

2» The d e l t a f r o n t . ( t h i s i s d e s c r i b e d w i t h 
the m a r g i n a l f a c i e s ) . 

3. The i n t e r d l s t r i b u t a r y t r o u g h s . 
These a r e fo u n d between t h e main d i s t r i b u t a r y -
channels and c o n t a i n d e p o s i t s w h i c h were l a i d 
down i n v e r y s h a l l o w water and w h i c h grade 
i n t o the marsh o r bay d e p o s i t s . 

i-U The marshes. 
These are fo u n d i n the s i l t e d up areas o f 
th e i n t e r d i s t r i b u t a r y t r o u g h s , b o a r d e r i n g t h e 
l e v e e s . 

5. The channel f i l l . 
These a r e f o u n d i n abandoned minor d i s t r i b u t a r i e s . 

6. The b a r sands. 

D e p o s i t s o f t h e b a r sands a r e b u i l t o u t i n 
the f r o n t o f t h e d i s t r i b u t a r y c h a n n e l s . More 
r e c e n t work by S c r u t o n (1955), Shepard (1956) 
and Shepard and L a n k f o r d (1959) has l e d t o 
the b e l i e f t h a t t h e b a r sands do n o t e x i s t 
as a d i s t i n c t s e d i m e n t a r y f a c i e s . 

7. The l e v e e s . 
N a t u r a l l e v e e d e p o s i t s a r e l a i d down d u r i n g 
seasonal f l o o d s a l o n g t h e edges o f t h e 
d i s t r i b u t a r y c h a n n e l s . They pass down i n t o 
t h e b a r sands and l a t e r a l l y i n t o t h e marsh 
depos i t s . 
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8, The mud lumps. 
These occur near t h e d i s t r i b u t a r y mouths 
and marsh and a r e e x t r u d e d masses o f mud 
from u n d e r l y i n g d e p o s i t s . These a r e 
e x t r u d e d due t o the w e i g h t o f a c c u m u l a t i n g 
b a r f i n g e r sediments on the u n d e r l y i n g c l a y s . 

e. THE MARGINAL FACIES TO THE EAST AMD NORTHEAST. 

The d e s c r i p t i o n o f th e s e f a c i e s i s based p r i m a r i l y 

on work by Shepard (1956), His i n v e s t i g a t i o n i n c l u d e d , 

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

d e s c r i b e d by F i s k e t a l . Shepard, however, d i d n o t 

re c o g n i s e t h e e x i s t e n c e o f t h e sand b a r f i n g e r s and 

s t a t e d . t h a t , " sand b a r f i n g e r " i s an i n c o r r e c t term 

w h i c h may a p p l y t o t h e e a r l i e r stages o f t h e d e l t a g r o w t h 

b u t i s n o t c o n f i r m e d by an e x a m i n a t i o n o f t h e sediments 

o f t h e advancing d i s t r i b u t a r i e s and i n t e r d i s t r i b u t a r y 

bays. The "sand b a r f i n g e r s " a t t h e mouths o f t h e 

d i s t r i b u t a r i e s , on t h e b a r s l o p e s , when examined i n 

d e t a i l , i n d i c a t e t h a t g e n e r a l l y l e s s t h a n 10% sand 

occurs i n t h e sediments below a d e p t h o f 50 f e e t , 

w h i l s t the upper 50 f e e t o f sediment r a r e l y c o n t a i n s 

more t h a n 25% sand s i z e m a t e r i a l . 

The f o l l o w i n g s e d imentary environments were 

d i s t i n g u i s h e d by Shepard:-
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1. D e l t a f r o n t p l a t f o r m . 
The d e l t a f r o n t p l a t f o r m l i e s d i r e c t l y 
a d j a c e n t t o t h e f o r w a r d " b u i l d i n g passes 
and i s t h e area c o n t a i n i n g t h e mud lumps. 
I t i s an area o f s h a l l o w w a t e r . The passes 
have submarine l e v e e s o f d e p o s i t s d i f f e r e n t 
f r o m those of t h e s u b a e r i a l d e l t a . The 
l e v e e s r i s e n ear t h e d i s t a l ends and are 
connected by an a r c - l i k e s h o a l o r l u n a t e b a r , 

2. I n t e r d i s t r i b u t a r y . b a y s . 
These i n c l u d e , i n p a r t , t h e t r o u g h areas 
of F i s k e t . a l . These ar e s h a l l o w water 
areas w h i c h are v i r t u a l l y f r e e f r o m r i v e r 
and t i d a l c u r r e n t s . They f o r m n a t u r a l 
s e t t l i n g b a s i n s f o r sediments washed over 
th e l e v e e s i n t i m e s o f f l o o d and f r o m s m a l l 
d i s t r i b u t a r y passes which b r a n c h o f f t h e 
main passes. 

3. Pro d e l t a s l o p e . 
T h i s l i e s beyond t h e p l a t f o r m and i s i n d e f i n i t e 
o f f t h e d i s t r i b u t a r y c h a n n e l s . 

i+. Open s h e l f w i t h Recent d e l t a i n f l u e n c e 
o r " b o t t o m s e t beds". 
T h i s l i e s a t t h e base o f t h e p r o d e l t a s l o p e . 
I t i s a f l a t area o f Recent sediment t r a n s p o r t ­
ed f r o m t h e passes o f t h e M i s s i s s i p p i D e l t a . 
I t i s deep t o the s o u t h and e a s t b u t s h a l l o w 
t o t h e n o r t h e a s t . 
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5. Old S h e l f d e p o s i t s . 

These d e p o s i t s , o c c u r r i n g t o t h e ea s t and 
s o u t h e a s t , are n o t d e r i v e d f r o m t h e M i s s i s s i p p i 
R i v e r and have l i t t l e i n common w i t h t h e 
d e l t a d e p o s i t s . 

6. Reworked M i s s i s s i p p i d e l t a a r e a . 

T h i s o c c u r s t o th e n o r t h o f "the " b o t t o m s e t 
beds" i n s h a l l o w water o f l e s s t h a n 10 f a t h o m s . 

7. Open I n l e t . 
T h i s occurs t o t h e n o r t h e a s t and i s an open 
area a f f e c t e d by c u r r e n t s p a s s i n g around 
B r e t o n I s l a n d . 

^• Open l a g o o n a l a r e a . 
T h i s i n c l u d e s t h e area o f B r e t o n Sound 
connected t o t h e G u l f o f Mexico by l a r g e 
i n l e t s . 

f . PETROGRAPHIC DATA USED I N THE DISTINCTION OF THE 
DIFFERENT FACIES = 

Sc r u t o n (1955) and. Shepard (1956) gave d e t a i l e d 

p e t r o g r a p h i c a n a l y s e s o f the v a r i o u s sediments and 

i t i s t h e r e f o r e p o s s i b l e t o g i v e d e t a i l e d d a t a on t h e 

sedimentary s t r u c t u r e s and p e t r o g r a p h y . C r i t e r i a used 

ar e t h e g r a i n s i z e and degree o f s o r t i n g , t h e sand, 

s i l t , c l a y r a t i o s , mica d i s t r i b u t i o n , wood ( v e g e t a b l e 

m a t t e r ) d i s t r i b u t i o n and aggreg a t e ( a g g r e g a t e s o f sand 
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g r a i n s cemented "by v a r i o u s m a t e r i a l s ) d i s t r i b u t i o n . 

Moore and S c r u t o n (1957) have shown t h a t t h e 

m i nor i n t e r n a l s t r u c t u r e s o f t h e sediments ar e 

i m p o r t a n t and v a r y f r o m one environment t o a n o t h e r . 

They d i s t i n g u i s h e d f i v e minor s t r u c t u r e s i n the 

M i s s i s s i p p i D e l t a a r e a . These a r e : -

( i ) Regular l a y e r s which are t a b u l a r o r 
t h i n l e n t i c u l a r b o d i e s , h o r i z o n t a l l y 
bedded or crossbedded and v a r y i n g f r o m 
a f r a c t i o n o f a m i l l i m e t r e t o about 10 
c e n t i m e t r e s i n t h i c k n e s s . 

( i i ) I r r e g u l a r l a y e r s i n w h i c h t h e i n t e r n a l 
s t r u c t u r e i s g e n e r a l l y heterogeneous 
and i n w h i c h each l a y e r i s u s u a l l y \ t o 
3 c e n t i m e t r e s i n t h i c k n e s s . 

( i i i ) M o t t l e d s t r u c t u r e s w h i c h have sinuous 
c o n t a c t s and are i r r e g u l a r masses o f 
one g r a i n s i z e i n a n o t h e r . Any a l i g n ­
ment p r e s e n t i s g e n e r a l l y v e r t i c a l . 
These can be s u b d i v i d e d i n t o m o t t l e s 
w i t h d i s t i n c t b o u n d a r i e s and those 
w i t h i n d i s t i n c t b o u n d a r i e s . 

( i v ) Homogeneous c o u r s e - g r a i n e d d e p o s i t s . 

( v ) Homogeneous f i n e - g r a i n e d deposits„ 

These a r e i l l u s t r a t e d i n F i g u r e s 8.8 and 8.9. The 
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d i s t r i b u t i o n o f t h e v a r i o u s m i n e r a l s and g r a i n s i z e s 

i n the M i s s i s s i p p i D e l t a area i s g i v e n i n F i g u r e s 

8.10 t o 8.19, w h i c h can be compared w i t h t h e d i s t r i ­

b u t i o n o f t h e v a r i o u s f a c i e s ( F i g u r e s 8.20 t o 8.23). 

Regular l a y e r s are c h a r a c t e r i s t i c o f t h e d e l t a 

p l a t f o r m and s l o p e d e p o s i t s , w h i l s t t h e i r r e g u l a r 

l a y e r s are more c h a r a c t e r i s t i c o f t h e m a r g i n o f 

t h e " b o t t o m s e t beds". The m o t t l e d s t r u c t u r e s occur 

i n sediments around t h e m a r g i n o f t h e area w i t h 

i r r e g u l a r l a y e r s and a l s o i n d e p o s i t s making up p a r t 

of t h e reworked M i s s i s s i p p i D e l t a , t h e open l a g o o n 

i n l e t and a l o n g t h e m a r g i n o f t h e open l a g o o n . 

Homogeneous f i n e - g r a i n e d d e p o s i t s o c c ur i n t h e deep 

"b o t t o m s e t beds", w h i l s t the homogeneous c o a r s e - g r a i n e d 

d e p o s i t s o c c ur i n t h e c e n t r e o f the open l a g o o n and 

t h e reworked d e l t a area. 

Moore and S c r u t o n c o n s i d e r e d t h e p o s s i b l e modes 

of f o r m a t i o n o f these s t r u c t u r e s and t h e s e are summar­

i s e d i n Table 8.A. Y/hen d e a l i n g w i t h c o n s o l i d a t e d 

sediments i t i s p o s s i b l e f o r t h e p r e - e x i s t i n g s t r u c t u r e s 

t o be o b l i t e r a t e d o r somewhat m o d i f i e d d u r i n g compaction 

and l i t h i f i c a t i o n . I t i s t h e r e f o r e i m p o r t a n t t o examine 
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a l l m inor s t r u c t u r e s c r i t i c a l l y . 

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

M i s s i s s i p p i D e l t a and t h e m a r g i n a l sediments a r e 

summarised i n t h e suc c e e d i n g p a r a g r a p h s . 

THE PETROGRAPHY OF THE DELTA DEPOSITS 

T h i s summary i s t a k e n p a r t l y f r o m t h e work o f 

F i s k and h i s co-workers and p a r t l y f r o m S c r u t o n and 

Shepard. 

1 • Marsh d e p o s i t s . These are s t r u c t u r e l e s s , 

o r g a n i c - r i c h c l a y e y s i l t s and s i l t y c l a y s , 

t r a v e r s e d by r o o t s . They c o n t a i n f e r r u g i n o u s 

aggregates and commonly c o n t a i n mica. 

2. R i v e r Channel d e p o s i t s . These c o n s i s t o f t h i n 

l a y e r s o f s i l t o r f i n e sand i n t e r b e d d e d w i t h 

smooth c l a y e y d e p o s i t s . O c c a s i o n a l lumps o f 

smooth mud i n sand, o r lumps o f sand i n c l a y , 

occur i n t h e d e p o s i t s . R i v e r channel d e p o s i t s 

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

3« Channel f i l l d e p o s i t s . These c o n s i s t o f massive 

sands whi c h are v e r y f i n e - g r a i n e d a t the base, 

- c l x x x i -



o v e r l a i n by bedded sands w h i c h pass up i n t o 

sandy s i l t s and s i l t y c l a y s w i t h a marsh f l o r a . 

The massive beds have e r o s i v e c o n t a c t s w i t h 

o t h e r d e p o s i t s . 

Levee d e p o s i t s . These c o n s i s t o f l a m i n a t e d o r 

l e n s o i d s i l t y and c l a y e y m a t e r i a l near t h e 

p e r i m e t e r o f t h e d e l t a and may be cross-bedded. 

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

be covered by g r o w i n g v e g e t a t i o n and may c o n t a i n 

s h r i n k a g e c r a c k s . They pass down i n t o b a r sands 

and grade l a t e r a l l y i n t o marsh d e p o s i t s . 

I n t e r d i s t r i b u t a r y t r o u g h d e p o s i t s . These c o n s i s t 

o f a veneer o f l a y e r e d sandy s i l t s and c l a y e y 

s i l t s i n t h e m a r g i n a l s e c t i o n s . The bay bottoms 

are covered by massive, p o o r l y s o r t e d s i l t y c l a y s . 

Shallow w a t e r crevasse d e p o s i t s o f t h e marsh f r o n t 

are d i s t i n c t i v e , c o n s i s t i n g o f crossbedded sandy 

s i l t s and f i n e sands i n t e r b e d d e d w i t h c l a y e y s i l t s . 

S p i t s and subaqueous b a r s a r e made up o f c l e a n , 

w e l l s o r t e d , f i n e sands w i t h m a r g i n a l zones o f 

s i l t y sands. The fauna i s b r a c k i s h w a ter t o marine 
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except f o r t h e subaqueous b a r s and s p i t s where 

th e fauna i s s i m i l a r b u t has a d d i t i o n a l marine 

organisms. The i n t e r d i s t r i b u t a r y bay d e p o s i t s 

are s i m i l a r t o t h e p l a t f o r m d e p o s i t s b u t may be 

u n l a m i n a t e d w i t h l e n s e s o r lumps o f sand or 

s i l t i n o t h e r w i s e c l a y e y d e p o s i t s . 

Bar sand d e p o s i t s . These are made up o f f i n e 

sands near t h e s u r f a c e w i t h v e r y f i n e sands and 

s i l t w i t h i n deeper w a t e r . A t t h e base o f t h e 

d e l t a t h e r e i s a b u l g e i n the p r o d e l t a zone c l a y s . 

The sands are massive and l o c a l l y crossbedded near 

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

o f s i l t y c l a y and v e r y f i n e s i l t y sand, w i t h 

o c c a s i o n a l o r g a n i c - r i c h l a m i n a e , o c c u r . 

D e l t a f r o n t p l a t f o r m d e p o s i t s . These c o n t a i n 

abundant sand o f v a r i a b l e d i s t r i b u t i o n , b e i n g 

about 90% o f f some o f t h e r i v e r b a r s b u t s c a r c e 

i n t h e i n t e r d i s t r i b u t a r y bays. The sediments 

are g e n e r a l l y l a m i n a t e d b u t a few sands w i t h c l a y e y 

m o t t l i n g occur as do c l a y s w i t h sandy m o t t l i n g . 

O ccasional sand s t r i n g e r s a l s o occur. 
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Wood i s much more common i n t h e s u b a e r i a l d e l t a 

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

bays. Mica i s more abundant i n t h e bays t h a n i n the 

p l a t f o r m d e p o s i t s and i s f a i r l y abundant i n t h e marsh 

d e p o s i t s . M o l l u s c s a r e r a r e i n a l l o f the s e " t o p s e t " 

environments except t h e bays. 

THE PETROGRAPHY OF THE MARGINAL DEPOSITS. 

The summary o f t h e main f e a t u r e s o f t h e m a r g i n a l 

d e p o s i t s i s tak e n f r o m work by S c r u t o n (1955) and 

Shepard (1956). 

1• The p r o d e l t a s l o p e o r " f o r e s e t " s l o p e d e p o s i t s . 

Here, except o f f t h e mouths o f the main passes, 

t h e r e i s an i n c r e a s e i n c l a y and a decrease 

i n sand when p a s s i n g f r o m t h e p l a t f o r m d e p o s i t s . 

The p e r c e n t a g e o f wood i n c r e a s e s t o about 15% 

o f t h e coarse f r a c t i o n (compared t o t h e 

p l a t f o r m w i t h k%)• Aggregates i n c r e a s e i n 

amount b u t t h e f r a c t i o n o f mica remains about 

the same as t h a t o f t h e p l a t f o r m d e p o s i t s . 

The number o f s h e l l s i s g r e a t l y i n c r e a s e d 

and e c h i n o i d s occur b u t are r a r e . 

- c l x x x i v -



The l a m i n a t i o n o f the d e p o s i t s w h i c h i s 

c h a r a c t e r i s t i c o f the p l a t f o r m sediments i s 

p r a c t i c a l l y a b s e n t . Most o f t h e sediments 

are u n s t r a t i f i e d and o n l y a few p a r t i n g s o f 

s i l t y l a y e r s o c c u r , more commonly o f f t h e 

mouths o f t h e passes. 

The open s h e l f w i t h Recent d e l t a i n f l u e n c e 

o r " b o t t o m s e t beds". I n t h e s h a l l o w w a t e r area 

t h e r e i s an i n c r e a s e i n t h e sand c o n t e n t when 

compared t o t h e p r o d e l t a s l o p e d e p o s i t s b u t 

a decrease i n t h e area o f deeper w a t e r . The 

wood c o n t e n t and t h e aggregate c o n t e n t o f t h e 

coarse f r a c t i o n i s g r e a t l y decreased, whereas 

t h e mica c o n t e n t remains about t h e same. The 

marine f a u n a i s much i n c r e a s e d . 

There i s a s c a r c i t y o f s t r a t i f i c a t i o n 

and a g e n e r a l homogeneity o f t h e sediments. 

I n the deeper a r e a , the d e p o s i t s are c l a y e y 

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

o c c a s i o n a l lumps i n t h e o u t e r areas. The 

s h a l l o w e r d e p o s i t s show m o t t l i n g o f s i l t and 
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sand i n a c l a y e y m a t r i x and v i c e v e r s a . 

3« The o l d s h e l f d e p o s i t s . Here, t h e r e i s 

a l a r g e i n c r e a s e i n t h e sand c o n t e n t and a 

l a r g e decrease i n t h e s i l t and c l a y c o n t e n t 

when compared t o t h e "bottomset •beds". Wood, 

mica and aggregates occur v e r y s p a r i n g l y , i f 

a t a l l . There i s an i n c r e a s e i n t h e s h e l l 

c o n t e n t when these d e p o s i t s a r e compared w i t h 

t h e p r e v i o u s l y d e s c r i b e d sediments. 

The reworked d e p o s i t s . These c o n t a i n a 

h i g h p e r c e n t a g e o f sand, u s u a l l y over 80%. 

S i l t i s v e r y scarce and c l a y occurs i n 

n e g l i g i b l e q u a n t i t i e s . Wood, i s p r e s e n t though 

i t i s s c a r c e . Mica and aggregates a r e v e r y 

s c a r c e b u t s h e l l s are common. 

5. The i s l a n d d e p o s i t s . Except f o r t he f l a t s 

and marshes i n s i d e t h e beaches and dunes, 

these c o n s i s t m a i n l y o f dune d e p o s i t s , o f 

more rounded sand c o n t a i n i n g o n l y a t r a c e o f 

s i l t o r c l a y . 
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6. The open i n l e t d e p o s i t s . These are i n t e r m e d i a t e 

"between t h e reworked d e p o s i t s and t h e s l o p e 

d e p o s i t s . Wood and mica a r e abundant b u t , compared 

to t h e p l a t f o r m d e p o s i t s , t h e aggreg a t e s are 

s c a r c e . The sediments a r e m o s t l y o f c l a y e y 

m a t e r i a l w i t h l e n s e s , l a y e r s and lumps o f sand 

or coarse s i l t . On c o r e showed t h e presence 

of c l a y b a l l s i n t h e m a t r i x . S h e l l s are o f 

v a r i a b l e abundance. 

7. The open lag o o n d e p o s i t s . - These d e p o s i t s v a r y 

v e r y l i t t l e f r o m t h e i n l e t s i n t h e i r sand, 

s i l t and c l a y c o n t e n t b u t aggregates a r e v e r y 

s c a r c e . There i s a preponderance o f sandy o r 

coarse s i l t sediments w i t h c l a y e y m o t t l i n g o r 

v i c e v e r s a , 

i • DEPOSITION I N THE MISSISSIPPI DELTA AREA 

Scr u t o n (1955) has shown t h a t s i x d e l t a s have been 

b u i l t up p r i o r t o t h e f o r m a t i o n o f t h e modern d e l t a i n 

P o s t - g l a c i a l t i m e s , t h a t i s , i n about 5,000 y e a r s . Each 

d e l t a , as i t e n l a r g e d , reduced t h e d r a i n a g e g r a d i e n t t o 

a v e r y l o n g low s l o p e . Break t h r o u g h t h e l e v e e s , i n time 
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o f f l o o d , e v e n t u a l l y r e s u l t e d i n t h e f o r m a t i o n o f a 

new de l t a , , 

As soon as d e p o s i t i o n has ceased and the c e n t r e 

o f d e p o s i t i o n moves t o a n o t h e r area, the s h o r e l i n e 

i n the area o f t h e abandoned d e l t a r e t r e a t s due t o 

a c o m b i n a t i o n o f compaction and subsidence o f the 

d e l t a i c sediments and marine e r o s i o n . T h i s i s p o s s i b l y 

accompanied by a g r a d u a l and c o n t i n u o u s r e g i o n a l 

subsidence. T h i s d e s t r u c t i o n a l phase o f t h e s e d i m e n t a r y 

h i s t o r y o f t h e area i s marked by winnowing o f t h e 

sediments w i t h accompanying r e s o r t i n g w h i c h r e s u l t s 

i n t h e f o r m a t i o n o f sand sheets w h i c h mark t h e l i m i t 

o f t h e seaward advance o f each s t i b d e l t a . 

As S c r u t o n has p o i n t e d o u t , when r e f e r r i n g t o 

the area of sand n o r t e a s t o f the modern d e l t a . " I t 
i 

i s i m p o r t a n t t o remember t h a t t h i s mass o f sand i s 

no t b e i n g d e p o s i t e d by the p r e s e n t d e l t a , b u t was 

produced by wave and c u r r e n t e r o s i o n and winnowing 

of sediments d e p o s i t e d as t h e e a r l i e r S t . Bernard 

s u b d e l t a " . 

The sediments were b u i l t up t o sea l e v e l i n 

w a t e r w h i c h deepened t o t h e s o u t h and t h u s each u n i t 
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c o n s i s t s o f a wedge o f sediment w h i c h t h i c k e n s t o 

t h e s o u t h . 

SUMMARY 

I n t he G u l f o f Mexico and t h e M i s s i s s i p p i D e l t a 

area many d i f f e r e n t s e d i m e n t a r y environments and 

f a c i e s can be r e c o g n i s e d . A n c i e n t sediments d e p o s i t e d 

i n s i m i l a r environments m i g h t be expe c t e d t o show 

s i m i l a r degrees o f s o r t i n g , s t r u c t u r e s and f o s s i l 

assemblages. T h i s i s t r u e o f t h e marine and m a r g i n a l 

d e l t a i c sediments. The s u b a e r i a l d e l t a i c sediments, 

however, a r e u n l i k e l y t o be c o m p l e t e l y p r e s e r v e d , 

i f a t a l l , due t o the e r o s i v e a c t i v i t y o f t h e marine 

e n v i r o n m e n t . I t would be e x c e p t i o n a l t o f i n d complete 

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

by F i s k and co-workers. 
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CHAPTER IX 

THE ENVIRONMENT OF DEPOSITION OF THE YOREDALE STRATA 

INTRODUCTION. 

The d e p o s i t i o n o f the B r i t i s h T^ower C a r b o n i f e r o u s s t r a t a * 

The d i s t r i b u t i o n o f t h e C a r b o n i f e r o u s r o c k s has 

been r e v i e w e d by T r o t t e r and H o l l i n g w o r t h (1928) and 

G-eorge (1958). A summary o f t h e s i g n i f i c a n t f e a t u r e s 

o f t h e palaeogeography o f C a r b o n i f e r o u s s e d i m e n t a t i o n 

i n the area o f Great B r i t a i n , t a k e n f r o m these w o r k e r s , 

i s g i v e n i n the succeeding p a r a g r a p h s . 

Two l a r g e l a n d masses e x i s t e d a t the b e g i n n i n g 

o f t h e C a r b o n i f e r o u s p e r i o d . To t h e n o r t h , t h e r e was 

a l a n d mass n o r t h o f I r e l a n d which i n c l u d e d , i n p a r t , 

the H i g h l a n d s o f S c o t l a n d . To t h e s o u t h , a n o t h e r l a n d 

mass e x i s t e d which i n c l u d e d t h e t i p o f t h e Southwest 

Peninsula,. Between these two l a n d masses was an area 

o f s h a l l o w t o m o d e r a t e l y deep seas w h i c h , i n e a r l i e r 

Lower C a r b o n i f e r o u s t i m e s , c o n t a i n e d more r i g i d areas 

or b l o c k s which remained above sea l e v e l . These were, 

however, submerged b y t h e t i m e o f t h e d e p o s i t i o n o f 

the M i d d l e Limestone Group o f t h e C a r b o n i f e r o u s b u t 

s t i l l e x e r t e d an i n f l u e n c e as more r i g i d b l o c k s i n t h e 
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a r e a of subsidence. 

Between the two l a r g e l a n d masses, s e v e r a l 

areas o f d e p o s i t i o n have "been i d e n t i f i e d as s e p a r a t e 

u n i t s . I n t h e n o r t h was s i t u a t e d the Northwest I r i s h -

M i d l a n d V a l l e y Trough and s o u t h o f t h i s was t h e I r i s h 

M i d l a n d P l a i n S h e l f and t h e E n g l i s h C e n t r a l P r o v i n c e . 

Between these two areas were t h e Longford-Down and 

the Southern Uplands M a s s i f s and t h e A l s t o n and A s k r i g g 

B l o c k s . Between t h e Southwestern and C e n t r a l P r o v i n c e s 

was a l a n d mass composed o f t h e L e i n s t e r M a s s i f , 

S t . George's Land and the Me r c i a n H i g h l a n d s . 

D u r i n g t h e d e p o s i t i o n o f the M i d d l e Limestone 

Group o f t h e Lower C a r b o n i f e r o u s t h e r e e x i s t e d i n 

n o r t h e r n B r i t a i n , f r o m t h e H i g h l a n d s o f S c o t l a n d t o 

th e S e t t l e a r e a , an area of s h a l l o w sea i n whic h t h e 

Yoredale f a c i e s was d e p o s i t e d . South o f t h i s was a 

deeper-water area o f the marine s h a l e f a c i e s w h i l s t 

t o t h e west, i n t h e Lake D i s t r i c t and i n I r e l a n d , t h e r e 

was an area o f marine l i m e s t o n e f a c i e s . T r o t t e r (1951) 

has d i s c u s s e d t h e r e l a t i o n s h i p s between these areas 

and has shown t h a t t h e marine l i m e s t o n e f a c i e s can 

be r e g a r d e d as s h a l l o w w a t e r s h e l f d e p o s i t s o f c l e a r 
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seas. The marine s h a l e f a c i e s i s d o m i n a n t l y a r g i l l a ­

ceous w i t h t h i n l i m e s t o n e "bands w h i c h c o n t a i n an 

abundance o f t h i n - s h e l l e d organisms such as pelecypods 

and g o n i a t i t e s . T h i s f a c i e s i s r e g a r d e d as t h e deeper 

more seaward e q u i v a l e n t o f t h e two s h a l l o w s h e l f f a c i e s . 

The Y o redale f a c i e s , as has been shown, i e composed 

of a s e r i e s o f a l t e r n a t i n g l i m e s t o n e s , s h a l e s and 

sandstones. These beds may i n c l u d e t h i n c o a l seams 

and u n d e r c l a y s . Thus, i n t h i s s h a l l o w s h e l f a r e a , 

t h e r e was an a l t e r a t i o n o f marine l i m e s t o n e s w i t h 

d e p o s i t s w h i c h sometimes c o n t a i n e d nonmarine, s u b a e r i a l 

underclays. and c o a l s . 

DEPOSITION OP THE YOREDALE STRATA 

Thus t h e s e t t i n g o f t h e d e p o s i t i o n a l area o f the 

Yoredale s t r a t a w i t h i t s marine t o nonmarine d e p o s i t s 

i s s i m i l a r t o t h e G u l f o f Mexico w i t h i t s Recent marine 

d e p o s i t s and t h e s u b a e r i a l d e p o s i t s o f the M i s s i s s i p p i 

D e l t a w h i c h have been d e s c r i b e d i n t h e p r e c e d i n g c h a p t e r . 

The w r i t e r f o l l o w s Moore (1959) i n supposing t h a t t h e 

s t r a t a o f t h e M i d d l e Limestone Group were d e p o s i t e d 

i n an environment s i m i l a r t o t h a t o f t h e M i s s i s s i p p i 
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D e l t a a r e a . 

N e v e r t h e l e s s , t h e r e a r e t h r e e v e r y s i g n i f i c a n t 

d i f f e r e n c e s "between the modern M i s s i s s i p p i sediments 

and those o f the Yoredale ' d e l t a . These can he 

enumerated t h u s : -

( i ) The d e p t h o f t h e marine environment i s 

g r e a t e r i n t h e M i s s i s s i p p i area t h a n seems t o have 

"been the case w i t h t h e Y o r e d a l e s . The l i m e s t o n e s 

of t h e Yoredale s u c c e s s i o n c o n t a i n t h i c k - s h e l l e d 

h r a c h i o p o d s and c o r a l s w h i c h are o f t e n b r o k e n o r 

" r o l l e d " . S i m i l a r modern faunas occur i n w a t e r 

which i s g e n e r a l l y l o s s t h a n 150 f e e t i n d e p t h . The 

l i m e s t o n e s o f the Y o r e d a l e s , w h i c h f o r m t h e bases 

o f t h e cy c l o t h e m s , were t h u s p r o b a b l y d e p o s i t e d 

i n l e s s t h a n 150 f e e t o f w a t e r . The m a t e r i a l 

d e p o s i t e d on top o f t h e l i m e s t o n e s was, t h e r e f o r e , 

p r o b a b l y d e p o s i t e d i n even s h a l l o w e r w a t e r . The 

depth o f w a t e r o f f t h e M i s s i s s i p p i D e l t a v a r i e s f r o m 

0 t o 21+0 f e e t and, i n t h e south, reaches over 600 f e e t . 

I t i s p o s s i b l e , t h e r e f o r e , t h a t t h e Yo r e d a l e 

d e l t a o r d e l t a s were d e p o s i t e d much more r a p i d l y , 

due t o the s h a l l o w n a t u r e o f t h e w a t e r and were 
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s u b j e c t t o r a p i d changes i n t h e l o c a l areas o f 

d e p o s i t i o n . 

( i i ) The s i z e o f t h e channels i n t h e M i s s i s s i p p i 

D e l t a are much l a r g e r t h a n any known i n the M i d d l e 

Limestone Group. Large channels a r e known i n t h e 

Upper Limestone Group and have been d i s c u s s e d by 

Dunham (191+8). I t seems p r o b a b l e t h a t i n t h e M i d d l e 

Limestone Group the t e r r i g e n o u s sediments were d e p o s i t e d 

f r o m a s e r i e s o f s m a l l , i m b r i c a t i n g s h o a l w a t e r d e l t a s . 
\ 

( i i i ) The q u a n t i t y o f l i m e s t o n e i n t h e Yo r e d a l e s 

i s much g r e a t e r t h a n i s t h e case i n t h e area o f d e l t a i c 

s e d i m e n t a t i o n i n t h e G u l f o f Mexico. 

The Yoredale s t r a t a , i n t h e area s t u d i e d , a r e 

much t h i n n e r t h a n i n the Northumberland Trough and 

areas t o the e a s t ( p r o v e d by b o r e h o l e s ) and s o u t h , 

due t o the more r i g i d n a t u r e o f t h e f a u l t b l o c k and 

r e s u l t a n t l e s s e r amount of r e g i o n a l subsidence i n t h i s 

a r e a . 

THE DEPOSITIONAL ENVIRONMENT OF THE MIDDLE LIMESTONE 
GROUP I N TEESDALB 

A l t h o u g h t h e n a t u r e o f t h e environment o f d e p o s i t i o n 

cannot be r e c o n s t r u c t e d i n m i n u t e d e t a i l , a c o n s i d e r a t i o n 
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o f t h e d i f f e r e n t subenvironments o f the G u l f o f Mexico 

and t h e M i s s i s s i p p i D e l t a , I n comparison w i t h t h e rocks 

s t u d i e d , h e l p s t o f o r m a b r o a d p i c t u r e o f the Y o r e d a l e 

t y p e of s e d i m e n t a t i o n . 

The comparison here i s w i t h t h e M i d d l e Limestone 

Group o f Upper Teesdale b u t the d e p o s i t s are s i m i l a r 

t o o t h e r s above and below and cover w i d e r a r e a s . 

The f o l l o w i n g d i s c u s s i o n i s d i v i d e d i n t o s e c t i o n s 

based on t h e major f a c i e s observed i n t h e M i s s i s s i p p i 

area b y S c r u t o n (1955), Shepard (1956) and Moore and 

S c r u t o n (1957). 

( i ) The marine f a c i e s . 

This f a c i e s i n c l u d e s a l l o f t h e marine d e p o s i t s 

w h i c h are c o n s i d e r e d t o i n c l u d e t h e l i m e s t o n e s , t h e 

Type 2 s h a l e s and, i n p a r t , some o f t h e Type 3 s h a l e s . 

These r o c k s were d e p o s i t e d i n s h a l l o w seas w h i c h 

were v e r y c l e a r d u r i n g most o f t h e l i m e s t o n e d e p o s i t i o n . 

The d e p t h o f t h e water can be i n f e r r e d f r o m t h e presence 

o f numerous t h i c k s h e l l e d b r a c h i o p o d s and r o l l e d c o r a l s 

o c c u r r i n g i n the l i m e s t o n e s . These marine organisms 

u s u a l l y l i v e i n s h a l l o w w a t e r . 
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The p u r i t y o f most o f t h e t h i c k e r l i m e s t o n e s 

suggests t h a t t h e seas were v e r y c l e a r and. t h a t •• 

t e r r i g e n o u s d e t r i t u s was s c a r c e . T h i s i s borne o u t 

by t h e presence o f t h e abundant fauna i n c l u d i n g , i n 

some bands, c o r a l s . 

Wave and c u r r e n t a c t i o n was p r o m i n e n t d u r i n g t h e 

d e p o s i t i o n o f these beds. T h i s i s r e f l e c t e d i n t h e 

presence o f b r o k e n b r a c h i o p o d s and c r i n o i d o s s i c l e s 

and t h e co m p a r a t i v e r a r i t y o f c a l c a r e o u s ooze i n most 

o f t h e l i m e s t o n e s . 

Not a l l t h e l i m e s t o n e s are pure and c l e a n and 

the d i f f e r e n t l i m e s t o n e t y p e s r e c o g n i s e d can be equated 

w i t h t h e approach o f t h e d e l t a t o t h e area o f marine 

l i m e s t o n e d e p o s i t i o n . 

The bases of t h e t h i c k e r l i m e s t o n e s and, i n p l a c e s , 

the whole o f t h e t h i n n e r l i m e s t o n e s may c o n t a i n abundant 

q u a r t z g r a i n s , as i n t h e Type 2 o r arenaceous l i m e s t o n e s . 

I n many cases, u n d e r l y i n g sandstones can be seen t o grade 

up t h r o u g h c a l c a r e o u s sandstones and arenaceous l i m e s t o n e s 

i n t o t h e Type 1 l i m e s t o n e s w h i c h c o n t a i n no q u a r t z . I n 

cases where t h e passage f r o m sandstone t o l i m e s t o n e i s 

n o t seen, l o c a l d e r i v a t i o n o f t h e sand g r a i n s by wave 
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and c u r r e n t a c t i o n f r o m banks o f sand on t h e sea f l o o r 

i s i n f e r r e d , , The w e l l s o r t e d n a t u r e o f t h e q u a r t z 

g r a i n s and t h e absence o f c l a y d e t r i t u s and micas 

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

sand. P r i m a r y l a n d d e r i v e d d e t r i t u s w ould p r o b a b l y 

c o n t a i n c o n s i d e r a b l e q u a n t i t i e s o f 'clay and mica and 

w ould n o t be BO it ell s o r t e d . 

The Type 1 l i m e s t o n e s , w h i c h are v e r y p u r e , are 

the r e s u l t o f l i m e s t o n e d e p o s i t i o n i n t h e almost 

complete absence of t e r r i g e n o u s d e t r i t u s . Accompanying 

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

i n t o t h e area o f d e p o s i t i o n was an i n c r e a s e i n t h e 

amount o f c l a y i n t e r r e d w i t h t h e c a r b o n a t e . T h i s 

r e s u l t e d i n t h e Types 3 and k dark l i m e s t o n e s . S t i l l 

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

i n t h e d e p o s i t i o n o f t h e s h a l y or Type 5 l i m e s t o n e s 

and t h e c a l c a r e o u s Type 2 s h a l e s . An i n c r e a s e , n o t 

o n l y i n t h e amount of t e r r i g e n o u s m a t e r i a l b u t a l s o 

i n t h e c a r r y i n g power o f t h e c u r r e n t s b r i n g i n g i n the 

d e t r i t u s , was r e s p o n s i b l e f o r the f o r m a t i o n o f t h e 

Type 6 l i m e s t o n e s w h i c h are b o t h s h a l y and arenaceous. 

U n l i k e t h e Type 2 arenaceous l i m e s t o n e s , these c o n t a i n 

p o o r l y s o r t e d q u a r t z g r a i n s and a l s o c o n t a i n mica. 
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The o c c u r r e n c e o f d o l o m i t e i n some o f t h e Type 1 

l i m e s t o n e s , o f t e n a s s o c i a t e d w i t h c h a l c e d o n i c s i l i c a 

i n f o s s i l s i s s i m i l a r t o oc c u r r e n c e s mentioned "by W e l l s 

(1955) i n c h e r t bands f o u n d i n C a r b o n i f e r o u s l i m e s t o n e s 

and these o c c u r r e n c e s can be c o n s i d e r e d as p o o r l y 

developed c h e r t bands. Both t h e chalcedony and t h e 

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

i n s h a l l o w marine w a t e r , t h e source o f t h e s i l i c a , and 

p o s s i b l y some magnesia, perhaps l y i n g i n t h e r i v e r s 

w h i c h b r o u g h t i n t h e t e r r i g e n o u s d e t r i t u s . R i v e r w a t e r s 

no t uncommonly c a r r y h i g h c o n c e n t r a t i o n s o f s i l i c a , 

( C l a r k e , 1921+). I t 1 appears t h a t t h e s i l i c a and magnesia 

were p o s s i b l y c a r r i e d i n t o t h e sea w a t e r and d e p o s i t e d 

w i t h t h e l i m e s t o n e due t o c h e m i c a l and p h y s i c a l 

c o n d i t i o n s i n t h e en v i r o n m e n t , w h i c h as y e t a r e n o t 

u n d e r s t o o d . 

R e c e n t l y , Walker (1960) has shown t h a t t h e r e may 

be a n o t h e r source f o r a u t h i g e n i c s i l i c a o c c u r r i n g i n 

r o c k s , whether i t be i n the f o r m o f overgrowths on 

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

c a r b o n a t e may r e p l a c e q u a r t z o r o t h e r c r y s t a l l i n e 

s i l i c a t e s such as g l a u c o n i t e . A t h i g h e r pH v a l u e s 

s i l i c a i s more s o l u b l e t h a n c a l c i u m carbonate and i t 

i s q u i t e p o s s i b l e t h a t t h e pH o f t h e marine environment 
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may v a r y q u i t e c o n s i d e r a b l y due t o l o c a l b a c t e r i a l 

a c t i o n as d i f f e r e n t b a c t e r i a l i v e by d i f f e r e n t p r o c e s s e s . 

Thus hydrogen s u l p h i d e i s commonly produced, p r e c i p i t a t i n g 

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

d i o x i d e may a l s o be produced t o y i e l d a low pH,or 

ammonia t o y i e l d a h i g h pH. Some o f t h e Teesdale 

sandstones show replacement o f sand g r a i n s by p y r i t e 

and c a l c i t e and i t i s p o s s i b l e t h a t t h e q u a r t z d i s s o l v e d 

f r o m these r o c k s has been d e p o s i t e d elsewhere as c h e r t 

bands. The a s s o c i a t i o n o f d o l o m i t e w i t h c h e r t suggests 

t h a t the c h e r t was d e p o s i t e d when t h e pH o f t h e sea 

w a t e r i n t h e area o f l i m e s t o n e d e p o s i t i o n reached a 

l e v e l w h i c h was h i g h e r t h a n u s u a l . 

A t h i r d p o s s i b l e source f o r t h e s i l i c a i s i n 

t h e g a n i s t e r s o c c u r r i n g under t h e c o a l s w h i c h show 

evidence o f c o n s i d e r a b l e s o l u t i o n and some r e d e p o s i t i o n 

of s i l i c a . T h i s has been emphasised by Goldschmidt 

(195U Ed.). 

Encroachment o f t h e d e l t a o n t o t h e area o f marine 

d e p o s i t i o n i s marked by t h e i n c o m i n g o f l a r g e amounts 

o f c l a y m a t e r i a l w h i c h g i v e r i s e t o t h e Type 2 and 

Type 3 s h a l e s . 
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The Type 2 s h a l e s which l i e i n and i m m e d i a t e l y above 

th e l i m e s t o n e s may c o n t a i n v e r y f i n e mica and s i l t p l u s 

v e r y f i n e sand s i z e q u a r t z . They are c h a r a c t e r i s e d by 

an absence o f m i x e d - l a y e r c l a y m i n e r a l s a l t h o u g h i t 

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

t h a t m i x e d - l a y e r c l a y m i n e r a l s were b e i n g b r o u g h t i n t o 

t h e area o f d e p o s i t i o n . The Type 2 s h a l e s were d e p o s i t e d 

i n a marine environment as e v i d e n c e d by t h e i r a s s o c i a t i o n 

w i t h marine l i m e s t o n e s and t h e i r f r e q u e n t c a l c i t e and 

f o s s i l c o n t e n t . I n t h i s a rea, t h e d e p o s i t i o n o f 

t e r r i g e n o u s mud was s u f f i c i e n t l y slow t o enable an 

abundant marine f a u n a t o e x i s t . The absence o f t h e 

m i x e d - l a y e r c l a y m i n e r a l s i n t h e Type 2 s h a l e s i s 

b e l i e v e d t o be due t o the slow r a t e o f d e p o s i t i o n o f 

the l a n d d e r i v e d d e t r i t u s w h i c h exposed t h e c l a y m i n e r a l s 

f o r l o n g p e r i o d s t o sea w a t e r . Under t h e s e c o n d i t i o n s , 

th e a b s o r p t i o n o f p o t a s s i u m and magnesium i o n s w o u l d 

l e a d t o t h e r e g e n e r a t i o n o f i l l i t e s and c h l o r i t e s f r o m 

th e m i x e d - l a y e r c l a y s . 

The Type 2 s h a l e s above t h e l i m e s t o n e s are o v e r l a i n 

by t h e Type 3 s h a l e s , w h i c h r e p r e s e n t f u r t h e r approach 

o f t h e d e l t a or d e l t a s . D e p o s i t i o n appears t o have been 

too r a p i d f o r t h e s u r v i v a l o f t h e marine organisms i n 
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most cases and t h e t o p s o f these shales a r e u n f o s s i l -

i f * e r o u s . P y r i t e nodules a r e common, t h e i r o r i g i n 

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

marine organisms (see Chapter X I ) . F u r t h e r i n d i c a t i o n 

o f the approach o f t h e d e l t a i s seen i n the i n c r e a s e d 

coarseness o f t h e micas and i n the i n c r e a s e d amounts 

of sand i n t h e shales when compared t o t h e Type 2 

s h a l e s . The marine s h a l e s grade upwards i n t o d e p o s i t s 

w h i c h are e q u i v a l e n t t o t h e m a r g i n a l f a c i e s o f t h e 

d e l t a . 

( i i ) The d e l t a m a r g i n a l f a c i e s . 

A c c o r d i n g t o Moore (1959), t h e s h a l e s l y i n g above 

t h e l i m e s t o n e s are e q u i v a l e n t t o t h e p r o d e l t a o f F i s k 

e t a l . ( l 9 5 U ) , t h e s i l t y s h a l e s are e q u i v a l e n t t o t h e 

d e l t a f r o n t and t h e f l a g g y and s h a l y sandstones are 

e q u i v a l e n t t o p a r t o f the i n t e r d i s t r i b u t a r y t r o u g h 

d e p o s i t s . The w r i t e r b e l i e v e s t h a t t h e s h a l l o w n a t u r e 

o f the w a t e r i n w h i c h the Yoredale r o c k s were d e p o s i t e d 

s h o u l d be t a k e n i n t o account when s t u d y i n g t h e beds 

i n r e l a t i o n t o the type o f s e d i m e n t a t i o n i n t h e 

M i s s i s s i p p i D e l t a . The normal sequence i n any area 

o f d e l t a i c s e d i m e n t a t i o n i s one o f o f f s h o r e " b o t t o m s e t " 

d e p o s i t s , f o l l o w e d by n e a r e r shore " f o r e s e t " -depos-its 
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or d e l t a s l o p e d e p o s i t s , f o l l o w e d f i n a l l y "by the 

" t o p s e t " o r d e l t a p l a t f o r m d e p o s i t s . The " b o t t o m s e t " 

d e p o s i t s are a p p a r e n t l y absent from Moore's d e l t a 

and t h e " f o r e s e t " o r d e l t a s l o p e d e p o s i t s a r e v e r y 

p o o r l y d e v e l o p e d . 

Here, some o f t h e m a r g i n a l d e p o s i t s w h i c h 

are o f s m a l l l a t e r a l e x t e n t w i l l "be c o n s i d e r e d w i t h 

the d e l t a d e p o s i t s . I n t h i s s e c t i o n , i t i s proposed 

to c o n s i d e r o n l y t h e reworked d e p o s i t s , t h e " b o t t o m s e t " 

d e p o s i t s and t h e p r o d e l t a s l o p e d e p o s i t s . 

( i i i ) The " b o t t o m s e t " beds o f t h e m a r g i n a l f a c i e s . 

I n t h e area o f t h e M i s s i s s i p p i D e l t a , t h e s e 

c o n s i s t o f c l a y s and s i l t y c l a y s w i t h sandy l e n s e s 

and m o t t l e s and w i t h a marine f a u n a . 

I n t he Yoredale beds, a s i m i l a r t y p e o f 

se d i m e n t a r y environment gave r i s e t o t h e Types 

2,3 and k s h a l e s and t h e Type 2 sandstones. These 

g e n e r a l l y occur i n t h i s o r d e r i n t h e c y c l o t h e m s . 

The sequence can be e x p l a i n e d as i n t h e n e x t few 

p a r a g r a p h s . 

The d e l t a , as i t g r a d u a l l y grew o u t over t h e 

area o f marine d e p o s i t i o n , b r o u g h t i n f i n e mud 
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v/hich s l o w l y overwhelmed t h e marine organisms. As 

the d e l t a grew s t i l l f u r t h e r f o r w a r d , c l a y was 

accompanied by s i l t and the Type 3 s h a l e s were t h u s 

d e p o s i t e d on the Type 2 s h a l e s . F u r t h e r approach 

of t h e d e l t a was marked b y t h e i n c o m i n g o f i n c r e a s i n g 

q u a n t i t i e s o f c o a r s e r d e t r i t u s and t h e Type 3 shales 

were succeeded by the Type k shales w h i c h are h i g h l y 

arenaceous, and t h e Type 2 sandstones, t h e s h a l y and 

f l a g g y sandstones. 

D u r i n g t h i s t r a n s g r e s s i o n , w i t h i t s i n c r e a s i n g 

amounts o f d e t r i t u s , t h e marine organisms were o v e r ­

whelmed so t h a t o n l y a few t r a c k s and p i t and mound 

s t r u c t u r e s are f o u n d i n t h e f l a g g y sandstones. The 

decay o f t h e b u r i e d organisms i s b e l i e v e d t o be 

r e s p o n s i b l e f o r t h e presence o f s u l p h i d e nodules i n 

the s h a l e s and p y r i t e i n t h e sandstones. 

The c l a y m i n e r a l o g y o f t h e s h a l e s a l s o changes. 

There i s a decrease i n number o f samples c o n t a i n i n g 

i l l i t e when p a s s i n g f r o m t h e Type 2 t o the Type U 

s h a l e s . T h i s accompanies an i n c r e a s e i n t h e coarseness 

and q u a r t z c o n t e n t w i t h decrease i n f o s s i l c o n t e n t . As 



shown above i n the s e c t i o n on the marine beds, -these 

e f f e c t s are t h e r e s u l t o f i n c r e a s e d r a t e s o f 

s e d i m e n t a t i o n . W i t h i n c r e a s e d r a t e s o f sedimen­

t a t i o n , t h e i n t e r a c t i o n between i o n s i n t h e sea 

w a t e r and t h e c l a y m i n e r a l s would be r e s t r i c t e d and 

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

c l a y s would be a b l e t o r e a c t t o f o r m i l l i t e s and 

c h l o r i t e s . T h i s would r e s u l t i n t h e o c c a s i o n a l 

presence o f o r i g i n a l m i x e d - l a y e r c l a y m i n e r a l s i n 

t h e Type k s h a l e s . 

On b u r i a l , o n l y t he e n t r a p p e d connate w a t e r 

would be a b l e t o r e a c t w i t h t h e c l a y m i n e r a l s . 

Assuming t h a t t h e c o m p o s i t i o n o f sea w a t e r has 

changed v e r y l i t t l e s i n c e C a r b o n i f e r o u s t i m e s , 

t h e r a t i o o f p o t a s s i u m t o magnesium wo u l d be about 

1:5. This excess o f magnesium wo u l d account f o r 

t h e i n c r e a s e i n t h e number o f samples c o n t a i n i n g 

c h l o r i t e when p a s s i n g f r o m t h e Type 2 t o t h e Type 

k more r a p i d l y b u r i e d s h a l e s . P r e f e r e n t i a l a d s o r p ­

t i o n o f p o t a s s i u m by the Type 2 s h a l e s d u r i n g t h e i r 

l o n g e r p e r i o d o f exposure t o seawater, i n a d d i t i o n 

t o t h e e f f e c t o f b u r i a l , i s b e l i e v e d t o be t h e 
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reason f o r t h e decrease i n t h e number o f samples 

c o n t a i n i n g i l l i t e when p a s s i n g f r o m t h e Type 2 t o 

the Type U s h a l e s . 

( i v ) The p r o d e l t a s l o p e d e p o s i t s o f t h e m a r g i n a l f a c i e s . 

As has been i n d i c a t e d e a r l i e r i n t h i s c h a p t e r , 

the w r i t e r b e l i e v e s t h a t t h e Yoredale d e l t a was a 

sho a l w a t e r d e l t a which was formed i n a v e r y s h a l l o w 

sea. The amount of m a t e r i a l d e p o s i t e d i n t h e area 

of t h e p r o d e l t a s l o p e w o u l d be s m a l l as t h e p r o d e l t a 

s l o p e i t s e l f w ould be s m a l l i n t h i s s h a l l o w w a t e r 

s e t t i n g . I n a d d i t i o n , many o f t h e d e p o s i t s l a i d 

down would be s u s c e p t i b l e t o vrave and c u r r e n t a c t i o n 

w i t h accompanying r e s o r t i n g . 

Some o f t h e Type 2 sandstones, t h e s h a l y and 

f l a g g y sandstones and t h e l e s s c l e a n , r i p p l e d and 

s t r a t i f i e d Type 1 sandstones were p r o b a b l y d e p o s i t e d 

i n t h i s p r o d e l t a s l o p e e n v i r o n m e n t . 

A c c o r d i n g t o Moore, these beds were d e p o s i t e d 

i n t h e d e l t a f r o n t and i n t e r d i s t r i b u t a r y t r o u g h 

e n v i r o n m e n t s . The d e l t a f r o n t d e p o s i t s are v e r y 



s i m i l a r t o t h e p r o d e l t a s l o p e d e p o s i t s and t h e y 

grade i n t o each o t h e r . Gome of these d e p o s i t s 

may he r e g a r d e d as d e l t a f r o n t d e p o s i t s and c o r r e s p o n d 

t o Moore's d e l t a f r o n t d e p o s i t s . 

The reworked d e p o s i t s o f t h e m a r g i n a l f a c i e s . 

These r e p r e s e n t areas where d e p o s i t i o n has 

ceased and where wave and c u r r e n t a c t i o n have been 

e f f e c t i v e and where winnowing and s o r t i n g o f t h e 

sediments has o c c u r r e d . The r e s u l t a n t d e p o s i t s are 

g e n e r a l l y w e l l s o r t e d and are r e p r e s e n t e d "by v e r y 

p u r e sandstones w i t h l i t t l e o r no mica. Most o f 

th e main sandstones i n t h e s u c c e s s i o n "belong t o 

t h i s type o f d e p o s i t i o n a l e n v i r o n m e n t . These are 

t h e Type 1 sandstones w h i c h a c c o r d i n g t o Moore were 

d e p o s i t e d i n t h e i n t e r d i s t r i b u t a r y t r o u g h s . I t i s 

here c o n s i d e r e d t h a t t hese r o c k s are t o o pu r e t o have 

"been d e p o s i t e d d i r e c t l y and t h e i r g e n e r a l l a c k o f 

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

p e r i o d o f r e s o r t i n g . 

These beds are l e n s o i d i n c h a r a c t e r and t h e 

l e n s e s a r e i n t e r l e a v e d . I t i s t h o u g h t t h a t as 

d e p o s i t i o n o f one sand body ceased, i t was s u b j e c t 
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to r e s o r t i n g processes w h i l s t sand was b e i n g d e p o s i t e d 

i n a d j a c e n t a r e a s . The c l a y m i n e r a l o g y o f o c c a s i o n a l 

s h a l e "bands o c c u r r i n g i n these sandstones suggests t h a t 

the r e s o r t i n g was e f f e c t e d i n a marine environment. 

These s h a l e s ^ t h e Type 6a, a r g i l l a c e o u s r o c k s , a r e 

s i m i l a r t o t h e Type 2 s h a l e s i n t h a t they c o n s i s t o f 

i l l i t e o r i l l i t e p l u s c h l o r i t e b u t w i t h no m i x e d - l a y e r 

c l a y s . They do, however, c o n t a i n v e r y coarse mica and 
v 

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

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

I n some p l a c e s t h e sandstones are c a l c a r e o u s ; t h e s e 

are some o f the Type k sandstones. These appear t o 

have had i n t e r s t i t i a l c a l c i t e p r e c i p i t a t e d from t h e 

environment o f d e p o s i t i o n . 

( v i ) The s u b a e r i a l d e l t a and t h e minor m a r g i n a l d e p o s i t s . 

A c c o r d i n g t o Moore (1959), the d e l t a d e p o s i t s a r e 

r e p r e s e n t e d by the f l a g g y sandstones, t h e massive sand­

s t o n e s , t h e seat e a r t h s , c o a l s , minor s h a l e s above the 

c o a l s and t h e minor rhythms. 

As has been p o i n t e d o u t , t he w r i t e r b e l i e v e s t h a t 

some o f these r o c k t y p e s were d e p o s i t e d i n environments 
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d i f f e r e n t f r o m those envisaged by Moore. A l t h o u g h 

t h e area o f d e p o s i t i o n of t h e Yoredales was l a r g e , 

t h e t e r r e s t r i a l d e t r i t u s was d e p o s i t e d i n a s e r i e s 

o f s m a l l i m b r i c a t i n g d e l t a s and s o r t i n g a c t i o n was 

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

f e a t u r e s o f the beds l a i d down i n s h a l l o w e r w a t e r . 

I n consequence, i t would r a r e l y be p o s s i b l e t o 

r e c o g n i s e c e r t a i n o f t h e d e p o s i t s d i s c o v e r e d by F i s k 

e t a l . (195U), i n t h e s u b a e r i a l d e l t a o f t h e 

M i s s i s s i p p i . However, some o f t h e r o c k t y p e s r e c o g ­

n i s e d i n t h e area s t u d i e d can be equated w i t h t h e 

d e p o s i t s i n t h e s u b a e r i a l d e l t a and a l s o w i t h t h e 

m a r g i n a l d e p o s i t s . 

The Type 5, p o o r l y s o r t e d arenaceous s h a l e s and 

t h e Type 3 sandstones wh i c h are p o o r l y s o r t e d and 

' d i r t y ' o r a r g i l l a c e o u s appear t o have been d e p o s i t e d 

i n f a i r l y q u i e t w a t e r w i t h l i t t l e r e s o r t i n g b u t do 

n o t have t h e f e a t u r e s o f t h e deeper water sediments 

such as f o s s i l s or evidence o f organisms i n s t r u c t u r e s . 

P y r i t e too i s r a r e . 

These sediments are t h o u g h t t o have been d e p o s i t e d 

i n n a t u r a l s h a l l o w w a t e r s e t t l i n g b a s i n s p r o b a b l y 
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d u r i n g t h e t i m e s o f f l o o d . Two environments o f 

d e p o s i t i o n w i t h i n t he framework o f the d e l t a o r t h e 

m a r g i n a l d e p o s i t s c o u l d f o r m s e t t l i n g has i n s . These 

are t h e i n t e r d i s t r i b u t a r y t r o u g h s o f t h e i m b r i c a t i n g 

d e l t a s or l a g o o n a l areas between the d e l t a s . Small 

l o c a l d i s t r i b u t a r i e s a re b e l i e v e d t o have b r o u g h t 

i n sandy m a t e r i a l w h i c h was d e p o s i t e d as l e n s e s i n 

t h e s h a l e s . 

The f a c t t h a t many o f t h e Type 5 shales c o n t a i n 

m i x e d - l a y e r c l a y s suggests t h a t these d e p o s i t s were 

not i n c o n t a c t w i t h sea w a t e r f o r s i g n i f i c a n t l y l o n g 

p e r i o d s o f t i m e . The Type 3 sandstones show l a t e r a l 

and v e r t i c a l passage i n t o u n d e r c l a y s t h u s i n d i c a t i n g 

t h e s h a l l o w water n a t u r e o f these d e p o s i t s . 

R a r e l y , marine i n u n d a t i o n s o f these areas were 

r e s p o n s i b l e f o r the d e p o s i t i o n o f t h i n limestone."bands 

and c a l c a r e o u s sandstones o r c a l c a r e o u s s h a l e s c o n t a i n ­

i n g a few f o s s i l s o r p y r i t e n o d u l e s . 

There i s no evidence i n t h e Teesdale area o f t h e 

oc c u r r e n c e o f l a r g e channels i n t h e M i d d l e Limestone 

Group and a r e v i e w o f t h e l i t e r a t u r e has shown t h a t 

t h e y have n o t been r e c o g n i s e d i n o t h e r areas a t t h i s 
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l e v e l ; b u t two t y p e s o f sandstone i n f i l l i n g s m a l l 

channels have been r e c o g n i s e d i n the beds s t u d i e d . 

I n E t t e r s g i l l , a s m a l l channel c u t s t h e s h a l e s 

i m m e d i a t e l y above t h e S i n g l e Post Limestone. T h i s 

sandstone, a Type 1 t o Type 3 sandstone, ( i t i s 

r a t h e r v a r i a b l e i n c h a r a c t e r ) , i s a l o c a l channel 

sandstone w h i c h c o n t a i n s n o t h i n g e x t r a n e o u s o t h e r 

than a few s m a l l c l a y g a l l s . T h i s i s p r o b a b l y t h e 

e q u i v a l e n t o f a s m a l l crevasse channel d e p o s i t . 

The bases o f t h e two beds o f t h e High B r i g 

Hazle i n Newbiggin Beck appear t o be p a r t s o f t r u e 

r i v e r c h a n n e l d e p o s i t s w h i c h were p r o b a b l y formed i n 

times o f f l o o d so t h a t t h e y c u t below t h e base l e v e l 

of t h e normal channel i n t o the shales b e n e a t h . Another 

f a c t o r w h i c h suggests t h a t these were formed i n times 

of f l o o d i s the presence o f coarse sand and p e b b l e 

s i z e q u a r t z g r a i n s t o g e t h e r w i t h c o a l f r a g m e n t s and 

shale and c l a y g a l l s . These a r e the Type 6 sandstones 

The u n d e r c l a y s , g a n i s t e r s and seat e a r t h s , and 

t h e c o a l s a s s o c i a t e d w i t h t hese minor d e p o s i t s a r e 

the r e s u l t of c o l o n i s a t i o n o f t h e s u b a e r i a l d e l t a and 

m a r g i n a l d e p o s i t s b y l a n d p l a n t s . The u n d e r c l a y s and 
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seat e a r t h s have formed i n the i n t e r d i s t r i b u t a r y areas 

w h i l s t t h e g a n i s t e r s have formed on t h e p u r e r r e s o r t e d 

sands which p r o b a b l y formed banks near or above sea 

l e v e l . The u n d e r c l a y s and c o a l s a r e p o o r l y developed 

and t h i n and were e i t h e r formed s l o w l y o r were i n 

e x i s t e n c e f o r s h o r t p e r i o d s of t i m e o n l y . 

I n p l a c e s , s h a l y c o a l s occur i n t h e s u c c e s s i o n , 

f o r example, the c o a l i n the s h a l e below t h e Three Yard 

Limestone i n Newbiggin Beck. These c o a l s have no 

u n d e r c l a y s o r seat e a r t h s and ?/ere p r o b a b l y d e p o s i t e d 

as a v e g e t a b l e d e t r i t u s w h i c h was washed i n t o t h e 

i n t e r d i s t r i b u t a r y t r o u g h s . 

The u n d e r c l a y s a r e now g e n e r a l l y r e c o g n i s e d as 

" f o s s i l " s o i l s . D r o s t e (1956) and H a r r i s o n and Murray 

(1958) have shown t h a t w e a t h e r i n g w i t h l e a c h i n g l e a d s 

t o t h e f o r m a t i o n o f m i x e d - l a y e r c l a y m i n e r a l s , w h i l s t 

t e l l e r (1958) has shown t h a t v e r y v i g o r o u s l e a c h i n g 

l e a d s t o t h e f o r m a t i o n o f k a n d i t e s . Only m i x e d - l a y e r 

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

were examined b u t these a r e t h i n and p o o r l y developed 

and t h e l e a c h i n g processes were p r o b a b l y o n l y moderate. 

The l a c k o f c h l o r i t e s i n t h e u n d e r c l a y s appears t o be 
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due t o the e f f e c t s o f C a r b o n i f e r o u s l e a c h i n g as 

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

r o c k t y p e s * A s i m i l a r e f f e c t was observed i n t h e 

w e a t h e r i n g o f g l a c i a l t i l l s b y Droste (1956) 

where c h l o r i t e was degraded t o m i x e d - l a y e r c l a y 

m i n e r a l s b e f o r e i l l i t e d u r i n g the l e a c h i n g 

p r o c e s s e s . 

The absence o f p r i m a r y k a n d i t e s f r o m t h e 

ro c k s s t u d i e d and a l s o t h e absence o f m o n t m o r i l l o n i t e 

appears t o be t h e r e s u l t o f t h e absence o f these 

m i n e r a l s f r o m t h e d e t r i t u s b e i n g b r o u g h t i n t o the 

area o f d e p o s i t i o n . 

THE POSITION OF THE TYPE 5 SANDSTONES I N RELATION 
TO THE OTHER ROCK TYPES 

The Type 5 sandstones are s i m i l a r i n mode o f 

occ u r r e n c e t o t h e Type 1 sandstones b u t are c o a r s e r , 

l e s s w e l l s o r t e d and c o n t a i n a p p r e c i a b l e amounts o f 

secondary k a o l i n i t e w h i c h i s d e r i v e d f r o m t h e w e a t h e r i n g 

of f e l d s p a r s . As d e p o s i t e d , these were c o a r s e r , 

f e l d s p a t h i c " s h e e t " sandstones. A l t h o u g h t h e y a r e n o t 

so w e l l s o r t e d t h e y were n e v e r t h e l e s s c l e a n sandstones 

and c o n t a i n v e r y l i t t l e mica and d e t r i t a l c l a y m a t t e r . 
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These sandstones o n l y occur i n h o r i z o n o f the 

Quarry Hazle and p o s s i b l y t h e T u f t sandstone i n t h e 

we s t e r n p a r t o f the area s t u d i e d . They appear t o 

have a s i m i l a r d e p o s i t i o n a l h i s t o r y t o t h e Type 1 

sandstones b u t t h e d e t r i t u s i s b e l i e v e d t o have been 

d e r i v e d f r o m a d i f f e r e n t source area t o the w e s t . 

VARIATIONS I N THE FLUORINE CONTENT OF THE SHALES 
IN_R^LATION TO THE ENVIRONMENT 

The v a r i a t i o n s i n t h e f l u o r i n e c o n t e n t o f t h e 

a r g i l l a c e o u s r o c k s can be p o s s i b l y e x p l a i n e d by 

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

f l u o r i n e i n t h e sea w a t e r . Thus f r o m Type 2 t o Type 

k t h e r e i s a decrease i n t h e c a l c i t e and marine f o s s i l 

c o n t e n t accompanied by i n c r e a s e i n t h e coarse mica 

and q u a r t z c o n t e n t . The Type 2 s h a l e s are b e l i e v e d 

t o have been s u b j e c t t o l o n g p e r i o d s o f c o n t a c t w i t h 

t h e sea w a t e r and t h i s has enabled g r e a t e r q u a n t i t i e s 

o f f l u o r i n e t o be exchanged. T h i s accords w e l l w i t h 

t h e f l u o r i n e a n a l y s e s where t h e Types 2 and 6a 

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

f l u c r i n e t h a n t h e Type k a r g i l l a c e o u s r o c k s . The 

Type 3 s h a l e s w h i c h l i e between the Type 2 and Type U 

c o n t a i n i n t e r m e d i a t e amounts o f f l u o r i n e . 
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The Type 5 a r g i l l a c e o u s r o c k s do n o t appear t o 

f o l l o w these t r e n d s . However, these r o c k s are 

s u b j e c t t o c o n s i d e r a b l e v a r i a t i o n and c o n s i d e r i n g 

t h e i r p o s i t i o n i n t h e cyclothems and t h e i r e n v i r o n m e n t s 

o f d e p o s i t i o n t h e y may have been s u b j e c t to v a r y i n g 

degrees o f exposure t o marine w a t e r s . Thus o f t h e 

two a n a l y s e d , one c o n t a i n e d p y r i t e nodules and t h e 

o t h e r c o n t a i n e d c a l c i t e . 

The Type 1 a r g i l l a c e o u s r o c k s , t h e u n d e r c l a y s , 

o c c u r r i n g under t h e l i m e s t o n e s may have been s u b j e c t 

t o c o n s i d e r a b l e p e r i o d s o f exposure t o sea w a t e r 

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

t h i s i s r e f l e c t e d i n t h e i r h i g h f l u o r i n e c o n t e n t s . 

The v a r i a t i o n s d e s c r i b e d and t h e i r p r o b a b l e 

causes are n o t c o n c l u s i v e . There i s i n s u f f i c i e n t 

d i f f e r e n c e between the f l u o r i n e c o n t e n t s o f t h e 

d i f f e r e n t t y p e s compared t o t h e v a r i a t i o n i n d i f f e r e n t 

samples o f t h e same t y p e . The analyses c a n n o t , 

t h e r e f o r e , be re g a r d e d os a means t o d e t e r m i n i n g 

whether o r n o t a shale was d e p o s i t e d i n a b r a c k i s h 

water o r marine e n v i r o n m e n t . 
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THE SIGNIFICANCE OF LOCAL LATERAL VARIATIONS I N 
THE CYCLOTHEMS 

The e x i s t e n c e o f many l o c a l l a t e r a l v a r i a t i o n s 

o f t h e d e p o s i t s s t u d i e d has been d e s c r i b e d by a 

s e r i e s o f examples i n the f i r s t c h a p t e r o f t h i s work. 

The major l i m e s t o n e s , a l t h o u g h v a r i a b l e i n t h e 

v e r t i c a l s u c c e s s i o n , are f a i r l y c o n s t a n t i n t h i c k n e s s 

and c h a r a c t e r . The m i n o r l i m e s t o n e s are much more 

v a r i a b l e and the I r o n Post Limestone i s absent i n 

many s e c t i o n s . The o c c u r r e n c e o f l i m e s t o n e beds 

above the Three Yard Limestone and t h e e x i s t e n c e o f 

t h i n bands o f l i m e s t o n e above t h e Tyne Bottom Limestone 

i n t h e A l t e r n a t i n g Beds i n t h e e a s t o f t h e a r e a 

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

b e i n g d e p o s i t e d i n t h e s o u t h e a s t . 

The l o c a l v a r i a t i o n s i n the n o n c a l c a r e o u s beds 

are here c o n s i d e r e d as i m p o r t a n t c h a r a c t e r s o f t h e 

d e l t a i c f a c i e s . 

As S c r u t o n (1955) has shown, t h e v a r i o u s f a c i e s 

of t h e s u b a e r i a l d e l t a and the m a r g i n a l areas o f t h e 

M i s s i s s i p p i have a l a r g e l a t e r a l e x t e n t . The main 
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sandstones i n t h e area s t u d i e d are v e r y v a r i a b l e 

l a t e r a l l y as can be seen f r o m t h e examples g i v e n 

i n Chapter I and f r o m the s t r a t i g r a p h i c a l s e c t i o n s 

( F i g u r e s 1.1,2 and 3 ) . These sandstones a r e seen 

t o be i n t e r l e a v e d beds and a r e n o t c o n t i n u o u s sheet 

sandstones. The u n d e r l y i n g and o v e r l y i n g s h a l e s and 

sandstones a s s o c i a t e d w i t h them are a l s o v e r y v a r i a b l e . 

I n t he h i g h e r c y c l o t h e m s , t h e main sandstones are 

absent i n some s e c t i o n s , 

W h i l s t t h e g e n e r a l s t r u c t u r e o f t h e c y c l o t h e m ; 

l i m e s t o n e , s h a l e , sandstone, s e a t e a r t h or u n d e r c l a y 

and c o a l , i n d i c a t e s t h a t t h e f o r m o f d e p o s i t i o n was 

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

marine d e p o s i t i o n f o l l o w e d by d e l t a i c d e p o s i t i o n , 

the l a t e r a l v a r i a t i o n s g i v e a more d e f i n i t e p i c t u r e 

of t he t y p e o f d e l t a i c d e p o s i t i o n . T h i s has been 

i l l u s t r a t e d i n t h e p r e c e d i n g pages. The numerous 

and r a p i d l a t e r a l v a r i a t i o n s are i n d i c a t i v e o f t h e 

e x i s t e n c e o f numerous s h o a l w a t e r d e l t a s d u r i n g t h e 

d e p o s i t i 0 2 i o f these beds. 

I n b r o a d o u t l i n e s , the s e d i m e n t a r y environment 

of t h e M i d d l e Limestone Group can be e q u a t e d w i t h 

- c c x x i -



a s h a l l o w sea area i n w h i c h a s e r i e s o f s m a l l , 

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

and f i l l e d the area o f d e p o s i t i o n . A t t i m e s , p a r t s 

o f t h e area were b u i l t up t o sea l e v e l o r near sea 

l e v e l and were c o l o n i s e d by l a n d p l a n t s . At o t h e r 

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

l o c a l r e s o r t i n g o f the sediments and o c c a s i o n a l l y 

l o c a l d e p o s i t i o n o f marine l i m e s t o n e s and s h a l e s . 

Very o c c a s i o n a l l y b r a c k i s h water lagoons were formed 

w i t h t h e d e p o s i t i o n o f i r o n s t o n e s i n t h e upper p a r t 

o f t h e s u c c e s s i o n . 

THE SOURCE OF THE SEDIMENTS 

I n t h e s m a l l area i n v e s t i g a t e d , r e l i a b l e d a ta 

on t h e source o f t h e sediments was n o t f o r t h c o m i n g . 

C u r r e n t b e d d i n g and r i p p l e marks a r e o n l y t he r e s u l t 

o f l o c a l c u r r e n t and wave movements which may be a r 

no r e l a t i o n t o t h e r e g i o n a l movement o f sediment. 

However, t h e d i r e c t i o n s observed i n t h e Teesdale area 

are i n f a i r l y c l o s e agreement w i t h t hose observed i n . 

o t h e r areas. 

F a l s e b e d d i n g d i r e c t i o n s i n t h e sandstones 

i n d i c a t e t h a t t h e p r o m i n e n t c u r r e n t d i r e c t i o n s were 
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r o u g h l y s o u t h , v a r y i n g "between s o u t h e a s t and s o u t h w e s t . 

The c o a r s e r f e l d s p a t h i c sandstones are o n l y f o u n d 

i n t h e w e s t e r n p a r t o f t h e area. These are b e l i e v e d 

t o have been d e r i v e d f r o m t h e n o r t h w e s t whereas t h e 

m a j o r i t y o f t h e sediment i s b e l i e v e d t o have come f r o m 

the n o r t h and p o s s i b l y the n o r t h e a s t . 

CYCLOTHEMIC SEDIMENTATION: THE MECHANISM. 

I t i s n o t proposed, h e r e , t o d i s c u s s t h e t h e o r i e s 

o f c y c l o t h e m i c s e d i m e n t a t i o n . Many t h e o r i e s have been 

advanced t o account f o r t h e C a r b o n i f e r o u s c y c l i c 

s e d i m e n t a t i o n v i z . Hudson (1922|), W e l l e r (1930,1956, 

1958), Wanless and Shepard (1936), Robertson (19U8, 

1952), W e l l e r , Wheeler and Murray (1958), Van der Heide 

(1950), Moore (1959) and W e l l s (1960). A l l o f these 

t h e o r i e s a c c e n t u a t e one aspect o r a n o t h e r o f c y c l o t h e m i c 

s e d i m e n t a t i o n and t o f i t t h e Y o r e d a l e s e d i m e n t a t i o n 

t o any one t h e o r y would r e q u i r e much more i n f o r m a t i o n 

t h a n i s a v a i l a b l e i n the s m a l l area s t u d i e d . 

However, two f e a t u r e s o f the Yoredale sediments 

s t a n d o u t and must f i t i n t o any proposed t h e o r y o f 

c y c l o t h e m i c s e d i m e n t a t i o n a p p l i e d t o these beds. These 
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a r e t h e e x t e n t o f the major l i m e s t o n e s and a p p a r e n t 

sudden c e s s a t i o n o f t e r r e s t r i a l d e t r i t u s d u r i n g 

l i m e s t o n e d e p o s i t i o n . 

The sudden c e s s a t i o n o f the d e t r i t u s can be 

caused by t h e l a c k o f r i v e r s b r i n g i n g m a t e r i a l t o 

t h e area w h i c h c o u l d be due t o major d i v e r s i o n s o f 

t h e r i v e r o r r i v e r s (as suggested by Moore (1958)) 

o r due t o sudden r e c e s s i o n o f t h e c o a s t l i n e . The 

f o r m e r cause i s u n l i k e l y t o e f f e c t such a complete 

c e s s a t i o n o f d e t r i t u s and i s u n l i k e l y t o occur w i t h 

such f r e q u e n c y as would be r e q u i r e d t o account f o r 

t h e Y oredale c y c l o t h e m s . The l a t t e r cause c o u l d 

be e f f e c t e d by a sudden r i s e i n sea l e v e l o r a sudden 

s i n k i n g o f t h e a r e a . I f e i t h e r o f these two causes 

i s a c t i v e t h e r e s h o u l d be some r e f l e c t i o n o f t h e 

changes o u t s i d e t h e area o f Y o r e d a l e d e p o s i t i o n . 

A s h a l l o w s h e l f sea area o c c u r s t o t h e west o f 

t h e r e g i o n o f Y o r e d a l e d e p o s i t i o n . Here, i n t h e 

W o r k i n g t o n d i s t r i c t , t h e sediments were d e p o s i t e d 

beyond t h e sphere o f d e l t a i n f l u e n c e and t h e r e i s 

l i t t l e t e r r i g e n o u s c l a s t i c m a t e r i a l i n the s u c c e s s i o n 

which i s composed c h i e f l y o f l i m e s t o n e s . S e v e r a l 
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limestones occur, most of which can be equated with 

the limestones i n the Lower and Middle Limestone Group 

of the Pennines, 

E r o s i o n s u r f a c e s are common i n the Cumberland 

s u c c e s s i o n and i t appears that the limestones were 

deposited i n very shallow water which, a t i n t e r v a l s , 

became even sha l l o w e r or receded completely. The 

shallow nature of the water which was r e s p o n s i b l e 

f o r the e r o s i o n a l f e a t u r e s a t the tops of some of the 

limestones v/as, a t i n t e r v a l s , suddenly succeeded by 

deeper water i n which the succeeding limestone was 

deposited. 

I t appears, from an examination of the Yoredale 

and west Cumberland d e p o s i t s , t h a t the s h e l f sea area 

i n which the deposits were l a i d down was s u b j e c t to 

sudden submergence, marked by the d e p o s i t i o n of a 

major limestone. 

The minor limestones, such as the Cockle S h e l l 

and the I r o n Post Limestone do not have such continuous 

l a t e r a l development and even over a s m a l l area such as 

Teesdale may be l a t e r a l l y i m p e r s i s t e n t . However, these 

limestones are obviously not of the same o r i g i n as the 

minor limestone bands i n the minor rhythms. Tha I r o n 
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Post Limestone appears t o be a p o o r l y d e v e l o p e d 

major l i m e s t o n e and i s succeeded b y beds w h i c h 

i n d i c a t e t h a t t h e l i m e s t o n e may be r e g a r d e d as t h e 

base o f a s e p a r a t e c y c l o t h e m . Dunham (19U8) 

r e g a r d e d t h i s l i m e s t o n e as f o r m i n g t he base o f t h e 

I r o n Post c y c l o t h e m . 

The Cockle S h e l l and S i n g l e Post Limestones 

form s e p a r a t e l i m e s t o n e s i n t h e Teesdale area b u t 

i n t h e Wensleydale area t h e y a r e known t o j o i n and 

i n t h e s o u t h f o r m t he b a s a l , p o s t s of t h e M i d d l e 

Limestone (Moore,1958), w h i c h i s e q u i v a l e n t t o 

the Scar Limestone. The no n c a l c a r e o u s beds between 

the S i n g l e Post and the Scar Limestones may be 

re g a r d e d as encroachments o f s h o a l w a t e r d e l t a s i n 

the area o f l i m e s t o n e d e p o s i t i o n . The t h r e e l i m e s t o n e s 

occur i n one cyclothem i n t h e s o u t h b u t i n t h e n o r t h 

the minor l i m e s t o n e s f o r m t h e bases o f minor cyclothems 

below t h e major Scar c y c l o t h e m . 

Moore (1958) argued t h a t t h e u p l i f t w h i c h 

o c c u r r e d a l o n g the Mid-Craven F & u l t had no e f f e c t 

on the Wensleydale area and t h a t t h e r e was no evidence 

o f d i a s t r o p h i c c o n t r o l o f t h e c y c l o t h e m i c s e d i m e n t a t i o n . 
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There appears, however, to he no explanation of 
the erosion surfaces i n the Cumberland succession, 
other than d i a s t r o p h i c c o n t r o l . 

The f o l l o w i n g sequence of events i s suggested 
f o r the d e p o s i t i o n of the Yoredale cyclothems: 

1. Sudden inundation of the area of sediment­
a t i o n , e i t h e r by r i s e i n the sea l e v e l or 
"by submergence of the s h e l f , f o l l o w e d by 
limestone d e p o s i t i o n . 

2 . Growth of the d e l t a s over the area of 
limestone d e p o s i t i o n and gradual over­
whelming of the marine organisms. 

3. B u i l d i n g up of the area of d e l t a i c 
sedimentation t o sea l e v e l or near sea l e v e l , 
and r e s o r t i n g of some of the upper sediments. 

I4. Weathering of some of the upper surfaces of 
the sediment, subsequent c o l o n i s a t i o n by 
land p l a n t s and f o r m a t i o n of swamps or marshes 
over p a r t s of the area. 

This sequence of events has been repeated many 
times, the sediments deposited r e p r e s e n t i n g several 
complete cycles of d e p o s i t i o n . 
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CHAPTER X 

IGNEOUS ROCKS AND METAMORPHISM BY THE WHIN SILL 

a. INTRODUCTION 

Many of the shales s t u d i e d i n Teesdale have 
s u f f e r e d some degree of metamorphism d u r i n g the 
i n t r u s i o n of the Whin S i l l and, i n a very few cases, 
p o s s i b l y during the i n t r u s i o n of the Cleveland Dyke. 
These two igneous rocks and t h e i r e f f e c t s on the 
country rocks are considered i n t h i s chapter and 
the next. 

b • THE CLEVELAND DYKE 

This dyke, of T e r t i a r y age, i s exposed i n 
E t t e r s g i l l , about h a l f a mile northwest of D i r t 
P i t Farm, where i t i s about t h i r t y f e e t wide and 
cuts the Whin S i l l . Here, the margins of the dyke 
are amygdaloidal„ The dyke i s again seen t o the 
east i n Smithy Sike, where i t i s associated w i t h 
a f a u l t c u t t i n g sandstone. I n both of these exposures, 
i t trends only a few degrees south of east. 

The dyke i s also exposed at Mirk Holm, Bow Lee 
Beak, where i t i s b i f i d and occurs along the l i n e of 
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a northwest-southeast t r e n d i n g f a u l t which downthrows 
to the southwest about 20 f e e t . The two arms of the 
dyke are separated by a r a f t of sediments 5 to 10 f e e t 
wide. The nort h e r n member of the dyke i s about 6 f e e t 
t h i c k , w h i l s t the southern member i s only about 3 f e e t 
t h i c k . 

The dyke i s also recorded as o c c u r r i n g i n the 
Red Grooves Level and i n Coldberry Gutter. 

East of Middleton, the dyke crops out i n a small 
sike below the farm of West S t o t l e y and on the n o r t h 
bank of the Tees a t and near Intake Sike. 

PETROGRAPHY OF THE CLEVELAND DYKE 

The Cleveland Dyke was described by T e a l l i n 
I88I4. and again by Holmes and Harwood (1929) who 
classed i t as a p o r p h y r i t i c t h o l e i i t e . 

I n E t t e r s g i l l the dyke i s badly a l t e r e d and 
contains l a r g e amounts of c a l c i t e and c h l o r i t e . The 
rock also contains amygdales of p e n n i n i t e c h l o r i t e 
( R . I . alpha 1 .578 , gamma 1 . 5 8 0 ) . The l a r g e r amygdales 
of 0 .75 IBID and over co n t a i n centres of q u a r t z . 
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The dyke i s u n a l t e r e d near Intake Sike where the 
rock i s very f r e s h and contains p l a g i o c l a s e and pyroxene 
phenocrysts i n a f i n e - g r a i n e d groundmass. The p l a g i o c l a s e 
consists of zoned c r y s t a l s about 2 . 0 "by 0 .8 mm w i t h 
c e n t r a l l a b r a d o r i t e and outer m a t e r i a l approaching 
o l i g o c l a s e i n composition. 

The pyroxene phenocrysts are of two types. One 
i s a pale green to pink-brown o p t i c a l l y p o s i t i v e 
clinopyroxene w i t h a 2V of almost 0 ° , which has rims 
of c o l o u r l e s s pyroxene. A s i m i l a r l y coloured o r t h o -
pyroxene also occurs i n the rock but i n l e s s e r amounts. 

The groundmass consists of small p l a g i o c l a s e 
l a t h s and pyroxene w i t h euhedral to anhedral grains 
of i r o n oxide minerals. I n some of the f e l d s p a r s 
cracks occur which have been i n f i l l e d w i t h z e o l i t e 
minerals. The m a t r i x of the groundmass i s a glassy 
mesostasis which has p a r t i a l l y d e v i t r i f i e d . 

Rounded, corroded areas of very f i n e - g r a i n e d 
dyke rock ^.ccur i n the groundmass. 

THE WHIN SILL 

This i s a quartz d o l e r i t e i n t r u s i o n b e l i e v e d to 
be of Upper Carboniferous r prns-Permian age. Only -where 
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the s i l l cuts the s t r a t a d ealt w i t h i n the work on 
the sedimentary rocks has i t been mapped i n d e t a i l . 

East of the B u r t r e e f o r d Disturbance area, the 
Whin S i l l i s i n t r u d e d i n t o s t r a t a between the Tyne 
Bottom and the Cookie Shell Limestones. Exposures 
of the Whin S i l l are p l e n t i f u l between Langdon Beck 
and Middleton, due to the thickness (220 f e e t was 
recorded i n the E t t e r s g i l l Borehole, Dunham, 19U8), 
and i t s r e s i s t a n c e t o weathering. F a u l t i n g and 
Pleistocene and Recent erosion have bot h aided i n 
the p r o d u c t i o n of good exposures. 

The s i l l decreases i n thickness from west to 
east and southeast, being only M\. f e e t t h i c k i n the 
Lunedale Quarries where i t s metamorphic e f f e c t s are 
n e g l i g i b l e . 

I n places, the s i l l contains r a f t s of Yoredale 
sediments as at High Force, where the f o l l o w i n g 
succession i s seen: 

Whin S i l l 
1 ' q u a r t z i t e to 2 1 porcellanous shale. 
6' Whin S i l l . 

10' shale. 
Tyne Bottom Limestone. 
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Downstream of Wynch Bridge, a gorge occurs i n 
the Whin S i l l along the l i n e of an eroded r a f t of 
sediments, of which p a r t i s seen at Staple Crag, 
where at l e a s t 8 f e e t of porcellanous shale w i t h 
t h i n s a n d s t o n e b a n d s occurs. The sediments dip 
about 30° t o the northeast. 

I n several places at the r o o f , the Whin S i l l 
gives o f f leaves of f i n e t o very f i n e - g r a i n e d quartz 
d o l e r i t e , which are up to a f o o t i n thickness. 
Examples of these minor leaves are seen i n E t t e r s g i l l , 
near Outberry Bat, and i n several stream sections 
above Holwick. 

Above Holwick a t r a n s g r e s s i o n of the Whin S i l l 
also occurs. This i s marked by the disappearance o f 
the Single Post Limestone t o the southeast. 

I n Rowton Beck, the f o l l o w i n g succession i s 
seen: 

2 ' 2 " to U' Saccharoidal Single Post Limestone. 
c„8' Porcellanous shale w i t h t h i n sandstone 

bands. 
1 ' P y r i t o u s Whin. 

c.3' Porcellanous shale. 
Whin S i l l . 
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To the southeast i n W i l l y B r i g Sike, the t h i n 
l e a f of Whin i s t h i c k e r and o v e r l i e s the Single Post 
Limestone, Here, the succession i s : 

Quart z i t e 
7* Pine-grained Whin. 
Saccharoidal Limestone 
Small gap. 
Whin S i l l . 

South and east of t h i s l a s t exposure, no Single 
Post Limestone i s seen above the Whin S i l l and at an 
exposure about h a l f a mile west of the Middleton 
Quarries, the Cockle Shell Limestone tends to be 
saccharoidal, and i s u n d e r l a i n by p o r c e l l a n i t e s 
i n d i c a t i n g the p r o x i m i t y of the Whin S i l l . 

I n the Lunedale Quarries the f o l l o w i n g succession 
i s seen: 

c.8' Dark shaly limestone. 
W Pale mica shale. 

12-1U' Whin S i l l 
Shales w i t h limestone bands. 

Here, the upper 8 f e e t of limestone i s b e l i e v e d , 
on other evidence (see Chapter I ) , t o be the Cockle 
Shell Limestone and the t r a n s g r e s s i o n i s , t h e r e f o r e , 
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complete and the- Single Post Limestone here l i e s 
below the Whin S i l l . 

PETROGRAPHY OP THE WHIN SILL 

The s a l i e n t f e a t u r e s of the petrography have been 
described by Dunham (191+8). Pour main types of 
una l t e r e d quartz d o l e r i t e have been recognised. These 
are the t a c h y l i t i c marginal f a c i e s , the f i n e - g r a i n e d 
d o l e r i t e of the t h i n n e r p a r t s of the s i l l and the 
outer p a r t s of the t h i c k e r areas of the s i l l , medium-
grained d o l e r i t e of the t h i c k e r s i l l and the p e g m a t i t i c 
v a r i e t i e s , such as are found a t High Force Quarry. 

The marginal f a c i e s and the t h i n leaves of the 
Whin S i l l c o n t a i n small phenocrysts of p l a g i o c l a s e 
and aggregates of pyroxene set i n a very f i n e - g r a i n e d 
groundmass of p l a g i o c l a s e , pyroxene and magnetite. 
There are also l a r g e amounts of s k e l e t a l i l m e n i t e i n 
the leaves of Whin. 

The aggregates of pyroxene have a p o i k i l i t i c 
t e x t u r e c o n t a i n i n g small c r y s t a l s of f e l d s p a r . These 
are pale grey-brown clinopyroxenes and are not s e n s i b l y 
p l e o c h r o i c . The pyroxenes of the groundmoss are pale 
green to brown, s l i g h t l y p l e o c h r o i c , clinopyroxenes. 
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A l i t t l e brown hornblende ? has developed a t the expense 
of some of the pyroxenes i n the groundmass. 

The l a r g e r c r y s t a l s of p l a g i o c l a s e , o c c u r r i n g as 
phenocrysts, are d i s t i n c t l y zoned and show evidence of 
r e a c t i o n w i t h inner zones of l a b r a d o r i t e and a l t e r n a t i n g 
outer zones of more c a l c i c and sodic l a b r a d o r i t e . The 
c r y s t a l s of p l a g i o c l a s e o c c u r r i n g i n the groundmass are 
of l a b r a d o r i t e of a r a t h e r more c a l c i c v a r i e t y than the 
phenocrysts,. 

The f i n e and medium-grained v a r i e t i e s of the Whin 
S i l l are more t y p i c a l d o l e r i t e s which c o n s i s t of three 
d i f f e r e n t pyroxenes w i t h p l a g i o c l a s e , opaque minerals, 
quartz, orthoclase and i n t e r s t i t i a l micropegmatite. 
The p l a g i o c l a s e corresponds approximately t o l a b r a d o r i t e 
i n composition and shows some zoning. The pyroxenes 
present include grey t o pale brown p l e o c h r o i c c l i n o -
pyroxene, an almost c o l o u r l e s s clinopyroxene and, i n 
some samples, a pale green p l e o c h r o i c orthopyroxene. 
The opaque minerals are mostly s k e l e t a l and massive 
i l m e n i t e w i t h a l i t t l e p y r i t e i n some samples. 

A l t e r a t i o n products include c a l c i t e , c h l o r i t e , 
green and brown hornblendes, mica minerals ( i n c l u d i n g 
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f i n e s e r i c i t e and a l i t t l e b i o t i t e ) and some l i m o n i t e . 

The l a t e stage products of the s i l l , the 
pegmatites and the z e o l i t e minerals, are not described 
here as they have been p r e v i o u s l y described i n d e t a i l 
by Smythe (1921+) and Dunham (19^8). 

THE METAMORPHIC EFFECTS OF THE WHIN SILL 

The metamorphic e f f e c t s of the Whin S i l l i n t h i s 
area have been p r e v i o u s l y s t u d i e d by Hutchings (1895 
and 1898), Wager (1928) and Dunham (19U8). The e f f e c t s 
of the metamorphism can be s t u d i e d i n r e l a t i o n t o the 
three main rock types; the limestones, sandstones and 
shales. 

( i ) The Limestones. 

F a i r l y pure limestones, such as the Single 
Post Limestone, are marmorised w i t h o u t the 
for m a t i o n of new minerals, the o r i g i n a l rock 
being p r a c t i c a l l y monomineralic. Examples of 
the saccharoidal Single post Limestone are seen 
i n E t t e r s g i l l and along the banks of the Tees. 

The more shaly limestones, such as the 
Tyne Bottom Limestone a t the High Force, show 
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development of c a l c s i l i c a t e minerals such as 
the garnet, g r o s s u l a r i t e . S i m i l a r e f f e c t s were 
recorded by Dunham (191+8). These e f f e c t s are 
seen i n the beds s t u d i e d as f a r as the base of 
the Cockle Shell Limestone on Holwick P e l l . 
Here,, a metamorphosed h i g h l y f o s s i l i f e r o u s band 
(probably o r i g i n a l l y a shaly limestone) occurs 
below the Scar Limestone. Examination i n t h i n 
s e c t i o n shows a f i n e - g r a i n e d mass of m a t e r i a l 
which was o p t i c a l l y u n i d e n t i f i a b l e . X-ray 
ana l y s i s (Table 10.1, and Figure 10.1) reveals 
t h i s to be composed of c h l o r i t e and c a l c i c 
p l a g i o c l a s e . 

( i i ) ThS_J^an(3-s tones . 

These show no apparent e f f e c t i n the beds 
studied except f o r the sandstones very close t o 
the Whin S i l l which are in d u r a t e d and show 
considerable resistance t o weathering and may 
contain f r e s h f e l d s p a r . Fresh f e l d s p a r i s rare 
i n the Teesdale sandstones due to weathering and 
the a c t i o n of groundwaters. 
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( i i i ) The Shale 

The sulphide nodules o c c u r r i n g i n the 
shales are considered separately, together 
w i t h the sulphides o c c u r r i n g i n the unmeta-
morphosed rocks i n the f o l l o w i n g chapter. 
Only the e f f e c t s of metamorphism on the clay 
and other d e t r i t a l minerals are considered here. 

As has been shown, there are several 
types of shale recognisable i n t h i s area. A l l 
of these types show s p o t t i n g e f f e c t s (Figures 
10.2 and 3) on metamorphism of not too intense 
a nature. This e f f e c t i s found i n the Bow Lee 
area t o extend to shales o c c u r r i n g above the 
Scar Limestone, which i t s e l f shows no meta-
morphic e f f e c t s . The distance of these shales 
from the Whin contact i s about 100 f e e t . The 
shales are, t h e r e f o r e , more s e n s i t i v e t o meta­
morphism than the limestones or sandstones. 
S i m i l a r distances are recorded f o r the metamorphic, 
e f f e c t s of the shale sulphides. 

As has been p o i n t e d out i n connection w i t h 
the limestones, the calcareous shales may develop 
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c a l c s i l i c a t e s such as g r o s s u l a r i t e , c h l o r i t e , 
p l a g i o c l a s e and p o s s i b l y diopside d u r i n g meta-
morphism. Dunham (191+8) described a shaly 
limestone a t Falcon C l i n t s which contained 
garnet, v e s u v i a n i t e , diopside and c h l o r i t e 
as metamorphic minerals. 

Noncalcareous shales near the Whin contact, 
such as those seen i n the Tees exposures, are 
transformed to p o r c e l l a n i t e s w i t h r e c r y s t a l l i s a t i o n 
of the clay minerals to give s e r i c i t i c m a t e r i a l , 
d i s c r e t e areas of pale green to co l o u r l e s s 
c h l o r i t e of extremely low b i r e f r i n g e n c e , small 
p r i s m a t i c c r y s t a l s of r u t i l e and p o s s i b l y some 
sphene. 

The shales o c c u r r i n g between the outer 
range of the metamorphism and the p o r c e l l a n i t e s 
are spotted. The spots, which vary i n size 
from about 0.08 t o 0,U mm, show considerable 
concentration of opaque or semi-opaque brown 
matter, and under crossed n i c o l s are very weakly 
a n i s o t r o p i c to i s o t r o p i c . X-ray analyses of 
the spots from one of the shales (Table 10.2 
and Figure 10.k), shows t h a t these are composed 
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of i r o n - r i c h c h l o r i t e . Dunham (19J+8) has 
shown t h a t c l e a r spots,occurring i n some of 
the more h i g h l y a l t e r e d shales, c o n t a i n 
a n d a l u s i t e , although none was recognised i n 
the shales examined i n t h i s work. 

The spotted shales o c c u r r i n g above the 
Tyne Bottom Limestone at Dine Holm, also 
show an i n t e r e s t i n g development of secondary 
nodules. The nodules have grown i n s i t u d u r i n g 
metamorphism d i s t o r t i n g the bedding of the shale 
and have pushed out the spots which have 
developed at the same time. The nodules are 
up to 1.5 cm i n diameter and are s p h e r i c a l , 
as d i s t i n c t from the normal sedimentary nodules 
which are e l l i p s o i d a l and much l a r g e r i n s i z e . 

I n t h i n s e c t i o n ("Figure 10.5), several 
zones can be recognised i n the nodules. There 
i s an outer zone of normal shale m a t e r i a l w i t h 
a c o n c e n t r a t i o n o f opaque matter formed by the 
coalescing of the opaque spots. The next zone 
i s about 0.5 mm t h i c k and i s composed of c l a y 
mineral and ? d e v i t r i f l e d glass or metakaolin? 
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The next zone i s 3*5 mm wide and c o n s i s t s of 
i r r e g u l a r aggregates of p y r i t e up to 0.35 mm 
i n diameter i n a groundmass of ? d e v i t r i f i e d 
g l a s s . The innermost zone of the nodule 
co n s i s t s of ? d e v i t r i f i e d glass w i t h a few very 
small areas of secondary quartz and c o l o u r l e s s 
c h l o r i t e . X-ray a n a l y s i s (Table 10.3 and Figure 

o 
10.6) has revealed t h a t only mica and a 7A 
c h l o r i t e occur i n the ? d e v i t r i f i e d g l ass. 

S i m i l a r metamorphic e f f e c t s were recorded 
as o c c u r r i n g i n shales by Hutchings i n 1898, 
who described dark c h l o r i t i c nodules from a 
shale at Falcon G l i n t s . Wager (1928) has 
since shown t h a t these were metamorphosed 
sedimentary s t r u c t u r e s . I t i s b e l i e v e d , however, 
t h a t the nodules found at Dine Holm show s u f f i c i e n t 
evidence t o be i d e n t i f i e d -as t r u l y metamorphic 
i n o r i g i n , 

SUMMARY 

As has been seen, the e f f e c t of the T e r t i a r y 
Cleveland Dyke on the country rocks was n e g l i g i b l e . 
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The Carboniferous i n t r u s i o n of the Whin S i l l had a 
marked e f f e c t on the rocks and i n places the e f f e c t s 
extended to 120 f e e t from the j u n c t i o n of the s i l l . 

Near to the Whin S i l l , a l l rock types have been 
a f f e c t e d . The sandstones have been i n d u r a t e d , the 
limestones have been marmorised and the shales have 
been converted to p o r c e l l a n i t e s . Further away from 
the contact,, towards the outer l i m i t of detectable 
changes i n the country rocks, no e f f e c t s are seen 
i n the limestones and sandstones, except f o r the 
presence of marcasite r e p l a c i n g p y r i t e . The shales, 
however, e x h i b i t s p o t t i n g e f f e c t s t o a distance of 
100 to 120 f e e t from the contact. I n a d d i t i o n , as 
w i l l be seen i n the f o l l o w i n g chapter, a v a r i e t y of 
sulphides occurs i n the shale nodules i n c l u d i n g 
marcasite and p y r r h o t i t e w i t h o r i g i n a l p y r i t e and 
also r a r e r c h a l c o p y r i t e and s p h a l e r i t e . 

Obviously the e f f e c t s of metamorphism were 
much greater i n the shales than i n the limestones 
or sandstones. However, limestones are u s u a l l y more 
susceptible to changes wrought by increased temperature 
than other rocks, r e c r y s t a l l i s a t i o n of c a l c i t e u s u a l l y 
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being accomplished w i t h ease. 

I t i s pos s i b l e t h a t water played a great p a r t 
i n the produ c t i o n of changes i n the rocks. The more 
porous sandstones and limestones probably l o s t t h e i r 
water e a r l y i n the h i s t o r y of the i n t r u s i o n , whereas 
the more impermeable shales r e t a i n e d t h e i r s and 
most of the changes were e f f e c t e d using aqueous 
s o l u t i o n s as d i f f u s i o n a l media. 
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CHAPTER XI 

THE SULPHIDES OCCURRING IN THE TEESDALB ROCKS 

INTRODUCTION 

Sulphides occur i n several d i f f e r e n t rock types; 
they are found disseminated or massive i n sandstones, 
limestones and shales and also i n shale nodules. Much 
of the sulphide i s of sedimentary o r i g i n . 

Hydrothermal sulphides occur i n rocks which are 
f a u l t e d and veined, w h i l s t the metamorphio sulphides 
occur i n rocks which have "been metamorphosed "by the 
Whin S i l l . The nodules which occur i n the shales i n 
p r o x i m i t y to the Whin S i l l c o n t a i n a v a r i e t y of 
sulphide minerals, i n c l u d i n g p y r i t e , p y r r h o t i t e , 
marcasite, c h a l c o p y r i t e and oth e r s . 

Over 50 p o l i s h e d sections have been examined 
e p i s c o p i c a l l y . The specimens are described i n groups 
arranged on mode of occurrence, i . e . sandstones, 
limestones and shales. The metamorphic sulphides 
o c c u r r i n g i n shale nodules are considered se p a r a t e l y . 
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The o r i g i n of the sulphides i s considered and 
the occurrences of sulphides other than p y r i t e are 
r e l a t e d to thermal metamorphism of the rocks. 

SULPHIDES IN THE SANDSTONES 

The occurrence of sulphides i n sandstones, 
except f o r the hydrothermal sulphides, appears t o 
be r e s t r i c t e d t o the bases of the sandstones and 
occ a s i o n a l l y the tops, i f they are f l a g g y . The 
sulphide i s p y r i t e . P y r i t e i s g e n e r a l l y associated 
w i t h the calcareous f a c i e s of the sandstones and 
o f t e n occurs i n a s s o c i a t i o n w i t h "organic" s t r u c t u r e s 
such as p i t and mound s t r u c t u r e s . I t i n v a r i a b l y 
occurs as cubes or p y r i t o h e d r a which replace the 
quartz and other nonsulphide matter. 

A t y p i c a l example of the mode of occurrence of 
these sulphides i s seen i n the base of the Low B r i g 
Hazle i n Smithy Sike (892293). This sandstone ( T . 1 2 2 ) , 

i s f l a g g y and micaceous and contains p i t and mound 
s t r u c t u r e s . A few p y r i t e cubes are s c a t t e r e d through­
out the rock but are p a r t i c u l a r l y concentrated i n the 
p i t and mound s t r u c t u r e s . The c r y s t a l s are g e n e r a l l y 
subhedral and are o f t e n l i m o n i t i s e d . The abundance 
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of the p y r i t e i n the p i t and mound s t r u c t u r e s suggests 
t h a t the p y r i t e i s , i n p a r t , o r i g i n a l and was associated 
w i t h the organic agencies which formed the s t r u c t u r e s . 

A s i m i l a r occurrence at the top of the Low B r i g 
Hazle on the Tees, near Breokholm Farm (9U0255) shows 
the development of p y r i t e i n a f l a g g y sandstone. The 
sandstone (T . 335) i s f i n e - g r a i n e d and contains up t o 
20% p y r i t e . The p y r i t e i s i n the form of cubes, up to 
0.25 mm i n diameter, r e p l a c i n g "both the a r g i l l a c e o u s 
m a t r i x and the quartz g r a i n s . Cubes of p y r i t e may be 
seen t o co n t a i n r e l i c t quartz g r a i n s . 

Where the sandstones have been metamorphosed by 
the Whin S i l l , the p y r i t e may show a l t e r a t i o n t o 
marcasite as i n the f i n e - g r a i n e d sandstone (T . 1 1 3 ) , 

which occurs above the Whin S i l l i n Dufton Sike (871295) 

An example of the occurrence of hydrothermal 
p y r i t e i s seen i n a much f a u l t e d sandstone, b e l i e v e d 
to be associated w i t h the Single Post Limestone, i n 
Langdon Beck, immediately below the road bridge,(8 5 3 3 1 1 ) 

Here, a pure white quartzose sandstone i s ©ut by 
numerous small c h a l y b i t e veins associated w i t h the 
f a u l t s . I n the groundmass of the rock there i s a 
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development of anhedral, o f t e n p o l y c r y s t a l l i n e p y r i t e , 
up to 2 mm i n diameter, r e p l a c i n g the quartz and 
forming up to 1 to 2% of the rock (T . 1 7 2 ) . I n many 
places, masses o f p y r i t e form aggregates up to Cl­
inches i n diameter which c o n t a i n only 5% r e l i c t quartz, 
(T . 1 7 3 ) . The p y r i t e , here appears to he wh o l l y 
secondary and i s associated w i t h the mineral veins. 

SULPHIDES IN THE LIMESTONES 
Sulphides o c c u r r i n g i n the limestones are g e n e r a l l y 

f i n e l y disseminated and, where they are o r i g i n a l , are 
associated w i t h , and o f t e n replace, f o s s i l s . Many 
examples are seen i n t h i n sections of limestones and 
also i n the few samples of ironstone examined. Two 
t y p i c a l occurrences of sulphides i n limestones are 
given as f o l l o w s . 

I n the Lunedale Quarries (953238), the A l t e r n a t i n g 
Beds are exposed. A s i x inch p y r i t o u s a l g a l limestone 
hand occurs i n the shales below the Cockle S h e l l Lime­
stone. The p o l i s h e d s e c t i o n (T . 361) shows the presence 
of about 2% p y r i t e r e p l a c i n g the groundrnass o f c a l c i t e 
i n and near the f o s s i l s . The p y r i t e occurs as very 
small s c a t t e r e d grains v a r y i n g i n size from 0.001 t o 
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0.5 mm i n diameter. The occurrence of the sulphide 
i n small d i s c r e t e bodies associated w i t h organic 
remains i s i n d i c a t i v e of b a c t e r i a l f o r m a t i o n i n a 
manner s i m i l a r to t h a t described by Baker and Edwards 
(1951) , although some may be o f secondary o r i g i n as 
occasional v e i n l e t s of p y r i t e and c a l c i t e cut the rock. 

I n Hiideshope Beck (9U8271), a t h i n limestone band 
occurs below the Three Yard Limestone. I t contains 
l a r g e brachiopods which are o f t e n p y r i t i s e d . The 
p o l i s h e d s e c t i o n (T . 372 ) contains about ~j>% p y r i t e i n 
i r r e g u l a r masses which tend towards a euhedral character 
and which replace the s h e l l s . Each mass i s composed 
of several c r y s t a l s . I n the groundmass of the shaly 
limestone, small i r r e g u l a r masses of p y r i t e w i t h 
cube faces and small cubes up to 0,5 ram i n diameter 
occur, r e p l a c i n g and o f t e n enclosing pockets of the 
groundmass. 

East of the B u r t r e e f o r d Disturbance area, the 
limestones up t o and i n c l u d i n g the Scar Limestone 
o f t e n show replacement of p y r i t e by marcasite and 
v i c e versa. This e f f e c t i s thought to be due t o 
metamorphisrn by the Whin S i l l . 
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S U L P H I D E S I N T H E S H A L E S 

P y r i t e i s common i n the arenaceous shales where 
they grade upwards i n t o the bottom of sandstones. 
Elsewhere, except f o r the shale nodules and massive 
p y r i t e bands which may be regarded as continuous and 
very l a r g e nodules, i t i s r a r e . Accumulations of 
f i n e l y disseminated p y r i t e also occur i n m a t e r i a l 
which tends to be nodular but s t i l l maintains the 
f i s s i l i t y of the shale. Occurrences of t h i s m a t e r i a l 
are regarded as p o o r l y developed nodular bands. Two 
examples are here given of the occurrence of sulphides 
i n shales. 

On the Tees, a t Broken Way (927266), a p y r i t e 
band occurs i n shales above the Scar Limestone. The 
band v a r i e s from 0 to 9 inches i n thickness and i s 
ge n e r a l l y massive, c o n t a i n i n g only a few small r e s i d u a l 
pockets of shale m a t e r i a l ( 2 to 5%)• T n e p o l i s h e d 
s e c t i o n (T . 333) shows t h a t the band i s composed of 
la r g e aggregates of p y r i t e i n o p t i c a l c o n t i n u i t y 
which have replaced the groundmass. The mode of 
occurrence of t h i s sulphide bed, i n the form of a 
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discontinuous "nodular" band, suggests t h a t i t i s an 
unusually r i c h occurrence of sedimentary sulphide. 
There i s no evidence p o i n t i n g to a hydrothermal or 
metamorphic o r i g i n . 

I n E t t e r s g i l l (883310), a nodular shale occurs 
above the Three Yard Limestone. The nodules c o n t a i n 
small masses of p y r i t e which, i n p o l i s h e d s e c t i o n 
(T . 1 9 3 ) , are seen t o be composed of anhedral t o 
euhedral grains of p y r i t e v a r y i n g from 0.001 to 
0.75 mm i n diameter. 

e. METAMORPHISM OF THE SULPHIDES 

The only non-metamorphic and non-hydrothermal 
sulphide o c c u r r i n g i n the Teesdale rocks i s the i r o n 
sulphide, p y r i t e . P y r i t e o c c u r r i n g i n the sandstones 
and limestones i s o f t e n p a r t i a l l y a l t e r e d to marcasite 
as a r e s u l t of metamorphism and the marcasite may 
show a l t e r a t i o n to p y r i t e . 

P y r i t e o c c u r r i n g i n the shale nodules y i e l d s a 
v a r i e t y of minerals on metamorphism. East of the 
Bu r t r e e f o r d Disturbance Area, shales c o n t a i n i n g nodules 
over 100 f e e t above the Whin S i l l may be a f f e c t e d . 
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Minerals found i n the metamorphosed nodules include 
p y r i t e , p y r r h o t i t e , marcasite, c h a l c o p y r i t e , s p h a l e r i t e 
and o t h e r s . Several examples of shale nodules are 
described i n order to i l l u s t r a t e t h e i r v a r i a t i o n . 

A nodular shale occurs below the Cockle Shell 
Limestone at D i r t P i t , E t t e r s g i l l (892299) . This 
h o r i z o n i s about I4.0 f e e t above the Whin S i l l . The 
nodules are u s u a l l y up to 1 inch t h i c k and 3 to 6 

inches i n diameter. Polished sections (T .93a) show 
t h a t near the pe r i p h e r y of the nodules c a l c i t e occurs 
which i s i n t e r s t i t i a l t o the clay minerals and which 
has been p a r t i a l l y replaced by quartz. The centres 
of the nodules are i n v a r i a b l y crossed by s e p t a r i a n 
v e i n l e t s c o n t a i n i n g c a l c i t e . The sulphides are 
arranged z o n a l l y . 

The c e n t r a l p o r t i o n s c o n t a i n p y r i t e grains up 
to 2 mm diameter, which f i l l the s e p t a r i a n cracks. 
I n places the p y r i t e may be replaced by marcasite. 
There i s an outer zone of p y r r h o t i t e t o each nodule. 
P y r r h o t i t e also occurs i n the extremeties of the 
c a l c i t e v e i n l e t s . I n the d i s t a l ends of the v e i n l e t s , 
small amounts of c h a l c o p y r i t e also occur (Figure 1 1 . 1 ) . 
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Both the p y r r h o t i t e and the c h a l c o p y r i t e are granular*. 
Occasionally l a r g e r masses of p y r r h o t i t e i n the ground-
mass may enclose p y r i t e and marcasite. Vi/here marcasite 
and p y r r h o t i t e are i n contact, r e a c t i o n zones may show 
the presence of remnant p y r r h o t i t e i n marcasite. I n 
some p a r t s of the nodules, p y r r h o t i t e i s replaced "by 
secondary r e c r y s t a l l i s e d carbonate and quartz. Near 
to the p y r i t e v e i n l e t s , p y r r h o t i t e i s replaced by 
marcasite. 

S i m i l a r nodules occur i n the shale above the 
Cockle Shell Limestone at Scorberry Bridge on the 
Tees (910273) . Here, the nodules (T . 7 9 ) are up to 
1 inch t h i c k and U inches i n diameter. The m a t r i x 
of the nodules i s of shale m a t e r i a l replaced, i n p a r t , 
by quartz and carbonate. 

The c e n t r a l p o r t i o n s c o n t a i n p y r i t e masses which are 
i r r e g u l a r and up to 0.5 cm i n diameter. Embayment 
of p y r i t e by marcasite and the presence of few euhedral 
boundaries to the p y r i t e suggests the replacement of 
p y r i t e by marcasite. The intermediate zones of the 
nodules c o n t a i n p y r r h o t i t e which i s g e n e r a l l y i r r e g u l a r 
and anhedral and i s , i n p a r t , replaced by quartz. 
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The outer zones of the nodules contain vermiform 
masses of l a t h - l i k e euhedral p y r r h o t i t e c r y s t a l s , 
(Figure 1 1 . 2 ) . I n places, the p y r r h o t i t e i s replaced 
by more massive p y r i t e which i t s e l f i s o f t e n a l t e r e d 
to marcasite. Many of the p y r r h o t i t e c r y s t a l s have 
very f i n e o u t e r rims of p y r i t e and some appeared t o 
have rims of ? p e n t l a n d i t e . The ? p e n t l a n d i t e rims 
were so f i n e t h a t accurate o p t i c a l d e t ermination 
was impossible„ S t a i n i n g techniques f a i l e d t o reveal 
the presence of n i c k e l and the rims are b e l i e v e d , 
t h e r e f o r e , t o be composed of p y r i t e which have been 
o b l i q u e l y p o l i s h e d w i t h r e s u l t a n t anomalous o p t i c a l 
e f f e c t s . The s o f t shale m a t r i x which i s e a s i l y 
ground down i s responsible f o r the oblique p o l i s h i n g 
a t the margins of the g r a i n s . 

A s i m i l a r shale w i t h nodules occurs above the 
Cockle S h e l l Limestone i n E t t e r s g i l l (889292) . Here, 
the nodules are up to 1-g- inches by U inches (T . 1 l | . 2b ) . 

The outer edges of the nodules are s i l i c e o u s w i t h 
an inner development of spheroidal carbonate. The 
p o l i s h e d s e c t i o n shows t h a t there are three d i s t i n c t 
zones to the nodules. 
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There i s an inner zone of granular t o euhedral 
p y r i t e which, i n some cases, i s enclosing grains of 
marcasite. I n d i v i d u a l grains of marcasite are less 
than 0.17 mm i n diameter. The middle zone consists 
of granular p y r r h o t i t e w i t h occasional grains of 
euhedral p y r i t e (Figure 1 1 . 3 ) . The p y r r h o t i t e i s , 
i n places, replaced "by p y r i t e and marcasite (Figure 
11.24.). This zone also contains small granules of 
c h a l c o p y r i t e . The outer zone contains small l a t h ­
l i k e euhedral p y r r h o t i t e c r y s t a l s , up to 0.1 mm i n 
l e n g t h , together w i t h a l i t t l e anhedral p y r r h o t i t e . 
Aggregates of p y r r h o t i t e replace the groundmass and 
are intergrown w i t h f i n e quartz. The quartz has, 
i n places, replaced the p y r r h o t i t e , the o u t l i n e s of 
which can be detected i n p o l a r i s e d r e f l e c t e d l i g h t . 

The shale above the Scar Limestone i n Smithy 
Sike (992292), which l i e s about 80 f e e t above the 
Whin S i l l , contains s i m i l a r nodules up to 2 inches 
by 3 inches (T . 9 9 b ) . These are of spotted shale. 
Spheroidal carbonate also occurs i n the centres of 
the nodules. A t y p i c a l p o l i s h e d s e c t i o n shows vermiform 
aggregates of p y r r h o t i t e w i t h p y r i t e towards the centres 
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of the nodules. These aggregates are up to 2.5 mm 
i n w i d t h and over 1 cm i n l e n g t h and co n t a i n euhedral 
l a t h s (Figure 11.5) of p y r r h o t i t e between 0.02 and 
0.5 mm i n l e n g t h . The p y r r h o t i t e o c c a s i o n a l l y 
replaces s h e l l fragments. A l l of the c r y s t a l s and 
c r y s t a l aggregates show t h i n o uter rims of p y r i t e . 
A few aggregates are wholly of p y r i t e . A few grai n s 
of subhedral c h a l c o p y r i t e occur which are up to 0.1 mm 
i n diameter. 

P y r r h o t i t e i s replaced, i n some p a r t s , by spheroidal 
aggregates of carbonate and quartz which show the 
o r i g i n a l o u t l i n e s of the replaced p y r r h o t i t e . I n 
the centres of the nodules, whole aggregates of 
p y r r h o t i t e may be replaced by p y r i t e . A few s n a i l 
anhedral grains of s p h a l e r i t e also occur i n the nodules. 
P y r r h o t i t e , i n places, may c o n t a i n i n c l u s i o n s of 
?goethite and under high power o b j e c t i v e s may show 
the presence of "zwischenprodukte" (vide Ramdohr, 
page 556) . 

THE ORIGIN OF THE SEDIMENTARY SULPHIDES 

Tarr (1927, 1928) and Love (1957) have shown 
t h a t the presence of i r o n sulphides i n sedimentary 
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rocks i s o f t e n due t o l o c a l reducing c o n d i t i o n s d u r i n g 
d e p o s i t i o n . The reducing c o n d i t i o n s are associated 
w i t h f a i r l y r a p i d b u r i a l o f micro and macro-organisms 
i n areas of shallow water. Decay of the organic 
matter "by p u t r i f y i n g b a c t e r i a releases organic acids, 
hydrogen sulphide and carbon dioxide from the p r o t e i n s . 

Tarr (1928) has shown t h a t the syngenetic p y r i t e 
may occur i n f o s s i l i f e r o u s black shales but not i n 
the o v e r l y i n g and un d e r l y i n g shales. Thus one p o s s i b l e 
c r i t e r i o n f o r the i d e n t i f i c a t i o n of an o r i g i n a l p y r i t e -
bearing rock i s the r e s t r i c t i o n of the p y r i t e to one 
ho r i z o n . Many o f the p y r i t e - b e a r i n g shales and other 
rock types i n the Yoredales of Teesdale are f o s s i l i f e r o u s 
but some are u n f o s s i l i f e r o u s . Love (1957) has shown, 
however, t h a t very small micro-organisms may occur 
i n the sulphide-bearing shales t h a t may be undetected 
by the usual petrographic methods. Some p y r i t e 
samples from the Teesdale shales were d i s s o l v e d i n 
n i t r i c a c i d i n an attempt to f i n d evidence of micro­
organisms but they y i e l d e d no recognisable remains. 
I t may be t h a t c o n d i t i o n s were not s u i t a b l e f o r the 
p r e s e r v a t i o n of such organisms i n the shales examined. 
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The presence of v a r y i n g amounts of f i n e carbonaceous 
m a t e r i a l i n a l l of the shales examined suggests t h a t 
organic matter was not e n t i r e l y l a c k i n g during the 
accumulation of the sediments. I n a d d i t i o n , the bases 
of some of the sandstones have concentrations of p y r i t e 
associated w i t h organic s t r u c t u r e s such as p i t and 
mound s t r u c t u r e s . 

Some p y r i t e may have been derived from groundwaters 
and deposited around o r i g i n a l n u c l e i , as many sulphide 
masses have a secondary s h e l l of p y r i t e . A l l e n , Crenshaw 
and Merwin (^9^^.) mention the occurrence of ground­
waters c a r r y i n g s u f f i c i e n t i r o n and sulphur ions t o 
p r e c i p i t a t e p y r i t e i n w e l l s and storage tanks. 

The l o c a l i s e d occurrence of sulphides to nodules, 
bases of the sandstones, tops of limestones and other 
horizons of small v e r t i c a l but l a r g e l a t e r a l d i s t r i b u t i o n s 
suggests t h a t most of the p y r i t e i s o r i g i n a l . Where 
m i n e r a l i s a t i o n has occurred w i t h the i n t r o d u c t i o n of 
p y r i t e , the occurrence of other minerals i n a s s o c i a t i o n 
w i t h the p y r i t e i n f a u l t s and f i s s u r e s helps to d i s t i n g u i s h 
the o r i g i n of the p y r i t e . 

A l l e n , Crenshaw and Merwin (191U) and Buerger(193U) 
have shown t h a t the a c i d i t y of the environment i s 
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l a r g e l y responsible f o r the type of i r o n sulphide 
deposited. Baker and Edwards (1951) have noted 
occurrences of marcasite and p y r i t e i n r e l a t i o n t o 
environment. Both the experimental evidence and 
observation of n a t u r a l occurrences i n d i c a t e t h a t 
p y r i t e i s formed under marine a l k a l i n e c o n d i t i o n s 
whereas msrcasite i s formed under freshwater or 
b r a c k i s h water a c i d c o n d i t i o n s . Thus i t might be 
expected t h a t limestones cont a i n p y r i t e w h i l s t shales 
c o n t a i n marcasite or p y r i t e depending on the nature 
of the d e p o s i t i o n a l environment. However, marcasite 

may be formed i n limestones due t o a c i d s o l u t i o n s 
a r i s i n g from decaying organic matter j u s t below the 
i n t e r f a c e of d e p o s i t i o n or may be formed l a t e r due 
to c i r c u l a t i o n of a c i d groundwaters. 

I n Teesdale the r e s t r i c t e d occurrence of marcasit 
to the beds which are w i t h i n 120 f e e t of the Whin S i l l 
suggests t h a t the marcasite here was probably of 
secondary o r i g i n and associated w i t h the metamorphism. 

The o r i g i n a l sulphide was thus probably p y r i t e , 
associated w i t h anaerobic b a c t e r i a which l i b e r a t e d 
sulphur and hydrogen sulphide from the organic matter 
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entombed i n the a c c u m u l a t i n g sediments. The r e d u c i n g 

c o n d i t i o n s , low oxygen c o n t e n t , and h i g h c a r b o n 

d i o x i d e c o n t e n t o f the environment would f a v o u r the 

f o r m a t i o n o f f e r r o u s c a r b o n a t e i n s o l u t i o n . A 

r e a c t i o n between t h e f e r r o u s c arbonate and t h e 

hydrogen s u l p h i d e would produce f e r r o u s s u l p h i d e i n 

the f o r m o f p y r i t e . T h i s r e a c t i o n can be i l l u s t r a t e d 

by t h e f o l l o w i n g e q u a t i o n : 

g. THE ORIGIN OF THE SULPHIDES I N THE METAMORPHOSED ROCKS 

M a r c a s i t e i s f o u n d i n the sandstones, l i m e s t o n e s 

and s h a l e s w h i c h have been metamorphosed. Buerger 

(193U) has shown t h a t p y r i t e may g i v e r i s e t o m a r c a s i t e 

under v a r y i n g c o n d i t i o n s such as t h e presence o f 

a c i d s o l u t i o n s , o r he a t and an excess o f i r o n , o r a 

co m b i n a t i o n o f th e two f a c t o r s . He b e l i e v e d t h a t 

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

the r e a c t i o n was as f o l l o w s : 

PeCO., + H„S + S 
3 

>PeS^ + H^CO 

J 
H 2 0 +COg 

Cubic p y r i t e FeS, >Orthorhombic 
X/+ xS« m a r c a s i t e Fe 

2-x where x was about 0 .00U. 
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However, more r e c e n t l y , Baker and Edwards (1951) have 

shown t h a t i n the se d i m e n t a r y s u l p h i d e s w h i c h t h e y 

examined, p y r i t e c o n t a i n e d an excess and m a r c a s i t e a 

d e f i c i e n c y o f i r o n when compared t o t h e i d e a l f o r m u l a 

PeS„. 

M a r c a s i t e i s th u s formed "by t h e e l i m i n a t i o n o f 

some o f the i r o n f r o m t h e p y r i t e m o l e c u l e by h e a t i n g 

t o moderate t e m p e r a t u r e s . A c c o r d i n g t o A l l e n , Crenshaw 

and Merwin (191U), m a r c a s i t e forms a t "low t e m p e r a t u r e s " 

i n "weak" a c i d s o l u t i o n s t o h i g h e r t e m p e r a t u r e s i n 

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

a l k a l i n e s o l u t i o n s f r o m t e m p e r a t u r e s as low as 55°C 

t o a t l e a s t 300°C. The e x i s t e n c e o f s p h e r o i d a l 

c a r b o n a t e and q u a r t z i n some o f t h e nodules suggests 

t h a t r e d i s t r i b u t i o n o f the v a r i o u s i o n s and m i n e r a l s 

may have been accomplished i n aqueous media w h i c h 

v a r i e d i n pH f r o m t i m e t o t i m e d u r i n g t h e p e r i o d o f 

t h e r m a l metamorphism. 

Both p y r r h o t i t e and m a r c a s i t e a re f o u n d i n t h e 

metamorphosed s h a l e n o d u l e s . The f o r m a t i o n o f p y r r h o t i t e 

f r o m p y r i t e i s a l s o promoted by h e a t t h u s : 
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P y r i t e FeS 2 Heat > P y r r h o t i t e F e ^ _ n S ( a p p r o x . Fe-^Sg) 
+nFe+S. 

On c o o l i n g , the r e v e r s e r e a c t i o n may occur i f the 

p r o d u c t s are n o t removed b e f o r e t h i s can happen. 

A c c o r d i n g t o Tsusue (1961) , t h e minimum t e m p e r a t u r e 

o f f o r m a t i o n of p y r r h o t i t e c o e x i s t i n g w i t h p y r i t e i s 

about U90°G. 

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

to e i t h e r m a r c a s i t e or p y r r h o t i t e and t h e m a r c a s i t e 

may be t r a n s f o r m e d t o p y r r h o t i t e i n t h e f o l l o w i n g 

manner. 

Heat > Pe. S 0 + ( y + x ) Pe S 1+x 2 m i n u s ( x + y ) Pe 1-y 2 
M a r c a s i t e P y r i t e 

v. 

J 
-0-

Pe 
1-n 

P y r r h o t i t e . 
x and y are v e r y s m a l l and n i s a p p r o x i m a t e l y 0 .125. 

The t o t a l r e s u l t o f these r e a c t i o n s i s t h e p r o d u c t i o n 
o f excess i r o n and s u l p h u r . The m i n o r amount o f i r o n 
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w i l l r e a c t w i t h s u l p h u r t o f o r m more i r o n s u l p h i d e s 

"but p r o v i d i n g no complete r e v e r s a l of t h e r e a c t i o n s 

occur t h e r e w i l l "be an excess o f s u l p h u r . 

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

P.M. H a r r i s o f Ox f o r d and P r o f e s s o r J.E. Hawley o f 

Queens U n i v e r s i t y , O n t a r i o , o f two unmetamorphosed 

shale n o d u l e p y r i t e samples gave the f o l l o w i n g r e s u l t s 

Ag 0.003% 

Pb 0.038 t o 0.073% 

Cu Trace (0.00l|%) 

N i 0.0010 t o 0.0052% 

Co 0.007 (0.0035 t o 0.00^5)% 

V 0.00U7 t o 0.0050% 

Cr 0.0015 t o 0.0027% 

Mn 0.013 t o 0.021 (0.0U t o 0.055) 

T i 0.01+2 t o 0.096% 

Se 0.0015 t o 0.0021+% 

The f i g u r e s i n "brackets are t h e r e s u l t s o f l e s s 

r e l i a b l e a n a l y s e s r e c e i v e d . The amounts o f copper, 

c o b a l t and n i c k e l are v e r y s m a l l . 
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A l t h o u g h copper and z i n c are n o t p r e s e n t i n 

g r e a t q u a n t i t i e s i n t h e p y r i t e o f t h e unmetamorphosed 

sh a l e n o d u l e s , s p h a l e r i t e and c h a l c o p y r i t e a r e p r e s e n t 

i n t h e metamorphosed n o d u l e s . The l a c k o f these 

two m i n e r a l s i n t h e metamorphosed l i m e s t o n e s and 

sandstones and t h e p r a c t i c a l l y impermeable n a t u r e 

of t h e shales suggests t h a t these two s u l p h i d e s were 

n o t d e p o s i t e d f r o m s o l u t i o n s emanating f r o m the Whin 

S i l l . I t i s here suggested t h a t t h e y were formed 

by r e a c t i o n between s u l p h u r and some i r o n e x p e l l e d 

d u r i n g metamorphism o f the p y r i t e t o m a r c a s i t e and 

p y r r h o t i t e and t r a c e s o f copper and z i n c o c c u r r i n g 

i n t h e s h a l e s . 

There i s a d i s t i n c t d i f f e r e n c e between the 

s u l p h i d e assemblages i n t h e metamorphosed s h a l e s 

and those i n the l i m e s t o n e s and sandstones. The 

l a c k o f z i n c and c o p p e r - b e a r i n g s u l p h i d e s may be 

the r e s u l t o f the l a c k o f t r a c e elements i n t h e 

o r i g i n a l c o n s t i t u e n t s ; these are u s u a l l y v e r y low 

i n p u r e r sandstones such as those o c c u r r i n g i n Teesdale 

and i n the c a l c i t e o f l i m e s t o n e s . The absence o f 

p y r r h o t i t e i s more d i f f i c u l t t o e x p l a i n p a r t i c u l a r l y 
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when "both sandstones and l i m e s t o n e s near t o t h e Whin 

S i l l may c o n t a i n m a r c a s i t e . P y r r h o t i t e may have been 

formed b u t s u b s e q u e n t l y recombined w i t h s u l p h u r on 

c o o l i n g t o y i e l d p y r i t e and m a r c a s i t e i n the absence 

of s u l p h u r a c c e p t o r s such as copper and z i n c . These 

r e v e r s e r e a c t i o n s are seen t o occur i n some o f t h e 

shal e nodules where p y r r h o t i t e i s rimmed by p y r i t e and 

m a r c a s i t e . However, t h e r e i s no evidence o f t h e p r i o r 

e x i s t e n c e o f p y r r h o t i t e i n t h e l i m e s t o n e s and sandstones, 

and i t i s p r o b a b l e t h a t i t was never formed d u r i n g t h e 

metamorphism, p o s s i b l y due t o d i f f e r e n t p r e s s u r e and 

s o l u t i o n c o n d i t i o n s encountered i n these more porous 

r o c k s . 
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The f o l l o w i n g l i s t o f r e f e r e n c e s have been f o u n d 

to be u s e f u l d u r i n g t h e p e r i o d o f work. Only t h e more 

i m p o r t a n t r e f e r e n c e s appear i n t h e t e x t . The r e f e r e n c e s 

are l i s t e d under a u t h o r s , a r r a n g e d i n a l p h a b e t i c a l 

o r d e r . Where an a u t h o r has been r e s p o n s i b l e f o r more 

than one work, t h e d i f f e r e n t works are l i s t e d i n o r d e r 

of p r i n t e d p u b l i c a t i o n and where more t h a n one a u t h o r 

i s r e s p o n s i b l e f o r t h e work, t h e r e f e r e n c e i s l i s t e d 

under t he f i r s t name a p p e a r i n g on t h e t i t l e page. 
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