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ABSTRACT 

M o d e l s f o r t h e d e v e l o p m e n t of e r g s and a e o l i a n 
c r o s s - b e d d i n g a r e d e d u c e d . T h e s e t h e o r i e s a r e p a r t l y 
d e d u c t i o n s f r o m t h e modern, p a r t l y e x p l a n a t i o n s of t h e 
a n c i e n t . E r g s may be n o n - a g g r a d i n g w i t h o u t c o m p l e t e 
s a n d c o v e r or a g g r a d i n g w i t h or w i t h o u t c o m p l e t e s a n d 
c o v e r . A e o l i a n c r o s s - b e d d i n g g e n e r a l l y c o m p r i s e s 2 
s u p e r i m p o s e d o r d e r s of n e s t e d t r o u g h - s h a p e d s e t s . One 
i s d e v e l o p e d by m i g r a t i n g d r a a , one by m i g r a t i n g 
d u n e s . F o u r o r d e r s of b o u n d i n g s u r f a c e e x i s t : 2 
m i g r a t i o n s u r f a c e s and 2 m o d i f i c a t i o n s u r f a c e s . 

The Y e l l o w S a n d s o f N.E. E n g l a n d r e p r e s e n t 
l o n g i t u d i n a l d r a a . The d r a a w ere i n i t i a t e d a s s a n d 
p a t c h e s , grew by t h e m i g r a t i o n and c l i m b i n g of s i n u o u s 
t r a n s v e r s e d u n e s , and s t a b i l i s e d a t e q u i l i b r i u m by t h e 
d e v e l o p m e n t of c a p p i n g s a n d - s h e e t s . A b i m o d a l w i n d 
r e g i m e p e r t a i n e d . A modern a n a l o g u e of t h e S a n d s a t 
e q u i l i b r i u m i s p r o v i d e d by ' w h a l e b a c k s 1 i n t h e 
E g y p t i a n W e s t e r n D e s e r t . The s t r e a m l i n e d s h a p e of t h e 
d r a a , w e l l - p a c k e d s u r f a c e , d i s p o s i t i o n as a s e r i e s o f 
b a f f l e s and d i s t a n c e f r o m t h e i n f l u x m i n i m i s e d 
r e w o r k i n g i n t h e Z e c h s t e i n t r a n s g r e s s i o n , w h i c h 
drowned t h e d r a a i n a m a t t e r of y e a r s . 

The B r i d g n o r t h S a n d s t o n e a c c u m u l a t e d f r o m 
s l i p f a c e d and s l i p f a c e l e s s t r a n s v e r s e d r a a . Dune 
c r o s s - b e d d i n g f o r m s s e t s 2-4 m t h i c k , 20-40 m w i d e . 
S l i p f a c e d d r a a s e t s a r e 6-10 m t h i c k , a t l e a s t 100 m 
w i d e . 

C h a r a c t e r i s t i c s of t h e B r i d g n o r t h S a n d s t o n e , 
Y e l l o w S a n d s and o t h e r f o r m a t i o n s of a e o l i a n s a n d s t o n e 
a r e e x p l a i n e d and i l l u m i n a t e d by t h e e r g and 
c r o s s - b e d d i n g m o d e l s d e v e l o p e d . 

The B r i d g n o r t h S a n d s t o n e i s s l i g h t l y f i n e r t h a n 
t h e Y e l l o w S a n d s , and c o n t a i n s more s a n d f l o w 
l a m i n a t i o n , l e s s w i n d - r i p p l e . T h e s e f e a t u r e s f o l l o w 
f r o m t h e c o n t r a s t i n g e r g and b e d f o r m t y p e s . 

I t i s s u s p e c t e d t h a t s a n d f l o w s t h i c k e r t h a n 80 mm 
may be c o n f i n e d to d r a a - s i z e d s l i p f a c e s . 
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PREFACE 

I n r e c e n t y e a r s t h e r e has been something of a 
r e v o l u t i o n i n t h e s t u d y of a n c i e n t a e o l i a n s a n d s t o n e s . 
C o n c e r n i n g bedforrns, t h e i m p l i c a t i o n s of I a n W i l s o n ' s 
Ph.D. t h e s i s ( 1 9 7 0 ) were p a r t l y t r a n s l a t e d to t h e 
a n c i e n t by B r o o k f i e l d ( 1 9 7 7 ) . The l a m i n a t i o n o f 
a e o l i a n s a n d s was i l l u s t r a t e d and e x p l a i n e d by 
Hu n t e r ( 1 9 7 7 ) . I n t h e p a s t t h e s e two p r i n c i p a l 
f e a t u r e s of a e o l i a n s a n d s t o n e s t e n d e d t o be d i s m i s s e d 
i n a few words or s e n t e n c e s : t h e l a m i n a t i o n as good, 
t h e c r o s s - b e d d i n g a s l a r g e - s c a l e . Minor f e a t u r e s , 
s u c h a s r a i n d r o p i m p r i n t s , w i n d - r i p p l e f o r m - s e t s and 
f o s s i l f o o t p r i n t s a t t r a c t e d much g r e a t e r a t t e n t i o n 
and c a r r i e d g r e a t w e i g h t i n t h e i d e n t i f i c a t i o n of 
a e o l i a n s a n d s t o n e s . T h i s i s no l o n g e r t h e c a s e : t h e 
major f e a t u r e s can now be examined and a n a l y s e d i n 
d e t a i l , and c o n f i d e n t i n t e r p r e t a t i o n s of an a e o l i a n 
o r i g i n made on f e a t u r e s p r e s e n t t h r o u g h o u t t h e mass 
of r o c k . T h i s new ap p r o a c h has been a p p l i e d t o t h e 
E n t r a d a S a n d s t o n e i n t h e U.S.A. by K o c u r e k 
( 1981a,b) and t o s e v e r a l U.K. f o r m a t i o n s i n t h i s 
t h e s i s . I t i s a l s o expounded i n K o c u r e k and D o t t ( 1 9 8 1 ) 
and Hunter ( 1 9 8 1 ) . A g r a t i f y i n g f e a t u r e of t h e p r e s e n t 
work, symptomatic o f t h e s e d e v e l o p m e n t s , i s t h a t most 
of t h e k e y r e f e r e n c e s d a t e from t h e p a s t decade. 

The new approach i s extended and d e v e l o p e d i n t h i s 
t h e s i s , by a more s o p h i s t i c a t e d and g e n e r a l a n a l y s i s of 
c r o s s - b e d d i n g , by t h e a n a l y s i s of g r a i n s i z e c h a r a c t e r 
i s t i c s w i t h r e f e r e n c e t o l a m i n a t i o n , and by t h e 
a c q u i s i t i o n of e x p e r i e n c e and d a t a . S i m i l a r a c h i e v e m e n t s 
were made by K o c u r e k ( 1 9 8 1 ) , e s p e c i a l l y w i t h r e f e r e n c e t o 
t h e i n t e r n a l anatomy of e r g s and t h e b e h a v i o u r of bed-
forms . 

The f i r s t 3 c h a p t e r s of t h i s t h e s i s a r e c o n c e r n e d 
w i t h f e a t u r e s of modern e r g s r e l e v a n t t o t h e a n a l y s i s of 
t h e a n c i e n t : t h e c h a r a c t e r i s t i c s of e r g s , bedforms and 
c r o s s - b e d d i n g , and g r a i n s i z e c h a r a c t e r i s t i c s and 
l a m i n a t i o n . C h a p t e r 4 l e a d s i n t o t h e a n c i e n t by 
r e v i e w i n g t h e E a r l y P e rmian s e t t i n g i n B r i t a i n . C h a p t e r s 
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CHAPTER 1 

MODERN ERGS 

SECTION 1.1 CLIMATE AND VEGETATION 

The D e f i n i t i o n of t h e Term D e s e r t 

G e o g r a p h e r s and b i o l o g i s t s have d e v e l o p e d p r e c i s e 

d e f i n i t i o n s of t h e term d e s e r t . G e o l o g i s t s , b e i n g 

c o n f i n e d t o an e x a m i n a t i o n of f r a g m e n t a r y f i n a l r e s u l t s 

r a t h e r t h a n a c ontemporary v i e w of c a u s e s , e f f e c t s and 

p r o c e s s e s , a r e n e c e s s a r i l y much more s u b j e c t i v e . 

I n geography, Cooke & Warren ( 1 9 7 3 ) recommend t h e u s e 

of T h o r n t h w a i t e 1 s m o i s t u r e i n d e x a s a d a p t e d by Meigs 

( 1 9 5 3 ) . By c o n s i d e r i n g p o t e n t i a l e v a p o r a t i o n and w a t e r 

b a l a n c e , t h e terms s e m i - a r i d , a r i d and e x t r e m e l y a r i d 

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

e x t r e m e l y a r i d a r e a s . 

Lamb ( 1 9 7 2 ) r e p o r t s KtJppen's c l a s s i f i c a t i o n of 

c l i m a t e a s t h e most w i d e l y u s e d . T h i s a t t e m p t s t o 

match c l i m a t e t o t y p e of v e g e t a t i o n . F i v e main groups 

a r e d i s t i n g u i s h e d : t r o p i c a l r a i n , a r i d , warm t e m p e r a t e 

r a i n , b o r e a l f o r e s t and snow, and c o l d snow c l i m a t e s . 

The groups a r e s u b d i v i d e d by j u g g l i n g v a r i o u s c h a r a c t e r 

i s t i c s of p r e c i p i t a t i o n and t e m p e r a t u r e , w i t h e a c h group 

and s u b d i v i s i o n g i v e n a s t a n d a r d s h o r t h a n d n o t a t i o n . F o r 

example, BS d e n o t e s an a r i d c l i m a t e w i t h bush or g r a s s 

l a n d ( s t e p p e ) , BW a d e s e r t . F u r t h e r l e t t e r s may be 

added f o r f u r t h e r s u b d i v i s i o n s ( s e e Lamb, 1972 and 

e.g. The Times A t l a s of t h e W o r l d ) . Koppen's d e s e r t 

s u b d i v i s i o n i s shown on f i g . 1 . 1 w i t h e r g s added. 

( 12 MAY 1983 ) 
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The C a u s e s of the D e s e r t C l i m a t e 

The m e t e o r o l o g i c a l r e a s o n s f o r t h e development 

of d e s e r t s have been d i s c u s s e d and r e i t e r a t e d a s many 

t i m e s a s t h e r e a r e t e x t b o o k s c o n c e r n i n g d e s e r t s o r 

m e t e o r o l o g y . F r a k e s (1979, pp.18-19) g i v e s a c o n c i s e 

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

p r i n c i p a l mechanisms whereby d e s e r t s a r e g e n e r a t e d : 

1) A r i d i t y p r o d u c e d by t h e d e s c e n d i n g l i m b o f t h e 

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

t r a d e wind zone (between 20° and 30° of l a t i t u d e 

o v e r l a n d ) . 

2 ) A r i d i t y d e v e l o p e d by t h e r a i n shadow e f f e c t i n 

t h e l e e of h i g h m o u n t a i n s . 

3) A r i d i t y due t o extreme c o n t i n e n t a l i t y , i e . g r e a t 

d i s t a n c e from t h e ocean ( t h e m o i s t u r e s o u r c e ) . 

4) A r i d i t y a s s o c i a t e d w i t h s u b t r o p i c a l c o n t i n e n t a l 

west c o a s t s , a d j a c e n t t o u p w e l l i n g c o l d ocean 

c u r r e n t s and a t t h e d i s t a l end of t h e p a t h s of 

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

Modern d e s e r t s can be a t t r i b u t e d t o t h e s e c a u s e s , 

i n c o m b i n a t i o n more o f t e n t h a n n o t : f o r example NW 

A f r i c a ( f a c t o r s 1 and 4 ) , w e s t e r n South A m e r i c a ( 1 , 2 

and 4 ) , P a t a g o n i a ( 1 ) and t h e C h i n e s e d e s e r t s (2 and 3 ) . 

R e f e r r i n g t o Koppen's c l a s s i f i c a t i o n of c l i m a t e ( f i g . 

1.1), p e r m u t a t i o n s and c o m b i n a t i o n s of t h e s e mechanisms 

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

a n y t h i n g from 48°N ( n e a r t h e C a s p i a n S e a ) t o t h e 

E q u a t o r ( i n e a s t A f r i c a ) , t o 50°S ( i n P a t a g o n i a ) . 



3 

V e g e t a t i o n i n E r g s 

V e g e t a t i o n p r e v e n t s t h e wind moving sand by r e d u c i n g 

t h e wind v e l o c i t y a t ground l e v e l . I f v e g e t a t i o n can 

become s u f f i c i e n t l y e s t a b l i s h e d i t w i l l k i l l an a c t i v e 

sand bedform; t h i s i s t h e b a s i s of many sand c o n t r o l 

programmes ( s e e , e.g. Gore, 1 9 7 9 ) . Removal of v e g e t a t i o n 

has t h e c o n v e r s e e f f e c t ; wind e r o s i o n and t r a n s p o r t 

b e i n g g r e a t l y enhanced. T h i s p r o c e s s i s p r e s e n t l y 

o c c u r r i n g i n t h e S a h e l and o c c u r r e d i n t h e U.S.'Dust 

B o w l 1 i n t h e 1930's ( s e e a l s o Armstrong, 1 9 7 6 ) . 

V e g e t a t i o n w i t h i n e r g s i s u s u a l l y t hought of a s 

b e i n g n o n - e x i s t e n t , t h o u g h W i l s o n ( 1 9 7 1 a ) , d e s c r i b i n g 

a j o u r n e y a c r o s s t h e E r g O r i e n t a l i n A l g e r i a , r e p o r t s 

e n c o u n t e r i n g nomadic s h e p h e r d s c o m p l e t e w i t h f l o c k s 

b i n d i n g enough food t o s u r v i v e on deep i n ^ o - t h e sand 

a r e a . 

M c G i n n i e s (1968, pp.381-566) g i v e s an e x t e n s i v e 

r e v i e w of d e s e r t f l o r a . Those of c o n c e r n t o s e d i m e n t 

t r a n s p o r t by t h e wind a r e t h e p e r e n n i a l t y p e s w h i c h 

by t h e i r p e r s i s t e n c e may s u b s t a n t i a l l y i n f l u e n c e s a n d 

bedforms. V e g e t a t i o n i s c o n c e n t r a t e d i n i n t e r - b e d f o r m 

a r e a s , a n d when p r e s e n t i n s u f f i c i e n t q u a n t i t y i t s e f f e c t 

i s t o subdue a c t i v e bedforms a l t o g e t h e r o r g e n e r a t e 

p a r a b o l i c dunes. T h e s e bedforms t a k e the shape of a 

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

a n c h o r e d by clumps of v e g e t a t i o n . S i n c e t h e y a l s o 

seem t o r e q u i r e i n c o m p l e t e sand c o v e r t h e y a r e p r o b a b l y 

not i m p o r t a n t g e o l o g i c a l l y . McKee ( 1 9 6 6 ) t r e n c h e d 

one a t White Sands N a t i o n a l Monument, New Mexico. 
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V e g e t a t i o n may be s i g n i f i c a n t a s a c h e m i c a l s o u r c e 
or i n f l u e n c e i n l o c a l d i a g e n e s i s and a s g e n e r a t o r s of 
t r a c e f o s s i l s . The f o r m a t i o n of p l a n t r o o t moulds i n 
modern d e s e r t s a n d s ( d i k a k a ) i s d e s c r i b e d by G l e n n i e 
and Evamy ( 1 9 6 8 ) and G l e n n i e ( 1 9 7 0 ) . D i k a k a i s most 
p r e v a l e n t n e a r s o u r c e s of w a t e r , c o a s t l i n e s o r w a d i s 
and i s e x t e n s i v e f o r example i n Lower P l i o c e n e a e o l i a n 
s a n d s on t h e T r u c i a l C o a s t . The d i k a k a may be p r e f e r 
e n t i a l l y cemented by gypsum. 

On t h e whole i t i s a l m o s t a x i o m a t i c t h a t t h e 

a c c u m u l a t i o n of l a r g e q u a n t i t i e s of wind-blown sand 

i n a c t i v e l y m i g r a t i n g bedforms p r e c l u d e s any s i g n i f i c a n t 

f l o r a l p r e s e n c e : t h e two a r e m u t u a l l y e x c l u s i v e . I n 

p e r i p h e r a l a r e a s of e r g s where w a t e r i s more a c c e s s i b l e 

and s a n d c o v e r l e s s c o m p l e t e , p l a n t s a r e more common, 

but t h e s e a r e a r e a s where t h i c k a e o l i a n s e q u e n c e s w i l l 

not d e v e l o p . A l s o , as one goes back i n t o g e o l o g i c a l 

time, x e r o p h y t i c p l a n t s must become more and more r a r e . 

A c t i v e e r g s may t h e r e f o r e have been more w i d e s p r e a d i n 

t h e p a s t , b e i n g c i r c u m s c r i b e d o n l y by t h e e f f e c t s of 

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

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

SECTION 1.2 THE DIMENSIONS OF ERGS 

' E r g ' i s an A r a b i c word u s e d i n t h e c e n t r a l and N.W. 

S a h a r a t o d e s c r i b e an a r e a of w i n d - l a i d s a n d . I t was 

adopted and more p r e c i s e l y d e f i n e d by W i l s o n ( 1 9 7 3 ) a s 

"an a r e a where w i n d - l a i d sand d e p o s i t s c o v e r a t l e a s t 

20% o£ the ground, and w h i c h i s l a r g e enough to c o n t a i n 

d r a a " . T h i s d e f i n i t i o n w i l l be a d hered t o i n t h i s 



t h e s i s . I n most modern e r g s b l o w n s a n d d o e s n o t c o v e r 

a l l t h e g r o u n d and t h e u n d e r l y i n g s u b s t r a t e i s v i s i b l e 

b e t w e e n t h e b e d f o r m s . B e c a u s e of t h i s , and t h e f a c t 

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

m a r g i n of an e r g , t h e a r b i t r a r y s p e c i f i c a t i o n of 20% 

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

E r g s w h e r e b e d f o r m s a r e s e p a r a t e d by s m o o t h 

s a n d - s h e e t or s a b k h a s u r f a c e s may e i t h e r be a r e a s 

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

n o n - a e o l i a n m a t e r i a l and l e a v i n g no d e p o s i t s , or b o t h 

t h e i n t e r b e d f o r m a r e a s and t h e b e d f o r m s may be 

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

i n t e r b e d d e d s e d i m e n t s . U n l e s s t h e i n t e r b e d f o r m a r e a s 

a r e b e d r o c k or d e f l a t e d a r e a s of o l d e r w a t e r - l a i n 

s e d i m e n t s , t h e d i s t i n c t i o n c a n n o t be made w i t h o u t some 

s u b s u r f a c e e x p l o r a t i o n . The d i s t i n c t i o n i s 

g e o l o g i c a l l y c r u c i a l * a e o l i a n s a n d c o n t a i n e d i n a 

v e n e e r of b e d f o r m s h a s a v e r y low p r e s e r v a t i o n 

p o t e n t i a l . W i l s o n ( 1 9 7 3 , p . 9 3 ) s t a t e s , " D u r i n g t h e 

p r e s e n t s t u d y , no l a r g e s a n d r e g i o n w i t h 1 0 0 % s a n d 

c o v e r and b e d f o r m s o v e r l y i n g b u r i e d ( a e o l i a n ) d e p o s i t s 

was f o u n d , a l t h o u g h McKee and T i b b i t s ( 1 9 6 4 ) c l a i m e d 

t h a t 1000 f t ( 3 0 0 m) of a e o l i a n s a n d u n d e r l a y some 

e r g s i n L i b y a " . I t i s n o t c l e a r on what d a t a t h i s 

a s s e r t i o n i s made, t h o u g h , f r o m h i s w r i t i n g s , i t seems 

l i k e l y t h a t W i l s o n r e g a r d e d i n c o m p l e t e s a n d c o v e r as 

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

T h i s i s t h e c o n c l u s i o n t h a t w o u l d be made f r o m h i s e r g 

m o d e l ( W i l s o n , 1 9 7 1 b ) . H o w e v e r , t h i s i s shown and 

s e c t i o n 1.3 to be i n c o m p l e t e : e r g s w i t h i n c o m p l e t e 



s a n d c o v e r c a n a g g r a d e and a c c u m u l a t e a e o l i a n 

d e p o s i t s . 

The p r e d o m i n a n c e of e r g s w i t h i n c o m p l e t e s a n d 

c o v e r a t t h e p r e s e n t day c a n be v e r i f i e d by e x a m i n i n g 

t h e many m a g n i f i c e n t s a t e l l i t e p h o t o g r a p h s i n McKee 

( 1 9 7 9 ) and S h o r t ( 1 9 7 6 ) . 

H a v i n g l a b o u r e d t h e v e r t i c a l d i m e n s i o n of e r g s , 

what o f t h e i r l a t e r a l e x t e n t ? The A l g o d o n e s Dunes i n 

C a l i f o r n i a , t h e o n l y a c t i v e U.S. e r g b e a r i n g d r a a , 

h a v e an a r e a of •—460 k m 2. The Rub' a l K h a l i of 

S a u d i A r a b i a c o v e r s 5 6 0 , 0 0 0 km 2. W i l s o n ( 1 9 7 3 ) 

c o m p i l e d a l i s t o f 58 e r g s e x c e e d i n g 1 2 , 0 0 0 k m 2 i n 

a r e a , w i t h a d d i t i o n a l i n f o r m a t i o n on t h e e x t e n t o f 

v e g e t a t i o n , s t a t e of s a n d c o v e r and w h e t h e r o r n o t 

d r a a a r e d e v e l o p e d . A s i z e - f r e q u e n c y h i s t o g r a m of a l l 

t h e w o r l d ' s e r g s i s r e d r a w n f r o m W i l s o n ( 1 9 7 3 ) i n 

f i g . 1.2. 

E r g s a r e c o n f i n e d to t o p o g r a p h i c a l l y l o w — l y i n g 

a r e a s , of v a r y i n g a b s o l u t e h e i g h t . T h i s i s p a r t l y 

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

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

a i r f l o w a c c e l e r a t e s o v e r h i g h g r o u n d . E r g m a r g i n s may 

be s t r o n g l y t o p o g r a p h i c a l l y c o n t r o l l e d ( e . g . E r g 

C h e c h - E r g I g u i d i , A l g e r i a ; T a k l a Makan, C h i n a ) , may be 

a l i g n e d t o t h e s a n d t r a n s p o r t p a t h ( C a l a n s c i o S a n d 

S e a , R e b i a n a S a n d S e a , L i b y a ; G r e a t S a n d S e a , E g y p t ) 

or may be d i f f i c u l t t o a t t r i b u t e t o any p a r t i c u l a r 

c a u s e m e r e l y by i n s p e c t i n g a good a t l a s . 



7 
0 

SECTION 1.3 ERG DEVELOPMENT 
C o n s t r a i n t s on t h e Growth of E r g s 

The aim of t h i s s e c t i o n i s t o d e s c r i b e and a s s e s s 

t h e i m p o r t a n c e of t h e v a r i o u s f a c t o r s t h a t i n f l u e n c e 

t h e development of e r g s . 

The minimum n e c e s s a r y c o n d i t i o n c o m p e l l i n g t h e 

a g g r a d a t i o n of an e r g body ( i . e . f o r n e t d e p o s i t i o n t o 

t a k e p l a c e a t t h e b a s e s of t h e bedforms m i g r a t i n g o v e r 

t h e e r g s u r f a c e ) i s t h a t t h e net s a n d - d r i f t r a t e (Q) 

s h o u l d d e c r e a s e w i t h d i s t a n c e i n t h e d i r e c t i o n of 

f l o w ( x ) , i . e . t h a t dQ i s n e g a t i v e . The net s a n d -
dx 

d r i f t r a t e m e a s u r e s t h e amount (by mass or volume) of 

s a n d blown p a s t a p o i n t o v e r a c e r t a i n l e n g t h of t i m e . 

I t i s u s u a l l y e x p r e s s e d i n u n i t s s u c h a s k i l o g r a m s or 

c u b i c m e t r e s p e r m e t r e w i d t h ( n o r m a l t o net d r i f t ) p e r 

y e a r . I f d u r i n g t h e f o r m a t i o n of an e r g dQ i s s t i l l 
dx 

n e g a t i v e a f t e r t h e bedforms have become f u l l y d e v e l o p e d ^ 

d e p o s i t i o n must c o n t i n u e and t h e bedforms w i l l c l i m b , 

r e g a r d l e s s of whether t h e b a s i n i n w h i c h t h e e r g r e s t s 

i s s u b s i d i n g . S u b s i d e n c e w i l l s e r v e t o c o u n t e r a c t t h e 

c o n s t r i c t i o n and a c c e l e r a t i o n of a i r f l o w t h a t must 

o t h e r w i s e accompany t h e v e r t i c a l growth of an e r g ( s e e 

f i g . 1 . 3 ) . B r o o k l i e l d ( 1 9 7 7 ) d i s m i s s e d t h e n o t i o n of 

n e t whole e r g s e d i m e n t a t i o n a t a r a t e any g r e a t e r t h a n 

10 m/year i n o r d e r t o d i s c a r d s i m p l e c l i m b i n g of 

becLforms a s a mechanism of e r g a g g r a d a t i o n ( o p . c i t . , 
p . 3 1 7 ) . He went on ( p . 3 1 9 ) t o a d v o c a t e s u b s i d e n c e of 

-4 

3x10 m/year a s a s u i t a b l e c o n t r o l of s e d i m e n t a t i o n . 

However i t i s i m p l i c i t i n h i s argument t h a t t h e e r g 
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s u r f a c e i s m a i n t a i n e d a t a c o n s t a n t l e v e l d u r i n g t h i s 

s u b s i d e n c e . T h i s c o u l d o n l y be a c c o m p l i s h e d by t h e 

c l i m b i n g of bedforms a t n e t s e d i m e n t a t i o n r a t e s o r d e r s 

of magnitude g r e a t e r t h a n t h o s e he p r e v i o u s l y r e j e c t e d . 

I n t h i s c o n t e x t i t i s p o s s i b l e t o r e d u c e t h e 

g e n e s i s of an e r g t o a c o n s i d e r a t i o n of t h r e e f a c t o r s : 

t h e development of a s u i t a b l e t o p o g r a p h i c b a s i n ; t h e 

o n s e t of a r i d i t y ; and an abundant sand s u p p l y . G i v e n 

t h a t t h e s e r e q u i r e m e n t s a r e f u l f i l l e d , i n a r e a s where 

dQ i s n e g a t i v e e r g s must d e v e l o p . T h e s e e r g s may t h e n 
dx 

be a b l e t o b u i l d up a c o n s i d e r a b l e s e d i m e n t body t h i c k 

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

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

I t i s o n l y a t t h i s s t a g e t h a t t h e r a t e of s u b s i d e n c e of 

t h e b a s i n need be c o n s i d e r e d . 

W i l s o n ( 1 9 7 1 b ) a l s o r e a c h e d t h i s c o n c l u s i o n , d e s c r i b i n g 

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

i n f i r s t o r d e r e q u i l i b r i u m . I n t h i s s t a t e t h e amount 

of sand e n t e r i n g t h e e r g e q u a l s t h a t l e a v i n g i t , a n d t h e 

e r g no l o n g e r changes under t h e r e g i o n a l s a n d - d r i f t . 

As an example he s u g g e s t e d t h a t t h e E r g O r i e n t a l might 

r e a c h t h i s s i t u a t i o n when i t s c e n t r e i s 2000m t h i c k 

( p r e s e n t mean san d t h i c k n e s s 26m). From e s t i m a t e d 

s a n d - d r i f t maps t h i s would r e q u i r e a f u r t h e r 120 Ma 

of a c t i v e d e p o s i t i o n , or 12 Ma t o r e a c h 200m, a 

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

s a n d s t o n e f o r m a t i o n . ( W i l s o n ( o p . c i t . ) q u o t e s 50 Ma 

t o r e a c h 2000m but h i s c a l c u l a t i o n i s i n c o r r e c t , a l s o 

h i s f o r m u l a i s i n e r r o r a s p r i n t e d ; b u l k d e n s i t y s h o u l d 
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be i n the numerator, not d e n o m i n a t o r ) . 

F u r t h e r a d v o c a t i n g the p r i m a r y i n f l u e n c e of s u b 

s i d e n c e , B r o o k f i e l d ( 1 9 7 7 ) c i t e s t h e i n t e r f i n g e r i n g 

of a e o l i a n and f l u v i a t i l e ( m a i n l y a l l u v i a l f a n ) 

s e d i m e n t s of ?Lower Permian age i n t h e D u m f r i e s B a s i n 

of SW S c o t l a n d a s e v i d e n c e of a r i s e i n b a s e l e v e l 

c o n t r o l l e d by s u b s i d e n c e . However d r a i n a g e i n t h e 

b a s i n i s l i k e l y t o have been e n d o r e i c and l a r g e l y 

by i n f i l t r a t i o n . With b a s i n c e n t r e s e d i m e n t a t i o n wind 

c o n t r o l l e d , t h e f l u v i a l b a s e l e v e l would p r o b a b l y have 

been i n d e p e n d e n t of e x t e r n a l f a c t o r s . 

The main p r o b l e m on t h i s s i n g u l a r l y a cademic p o i n t 

i s t h a t i t i s a l m o s t i m p o s s i b l e t o gauge how f a r an 

e r g might grow v e r t i c a l l y w i t h o u t a c c e l e r a t i n g t h e f i r s t 

o r d e r f l o w s u f f i c i e n t l y f o r d e p o s i t i o n t o c e a s e . Over 

an a r e a t h e s i z e of an e r g t h e a c c e l e r a t i o n of t h e wind 

must come about by c o n s t r i c t i o n of t h e whole t r o p o s p h e r e 

r a t h e r t h a n by p r o j e c t i o n i n t o t h e a t m o s p h e r i c boundary 

l a y e r . The f l o w t h e n i s ~ 1 5 km deep and as wide a s a 

c y c l o n i c o r a n t i c y c l o n i c s y s t e m . B r o o k f i e l d ' s arguments 

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

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

S u b s i d e n c e and t e c t o n i c s p r o b a b l y have a g r e a t e r 

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

I n an a c t i v e l y s u b s i d i n g a r e a t h e b a s i n t o h i g h l a n d 

r e l i e f w i l l c o n s t a n t l y be r e j u v e n a t e d , m a i n t a i n i n g 

-bedrock e x p o s u r e , p r o m o t i n g w e a t h e r i n g and a l l o w i n g 

a c t i v e a l l u v i a t i o n . I n s t a b l e a r e a s r e l i e f w i l l 

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

new sediment and p o t e n t i a l sand s o u r c e a r e a s w i l l 
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q u i c k l y d e v e l o p an armour of l a g g r a v e l , m i n i m i s i n g 

d e f l a t i o n and a e o l i a n s a n d s u p p l y . 

I n many i n s t a n c e s t h e r a t e of a e o l i a n s a n d d e p o s i t i o n 

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

p r e - o r c o - e x i s t i n g a l l u v i a l s e d i m e n t , w h e t h e r on 

f a n s , b r a i d p l a i n s , b a j a d a or e l s e w h e r e . I f t h i s 

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

d e p o s i t i o n , o r i f no s u c h l o o s e s e d i m e n t i s a v a i l a b l e 

t o t h e wind, a e o l i a n d e p o s i t i o n w i l l be l i m i t e d by t h e 

r a t e of r o c k w e a t h e r i n g . 

N u m e r i c a l v a l u e s of w e a t h e r i n g r a t e s a r e g i v e n on 

f i g . 1.4. F i g . 1.4a i s t a k e n from W i l s o n ( 1 9 7 1 b ) and 

r e p r e s e n t s t h e most p e r t i n e n t d a t a a v a i l a b l e among a 

l a r g e g e o m o r p h o l o g i c a l l i t e r a t u r e on t h e s u b j e c t . 

W i l s o n d e r i v e d t h e d a t a by f o l l o w i n g h i s s a n d f l o w 

C= s a n d - d r i f t ) l i n e s from p e a k s (where Q = 0 ) t o t h e 

n e a r e s t e r g m a r g i n (where Q r e a c h e s s a t u r a t i o n ) , 

o b s e r v i n g t h e t y p e s of t e r r a i n t r a v e r s e d and t h u s 

e v a l u a t i n g d e f l a t i o n r a t e s . I t s h o u l d be s t r e s s e d t h a t 

t h i s i n f o r m a t i o n i s g r a i n s i z e s p e c i f i c , f o r 0.1 - 0.5 

mm sa n d . O t h e r work ( e . g . C o r b e l , 1959; L a n g b e i n & 

Schumm, 1958, shown i n f i g . 1.4b; Young, 1 9 7 4 ) , 

w h i l s t u s e f u l , c o n s i d e r s s e d i m e n t of a l l g r a i n s i z e s 

and a g u e s s must t h e n be made of t h e c o n t a i n e d 

p r o p o r t i o n of sand s u s c e p t i b l e t o a e o l i a n t r a n s p o r t . 

A l s o , i n b e i n g d e r i v e d from S a h a r a n da t a , f i g . 1.4a 

a p p l i e s t o v e r y l a r g e a r e a s of g e n e r a l l y q u i t e low 

r e l i e f and s t a b l e , i n t r a c r a t o n i c t e c t o n i c s . I n p o s t -

V a r i s c a n N.W. E u r o p e , home of a l l t h e r o c k s d e s c r i b e d 

l e t c r i n t h i s t h e s i s , r e l i e f may w e l l have been 
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g r e a t e r and t h e t e c t o n i c s more a c t i v e . 

A Model f o r t h e Development of E r g s 

W i l s o n (1970 & 1971b) g i v e s a t h e o r e t i c a l model 

f o r t h e development of e r g s , e x p r e s s e d i n terms of 

d e f l a t i o n , s a n d - d r i f t , and d e p o s i t i o n . A few s a l i e n t 

p o i n t s w i l l be summarised, w i t h o c c a s i o n a l m o d i f i c a t i o n . 

I n i t i a l l y i t might be supposed t h a t bedforms and 

e r g s w i l l o.nly d e v e l o p where t h e s a n d - d r i f t i s s a t u r a t e d 

and d e c e l e r a t i n g . Where t h i s o c c u r s sand c o v e r s h o u l d 

be c o m p l e t e . However, s i n c e i s o l a t e d bedforms can form 

and p e r s i s t on o t h e r w i s e s a n d - f r e e ground i t i s n e c e s s a r y 

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

m e t a s a t u r a t e d z o n e s , s a n d w i l l o n l y a c c u m u l a t e on a l r e a d y 

sandy a r e a s ; t h i s comes about b e c a u s e sand can be t r a n s 

p o r t e d more e a s i l y a c r o s s h a r d ground th a n a l o o s e s a n d 

s u r f a c e ( B a g n o l d 1941, p . 7 2 ) . Thus any f u l l y d e v e l o p e d 

e r g s h o u l d be r i n g e d by a ' m e t a s a t u r a t i o n l i n e ' w i t h i n 

w h i c h i s a c o n c e n t r i c ' s a t u r a t i o n l i n e ' . The e r g 

b e g i n s t o d e v e l o p a t t h e m e t a s a t u r a t i o n l i n e by bedform 

g e n e s i s . I f t h e bedforms a r e e f f i c i e n t s a n d — t r a p p e r s 

C i . e . t r a n s v e r s e ) t h e e r g s p r e a d s by t h e r e p e a t e d 

a p p e a r a n c e of bedforms a t t h e m e t a s a t u r a t i o n l i n e and 

m i g r a t i o n of t h o s e bedforms downwind. As t h i s happens, 

an a r e a of s a t u r a t e d s a n d - d r i f t may t a k e shape and i t 

i s o n l y w i t h i n t h i s t h a t c o m p l e t e sand c o v e r may be 

g e n e r a t e d w i t h s u b s e q u e n t e r g body a g g r a d a t i o n . With 

s a n d - p a s s i n g bedforms ( i . e . l o n g i t u d i n a l ) the e r g 

s p r e a d s by growth a t t h e downwind end of t h e bedforms: 

t h e r e i s no bedform m i g r a t i o n . 
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E x p r e s s i n g t h i s more r i g o r o u s l y , l e t V be a 

f u n c t i o n r e p r e s e n t i n g t h e wind regime. I f x , y , z a r e 

t h e 3 s p a t i a l v a r i a b l e s and t i s time, 

V = f ( x , y , z , t ) 

The c a r r y i n g c a p a c i t y of t h e wind, or p o t e n t i a l o r 

s a t u r a t e d s a n d - d r i f t , Q = f ( V ) . The m e t a s a t u r a t e d 
s 

s a n d - d r i f t Qm i s a l s o a f u n c t i o n of V. 

L e t Qm = Q o - A<* O 
s 

w i l l v a r y w i t h V and t h e n a t u r e of t h e ground 

s u r f a c e . A c c o r d i n g t o W i l s o n ( 1 9 7 1 b ) 100% sand c o v e r 

can o n l y be a c h i e v e d where = 0 . 

The o n l y c o n d i t i o n c o m p e l l i n g d e p o s i t i o n i s t h a t 

t h e s a n d - d r i f t r a t e d e c r e a s e s downwind, i e . i f 

dQ < 0 d e p o s i t i o n o c c u r s , where x i s f i x e d as t h e 
dx 
wind d i r e c t i o n and Q i s t h e a c t u a l s a n d - d r i f t . The 

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

Q > Qm. T h i s i s not a s u f f i c i e n t c o n d i t i o n though: 

i f Q > Qm and dQ i s not l e s s t h a n z e r o d e p o s i t i o n i s 
dx 

not i n e v i t a b l e ( t h i s d i f f e r s from W i l s o n (1971b, p . 1 9 4 ) ) . 

Q > Qm m e r e l y d e n o t e s t h a t bedforms a r e s t a b l e , not 

t h a t t h e y must o c c u r . I n c o n d i t i o n s of s t e a d y f l o w 

o v e r u n i f o r m ground no sand would be d e p o s i t e d . I n 

r e a l l i f e t h e f l o w f l u c t u a t e s and t h e ground i s rough. 

Sand w i l l be d e p o s i t e d from t i m e t o time and t h e 

f u l f i l l m e n t of t he c o n d i t i o n Q > Qm means t h a t on 

b a l a n c e t h e s e a c c u m u l a t i o n s w i l l s u r v i v e and grow i n t o 

bedforms. 



The foregoing i s i l l u s t r a t e d f o r 3 h y p o t h e t i c a l 

ergs i n f i g . 1 . 5 . In f i g . 1.5a Q s & Q m> f o l l o w i n g V, 

r i s e to a peak and t a i l o f f . S i n c e i n the l e f t hand 

par t of the graph Q < Q s < ) d e f l a t i o n o c c u r s and Q 

i n c r e a s e s with x, dQ being c o n t r o l l e d by s u r f a c e 
dx 

c h a r a c t e r i s t i c s . Because d e f l a t i o n does not keep pace 

with the competence of the wind i n t h i s i n s t a n c e , Q 

reaches Qm on the descending curve at x . At t h i s 
m 

point bedforms may develop and u n l e s s t h e r e i s d e f l a t i o n 

i n the inter-bedform areas Q l e v e l s o f f . As sand cover 

i n c r e a s e s , Q g must approach Q^ the two becoming equal 

when complete cover i s a t t a i n e d . T h i s i s because the 

wind i s capable of c a r r y i n g more sand over hard, bare 

ground than over a loose sand s u r f a c e (Bagnold, 1941, 

p.72). Wilson (1971b) does not make t h i s p o i n t . T h i s 

r e d u c t i o n of Q g has the e f f e c t of sharpening the t r a n s 

i t i o n from incomplete to complete sand cover, which i s 

reached at x i n f i g . 1.5a. Beyond x , dQ i s ne g a t i v e 
S S i 

dx 

and the bedforms must climb, thus accumulating an erg 

body. 

F i g . 1.5b i l l u s t r a t e s the development of an erg with 

incomplete sand cover. V and thus Q g and decrease 

i n i t i a l l y , l e v e l o f f f o r a d i s t a n c e and then i n c r e a s e . 

Such a s i t u a t i o n might develop where the wind flows o f f 

a mountain range with d e c e l e r a t i o n due to flow expansion, 

c r o s s e s a f l a t p l a i n , then r i s e s and a c c e l e r a t e s up the 

next mountains. Where x < x m l > Q i s l e s s than Q m and 

t h e r e f o r e d e f l a t i o n occurs to i n c r e a s e Q; a c r o s s the 

f r i n g i n g a l l u v i a l f a n s f o r i n s t a n c e . At x , the r i s i n g 
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Q m e e t s and e x c e e d s t h e f a l l i n g Q m. B e d f o r m s may 

t h e r e f o r e d e v e l o p and Q s w i l l be r e d u c e d as t h e p r o p o r t i o n 

of s a n d - f r e e g r o u n d d e c r e a s e s . B e y o n d xm± V r e m a i n s 

c o n s t a n t a n d , i f no d e f l a t i o n o c c u r s b e t w e e n t h e b e d f o r m s , Q 

l e v e l s o f f and m a i n t a i n s a v a l u e b e t w e e n Q s a n d Q m „ 

B e c a u s e e ^ ^ x
 i s z e r o > Q O f u r t h e r d e p o s i t i o n t a k e s p l a c e 

a f t e r t h e b e d f o r m s h a v e r e a c h e d an e q u i l i b r i u m s i z e , and a 

n o n - a g g r a d i n g e r g w i t h i n c o m p l e t e s a n d c o v e r i s m a i n t a i n e d . 

An a g g r a d i n g e r g w i t h i n c o m p l e t e s a n d c o v e r i s shown i n 

f i g . 1 . 5 c . H e r e < O , c o m p e l l i n g d e p o s i t i o n , b u t 

Q s > Q > Q m o v e r t h e e r g . T h u s , s i n c e t h e a c t u a l 

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

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

a g g r a d e l e a v i n g an a l t e r n a t i n g s e q u e n c e o f b e d f o r m a n d 

i n t e r b e d f o r m d e p o s i t s . I f t h e b e d f o r m s and i n t e r b e d f o r m s 

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

i s o b l i t e r a t e d by t h e o t h e r . The r e l a t i v e t h i c k n e s s of 

t h e i r r e s p e c t i v e d e p o s i t s , t p and t j , i s i n p r o p o r t i o n 

t o t h e l e n g t h of t h e d e p o s i t i n g a r e a s , 1Q, I J . T h a t i s , 

fc^, m t i ^ m t h e s i n e of t h e a n g l e o f c l i m b . 

S E C T I O N 1.4 ERGS AND A S S O C I A T E D F A C I E S 

The v a r i o u s f a c i e s and s e d i m e n t a r y e n v i r o n m e n t s t h a t 

may be a s s o c i a t e d w i t h e r g s a r e n o t d i f f i c u l t to d i v i n e and 

h a v e b e e n w e l l r e c o u n t e d r e c e n t l y by C o l l i n s o n ( 1 9 7 8 ) . 

A f i r s t s i m p l e c l a s s i f i c a t i o n of f a c i e s p a t t e r n s c a n be 

made on t h e b a s i s o f two t e c t o n i c and two g e o g r a p h i c 

s e t t i n g s : 

( 1 ) t e c t o n i c a l l y s t a b l e i n l a n d e r g s , 

( 2 ) t e c t o n i c a l l y s t a b l e c o a s t a l e r g s , 

( 3 ) t e c t o n i c a l l y a c t i v e i n l a n d e r g s , 

( 4 ) t e c t o n i c a l l y a c t i v e c o a s t a l e r g s . 

A se l e c t i o n o f e x a m p l e s c a n be g i v e n : f o r 

S a h a r a n , A r a b i a n a n d A u s t r a l i a n e r g s ; ( 2 ) , t h e 

S a n d y D e s e r t , A u s t r a l i a and t h e Namib D e s e r t ; ( 3 ) , t h e T a k l a 

Makan, C h i n a and many o t h e r C h i n e s e a n d I r a n i a n e r g s and 

G r e a t S a n d D u n e s , C o l o r a d o ; and ( 4 ) , t h e A t a c a m a D e s e r t , 

S o u t h A m e r i c a and G r a n D e s i e r t o , M e x i c o . 

The f o u r d i v i s i o n s a r e i l l u s t r a t e d i n f i g s . 1.6 and 
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1.7. From the diagrams i t i s apparent that a e o l i a n 

sands may be a s s o c i a t e d with almost any kind of 

sediment. I f f a i r l y coarse l a b e l l i n g can be t o l e r a t e d , 

t h e i r n e a r e s t neighbours, both l a t e r a l l y and v e r t i c a l l y , 

are l i k e l y to be some p a r t of a f l u v i a l system or 

anything from an i n l a n d sabkha to a s a l i n e p e r e n n i a l 

lake i n the i n l a n d ' c a s e s . Ergs are l i k e l y to occupy 

the c e n t r e of an endoreic b a s i n or be s i t u a t e d between 

marginal areas of f l u v i a l d e p o s i t s and a c e n t r a l area 

of l a c u s t r i n e , p l a y a or sabkha sediments. S t a b l e 

t e c t o n i c s w i l l favour the development of sediment 

bodies of l a r g e l a t e r a l extent. R e l i e f w i l l be eroded 

without r e j u v e n a t i o n by r e l a t i v e u p l i f t , and sediment 

supply i s l i k e l y to dwindle e v e n t u a l l y , t h e r e f o r e 

l i m i t i n g the v e r t i c a l t h i c k n e s s of ergs. 

With a c t i v e v e r t i c a l t e c t o n i c s t h i s c o n s t r a i n t w i l l 

be removed though the l a t e r a l extent of ergs may be 

l i m i t e d by the reduced d i s t a n c e between highlands 

compared with a s t a b l e area. Note however that the 

T a k l a Makan, an erg i n a t e c t o n i c a l l y a c t i v e area 
2 

CN.W. China), has an area exceeding 250,000 km . 

I n c o a s t a l s i t u a t i o n s a e o l i a n sand may i n t e r f i n g e r 

with any nearshore environment. The d i r e c t i o n of the 

wind r e l a t i v e to the c o a s t l i n e may have important 

consequences. An onshore wind i s only l i k e l y to lead 

to the development of a s i g n i f i c a n t erg i n the case of 

a c l a s t i c s h o r e l i n e amply s u p p l i e d with sediment by 

r i v e r s , whether d i r e c t l y or i n d i r e c t l y . A carbonate 

s h o r e l i n e might prove an unproductive or s h o r t - l i v e d 
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source of sediment though the high p r o b a b i l i t y of e a r l y 

cementation i n carbonate dunes might enhance t h e i r 

subsequent p r e s e r v a t i o n . In the Namib and Atacama 

Deserts, winds blow along or o f f - s h o r e . 

The i n f l u e n c e of t e c t o n i c s on c o a s t a l ergs w i l l be 

s i m i l a r to t h a t i n the i n l a n d case, though an a c t i v e l y 

s u b s i d i n g c o a s t a l erg i s going to be very v u l n e r a b l e 

to t r a n s g r e s s i o n i f sand supply i s r e s t r i c t e d for some 

reason. 

Summary 

There are many d i f f e r e n t p r e c i s e d e f i n i t i o n s of 

the term desert, though the s u b t l e t i e s have l i t t l e 

r e l e v a n c e to the g e o l o g i s t working on the a n c i e n t . 

D e s e r t s have a l i m i t e d number of m e t e o r o l o g i c a l causes 

but a c t i n g i n combination these f a c t o r s have produced 

d e s e r t s at l a t i t u d e s ranging from 48°N to 50°S i n 

the modern world. 

Areas w i t h i n d e s e r t s where a e o l i a n sand has been 

deposited i n and by a c t i v e bedforms are c a l l e d ergs, 

and vary i n s i z e from j u s t a few square km to more than 
2 

500,000 km . Most modern ergs seem to c o n s i s t merely 

of a veneer of bedforms. 

The development of ergs i s dependent on the c o i n c i d e n c e 

of a s u i t a b l e l o c a t i o n , c l i m a t e and sand supply. The 

v e r t i c a l aggradation of e r g s i s b e l i e v e d to be governed 

more by sand supply than s u b s i d e n c e . A geomorphological 

model f o r the i n i t i a t i o n and growth of ergs may be 

developed by c o n s i d e r a t i o n o f the a i r f l o w and p o t e n t i a l 
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and a c t u a l s a n d - d r i f t r a t e s . The model allows f o r the 

development of ergs with and without complete sand cover. 
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CHAPTER 2 

THE WIND, BEDFORMS AND CROSS-BEDDING 

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

Some mention of the wind as a t r a n s p o r t i n g medium 

must be made i n any account of a e o l i a n sediments. I t 

i s the aim of t h i s chapter to give a b r i e f g e o l o g i s t ' s -

eye view of the wind, and to foll o w t h i s w ith a d e s c r i p t i o n 

of the bedforms found i n a e o l i a n sand,with the i n t e n t i o n 

of then being able to present a g e n e r a l i s e d p i c t u r e of 

the cross-bedding of w i n d - l a i d sands. 

SECTION 2.1 THE WIND 

The o v e r a l l geostrophic p a t t e r n of the wind i s 

u n a l t e r a b l y determined by d i f f e r e n t i a l s o l a r heating 

at equator and poles and the C o r i o l i s f o r c e . Within 

those c o n s t r a i n t s the wind i s f r e e to proceed wherever 

c a p r i c e takes i t and i s s u s c e p t i b l e to the i n f l u e n c e of 

co u n t l e s s minor m o d i f i e r s and c o n s i d e r a t i o n s . The 

theory of atmospheric motion i s enormous, immensely 

complex and incomplete. 

Whereas weather systems i n v o l v e the motion of the 

whole troposphere, the e f f e c t s of f r i c t i o n at the 

ea r t h ' s s u r f a c e c r e a t e the p l a n e t a r y boundary l a y e r 

1 or 2 km deep w i t h i n which the wind d i v e r g e s from the 

geostrophic flow by between 10 and 30° a n t i c l o c k w i s e . 

According to Dutton (1976, pp.447-8) the theory of the 

pl a n e t a r y boundary l a y e r "has probably r e c e i v e d more 

a t t e n t i o n and f i l l e d more books than a l l the r e s t of 

dynamic meteorology." The theory, however, i s s t i l l 

" q u a s i - e m p i r i c a l " . The s t r u c t u r e of t h i s l a y e r over 
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a granular bed seems to c o n s i s t of (from the bottom 

upwards): 

1. A l a y e r of s t i l l a i r 1/30 of a g r a i n diameter t h i c k . 

In s a n d - d r i v i n g c o n d i t i o n s t h i s zone t h i c k e n s ( s e e 

Bagnold, 1941, pp.57-64). 

2. The Ekman Layer, i n which the wind p r o f i l e i s 

approximately l o g a r i t h m i c and the wind s p i r a l s 

with height to the geostrophic flow. 

Dutton (1976) d i s t i n g u i s h e s a "constant s t r e s s 

l a y e r " i n the b a s a l 100m i n which the eddy s t r e s s 

remains approximately constant. None of the g e o l o g i c a l 

l i t e r a t u r e on a e o l i a n bedforms c o n t a i n s any s p e c i f i c 

r e f e r e n c e to work of atmospheric p h y s i c i s t s on whether 

or how t h i s p a t t e r n might be a l t e r e d i n the presen-ce 

of an e x t e n s i v e f i e l d of l a r g e bedforms. 

Contrasted with water as a t r a n s p o r t i n g medium, 

the wind i s f a r l e s s c i r c u m s c r i b e d i n terms of d i r e c t 

i o n a l v a r i a b i l i t y but f a r more so i n terms of c a r r y i n g 

power. The p h y s i c s of sand movement i n a i r are 

comprehensively d e a l t with by Bagnold (1941) and 

r e i t e r a t e d i n Cooke & Warren (1973, p.258-266). Sand 

movement begins at a shear v e l o c i t y of 0.15 ms""'" 

( e q u i v a l e n t to 4 ms-"*" or 9.5 mph measured at a height 

of 2m) i n g r a i n s of diameter 0.07mm. For a l l sand 

moving v e l o c i t i e s the wind i s t u r b u l e n t . Once sand 

movement has been i n i t i a t e d the amount of sand 

c a r r i e d by the wind i s p r o p o r t i o n a l to the cube of 

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

v e l o c i t i e s . To give an idea of the orders of 
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magnitude involved, a wind of 10 ms or 27 mph 

(measured at lm) w i l l move 120kg of 0.25mm sand a c r o s s 

a one metre width i n one hour. 

SECTION 2.2 AEOLIAN BEDFORMS AND THEIR ORIGINS 

General 

Wilson (1970) recognized and s y s t e m a t i c a l l y d e s c r i b e d 

4 d i s t i n c t s i z e orders of a e o l i a n bedform: r i p p l e s , mega-

r i p p l e s , dunes, and draa. Megaripples are r a r e f e a t u r e s 

r e s t r i c t e d to sands with a s i g n i f i c a n t coarse or pebbly 

f r a c t i o n and were subsequently i n c l u d e d with r i p p l e s 

to give 3 s i z e o rders (Ellwood et a l . , 1975). T h i s i s 

i l l u s t r a t e d i n f i g . 2.1. 

The obvious question i s simply, why? Why does the 

wind c r e a t e bedforms i n the f i r s t p l a c e and why are 

t h e r e 3 d i s t i n c t c o e x i s t i n g s i z e orders of constant 

dimensions i n any given a r e a of constant g r a i n s i z e , 

whether sand cover be complete or p a r t i a l ? 

A e o lian bedforms have been the s u b j e c t of very 

l i t t l e wind tunnel experimentation. Given the 

dimensions involved nothing other than r i p p l e s are 

ever l i k e l y to be s u b j e c t to such c o n t r o l l e d study. 

There i s no evidence that a s e q u e n t i a l development of 

bedforms might p r e v a i l with i n c r e a s i n g c u r r e n t 

v e l o c i t i e s as i n u n i d i r e c t i o n a l aqueous flows, but 

such a system would be next to i m p o s s i b l e to i n f e r 

from f i e l d w o r k . 

Bagnold (1941) draws a d i s t i n c t i o n between " g e n t l e 

winds" i n which p r e - e x i s t i n g , f l a t patches of sand 

surrounded by a pebbly s u r f a c e are degraded, and 
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" s t r o n g w i n d s " i n w h i c h s u c h p a t c h e s a g g r a d e g i v e n a 
c o n t i n u i n g s a n d s u p p l y ( i b i d . , p. 1 7 2 f f . ) . B a g n o l d 
s u g g e s t s q u i t e r e a s o n a b l y t h a t t h i s o b s e r v a t i o n may be 
e x t e n d e d to d u n e s . G i v e n a s u i t a b l e s u c c e s s i o n of 
s t r o n g w i n d s a dune c o u l d p r o b a b l y be c r e a t e d i n t h i s 
m a n n e r , p r o v i d e d t h e s u r r o u n d i n g s u r f a c e r e m a i n s 
p e b b l y and t h e s a n d - d r i f t a b o v e m e t a s a t u r a t i o n . G i v e n 
a l a r g e enough s a n d p a t c h and a s u i t a b l e w i n d f o r 
s e v e r a l t h o u s a n d y e a r s ( a n a v e r a g e d r a a r e c o n s t i t u t i o n 
t i m e , W i l s o n , 1 9 7 0 , f i g . 6 8 ) a d r a a m i g h t f o r m . 

A l l e n ( 1 9 6 8 , C h . 6 ) p r o v i d e s a r e v i e w of i d e a s f o r 

t h e o r i g i n s of b e d f o r m s f o r m e d by f l o w i n g w a t e r . A l l 

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

t r a n s p o r t by some means or o t h e r . A s u i t a b l e 

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

w h i c h p r e - e x i s t s t h e b e d f o r m s and d e t e r m i n e s t h e i r 

w a v e l e n g t h . T h i s p r e - e x i s t i n g r h y t h m i s m e r e l y 

l a b e l l e d ' t u r b u l e n c e ' , or i s p r o c u r e d a t a 

d i s c o n t i n u i t y i n a s t r a t i f i e d f l o w . A l t e r n a t i v e l y , 

i n i t i a l l y s m a l l , c h a n c e mounds or h o l l o w s a r e s a i d t o 

o c c u r on t h e bed and s e t up a f l o w s e p a r a t i o n f r o m 

w h i c h b e d f o r m s a r e g e n e r a t e d and grow. T h u s t h e r e i s 

a c h i c k e n and egg p r o b l e m , t h o u g h t h e l a t t e r t h e o r y 

seems to be a l a mode a t p r e s e n t ( L e e d e r , 1 9 7 7 ) . 

W i l s o n , i n h i s t h e s i s ( 1 9 7 0 , pp. 1 0 7 - 1 2 0 ) , g i v e s 

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

a l o n g t h e l i n e s d e s c r i b e d a b o v e , t h o u g h a c q u i e s c i n g to 

t h e b a l l i s t i c t h e o r y f o r r i p p l e s . I n h i s 1972b p a p e r 

he s e t t l e s on h a v i n g a p r e - e x i s t i n g n u c l e u s w i t h w h i c h 

to g e n e r a t e or f i x a r h y t h m i c i t y i n t h e f l o w ( n o t e 
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the ambiguity). To develop d i s t i n c t orders of bedform, 

dune n u c l e i must be bigger than f u l l y grown r i p p l e s and 

draa n u c l e i bigger than f u l l y grown dunes. T h i s seems 

to be the s t a t e of the a r t f o r a e o l i a n bedforms (w i t h 

one exception; see below, pp.u-v) ) . I t does not e x p l a i n 

why r i p p l e s do not grow up to become dunes and dunes 

to draa: the theory may w e l l generate a bedform but 

does not seem to allow f o r 3 orders of bedform. 

F o l k (1976), and i n d i s c u s s i o n (1977a), attempts to 

e x p l a i n a e o l i a n bedforms ( r i p p l e s , megaripples and 

dunes) with 3 orders of r o l l e r v o r t i c e s i n the a i r f l o w , 

l a r g e r v o r t i c e s corresponding to higher v e l o c i t i e s . 

Despite c i t i n g 2 of Wilson's papers he f a i l s to mention 

draa. To c o r r e c t t h i s a l l that needs to be done i s to 

s l o t megaripples i n with r i p p l e s as low order f e a t u r e s , 

then l a b e l dunes as mid-order and draa as high-order. 

The problem with t h i s idea i s env i s a g i n g s u c c e s s i v e 

orders of bedform being formed at i n c r e a s i n g wind 

v e l o c i t i e s , with "zones of chaos" developed i n the 

t r a n s i t i o n from one order to the next. R e c o n s t i t u t i o n 

times could be played with, but the permanent c o e x i s t e n c e 

of a l l 3 orders of bedform ir r e s i s t i b l y f o r c e s the p r e 

conception t h a t at the very l e a s t t h e i r s t a b i l i t y 

f i e l d s o verlap c o n s i d e r a b l y . F u r t h e r , F o l k ' s i d e a s 

do not seem to be capable of e x p l a i n i n g the e x i s t e n c e 

of draa l a c k i n g s l i p f a c e s . These have dunes migrating 

down the l e e s i d e i n what should be a zone of r e v e r s e d 

flow, according to F o l k . Also, no-one has ever detected 

rhythmic r o l l e r v o r t i c e s i n the wind. 
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Ripples 

T y p i c a l a e o l i a n r i p p l e s have wavelengths of the 

order of 0.1-0.2m and h e i g h t s of a few m i l l i m e t r e s . 

They are u s u a l l y very s t r a i g h t c r e s t e d and t r a n s v e r s e 

to the wind; more sinuous v a r i e t i e s occur, but seem 

to be r a r e . They are asymmetric,with long windward 

and short leeward s l o p e s , though l e e s l o p e s seldom 

a t t a i n the angle of repose. Sand i s s o r t e d on r i p p l e s 

such that c o a r s e r g r a i n s c o l l e c t on the c r e s t s with 

f i n e r g r a i n s i n the troughs. They are ubiquitous on 

sand s u r f a c e s exposed to the wind ( f i g . 2.2), being 

suppressed only at very high wind v e l o c i t i e s . 

Bagnold's (1941, pp.62-64 and 146-153) ideas on 

the o r i g i n of wind r i p p l e s , g e n e r a l l y r e f e r r e d to as 

the " b a l l i s t i c theory", have held sway for 40 y e a r s . 

He suggested t h a t i n a population of sand g r a i n s 

undergoing s a l t a t i o n there would be a " c h a r a c t e r i s t i c 

path l e n g t h " or modal length f o r a s i n g l e jump i n s a l t -

a c t i o n . Bagnold c a l c u l a t e d t h i s path length f o r a 

l a b o r a t o r y sand at given wind v e l o c i t i e s and showed 

t h a t the r e s u l t s corresponded very c l o s e l y to r i p p l e 

wavelengths produced i n the wind tunnel. Thus on a 

r i p p l e d s u r f a c e a l l the sand g r a i n s are deduced to be 

s a l t a t i n g i n phase. 

F o l k (1976) a t t a c k e d the b a l l i s t i c theory and much 

of h i s c r i t i c i s m seems i r r e f u t a b l e , d e s p i t e Leeder's 

(1977) r e p l y . The t h r u s t of F o l k ' s argument i s t h a t 

though there may be a d e f i n a b l e c h a r a c t e r i s t i c path 

length, i t i s the standard d e v i a t i o n of t h i s length 



that i s important. He suggests that to produce 

coordinated r i p p l e s t h i s d e v i a t i o n could not exceed 

about 25% of the path length. T h i s i s i n t u i t i v e l y 

d i f f i c u l t and not borne out by Bagnold's photographs 

of migrating r i p p l e s i n the wind tu n n e l . Also, 

a e o l i a n r i p p l e s , though s t r a i g h t - c r e s t e d , do show 

t r a n s v e r s e j u n c t u r e s and other v a r i a t i o n s . These 

cannot be explained by the b a l l i s t i c mechanism (see 

f i g . 2.3). 

Set a g a i n s t t h i s , the work of Ellwood et a l . ( 1 9 7 5 ) 

would at f i r s t s i g h t seem to confirm the v a l i d i t y of 

the b a l l i s t i c mechanism, which i s i n f a c t the aim of 

the paper. The behaviour of uniform sand g r a i n s 

rebounding from a uniform sand s u r f a c e was explored 

e x p e r i m e n t a l l y . To simulate s a l t a t i o n , sand was 

p r o p e l l e d onto the s u r f a c e at an angle of 14° from 

the h o r i z o n t a l , and c o l l e c t e d on a greased p l a t e 

p o s i t i o n e d at v a r y i n g h e i g h t s . Thus the percentage 

of g r a i n s rebounding to any given height was obtained 

and expressed as a " s t a t i s t i c a l 'rebound p r o b a b i l i t y 

matrix'." 

The r e s u l t s of these experiments are redrawn i n 

f i g . 2.4. T h i s curve, of percentage a t t a i n i n g a given 

rebound p l o t t e d a g a i n s t t h a t rebound, provided the 

"rebound p r o b a b i l i t y matrix" (expressed as R -

( R 5 , R 1 0, R 1 5
 R100^' w n e r e P% o f t n e g r a i n s 

a t t a i n the rebound Rp). Modelling the s a l t a t i o n 

p rocess on a computer, each run was i n i t i a t e d with 

an a r b i t r a r y wind shear which with Rp gave Vy, a 

matrix e x p r e s s i n g the i n i t i a l upward v e l o c i t i e s a f t e r 



t h e f i r s t b o u n c e . The g r a i n p a t h s on r e b o u n d and 

a c c e l e r a t i o n i n t h e w i n d w e r e c o m p u t e d to d e r i v e t h e 

m a t r i c e s Vp of t h e i m p a c t v e l o c i t i e s and L p , t h e jump 

l e n g t h s . F o r t h e n e x t jump, t h e i n i t i a l v e l o c i t y was 

s e t a t V c o r r e s p o n d i n g to t h e mean p a t h l e n g t h L . The 

i t e r a t i o n was c o n t i n u e d u n t i l V c o n v e r g e d to a 

l i m i t i n g v a l u e and t h e c o r r e s p o n d i n g mean p a t h l e n g t h 

was t a k e n to be t h e w a v e l e n g t h of t h e r i p p l e s 

p r o d u c e d . The p a p e r c l a i m e d to a c h i e v e 2 e n d s ; 

f i r s t l y t o show t h a t a mean p a t h l e n g t h e x i s t e d and 

s e c o n d l y to show t h a t t h i s p a t h l e n g t h c o u l d a t t a i n 

t h e m a g n i t u d e s ( 4 50 i ) n e c e s s a r y f o r a p p l i c a t i o n t o 

g r a n u l e m e g a r i p p l e s . M e g a r i p p l e s w e r e t h u s a d j u d g e d 

to f o r m a c o n t i n u o u s b e d f o r m o r d e r w i t h b a l l i s t i c 

r i p p l e s . 

T h e r e a r e 2 f l a w s i n t h i s , b o t h f a t a l b u t one 

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

t h e n o t i o n of a d o p t i n g t h e mean v e l o c i t y of t h e 

p r e v i o u s jump a s t h e i n i t i a l c o n d i t i o n o f t h e n e x t i n 

t h e i t e r a t i o n . The e f f e c t of t h i s i s to a l l o w one 

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

t h e g r a i n s . T h e n i n m i d - a i r a l l t h e g r a i n s w i t h t h e i r 

d i f f e r e n t t r a j e c t o r i e s and v e l o c i t i e s a r e c o l l e c t e d 

b a c k t o g e t h e r and g i v e n i d e n t i c a l v e l o c i t i e s and 

t r a j e c t o r i e s r e a d y f o r t h e n e x t b o u n c e . I t i s 

t h e r e f o r e i n e v i t a b l e t h a t V c o n v e r g e s to a l i m i t i n g 

v a l u e . T h e y a r e n o t m o d e l l i n g a s e q u e n c e of l i m i t e d 

j u m p s but a s e r i e s of t o t a l l y i n d e p e n d e n t e v e n t s w i t h 

a r b i t r a r i l y d e f i n e d i n i t i a l c o n d i t i o n s . 
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The second flaw i s that the curve of rebound v e r s u s 

percentage a t t a i n i n g that rebound i s a cumulative curve 

( f i g . 2.5). I t d e c l i n e s monotonically with no p o i n t s 

of i n f l e x i o n : Ellwood et a l . (1975) f i t a l o g a r i t h m i c 

f u n c t i o n to i t . The frequency d i s t r i b u t i o n of a t t a i n e d 

rebound i s the d e r i v a t i v e of t h i s curve and s i n c e the 

cumulative curve has no point of i n f l e x i o n the 

frequency d i s t r i b u t i o n w i l l have no peak. I t w i l l i n 

f a c t be of the form p = -g. Thus, though there i s 

c e r t a i n l y a mean rebound there i s no mode - no co

e f f i c i e n t of rebound,attained by more g r a i n s than any 

other. I f one imagines f i r i n g s p h e r i c a l p a r t i c l e s at 

a bed of s p h e r i c a l p a r t i c l e s one would i n t u i t i v e l y 

expect t h i s r e s u l t anyway. The frequency curve of 

heig h t s reached by the rebounding g r a i n s must t h e r e f o r e 

be of the form n = 1/y - 1/c where n = the number of 

g r a i n s bouncing to height y,and c = the height a t t a i n e d 

by the most vigorous g r a i n . " There i s then a mean 

height of bounce but no mode. Si n c e wind v e l o c i t y 

i n c r e a s e s with height, the height t o . which a g r a i n 

jumps determines the v e l o c i t y to which i t i s a c c e l e r a t e d , 

and consequently the h o r i z o n t a l path length. I t 

f o l l o w s t h a t though there i s a mean path length t h e r e 

i s no mode; the mean i s t o t a l l y meaningless. 

I t t h e r e f o r e f o l l o w s that any small d i s t u r b a n c e i n 

the bed s u r f a c e , any chance mound or hollow, w i l l not 

serv e as a nucleus from which a b a l l i s t i c r i p p l e fan 

may propagate. Any such d i s t u r b a n c e w i l l be damped -

a plane bed i s s t a b l e under the pure b a l l i s t i c 

mechanism. 
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T h i s argument can be extended to a h y p o t h e t i c a l 

case i n which a w e l l defined c h a r a c t e r i s t i c path does 

e x i s t . T h i s i s i l l u s t r a t e d i n f i g . 2.5. Given a point 

source of s a l t a t i o n at 0 and a c h a r a c t e r i s t i c mean 

g r a i n path I with a standard d e v i a t i o n , the number of 

g r a i n s n a r r i v i n g at any point a f t e r a s i n g l e s a l t 

a t i o n w i l l be represented by a normal d i s t r i b u t i o n 

about the point I , as shown. Allowing a second s e t 

of jumps the landing g r a i n s w i l l be d i s t r i b u t e d as shown 

by the second wave, centred on the point 2 I . Each 

point on the ground beneath the f i r s t curve a c t s as a 

point source f o r the second curve. Thus the second 

curve w i l l have a l a r g e r standard d e v i a t i o n than the 

f i r s t and any succeeding curves w i l l be s t i l l broader 

and f l a t t e r . The i n i t i a l c o n c e n t r a t i o n i s damped out, 

the process a c t i n g alone i s d i s p e r s i v e and w i l l be so 

for any f i n i t e value of the standard d e v i a t i o n of path 

length. 

Bagnold (1941, pp.146-8) suggested from h i s 

experimental work t h a t i n s a l t a t i o n , the angle of approach 

for l anding g r a i n s was remarkably uniform, from 10°-16° 

measured from the h o r i z o n t a l . Given a uniform r a i n of 

p a r t i c l e s landing at t h i s angle i t i s evident that a 

s m a l l a r e a of bed t i l t e d at j u s t a s l i g h t angle to 

leeward w i l l be s u b s t a n t i a l l y s h e l t e r e d from the bomb

ardment of s a l t a t i o n . A corresponding i n c l i n e to 

windward r e c e i v e s an i n c r e a s e d bombardment. Therefore 

g r a i n s i n s u r f a c e creep move r a p i d l y up windward s l o p e s 

and s l o w l y down the lee, and a r i p p l e formed of coarse 
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g r a i n s may b u i l d up. Therefore under a uniform 

bombardment a plane bed with s u r f a c e creep i s u n s t a b l e . 

Bagnold p o s t u l a t e s r i p p l e t r a i n generation by t h i s 

mechanism i n conjunction with the c h a r a c t e r i s t i c g r a i n 

path. 

Sharp (1963), on the other hand, p o i n t s out that each 

leeward slope c r e a t e s a zone shadowed from bombardment. 

The length of t h i s zone (determined by s a l t a t i o n approach-
o 

angle and r i p p l e h e i g h t ) w i l l i n i t s e l f f i x the r i p p l e 

wavelength without r e s o r t to a c h a r a c t e r i s t i c g r a i n 

path. 

The v a l i d i t y of t h i s mechanism could be t e s t e d 

e i t h e r i n a wind tunnel or by c a l c u l a t i o n of a s e t of 

g r a i n paths over a minor d i s t u r b a n c e of the bed. 

Bagnold's (1941, p.146) r e p r e s e n t a t i o n of the s a l t a t i n g 

p a r t i c l e s as a uniform r a i n descending from i n f i n i t y 

cannot be v a l i d i n the l i g h t of the deductions about 

c h a r a c t e r i s t i c g r a i n path made from Ellwood et a l . 

(1975). Nevertheless, a leeward slope must provide some 

s h e l t e r from the s a l t a t i o n load, and a s h e l t e r p r e f e r 

e n t i a l l y from the more vigorous g r a i n s . The l e a s t 

e n e r g e t i c s a l t a t i n g g r a i n s w i l l land i n any shadow 

zone as they hop over the c r e s t of the r i p p l e , b u t these 

g r a i n s w i l l be l e a s t capable of i m p e l l i n g the s u r f a c e 

creep. Therefore the s u r f a c e creep w i l l d e c e l e r a t e 

and a small d i s t u r b a n c e i n the bed may grow. 

What i s not c l e a r i s how r i p p l e s propagate ( c . f . 

migrate) by t h i s p r o c e s s . Deductive reasoning can only 

go so f a r - sooner or l a t e r experiment becomes necessary. 
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Furthermore Folk's (1976) c r i t i c i s m s of r i p p l e s generated 
by c h a r a c t e r i s t i c path l e n g t h would seem equa l l y 
a p p l i c a b l e to Sharp's (1963) ideas. 

To summarize, nobody seems to know how wind r i p p l e s 
form. The c h a r a c t e r i s t i c path l e n g t h idea can s a f e l y 
be r e j e c t e d , l e a v i n g Sharp v. F o l k : shadow zones and 
b a l l i s t i c s v. v o r t i c e s . Sharp (1963) shows t h a t v o r t i c e s 
do not e x i s t and F o l k (1976) t h a t b a l l i s t i c s cannot 
generate observed r i p p l e p a t t e r n s . Recent work by 
Seppala & Linde (1978) suggests t h a t r i p p l e s are 
i n i t i a t e d i n the manner suggested by Sharp. A composite 
compromise might be proposed whereby a Sharp i n i t i a t e d 
r i p p l e generates some k i n d of damped wave motion i n the 
atmosphere, so b u i l d i n g other r i p p l e s downwind and 
extending the i n f l u e n c e of the wave motion. Ripple 
wavelength could be determined by the most s t a b l e wave
le n g t h of the atmospheric wave. This idea has no basis 
other than t h a t r i p p l e s e x i s t - i t j u s t sounds 
reasonable. I t i s l i t t l e removed from suggestions f o r 
the o r i g i n of many bedforms. 

Megaripples 
Turning now to l a r g e r bedforms, Ellwood et a l . 

(1975) regarded megaripples as homologous w i t h common 
sand r i p p l e s , as has already been s t a t e d . They reached 
t h i s conclusion a f t e r s tudying many f i e l d examples and 
f i n d i n g a continuous v a r i a t i o n i n a l l measured parameters 
from 0.02m wavelength sand r i p p l e s to 8m granule mega-
r i p p l e s . Sharp (1963) also grouped the two together, 
both m o r p h o l o g i c a l l y and g e n e t i c a l l y . Bagnold (1941) 
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saw megaripples ( h i s " r i d g e s " ) as almost s t a b l e bodies 
of p i l e d - u p coarse m a t e r i a l confined t o areas of net 
erosion, t r a p p i n g p a r t of the passing s a l t a t i o n and 
u n l i m i t e d i n s i z e . He found " r i d g e s " of wavelength 
20m and height 0.6m i n Libya. He d i d not account f o r 
the rhythmic spacing of these f e a t u r e s . Wilson (1970) 
regarded megaripples as i n i t i a t e d by r e g u l a r secondary 
p e r t u r b a t i o n s i n the a i r f l o w . 

The only concensus seems to be on t h e i r coarse 
g r a i n s i z e and l a r g e h e ights and wavelengths r e l a t i v e 
t o o r d i n a r y sand r i p p l e s . The evidence of Ellwood 
et a l . (1975) i m p l i e s t h a t r i p p l e s and megaripples are 
homologous up t o wavelengths of 2m ( t h e i r data i s 
sparse f o r greater wavelengths). Acceptance of t h i s 
i m p l i e s f o r m a t i o n by the same mechanism. 

Though t h i s may be so, more than one type of 
bedform appears to have crept i n under the term 
"megaripple". The- r i d g e s of Bagnold (1941, p.145 and 
p l a t e 5, lower p i c t u r e ) are very d i f f e r e n t i n appearance 
and occurrence t o coarse r i p p l e s ( i b i d . , p l a t e 4, lower 
p i c t u r e and p l a t e 6a; also p l a t e s ID and 2 of Sharp,1963). 
Bagnold l i n k s h i s r i d g e s w i t h d e f l a t i o n ; t h i s cannot 
be sai d of any other of the examples given. Being 
erosive forms, r i d g e s are u n l i k e l y to be found i n the 
g e o l o g i c a l r e c o r d , though f e a t u r e s described by Piper 
(1970) from the New Red Sandstone of the I s l e of Arran 
may be of t h i s type. 

The 'coarse r i p p l e ' type take the form of a 
s t r a i g h t or sinuous crested, a c t i v e l y m i g r a t i n g , 
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a s y m m e t r i c b e d f o r m ( g e n t l e w i n d w a r d s l o p e , s t e e p e r 

l e e ) , d e v e l o p e d o n l y i n c o a r s e s a n d o r f i n e ' p e b b l e s , 

w i t h h e i g h t s m e a s u r a b l e i n c e n t i m e t r e s a n d w a v e l e n g t h s 

i n d e c i m e t r e s o r m e t r e s . B e c a u s e o f t h e i r c o a r s e 

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

s e d i m e n t a n d m u s t be e x p e c t e d t o be r a r e i n a n c i e n t 

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

r e l i c s i s n o t c l e a r - n o n e h a v i n g b e e n d e s c r i b e d . The 

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

e x a m p l e s o f s m a l l s c a l e c r o s s - l a m i n a t i o n w h i c h a r e 

o c c a s i o n a l l y t o be f o u n d i n s a n d - s h e e t d e p o s i t s ( s e e 

C h . 3 ) i n some f o r m a t i o n s . 

D u n e s a n d D r a a 

D u n e s and d r a a c o n s t i t u t e n a t u r e ' s l a r g e s t , m o s t 

p r o m i n e n t , w i d e s p r e a d a n d c o m p l i c a t e d s e r i e s o f 

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

a n a l y s e d a n d u n d e r s t o o d . T h e y f o r m g e o l o g y ' s l a r g e s t 

a n d m o s t s p e c t a c u l a r s e d i m e n t a r y s t r u c t u r e s . Dunes 

r a n g e i n w a v e l e n g t h f r o m 3 m t o 6 0 0 m ( t y p i c a l l y 

5 0 - 2 0 0 m ) , a n d i n h e i g h t up t o a b o u t 50 m. D r a a r a n g e 

i n w a v e l e n g t h f r o m 3 0 0 m t o 5 km, r e a c h i n g 4 5 0 m i n 

h e i g h t ( W i l s o n , 1 9 7 0 ) . Y o u c o u l d b u r y t h e E m p i r e 

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

s i n g l e d r a a . 

I n t h e g e o l o g i c a l l i t e r a t u r e d u n e s and d r a a h a v e 

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

s y s t e m a t i c a n d r i g o r o u s a n a l y s i s l i e s i n I a n W i l s o n ' s 

Ph.D. t h e s i s ( 1 9 7 0 ) , "The E x t e r n a l M o r p h o l o g y o f W i n d -



Laid Sand Bodies". A recent U.S. treatment (McKee, 
1979a) makes no d i s t i n c t i o n between dunes and draa, 
d e s p i t e use of the most extensive resources ever put 
i n t o any study of aeoli a n bedforms, the most advanced 
a v a i l a b l e technology, and probably the l a r g e s t ever 
data base. Many of the 'dunes' and a l l the 'compound 
dunes' f e a t u r e d on the hundreds of s a t e l l i t e and a e r i a l 
photographs i n the book (McKee, o p . c i t . ) are draa. 

The fundamentals of Wilson's work concerning 
bedforms may be d i v i d e d i n t o 2 separate conclusions, 
the f i r s t being the r e c o g n i t i o n and i n v e s t i g a t i o n of 
dunes and draa as d i s t i n c t bedform orders. Secondly, 
the d i s s e c t i o n of bedform p a t t e r n s i n t o t h e i r basic 
c o n s t i t u e n t s or "bedform element continua". For both 
dunes and draa he suggested t h a t 2 pure continua could 
be abstracted; of l o n g i t u d i n a l and transverse elements 
( p a r a l l e l and perpendicular t o the r e s u l t a n t wind 
d i r e c t i o n , r e s p e c t i v e l y ) . By combination i n v a r y i n g 
p r o p o r t i o n s and emphasis governed by wind regime,any 
a e o l i a n bedform may be produced. 

Dunes and draa seem t o d i f f e r only i n scale, not 
morphology. Presumably i t f o l l o w s t h a t the same can 
be s a i d of t h e i r causative mechanisms. Wilson (1972b) 
discusses t h e i r o r i g i n s w i t h o u t reaching any f i r m 
conclusion. Cooke & Warren (1973) favour some k i n d of 
rhythmic wave motion i n the atmosphere. H e l i c o i d a l 
v o r t i c e s have been suggested as the cause of l o n g i t u d i n 
bedforms by Hanna (1969) and many subsequent authors. 
The a l t e r n a t i v e n o t i o n of an o r i g i n due to a bimodal 



wind regime w i t h the bedforms a l i g n e d along the 
r e s u l t a n t has also been p o s t u l a t e d (e.g. Bagnold, 
1941). 

The only systematic work t o date on c o r r e l a t i n g 
wind regime w i t h dune form i s t h a t of Fryberger (1979a) 
He concludes t h a t f o r any given sand d r i f t p o t e n t i a l 
c a l c u l a t e d from wind records,barchanoid 'dunes' occur 
i n the l e a s t v a r i a b l e wind regimes and s t a r 'dunes' 
i n the most v a r i a b l e , w i t h l i n e a r 'dunes' i n t e r m e d i a t e 
(though w i t h much overlap between dune t y p e s ) . Despite 
the enormous q u a l i f i c a t i o n s which might be put on t h i s 
work (e.g. the r e l i a b i l i t y and v a l i d i t y of the wind 
records, the distance between the weather s t a t i o n and 
the bedforms, the s t a t e of e q u i l i b r i u m of the bedforms 
r e l a t i v e t o the modern wind regime, e f f e c t s of g r a i n 
s i z e on determining the e f f e c t i v e wind regime and lack 
of d i s t i n c t i o n between dunes and draa) the r e s u l t s are 
by no means o f f e n s i v e to i n t u i t i o n and must be accepted 
as very important progress. 

Acceptance of these r e s u l t s immediately casts a 
major doubt over the h e l i c o i d a l v o r t e x theory pro
pounded by Hanna (1969), p r e v i o u s l y w e l l e s t a b l i s h e d 
and widely accepted. Obviously no conclusions can be 
drawn u n t i l more s u b s t a n t i a l evidence becomes a v a i l a b l e 
The confusion on t h i s p o i n t serves t o emphasise t h a t 
t h i s aspect of aeolian sedimentology-cum-atmospheric 
physics i s s t i l l at the hypothesis stage. Fryberger's 
work represents the f i r s t movement t o measurement, 
refinement and proof. 
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The deductions, conclusions and hypotheses t h a t 

i n the author's o p i n i o n o f f e r the best e x p l a n a t i o n of 
the observed f a c t s can be expressed i n the f o l l o w i n g 
l i s t : 
1. There must be some rhythmic s t r u c t u r e i n the 
atmosphere (whether f i x e d or i n i t i a t e d by bedforms), 
which can be c h a r a c t e r i s e d by a p a r t i c u l a r wavelength. 
This wavelength probably increases w i t h v e l o c i t y . 
Dutton (1976, p.452) s t a t e s : "the high r e s o l u t i o n sounding 
techniques t h a t became a v a i l a b l e i n the 1960s produced 
the s u r p r i s i n g r e s u l t t h a t the h o r i z o n t a l components 
of the wind o f t e n have v e r t i c a l o s c i l l a t i o n s both i n 
speed and d i r e c t i o n , again w i t h a r e g u l a r i t y suggesting 
t h a t wave motion i s present." 
2. This rhythmic s t r u c t u r e has two s t a b l e wavelength, 
modes probably of s i m i l a r c o n f i g u r a t i o n at any given 
wind v e l o c i t y . These modes d i f f e r i n s i z e by an order 
of magnitude or more and determine the wavelength of 
the dunes and draa. 
3. Fryberger's (op. cit.) work suggests t h a t i n a 
unimodal wind regime,simple transverse or barchanoid 
forms are the most s t a b l e . As i n d i c a t e d by Wilson 
(1970, 1972b) & Cooke & Warren (1973), secondary f l o w 
p a t t e r n s induced by the bedforms lead t o the s t a b i l i t y 
of elements o b l i q u e t o the f l o w , as i s the case under 
water. These are indeed important components of modern 
ergs. L o n g i t u d i n a l r o l l e r v o r t i c e s are a popular 
f e a t u r e of atmospheric f l o w but i t appears t h a t l o n g i 
t u d i n a l bedforms p o s s i b l y r e q u i r e something more than 
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t h i s t o f o r m , i n t h e s h a p e o f a w i d e u n i m o d a l o r 

b i m o d a l w i n d r e g i m e . I f t h i s i s t h e c a s e , W i l s o n ' s 

a b s t r a c t i o n o f l o n g i t u d i n a l a n d t r a n s v e r s e e n d - m e m b e r s 

as ' p u r e ' b e d f o r m e l e m e n t s may n o t be v a l i d , i m p l y i n g 

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

w i n d . P e r h a p s o b l i q u e f o r m s s h o u l d r e p l a c e 

l o n g i t u d i n a l as t h e s e c o n d e n d - m e m b e r . The c o n c e p t s 

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

l e s s u s e f u l i n d e s c r i b i n g b e d f o r m s . 

4. I n a n y e r g , c o e x i s t i n g d u n e s a n d d r a a do n o t 

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

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

d i f f e r e n t b e d f o r m o r d e r s . D r a a r e p r e s e n t a much 

l o n g e r p e r i o d t i m e - a v e r a g e o f t h e w i n d t h a n d u n e s . A 

w i n d t h a t a p p e a r s b i m o d a l t o d u n e s may be u n i m o d a l t o 

d r a a ( a n d v i c e v e r s a ) . 

5. I n a f i e l d o f s i m p l e l o n g i t u d i n a l b e d f o r m s no 

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

t r a n s p o r t i s e x t r a — o r i n t e r - b e d f o r m . I n a f i e l d o f 

s i m p l e t r a n s v e r s e f o r m s a l l s a n d t r a n s p o r t i s i n t r a -

b e d f o r m a n d t h e mass m o v e m e n t o f s a n d i s a c c o m p l i s h e d 

s o l e l y b y b e d f o r m m i g r a t i o n . I n i n t e r m e d i a t e b e d f o r m 

t y p e s t h e p r o c e s s e s m i x . 

6. I t f o l l o w s t h a t when n e t d e p o s i t i o n i s o c c u r r i n g 

o v e r an e r g , t h e h i g h e s t b e d f o r m o r d e r c a n n o t be 

l o n g i t u d i n a l , w h a t e v e r t h e w i n d r e g i m e . L o n g i t u d i n a l 

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

b u i l d up an e r g b o d y , a n d c o n s e q u e n t l y h a v e a l o w 

p r e s e r v a t i o n 
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p o t e n t i a l . Ergs of l o n g i t u d i n a l bedforms are sand-
passing, not sand-trapping. 

The tremendous v a r i e t y of aeolia n bedform shapes 
i s w e l l i l l u s t r a t e d i n Wilson (1972b), McKee (1979a), 
Short (1976) and Cooke & Warren (1973). According to 
Wilson (op. c i t . ) , transverse and l o n g i t u d i n a l elements 
of both dunes and draa may combine i n thr e e ways: w i t h 
a l l elements i n phase, w i t h transverse elements out 
of phase, or w i t h l o n g i t u d i n a l elements out of phase. 
These were termed g r i d i r o n , f i s h s c a l e and braided 
p a t t e r n s , r e s p e c t i v e l y (see f i g . 2.6). This d i s t i n c t i o n 
forms p a r t of Wilson's (1970, pp.169-171) own c l a s s i 
f i c a t i o n of a e o l i a n bedforms. His system goes on t o 
consider l i n g u o i d and lun a t e p a t t e r n s , symmetry, 
r e v e r s i b i l i t y , coexistence of two elements from the 
same continuum, and the amount of deposit cover. 

The c a t e g o r i s a t i o n inherent i n t h i s c l a s s i f i c a t i o n 
i s t o a l a r g e extent a r t i f i c i a l . This i s not to say 
t h a t the various l a b e l s are spurious or i n v a l i d , but 
a r e f l e c t i o n of the f a c t t h a t the n a t u r a l system i s 
n e i t h e r uniform nor p e r f e c t . The p i c t u r e i s never 
c l e a r l y d e f i n e d : there i s always some v a r i a t i o n ; some 
randomness. Only over very small sampling areas do 
bedforms conform e x a c t l y t o i d e a l i s e d p a t t e r n s . The 
l a r g e r the area examined, the more confused, v a r i a b l e 
and i n c o n s i s t e n t the p i c t u r e becomes. 

Breed & Grow (1979) l i s t e d 'dune' types (no 
d i s t i n c t i o n made between dunes and draa) i n 
order of abundance as l i n e a r , c r e s c e n t i c (= barchan, 
barchanoid, transverse, sinuous t r a n s v e r s e ) , s t a r , 
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p a r a b o l i c , and dome-rshaped. Normal to t h e i r t r e n d , the 
spacing of l o n g i t u d i n a l 'dunes' ranges from 0.2 t o 4.8km, 
the wavelength of c r e s c e n t i c 'dunes' from 0.G6 t o 5.5km, 
of s t a r 'dunes' from 0.1-6.7km, and of dome-shaped 
'dunes' from 0.8-5.4km. These measurements were made 
on a l a r g e number of s a t e l l i t e photos of l o c a l i t i e s 
from a l l over the world. A l l the data must i n c l u d e 
measurements from both dunes and draa. Wilson's (1970) 
data suggest t h a t the dune-draa d i v i s i o n occurs at a 
wavelength of ~- 500m, though w i t h some overlap. 

B r o o k f i e l d (1977) summarises the l i m i t e d a v a i l a b l e 
data on bedform m i g r a t i o n r a t e s . Dunes move at between 
8 and 26.6m/year, though a l l these measurements are 
from barchans, which occur only on a hard f l o o r , and 
not on preservable accumulations of blown sand. They 
may t h e r e f o r e not be g e o l o g i c a l l y r e l e v a n t . Barchanoid 
or transverse draa advance at 0.016-0.5m/year. Extending 

3 

t h i s , i f 10m /m/year i s taken to be a reasonable 
average net sand d r i f t r a t e , a 20m high transverse dune 
should migrate at 0.5m/year, and a 200m high transverse 
draa at 0.05m/year, assuming no interb e d f o r m sand 
t r a n s p o r t . 
SECTION 2.3 CROSS-BEDDING 
General 

This s e c t i o n aims to p r e d i c t and document the 
l i k e l y s t y l e s and f e a t u r e s of cross-bedding produced 
by aeolian bedforms and preserved i n the g e o l o g i c a l 
record. 
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The c o u r s e of a r g u m e n t i n t h e f o l l o w i n g i s 
s t r o n g l y i n f l u e n c e d by t h e a u t h o r ' s e x p e r i e n c e o f 
n u m e r o u s B r i t i s h a e o l i a n s a n d s t o n e f o r m a t i o n s and t h e 
p u b l i s h e d l i t e r a t u r e c o n c e r n i n g s u c h r o c k s i n o t h e r 
p a r t s of t h e w o r l d . T h i s i l l u s t r a t e s t h e n a t u r e of 
t h e p r o b l e m : t h e a n s w e r i s known ( t h e c r o s s - b e d d i n g of 
a e o l i a n s a n d s t o n e s ) , and so a r e t h e i n i t i a l c o n d i t i o n s 
( m o d e r n a e o l i a n b e d f o r m s ) . What h a s n o t y e t b e e n 
d e d u c e d and c o n c i s e l y p r e s e n t e d i s t h e s e t of 
p r o c e s s e s and c o n s t r a i n t s w h e r e b y t h e a n c i e n t may be 
o b t a i n e d f r o m t h e modern by a u n i f o r m i t a r i a n a p p r o a c h . 
I t i s h oped t h a t t h e f o l l o w i n g a c c o m p l i s h e s an a n s w e r 
t o t h i s i s s u e . The m o d e l i s a s much an e x p l a n a t i o n of 
t h e r o c k s as a h y p o t h e s i s f r o m f i r s t p r i n c i p l e s . As 
o u r k n o w l e d g e of modern a e o l i a n b e d f o r m s i n c r e a s e s , 
and a s more a e o l i a n s a n d s t o n e s a r e s y s t e m a t i c a l l y 
s t u d i e d , so t h e i d e a s p r e s e n t e d h e r e w i l l be e x t e n d e d , 
r e f i n e d and c o r r e c t e d . 

The G e n e r a t i n g B e d f o r m s 
I t was shown i n S e c t i o n 1.3 t h a t a g g r a d i n g e r g s 

c o u l d h a v e c o m p l e t e or i n c o m p l e t e s a n d c o v e r . The 
a g g r a d a t i o n of e r g s and t h e p r e s e r v a t i o n of c r o s s -
b e d d i n g i s a c c o m p l i s h e d by b e d f o r m c l i m b . The 
g e o m e t r y of t h e c r o s s - b e d d i n g r e f l e c t s t h e g e o m e t r y of 
t h e l o w e r l e e s i d e o f t h e g e n e r a t i n g b e d f o r m b e c a u s e 
o n l y t h i s p a r t i s p r e s e r v e d . To f o l l o w t h e m e c h a n i c s 
o f t h e g e n e r a t i o n o f c r o s s - b e d d i n g , i t i s t h e r e f o r e 
n e c e s s a r y to d e t e r m i n e t h e c o n f i g u r a t i o n of t h e l o w e r 
l e e s i d e o f c l i m b i n g b e d f o r m s i n l a r g e a g g r a d i n g e r g s . 
T h i s i s w h e r e t h e b u l k of p r e s e r v a b l e a e o l i a n s a n d 
must be d e p o s i t e d . S m a l l , t h i n e r g s and e r g - m a r g i n 
a r e a s a r e l e s s l i k e l y to s u r v i v e i n t o t h e 
s t r a t i g r a p h i c r e c o r d . 

W i l s o n ( 1 9 7 0 , 1 9 7 2 b ) a s s e r t s t h a t d r a a s h o u l d 
d e v e l o p on a l l e r g s w i t h a mean s p r e a d o u t s a n d 
t h i c k n e s s of g r e a t e r t h a n 3 m, g i v e n s u f f i c i e n t t i m e . 
I t i s o b v i o u s t h e r e f o r e t h a t any a n c i e n t e r g p r e s e r v e d 
a s an e x t e n s i v e f o r m a t i o n of a e o l i a n s a n d s t o n e must 
o n c e h a v e b o r n e d r a a . S i n c e d r a a a l w a y s c a r r y 



s u p e r i m p o s e d d u n e s , t h e c r o s s - b e d d i n g of any a e o l i a n 
s a n d s t o n e c a n o n l y be a n a l y s e d by c o n s i d e r i n g t h e 
e f f e c t s of t h e s e 2 b e d f o r m o r d e r s i n c o m b i n a t i o n . 

To p r o d u c e a s e t of c r o s s - b e d d i n g , an e f f i c i e n t 
s a n d - t r a p p i n g b e d f o r m w i t h a s t e e p l e e s i d e must 
m i g r a t e i n t h e d i r e c t i o n to w h i c h t h e l e e s i d e f a c e s . 
T r a n s v e r s e b e d f o r m s b e s t f u l f i l l t h e s e r e q u i r e m e n t s 
and a r e t h e r e f o r e t h e b e d f o r m t y p e most l i k e l y to 
g e n e r a t e c r o s s - b e d d i n g . B e d f o r m s w h i c h s t r a y f r o m 
t h i s i d e a l s h a p e w i l l be l e s s e f f i c i e n t a t g e n e r a t i n g 
c r o s s - b e d d i n g . L o n g i t u d i n a l f o r m s a r e s a n d - p a s s e r s , 
n o t s a n d - t r a p p e r s ; t h e i r s h a p e makes them i n e f f i c i e n t 
a t d e p o s i t i n g s a n d . T h e y a r e t h e r e f o r e l e s s e f f e c t i v e 
a t p r e s e r v i n g c r o s s - b e d d i n g and may be r e s t r i c t e d to 
a r e a s of low n e t d e p o s i t i o n , as d i s c u s s e d p r e v i o u s l y . 

P a r a b o l i c d u n e s r e q u i r e a p a t c h y v e g e t a t i o n f o r 
t h e i r d e v e l o p m e n t , and modern e x a m p l e s seem to be 
r e s t r i c t e d to m a r g i n a l e r g a r e a s . T h e y t h e r e f o r e h a v e 
a r e l a t i v e l y p o o r p r e s e r v a t i o n p o t e n t i a l , and a r e 
l i k e l y to be l e s s r e l e v a n t as one p r o c e e d s b a c k i n t o 
g e o l o g i c a l t i m e . 

S t a r - s h a p e d b e d f o r m s a r e an i m p o r t a n t t y p e i n 
m odern e r g s , and i n c l u d e t h e e n o r m o u s d r a a m a s s i f s o f 
t h e R u b ' a l K h a l i and e n v i r o n s ( e . g . G l e n n i e , 1 9 7 0 ) . 
T h e s e a r e i n many c a s e s a m a l g a m a t i o n s of more t h a n one 
t r a n s v e r s e p a t t e r n w h i c h h a v e d e v e l o p e d i n t o p e a k e d 
n e t w o r k s . S u c h p a t t e r n s become t r u n c a t e d f r o m t h e 
b o t t o m u p w a r d s a s s a n d c o v e r d e c r e a s e s ( W i l s o n , 1 9 7 0 ) . 
T h e s e h a v e p r e v i o u s l y b e e n i m a g i n e d as c o m p l e t e l y 
s t a t i c f o r m s , t h o u g h t h i s may be a m i s c o n c e p t i o n 
p r o m p t e d by a v e r y l o w , b u t f i n i t e n e t movement 
( W i l s o n , 1 9 7 0 ) . Any n e t a g g r a d a t i o n of s a n d as c r o s s -
b e d d i n g b e n e a t h t h e s e b e d f o r m s must be m a t c h e d by 
s e d i m e n t a t i o n o v e r t h e i n t e r b e d f o r m a r e a s . T h i s 
s i t u a t i o n w o u l d l e a d to s h o e s t r i n g s of c r o s s - b e d d e d 
s a n d e n v e l o p e d i n i n t e r b e d f o r m d e p o s i t s . S u c h a 
c i r c u m s t a n c e h a s not y e t b e e n r e p o r t e d f r o m t h e 
g e o l o g i c a l r e c o r d . 



T h u s t h e t r a n s v e r s e b e d f o r m s h o u l d d o m i n a t e 
a e o l i a n c r o s s - b e d d i n g . To e x a m i n e i t s f l e x i b i l i t y t o 
v a r i a t i o n i n w i n d r e g i m e , u s e may be made of "some 
p r i n c i p l e s t h a t c a n be u s e d i n c o n s t r u c t i n g 
q u a l i t a t i v e m o d e l s of b e d f o r m s h a p e f o r a g i v e n s e t of 
o s c i l l a t i n g w i n d c o n d i t i o n s , " l i s t e d by W i l s o n ( 1 9 7 0 , 
p . 1 5 0 ) . I t i s p o s s i b l e to a p p l y t h e s e to t h e c a s e of 
n e t w o r k s i n a c o m p l e x w i n d r e g i m e w i t h c o m p l e t e s a n d 
c o v e r , a s shown on f i g . 2.8. W i l s o n ( l o c . c i t . ) a l s o 
s t a t e s t h a t i f two w i n d s d i f f e r by l e s s than. 4 5 ° , t h e y 
u s u a l l y c o m b i n e to f o r m a s i n g l e r i d g e . The most 
c o m p l e x w i n d r e g i m e p o s s i b l e i s t h e r e f o r e one w i t h a 
mode of t h e w i n d a t e v e r y 45° r o u n d t h e c o m p a s s 
( e x t r a o r d i n a r i l y i m p r o b a b l e ) . 

As shown on f i g . 2 . 8 c t h i s c a n be a c c o m m o d a t e d by 
j u s t two r i d g e t r e n d s . I f t h e c r i t i c a l a n g l e f o r 
s h a r i n g i s r e d u c e d to 3 0 ° , t h e most c o m p l e x p o s s i b l e 
w i n d r e g i m e , w i t h 12 modes, c a n be a c c o m m o d a t e d by 
j u s t 3 t r e n d s ( f i g . 2 . 8 D ) . S i n u o u s t r a n s v e r s e 
n e t w o r k s c a n i n c o r p o r a t e 2 o r 3 t r e n d s and may 
t h e r e f o r e be a d m i s s i b l e u n d e r w i n d r e g i m e s p r o b a b l y 
more c o m p l e x t h a n a n y t h i n g n a t u r e i s c a p a b l e o f 
r e a l i s i n g . 

S y m m e t r y , p e a k e d n e s s , t h e d e v e l o p m e n t of 
s l i p f a c e s and e m p h a s i s of i n d i v i d u a l r i d g e s i s d e c i d e d 
by t h e r e l a t i v e s t r e n g t h s of t h e w i n d ' s v a r i o u s modes. 
Net m i g r a t i o n o f t h e s y s t e m - p a r a l l e l s t h e r e s u l t a n t 
s a n d d r i f t . C o n s e q u e n t on t h e s t a b i l i t y of o b l i q u e 
f o r m s t h i s n e e d n o t be n o r m a l to t h e d o m i n a n t t r e n d i n 
t h e b e d f o r m . 

T h e s i n u o u s t r a n s v e r s e f o r m i s a m a g n i f i c e n t 
c o m p r o m i s e , r o b u s t and a d a p t a b l e to c h a n g e w i t h 
minimum e f f o r t , c a p a b l e of m o u l d i n g many d i f f e r e n t 
w i n d s to i t s own f o r m . 
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In u n i d i r e c t i o n a l aqueous f l o w s , l i n g u o i d forms 
occur i n small-scale r i p p l e s at higher v e l o c i t i e s or 
shallower depths than s t r a i g h t or sinuous forms. 
( A l l e n , 1968). No such v e l o c i t y dependence has been 
demonstrated i n a i r . Wilson (1970, p.145) describes 
draa as u s u a l l y l u n a t e ; sinuous a e o l i a n r i p p l e s , 
megaripples, and s l i p f a c e l e s s dunes as l i n g u o i d , . and 
other dunes as e i t h e r l u n a t e or l i n g u o i d . He was not 
able to give any q u a n t i t a t i v e ideas as t o why t h i s 
should be so. 

Fi s h s c a l e p a t t e r n s dominate over g r i d i r o n except 
i n some r i p p l e and dune p a t t e r n s ( i b i d . , p.144). 
This i s because i n sinuous bedforms the separation 
bubbles i n the lee are open and the h e l i c o i d a l v o r t i c e s 
thus generated determine the l o c a t i o n of the next 
l o n g i t u d i n a l element downwind, producing a h a l f 
wavelength displacement at each transverse r i d g e . I n 
less sinuous bedforms any l o n g i t u d i n a l elements w i l l 
be i n phase, p r o t r u d i n g a b r u p t l y from the lee of the 
transverse r i d g e to keep the separation bubble closed. 

The symmetry of bedforms i n a d i r e c t i o n p a r a l l e l 
to the f l o w i s determined by the symmetry of the flow . 
Thus bedforms become more symmetrical as the frequency 
of wind r e v e r s a l s increases, as i l l u s t r a t e d by the 
re v e r s i n g dunes of McKee (1979a). 

Flow remains attached over draa-sized f e a t u r e s 
at lee-stoss slope angles of up to 25° (Wilson, 1970, 
p.130) thus p r o v i d i n g a l i m i t to which dunes may 
form on t h e i r l e e - s i d e . Separation over dunes takes 
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place at much lower angles, s l i p f a c e l e s s forms con
sequently being r a r e i n normal sand. Cooke & Warren 
(1973, p.282) regard draa w i t h o u t s l i p f a c e s as being 

more common than those w i t h . 
To r e c a p i t u l a t e , under almost any wind regime 

the r e l e v a n t bedforms are l i k e l y t o be l i n g u o i d or 
l u n a t e dunes, probably i n a f i s h s c a l e p a t t e r n , 
m i g r a t i n g down the leesi.de of a l u n a t e draa, also i n 
a f i s h s c a l e p a t t e r n . I n the more u n i d i r e c t i o n a l wind 
regimes the bedforms might be l e s s sinuous and 
o c c a s i o n a l l y the draa w i l l be f u l l y s l i p f a c e d so t h a t 
dunes are absent. 

The Cross-Bedding P a t t e r n 
Having d i s t i l l e d what i s p r e s e r v a b l e and geo

l o g i c a l l y r e l e v a n t out of modern a e o l i a n bedforms, a 
model of a e o l i a n cross-bedding, can be devised. The 
e x p o s i t i o n w i l l begin i n two dimensions (two s p a t i a l 
dimensions; time i s always i n c l u d e d ) w i t h bedforms 
behaving e n t i r e l y d e t e r m i n i s t i c a l l y . Subsequently 
the t h i r d dimension w i l l be added, also w i t h d e t e r 
m i n i s t i c behaviour. Matters w i l l then become more 
complicated (and r e a l i s t i c ) as the random element of 
bedform behaviour i s i n t r o d u c e d , f i r s t i n two 
dimensions, then t h r e e . Much of. the groundwork and 
i n s p i r a t i o n f o r what f o l l o w s l i e s i n A l l e n (1968, 1973, 
1980) and B r o o k f i e l d (1977, 1979). 

http://leesi.de


The s i m p l e s t t w o - d i m e n s i o n a l v i e w o f c r o s s -

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

b e d f o r m m i g r a t i o n d i r e c t i o n . I n t h e a e o l i a n c a s e 

t h e r e a r e 2 s e p a r a t e b e d f o r m t y p e s t o be c o n s i d e r e d : 

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

T h e s e a r e s h o w n on f i g . 2.9. M i g r a t i n g s l i p f a c e d d r a a 

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

m a j o r f i r s t o r d e r b o u n d i n g s u r f a c e s . I n s l i p f a c e l e s s 

d r a a t h e p r e s e r v e d c r o s s - b e d d i n g i s d e p o s i t e d f r o m 

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

a t an a n g l e d e t e r m i n e d by t h e s l o p e o f t h e d r a a 

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

T h e s e a r e B r o o k f i e l d ' s s e c o n d o r d e r b o u n d i n g s u r f a c e s , 

l a b e l l e d t h i r d o r d e r (3°) h e r e f o r r e a s o n s t o be 

e x p l a i n e d l a t e r . The t h i r d o r d e r s u r f a c e s a r e 

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

f o r m e d by s l l p f a c e d d r a a . F i r s t a n d t h i r d o r d e r 

s u r f a c e s may be t e r m e d m i g r a t i o n s u r f a c e s . 

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

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

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

m i n o r m o d i f i c a t i o n s o r q u i r k s o f f a t e . 

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

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

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

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

t w o p r o t o t y p e s . F o l l o w i n g f r o m t h e p r e a m b l e t o t h i s 

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

A l s o , b e c a u s e p e r h a p s o n l y 1 0 % o r l e s s o f a d r a a i s 

l i k e l y t o be p r e s e r v e d , o n l y c o m p l e t e l y s l i p f a c e d 
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v a r i e t i e s w i l l be d i s t i n g u i s h a b l e i n the geologic 
record. Even s l i p f a c e d draa w i t h s m a l l , dune-sized 
l o n g i t u d i n a l elements at the base of the l e e s i d e may 
be preserved l o o k i n g l i k e s l i p f a c e l e s s types. 

Assuming d e t e r m i n i s t i c behaviour of the bedforms 
( i . e . c o n s i s t e n t m i g r a t i o n i n one d i r e c t i o n ) , i t i s 
p o s s i b l e t o compute the v a r i a t i o n i n preserved set 
thickness f o r the two categories i n question. This 
was attempted by B r o o k f i e l d (1977) i n a somewhat 
fragmented f a s h i o n . 

I f the average r a t e of d e p o s i t i o n i n a p a r t i c u l a r 
p a r t of an erg i s £ m/year and i f a draa of wavelength 

Xjj m migrates at D m/year, then the Across-bed set 
deposited by t h a t draa,or the d i s t a n c e between preserved 
f i r s t order bounding surfaces i n the area, H'~ _As * 6. 

Z5 

A graph of. t h i s i s p l o t t e d i n f i g . 2.10. F i r s t order 
surfaces i n both s l i p f a c e d and s l i p f a c e l e s s draa w i l l 
obey t h i s r e l a t i o n s h i p . 

The behaviour of dune set t h i c k n e s s , or the 
spacing of t h i r d order bounding surfaces i s drawn i n 
f i g . 2.11. The set thickness, tx' i s given by h_' -
X y t>-siaQ where i s the dune wavelength, cL the dune 
m i g r a t i o n r a t e , and 0 the angle of the draa lee slope. 

Any attempts to plug numbers i n t o these formulae 
run i n t o the major problem of s e l e c t i n g r e a l i s t i c 
values. The only q u a n t i t i e s i n v o l v e d t h a t have been 
s y s t e m a t i c a l l y and r e l i a b l y s t u d i e d are the bedform 
wavelengths. Next t o nothing i s known of o v e r a l l 
r a t e s of d e p o s i t i o n (6" ) , bedform m i g r a t i o n r a t e s i n 
complete sand cover (d , J) ) or draa lee slope angles. 
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Ignorance apart, the equations may be rephrased as 
H_' = _sL and K. - _D_sin 0 . 

Given g e o m e t r i c a l l y s i m i l a r dunes and draa i n any 
s i n g l e array, bedform c e l e r i t y should be i n v e r s e l y 
p r o p o r t i o n a l t o cross s e c t i o n a l area p a r a l l e l t o the 
wind, and hence wavelength. A r e p r e s e n t a t i v e value 
of J3_ would t h e r e f o r e be say 1/20. Wilson's (1972b) 

a 

values of £> range from 0.016 to 0.34 m/year. A l t e r n a t 
i v e l y , p i c k a t y p i c a l sand d r i f t r a t e from Wilson 
(1970) or Fryberger (1979a) of 10m3/m/year and an average 
draa height of 100m to give a m i g r a t i o n of 0.1m/year. 
For 6 , be generous and say t h a t t h i c k formations 
need an abundant sand supply of 0.001m/year. I f 
s i n © i s put at 0.2 (9^12°) both j£ and Jk_ equal 
^ l/ioo , though the heights of armwaviness t h a t t h i s 
a n a l y s i s has reached cannot be overemphasised. I t 
would not be at a l l d i f f i c u l t to j u s t i f y a l t e r i n g 
t h i s r e s u l t by an order of magnitude e i t h e r way, the 
most dubious estimate being f o r 6 . Note t h a t both 
r a t i o s t u r n i n g out as 1/100 i s mere engineered 
coincidence; i n d i v i d u a l l y they are governed by q u i t e 
independent q u a n t i t i e s . The c a l c u l a t i o n s and r e s u l t s 
are, however, i l l u s t r a t i v e . 

As an i n t r o d u c t i o n i n t o the t h i r d dimension, 
t h a t normal to the f l o w and h o r i z o n t a l , i t must be 
remarked t h a t a s i n g l e draa alignment may i n c l u d e 
both s l i p f a c e d and s l i p f a c e l e s s l e e s i d e s . Being 
lu n a t e p a t t e r n s , s l i p f a c e d elements w i l l dominate at 



backward p o i n t i n g or barchanoid lobes w h i l e forward 
p o i n t i n g or l i n g u o i d p o r t i o n s of the bedform may w e l l 
lack a s l i p f a c e . Without c o n s i d e r i n g p r e s e r v a t i o n 
p o t e n t i a l i t appears t h a t both of the described 
s t r u c t u r e types could form i n the same bedform array 
at the same time. 

I n c o n s i d e r i n g the t h i r d dimension we have t o 
take i n t o account the s i n u o s i t y of the bedform and 
the topography at the base of i t s l e e s i d e . 

Aspects of t h i s are i l l u s t r a t e d on f i g . 2.12 f o r 
both l i n g u o i d and lun a t e f i s h s c a l e networks. We 
yet again t r e a d on dangerous ground here - t h i s i s 
another item on the long l i s t of f e a t u r e s of aeolia n 
bedforms t h a t have never been s t u d i e d , d e s p i t e i t s 
importance i n determining the s t y l e of cross-bedding 
developed. 

I t i s necessary to know the s t a t e and d i s p o s i t i o n 
of the ground at p o i n t s such as a & A i n the l i n g u o i d 
bedforms on f i g . 2.12 and at a' & A' i n the lunate net. 
I f A & A' are concave, scoop, or basin-shaped erosion 
hollows,cross-bedding i s generated by the m i g r a t i o n 
and i n f i l l of these areas. Trough-shaped sets w i l l 
r e s u l t . I f the area to the lee of each r i d g e i s f l a t , 
t a b u l a r sets r e s u l t w i t h curved i n t e r n a l laminae. 

To decide which of the two cases i s most probable 
i n nature,recourse must be made to the diagrams of 
secondary f l o w over f i s h s c a l e p a t t e r n s provided by 
Wilson (1970, f i g s . 60 & 63) and redrawn i n Cooke & 
Warren (1973, p.298). The deductions they presented 
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were made from l o g i c , topology, and analogy w i t h 
aqueous forms r a t h e r than d i r e c t experiment. The 
p a t t e r n s envisaged a l l have a b a s i c a l l y h e l i c o i d a l 
a i r f l o w across the bedforms, w i t h f l o w attachment,and 
t h e r e f o r e maximum shear and sand d r i f t divergence,to 
the lee of backward p o i n t i n g or barchanoid elements 
such as A & A1 i n f i g . 2.12. To the lee of l i n g u o i d 
or forward p o i n t i n g lobes, the f l o w separates from the 
bed, shear i s at a minimum and sand d r i f t converges. 
The net e f f e c t , f o r both l i n g u o i d and lunate f i s h s c a l e 
networks i s erosion at A & A' i n f i g . 2.12 and depos
i t i o n at a & a', producing r e l a t i v e hollows and r i d g e s , 
r e s p e c t i v e l y . 

The bedform p r o f i l e s deduced from t h i s , d epicted 
i n f i g . 2.12,show t h a t below a c e r t a i n angle of climb, 
i n both l u n a t e and l i n g o i d networks, l o c i of erosion 
such as A, A' e n t i r e l y remove the deposits of the 
preceding l i n g u o i d element to leave cross bedding as 
a s e r i e s of nested troughs. F i g . 2.13 i l l u s t r a t e s 
the expected 3-dimensional character of the cross-
bedding. I f l i n g u o i d elements are removed by erosion 
l i n g u o i d and l u n a t e p a t t e r n s are not d i s t i n g u i s h a b l e 
(note the d i f f e r e n c e between a l i n g u o i d element and a 
l i n g u o i d p a t t e r n ) . Any preserved l i n g u o i d elements 
are present as convex-downjjurrent segments i n 
h o r i z o n t a l s e c t i o n and convex-up i n sections cut 
v e r t i c a l l y across the movement d i r e c t i o n . A convex-up 
form p a r a l l e l to the c u r r e n t might develop i n l u n a t e 
p a t t e r n s i f the preserved l i n g u o i d elements lacked a 
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s l i p f a c e . Such occurrences are r a r e i n the ancient 
( i n the author's experience), suggesting t h a t i t i s 
only the trough and l u n a t e segments t h a t get preserved. 

The 'troughiness 1 of the cross-bedding i s d e t e r 
mined by the o v e r a l l s i n u o s i t y of the f o r m a t i v e 
bedform. S t r a i g h t — c r e s t e d v a r i e t i e s o bviously produce 
a more t a b u l a r and planar s t r u c t u r e . Sinuous obliq u e 
trends lead to asymmetric troughs. Forms w i t h 

exaggerated l o n g i t u d i n a l elements preserve more 
elongate troughs. 

Discussion so f a r has d e a l t w i t h only one order 
of bedform and i s t h e r e f o r e a p p r o p r i a t e f o r s l i p f a c e d 
draa. Superimposing dunes on draa,the basic s t r u c t u r e 
remains the same,though the i n t e r n a l l a y e r i n g of the 
sets must shallow i n angle. This l a y e r i n g then becomes 
t h i r d order bounding surfaces enclosing dune cross-
bedding, w i t h the r e s u l t displayed i n f i g . 2.14. 

F o l l o w i n g from the s i m i l a r i t y of dune and draa 
shapes, a l l the arguments t h a t l e d to f i g . 2.13, and 
the q u a l i f i c a t i o n s and p o s s i b l e m o d i f i c a t i o n s imposed 
on i t , apply t o f i g . , 2.14 on two scales. The r e s u l t 
i s a t w o - l e v e l h i e r a r c h y of nested troughs; one, 
r e p r e s e n t i n g draa, enclosing the other, r e p r e s e n t i n g 
dunes. 

Considering the p h y s i c a l s i z e of the sets so 
represented, t h e i r thickness should be governed by 
the r e l a t i o n s already discussed. Their l e n t i c u l a r 
shape w i l l , however, give a widely v a r y i n g apparent 
thickness i n any c u r r e n t - p a r a l l e l s e c t i o n . Trough 
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w i d t h i s l i m i t e d by the wavelength of the s i n u o s i t i e s 
i n the o r i g i n a l bedform,. Wilson (1970) concluded t h a t 
t h i s value was i n general very s i m i l a r t o the wave
le n g t h of the bedforms. The upper l i m i t f o r dunes 
t h e r e f o r e l i e s at about 500m, f o r draa at 5000m. These 
l i m i t s are l a r g e l y redundant since both f i g u r e s are 
much l a r g e r than both the average exposure and any 
trough the author has ever seen. Trough w i d t h w i l l 
o b v iously be reduced as bedform climb decreases and 
a smaller p r o p o r t i o n of each bedform i s preserved. 

At t h i s stage we have a reasonably d e t a i l e d 
p i c t u r e of cross-bedding t h a t i s c o n s i s t e n t w i t h what 
the author knows of aeoli a n sands, modern and ancient. 
However, the treatment so f a r has been of s y s t e m a t i c a l l y 
m i g r a t i n g bedforms and i s t h e r e f o r e not r e a l i s t i c , as 
A l l e n C1973) has i n d i c a t e d . Randomness must be i n t r o 
duced . 

An immediate conceptual problem a r i s e s i n extending 
A l l e n ' s r e s u l t s on small scale subaqueous r i p p l e s i n 
a flume t o a e o l i a n dunes and draa tens or hundreds of 
metres hi g h . To a f f e c t the preservable p a r t s of a 
l a r g e draa most of A l l e n ' s q u i r k s o f ' f a t e need to 
p e r s i s t f o r longer than you or I are l i k e l y to l i v e , 
and some f o r longer than human c i v i l i z a t i o n has 
e x i s t e d . Hence the conceptual d i f f i c u l t i e s . 

Nevertheless the rocks are there t o be seen and 
to t e s t i f y , and as B r o o k f i e l d (1977) has p o i n t e d out 
aeolia n sediments do conta i n bounding surfaces which 
cannot be a t t r i b u t e d t o any systematic bedform behaviour. 
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McKee ( 1 9 6 6 ) d i s c o v e r e d s i m i l a r f e a t u r e s i n 

t r e n c h e d d u n e s , t h o u g h a p p l y i n g / /\^ C 0 ^ s 

t r a n s v e r s e dune f o r i n s t a n c e , i n d i c a t e s t h a t an 

i d e n t i c a l c l i m b i n g b e d f o r m w i l l p r e s e r v e no 

r e c o n g i s a b l e b o u n d i n g s u r f a c e s ( a s s u m i n g d e t e r m i n i s t i c 

b e h a v i o u r ! ) - t h e y a l l t e r m i n a t e b e f o r e r e a c h i n g t h e 

b a s e o f t h e dune. 

To p r o d u c e a p r e s e r v a b l e b o u n d i n g s u r f a c e some 

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

of a b e d f o r m , w h e t h e r s i m p l y by d e p o s i t i o n o r by 

e r o s i o n and s u b s e q u e n t d e p o s i t i o n . The s u r f a c e s s o 

p r o d u c e d a r e h e r e l a b e l l e d s e c o n d o r d e r w h e r e a d r a a 

i s b e i n g m o d i f i e d and f o u r t h o r d e r w h e r e a dune i s 

a f f e c t e d . T h i s i s an e x t e n s i o n by t h e a d d i t i o n of one 

new o r d e r ( t h e s e c o n d ) of t h e s y s t e m p r o p o s e d by 

B r o o k f i e l d ( 1 9 7 7 ) . S e c o n d and f o u r t h o r d e r s u r f a c e s 

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

o r d e r e f f e c t s on s l i p f a c e l e s s d r a a w i l l be t a k e n up by 

t h i r d o r d e r s u r f a c e s . E x c e p t i n t h e c a s e of a 

s l i p f a c e l e s s d r a a p r o d u c i n g a s e c o n d o r d e r s u r f a c e by 

d e v e l o p i n g a s l i p f a c e and t h e r e f o r e t e n d i n g to 

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

( c o n f i r m i n g t h e h i e r a r c h y ) , t h e two o r d e r s a r e 

p r o b a b l y m u t u a l l y e x c l u s i v e , o r a t l e a s t 

i n d i s t i n g u i s h a b l e . S e c o n d and f o u r t h o r d e r s u r f a c e s 

may be t e r m e d m o d i f i c a t i o n s u r f a c e s . 

R a n d o m n e s s i n t h e f i r s t o r t h i r d o r d e r i s 

m a n i f e s t as t h e c r e a t i o n or e x t i n c t i o n of b e d f o r m s . 

A l l e n ' s ( o p . c i t ) r i p p l e s had f i n i t e l i f e t i m e s and 

p r e s u m a b l y t h i s g oes f o r a l l o t h e r b e d f o r m s t o o . 

F u r t h e r , b e d f o r m s a p p a r e n t l y do n o t c o n t i n u o u s l y 

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

l i f e t i m e . Mean a n g l e s o f 
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c l i m b o f 5-10° w e r e n e c e s s a r y to n e g a t e t h i s t e n d e n c y 

( a 1000 m w a v e l e n g t h , 100 m h i g h d r a a m o v i n g a t 0.1 

m / y e a r , c l i m b i n g a t 5 ° , w i l l d e p o s i t 90 m t h i c k s e t s 

a t an o v e r a l l d e p o s i t i o n r a t e o f 9 mm/year; v e r y 

u n r e a s o n a b l e ) . I n a r r a y s of c l i m b i n g r i p p l e s t h e 

t a n g e n t of t h e a n g l e o f c l i m b was f o u n d to v a r y o v e r a 

t h r e e f o l d r a n g e . 

S e c o n d and f o u r t h o r d e r random e f f e c t s , i n c l u d i n g 

t h o s e d e s c r i b e d by A l l e n ( o p . c i t ) a r e i l l u s t r a t e d i n 

f i g . 2 . 1 5 . Note t h a t d i f f e r e n t p r o c e s s e s may p r o d u c e 

t h e same, or v e r y s i m i l a r , r e s u l t s . 

As A l l e n p o i n t e d o u t , t h e c h a n g e s t h a t b r i n g 

a b o u t m o d i f i c a t i o n s u r f a c e s a r i s e f r o m 2 i n d e p e n d e n t 

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

f l o w , and t h e i n h e r e n t r a n d o m n e s s p r e s e n t i n t h e 

b e h a v i o u r of t h e b e d f o r m s a s t h e y r e a c t to t h e f l u i d . 

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

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

i s by t h e a c t i o n of r e l a t i v e l y m i n o r p e r t u r b a t i o n s i n 

t h e t o p o g r a p h y p r o d u c i n g a much m a g n i f i e d d e v i a t i o n of 

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

p e r i o d s i g n i f i c a n t c o m p a r e d to t h e b e d f o r m 

r e c o n s t i t u t i o n t i m e . T h i s , and p e r h a p s o t h e r 

s i t u a t i o n s , c o u l d l e a d to s u c h e v e n t s as t h e r a i s i n g 

o r l o w e r i n g of t h e b e d f o r m h e i g h t , t h e l a t e r a l 

m i g r a t i o n of t h e p e a k of t h e b e d f o r m , a f l u c t u a t i o n i n 

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

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

c o n f i g u r a t i o n s of t h e l e e s i d e o f t h e b e d f o r m and h e n c e 

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

shown i n f i g . 2.15A a n d B c o u l d f o r m i n t h i s m a n n e r . 

S t o r m s and o t h e r m e t e o r o l o g i c a l d i s t u r b a n c e s 

m i g h t h a v e s u b s t a n t i a l e f f e c t s on dune m o r p h o l o g y , 

t h o u g h w o u l d be u n l i k e l y to i n f l u e n c e t h e p r e s e r v a b l e 

p a r t s of d r a a . D e p e n d i n g on t h e v i g o u r , d u r a t i o n and 

d i r e c t i o n of t h e s t o r m , a l m o s t any c o n f i g u r a t i o n of 

f o u r t h o r d e r b o u n d i n g s u r f a c e m i g h t r e s u l t ( s e e , e . g . 

f i g . 2. 1 5 C ) . 
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L o n g - t e r r a c h a n g e s i n f l o w c o n d i t i o n s ( w h e t h e r i n t h e 

p r i m a r y or s e c o n d a r y f l o w ) m i g h t c a u s e a s l i p f a c e l e s s d r a a to 

d e v e l o p a s l i p f a c e . The t h i r d o r d e r s u r f a c e s of t h e d u n e s on 

t h e d r a a l e e s i d e w o u l d t h e n be t r u n c a t e d by a s e c o n d o r d e r 

s u r f a c e ( a s shown i n f i g . 2 . 1 5 D ) , c o n f i r m i n g t h e h i e r a r c h y . 

As a f i n a l s t e p i n t h e d e r i v a t i o n of t h e m o d e l , a l l t h e 

r a ndom f e a t u r e s must be i n c o r p o r a t e d i n t o f i g . 2.14. The 

two s c a l e s o f n e s t e d t r o u g h s must be r e p l a c e d by a b i m o d a l 

s i z e a n d s h a p e d i s t r i b u t i o n . T h e t r o u g h s must be g i v e n a 

f i n i t e l e n g t h and w i t h i n them must be c o n t a i n e d a s e l e c t i o n 

o f s e c o n d and f o u r t h o r d e r f e a t u r e s . T h e n a l l t h e 

q u a l i f i c a t i o n s p r e v i o u s l y made c o n c e r n i n g l i n g u o i d or l u n a t e 

e l e m e n t s and p a t t e r n s , o b l i q u e t r e n d s , b e d f o r m s y m m e t r y and 

r i d g e s i n u o u s i t y must be r e e m p h a s i s e d and r e a p p l i e d . The 

r e s u l t i s f i g . 2 . 1 6 . 
I n a g g r a d i n g e r g s w i t h i n c o m p l e t e s a n d c o v e r , d r a a 

m i g r a t i o n s u r f a c e s ( 1 s t o r d e r b o u n d i n g s u r f a c e s ) w i l l e x p a n d 
t o become h o r i z o n s of i n t e r b e d f o r m d e p o s i t s . T h e s e m i g h t 
i n c l u d e d e p o s i t s o f m i g r a t i n g s o l i t a r y d u n e s , z i b a r , 
s a n d - s h e e t d e p o s i t s , w a t e r - l a i n s a n d s or e v e n t h e r e c o r d of 
i n l a n d s a b & h a s . The d r a a m i g r a t i o n s u r f a c e s w i l l t h e n be 
p l a n a r , r a t h e r t h a n c u r v e d . T h e s e f e a t u r e s a r e n o t 
i n c o r p o r a t e d i n f i g . 2 . 1 6 . T h e i r r e c o g n i t i o n and 
c h a r a c t e r i s t i c s , and an a n c i e n t e x a m p l e , a r e d e s c r i b e d by 
Kocurek ( 1981 , 1 9 8 2 ) . 

I n a r e a s a r o u n d t h e m a r g i n s of e r g s t h e r e c o r d of a more 
d i v e r s e s u i t e of b e d f o r m may be p r e s e r v e d , f o r e x a m p l e , 
l o n g i t u d i n a l and p a r a b o l i c t y p e s . S u c h d e p o s i t s a r e , h o w e v e r , 
l i k e l y to be r e l a t i v e l y t h i n , and u n i m p o r t a n t i n t h e 
g e o l o g i c a l r e c o r d . 
S E C T I O N 2.4 I M P L I C A T I O N S FOR PALAEOCURRENTS 

R o s e d i a g r a m s d e r i v e d f r o m m e a s u r e m e n t s of c r o s s - bedding 
a z i m u t h s f o r a g i v e n f o r m a t i o n o r member m e a s u r e t h e r e l a t i v e 
v o l u m e t r i c c o n t r i b u t i o n to t h a t body of r o c k made by 
p a r t i c u l a r o r i e n t a t i o n s of l a m i n a e . The r e s u l t i n g p a t t e r n i s 
a s s u m e d t o r e f l e c t t h e w i n d or w a t e r c u r r e n t s w h i c h d e p o s i t e d 
t h e s e d i m e n t of w h i c h t h e r o c k i s f o r m e d . I n f i g . 2.17 some 
b e d f o r m p a t t e r n s and t h e i r f o r m a t i v e w i n d r e g i m e s a r e r e d r a w n 
f r o m e x a m p l e s g i v e n by W i l s o n ( 1 9 7 0 ) . P o t e n t i a l 
p a l a e o c u r r e n t d i a g r a m s p r e d i c t e d f r o m t h e o r i e n t a t i o n s of 
s l i p f a c e s a r e a d d e d : n o t e t h e d i s p a r i t y . Most b o t h e r s o m e i s t h e b i m o d a l p a t t e r n p r o d u c e d by t h e l u n a t e n e t w o r k . The o b l i q u e t r e n d m i g h t p r o d u c e an e r r o r of a mere 45° and t h e p a t t e r n a s d r a w n i s p r o b a b l y l e s s s t a b l e t h a n one o r i e n t e d n o r m a l to t h e 
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r e s u l t a n t of the-two winds. According to the reasoning 
given i n the previous s e c t i o n , a p a t t e r n very s i m i l a r 
t o the l u n a t e network of f i g . 2.17a might indeed be 
expected t o form i n response to a wind regime corresp
onding t o t h a t i n d i c a t e d by the palaeocurrent diagram: 
the bedforms l i e i n a two—trend network. 

There i s t h e r e f o r e a p o t e n t i a l ambiguity apparent 
i n palaeocurrent diagrams, i n t h a t a bimodal r e s u l t 
may be due to e i t h e r unimodal or bimodal winds. The 
e f f e c t i s not j u s t c o n j e c t u r a l as reference t o 
Chapter 6 w i l l show. 

S t r e t c h i n g the im a g i n a t i o n f u r t h e r , the s i n g l e 
wind bedforms of f i g . 2.17c might produce a palaeo
c u r r e n t p a t t e r n w i t h three modes. 

The confusion hinges on the i n t e r p r e t a t i o n of 
a cross bedding azimuth as a measurement of the 
p r i m a r y ' a i r f l o w . As emphasised by Wilson (1970, 1972b) 
and Cooke & Warren (1973), bedform elements are o f t e n 
o b l i q u e t o t h i s , r e f l e c t i n g secondary a i r f l o w and 
confounding r e c o n s t r u c t i o n s of the wind regime from 
cross-bedding o r i e n t a t i o n . 

I n terms of p r e s e r v a t i o n of bedforms the 
magnitude of the e f f e c t i s determined by the amount of 
each trough limb t h a t i s b u r i e d as cross-bedding. I f 
only the c e n t r a l , curved segment i s preserved,a u n i 
modal p a t t e r n should r e s u l t which may or may not 
represent the balance of the d e p o s i t i n g winds. 
Judging from the published r e s u l t s from ancient aeolian 
formations t h i s s i t u a t i o n normally p r e v a i l s . 
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Mention must be made of the record l i k e l y t o 
be l e f t i n the g e o l o g i c a l record by d i u r n a l , seasonal, 
and longer term c l i m a t i c v a r i a t i o n s i n wind d i r e c t i o n . 

A l l c o n s i s t e n t d i u r n a l and annual f l u c t u a t i o n s 
w i l l probably be r e f l e c t e d i n the bedform p a t t e r n as 
r i d g e trends such t h a t each change may be accommodated 
w i t h the minimum of m o d i f i c a t i o n of the p a t t e r n . This 
i s so because a l l draa and most dune r e c o n s t i t u t i o n 
times are much greater than one year (Wilson, 1970, 
f i g . 68), p r e v e n t i n g wind v a r i a t i o n s of t h a t time 
p e r i o d from s i g n i f i c a n t l y a f f e c t i n g the bedform p a t t e r n 
by seasonal erosion or c o n s t r u c t i o n . F l u c t u a t i o n s 
over longer periods are l i k e l y t o be so s u b t l e as to 
be b u r i e d i n the n a t u r a l background randomness of bed-
form behaviour. The r e s u l t i s t h a t the vagaries of 
weather ( i n c l u d i n g storms) and season are preserved 
only as s u b t l e t i e s of the cross-bedding such as f i g . 2 . 1 5 c , 
i f at a l l . Features of the i l k of herringbone cross-
bedding are most improbable. 

The coincidence of more than one s i z e or o r i e n t a t i o n 
of dune was noted i n p a r t s of some ergs by Wilson (1970). 
He a t t r i b u t e d these instances t o a c o n t r a s t i n g r a i n s i z e 
between the two dune sets, the coarser-grained v a r i e t y 
responding t o a set of stronger winds than the f i n e r -
grained dunes. This s i t u a t i o n i s t h e r e f o r e not an 
example of the m u l t i p l e development of bedforms i n 
c y c l i c a l l y v a r y i n g aqueous flows described by A l l e n 
& C o l l i n s o n (1974). Possible l a r g e , c y c l i c v a r i a t i o n s 
of wind v e l o c i t y are probably r e s t r i c t e d to e i t h e r 
d i u r n a l or seasonal p eriods. The distances moved by 
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a l l draa and most dunes i n these times are less than 
t h e i r wavelength, thus p r e c l u d i n g , or at l e a s t severely 
r e s t r i c t i n g , m u l t i p l e bedform development by t h i s 
mechanism i n the aeolia n s i t u a t i o n . 

SECTION 2.5 THE ANALYSIS OF CROSS-BEDDING 
Having dwelt at l e n g t h on the d e r i v a t i o n and 

c o n s t r u c t i o n of aeolian cross-bedding, the purpose of 
t h i s s e c t i o n i s to suggest the l i n e s and l i m i t s of 
ana l y s i s t h a t may be a p p l i e d to such f e a t u r e s preserved 
i n the geologic record. 

Deductions upon the shape of the bedforms are 
r e l a t i v e l y s t r a i g h t f o r w a r d and obvious, provided 
p r e s e r v a t i o n p o t e n t i a l and randomness are borne i n 
mind. 

An i n d i c a t i o n of bedform s i n u o s i t y o<ai e a s i l y be 
gained from the c o n f i g u r a t i o n of the cross bedding i n 
a h o r i z o n t a l plane; presumably most g e o l o g i s t s can 
d i s t i n g u i s h trough and t a b u l a r cross-bedding. The 
nature of the lower l e e s i d e of the bedform i s obvi o u s l y 
recorded i n every cross-lamina. A b r u p t l y based sets 
r e s u l t from less 3-dimensional forms. 

The s i z e of the bedforms, both i n order and 
absolutely, presents a more d i f f i c u l t problem. I t has 
been shown t h a t on average H' and <H/ both come 

Aa \d 

out t o 1/100 give or take an order of magnitude. 
Disregarding the orders of magnitude,the "on average" 
i s the problem. Obviously i t i s not p r a c t i c a l t o 
p i c k up a set of cross-bedding and measure i t s 
maximum thickness. Also, i n t h i s country the s i z e 
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of exposures i s a problem, not to mention the p h y s i c a l 
l i m i t s on the height of g e o l o g i s t s (i.e. we can't reach 
the top of good exposures to measure t h i n g s anyway). 
And, of course, random bedform behaviour. Thus i t may 
be very d i f f i c u l t t o d e f i n e an average set thickness 
f o r a f o r m a t i o n . 

Despite these q u a l i f i c a t i o n s a f o r m a t i o n w i t h sets 
c o n s i s t e n t l y exceeding several metres i n thickness i s 
e v i d e n t l y more l i k e l y to have been deposited by s l i p f a c e d 

draa than dunes. As a f u r t h e r i n d i c a t i o n of scale, 
a s l i p f a c e i draa should be d e p o s i t i n g troughs w i t h 
a w i d t h of hundreds or even thousands of metres; 
corresponding f e a t u r e s i n dunes being i n tens of 
metres. Note t h a t a draa i n an area of complete sand 
cover bearing dune-sized l o n g i t u d i n a l elements at the 
base of a l a r g e s l i p f a c e may deposit sets of draa-scale 
thickness i n troughs of dune-scale widths. Photographs 
of such bedforms are provided by Wilson (1972b,plate 
I I D ) and McKee (1979a,fig. 175). 

The s i z e of a s l i p f a c e might i n f l u e n c e the t h i c k 
ness of the sandflows developed on t h a t s l i p f a c e -
bigger faces developing bigger flows because there's 
more sand a v a i l a b l e . I f s o , t h i s tendency may be 
recorded by the laminae i n preservable p a r t s of a 
bedform. However a gamut of other f a c t o r s are also 
i n v o l v e d ; g r a i n s i z e d i s t r i b u t i o n , g r a i n shape, sand 
supply to the l e e s i d e , o v e r a l l c o n f i g u r a t i o n of the 
l e e s i d e , and even the amount of e a r l y morning dew. 
Nevertheless i t ' s a p o s s i b i l i t y and w i l l be explored 



59 

i n ancient examples l a t e r i n t h i s t h e s i s (Chapters 
8 and 10). 

The most r e l i a b l e method of d i s t i n g u i s h i n g 
dune and draa cross-bedding i n the ancient must be 
to use the bounding surface h i e r a r c h y , i n the manner 
of B r o o k f i e l d (1977). 

I n what ranks as an important landmark f o r the 
ana l y s i s of aeolia n sands, d e s p i t e the c r i t i c i s m of 
some aspects voiced i n the present work, B r o o k f i e l d 
( o p . c i t ) observed a hi e r a r c h y of bounding surfaces i n 
quarry exposures of an a e o l i a n f o r m a t i o n . These 
correspond t o the f i r s t , t h i r d and f o u r t h order surfaces 
of Section 2.3, and were a t t r i b u t e d t o the passage of 
p a r t i c u l a r bedforms across the area. U n f o r t u n a t e l y 
a primary ;requirement of t h i s technique i s l a r g e 
exposures, p r e f e r a b l y i n sections p a r a l l e l to the 
d i r e c t i o n of bedform m i g r a t i o n . Whilst such a 
requirement i s of small consequence i n the western 
U.S.A. (e.g. photos i n Stokes,1968, and McKee, 1979b), 
i t causes r e a l problems i n the U.K., as r e l a t e d i n 
Chapters 8-10. 

According to Wilson (1970, 1972b), the wavelength 
of a bedform depends i n p a r t on the g r a i n s i z e character
i s t i c s of the sand of which i t i s c o n s t i t u t e d . This 
o f f e r s an independent handle on bedform s i z e . U n f o r t 
unately the diagrams d i s p l a y i n g t h i s r e l a t i o n s h i p are 
very much s c a t t e r - p l o t s , a l l o w i n g a considerable range 
i n bedform s i z e f o r any given g r a i n s i z e . 

To conclude, i t i s r e l a t i v e l y simple to deduce 
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o v e r a l l bedform shape from preserved cross-bedding. 
The main problem l i e s i n s e l e c t i n g the f i r s t and t h i r d 
order bounding surfaces on whose enclosed sediment 
the observations must be made: analysing the packets 
of sand between second or f o u r t h order surfaces i s 
l i k e l y t o produce erroneous r e s u l t s . 

Deciding the scale of the bedforms; whether or not 
there were dunes at the base of the draa l e e s i d e , i s 
a f a i r l y s u b j e c t i v e process i n most cases. I t i s a 
matter of de c i d i n g whether various aspects of the 
apparent s t r u c t u r e transgress vaguely d e f i n e d l i m i t s 
of s i z e . As should be h a b i t u a l t o g e o l o g i s t s , don't 
make a d e c i s i o n u n t i l you've noted e v e r y t h i n g p o s s i b l e , 
plus some. 

Summary 
There i s no wholly acceptable theory f o r the 

o r i g i n of wind r i p p l e s . I t i s concluded t h a t the . 
mechanism of w i n d — r i p p l e formation remains an open 
question. Most megaripples are homologous as a coarse 
grained counterpart w i t h normal r i p p l e s , presumably 
w i t h a s i m i l a r o r i g i n . Their g r a i n s i z e r e s t r i c t s 
the occurrence of megaripples i n both modern and 
ancient deserts. 

The o r i g i n of dunes and draa i s also open t o 
question. They form two d i s t i n c t orders of bedform, 
d i f f e r i n g by about an order of magnitude i n s i z e , but 
adopting a broadly s i m i l a r range of shapes. A u n i 
d i r e c t i o n a l wind produces b a s i c a l l y transverse bed-

n 
forms w i t h secondary f l o w p a t t e r n s rendering o b l i q u e 
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trends also s t a b l e . Recent work suggests t h a t l o n g i t 
u d i n a l forms, long accepted as due t o s p i r a l v o r t i c e s 
i n u n i d i r e c t i o n a l f l o w , may i n f a c t r e q u i r e wide 
unimodal or bimodal winds to develop. The s i t u a t i o n 
must be regarded as undecided at present. 

The cross-bedding of ancient aeol i a n sandstone 
formations must always have r e s u l t e d from b a s i c a l l y 
transverse p a t t e r n s of superimposed dunes and draa. 
S t r a i g h t - c r e s t e d bedforms are probably confined t o 
r e l a t i v e l y u n i d i r e c t i o n a l f l o w s . I t i s not c l e a r . 
whether more sinuous forms d i r e c t l y c o r r e l a t e w i t h 
i n c r e a s i n g l y v a r i a b l e winds: s t r o n g l y sinuous bedforms 
develop underwater i n constant direction f l o w s . 

On average, only very small f r a c t i o n s of bedforms 
are preserved i n cross-bedding. The r e s u l t i n g p a t t e r n 
(from sinuous transverse bedforms) i s b a s i c a l l y of two 
scales of nested trough-shaped s e t s , one s i z e corresp
onding t o dunes and one t o draa. E x t e r n a l and i n t e r n a l 
bounding surfaces are complex but may be organised 
i n t o a f o u r - t i e r e d h i e r a r c h y a t t r i b u t a b l e t o bedform 
m i g r a t i o n or bedform m o d i f i c a t i o n , each a c t i n g on the 
two r e l e v a n t s i z e orders of bedform. With allowance 
f o r the random element of bedform behaviour the t o t a l 
r e s u l t i n g p a t t e r n of cross-bedding i s very complex. 

I t i s , however, s u s c e p t i b l e t o a n a l y s i s when 
preserved i n the ancient, granted favourable exposure 
and bearing numerous q u a l i f i c a t i o n s i n mind. 

The palaeocurrents recorded from ancient aeol i a n 
sandstones may be ambiguous w i t h bimodal p a t t e r n s 



r e s u l t i n g from unimodal winds or vice-versa. There' 
not a l o t t h a t can be done about t h i s . 



CHAPTER 3 

THE LAMINATION AND GRAIN CHARACTERISTICS OF 

AEOLIAN SANDS 

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

T h i s c h a p t e r comprises a r e v i e w o f t h e l a m i n a t i o n , 

g r a i n s i z e c h a r a c t e r i s t i c s , g r a i n shape and s u r f a c e 

t e x t u r e o f a e o l i a n s a n d s , w i t h emphasis on f e a t u r e s 

l i k e l y t o be p r e s e r v e d and observed i n t h e a n c i e n t . 

I t i s i n t h i s emphasis on t h e a n c i e n t t h a t t h e 

i n n o v a t i v e aspect o f t h i s c h a p t e r l i e s . 

SECTION 3_JL LAMINATION 

A c h a r a c t e r i s t i c and s t r i k i n g f e a t u r e o f a e o l i a n 

sands i s t h e i r l a m i n a t i o n . This i s p e r m a n e n t l y on d i s p l a y 

i n t h e a n c i e n t , though l e s s a c c e s s i b l e i n t h e modern. 

I n g e n e r a l s e d i m e n t o l o g i s t s have been c o n t e n t t o 

c o n s i d e r f e a t u r e s encompassing many laminae ( e . g . a s e t 

of c r o s s - b e d d i n g ) , o r t o i n v e s t i g a t e at l e n g t h t h e 

d e t a i l s o f s i n g l e sand g r a i n s o r t h e s i z e c h a r a c t e r i s t i c s 

o f a p o p u l a t i o n . L a m i n a t i o n f a l l s between t h e s e two 

s t o o l s , though o b v i o u s l y i n modern u n c o n s o l i d a t e d 

sediments i t i s d i f f i c u l t t o observe a t w i l l . 

I n t h e case o f a e o l i a n sands t h i s p o s i t i o n was 

r e c t i f i e d by Hunter (1977) i n a v e r y i m p o r t a n t paper. 

From s t u d i e s o f c o a s t a l dunes i n t h e U.S.A. he 

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

r e s u l t i n g from t h r e e t y p e s o f d e p o s i t i o n . 

M i g r a t i n g and c l i m b i n g wind r i p p l e s ( r i p p l e s o f 

'normal' s i z e , i . e . i n sand r a n g i n g from f i n e t o coarse 
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i n s i z e ; not 'megaripples' i n any sense) produce v a r i o u s 

v e r s i o n s of " c l i m b i n g t r a n s l a t e n t s t r a t i f i c a t i o n " ( a 

t e r m s e m a n t i c a l l y f a u l t l e s s b u t here r e p l a c e d by w i n d -

r i p p l e l a m i n a t i o n ) . T h i s c o n s i s t s of v e r y t h i n ( f r o m 

1 g r a i n t h i c k n e s s up t o 3 o r 4 mm, t y p i c a l l y 1-2 mm), 

l a t e r a l l y e x t e n s i v e (dm o r m) co n c o r d a n t l a y e r s 

a l t e r n a t i n g i n g r a i n s i z e ( e . g . between f i n e and 

medium sand) o f f a i r l y w e l l packed sand. An example 

from t h e a n c i e n t i s shown i n f i g . 3 . 1 . Hunter mentions 

p o r o s i t i e s o f 38-41% measured on s i x samples (average 

3 9 % ) . P o s s i b l y t h e s i n g l e most i m p o r t a n t r e s u l t o f 

H u n t e r ' s work i s h i s p r o o f t h a t r i p p l e s , an u b i q u i t o u s 

s u r f a c e f e a t u r e o f blown sand, can c l i m b and produce 

t h i s d i s t i n c t i v e s e d i m e n t a r y s t r u c t u r e . 

F o l l o w i n g Sharp (1963), Hunter a l s o r e p o r t e d t h a t 

p r e s e r v e d f o r e s e t l a y e r i n g w i t h i n w i n d - r i p p l e d e p o s i t s 

i s e x t r e m e l y r a r e . W i n d — r i p p l e l a m i n a t i o n seems t o 

c o r r e s p o n d t o Bagnold's ( 1 9 4 1 , p. 127) a c c r e t i o n 

d e p o s i t s . The degree o f p a c k i n g i s m a n i f e s t as a 

f i r m n e s s underfoot - u n y i e l d i n g even under t h e w e i g h t 

of a motor v e h i c l e ( B a g n o l d , o p . c i t . , p. 236). 

The second t y p e of l a m i n a t i o n i s produced by 

g r a i n f a l l d e p o s i t i o n . T h i s i s d e f i n e d by Hunter (op. 

c i t . ) as t h e s e t t l i n g o f g r a i n s blown over t h e b r i n k 

o f a dune ( o r d r a a ) t h r o u g h t h e r e l a t i v e l y s t i l l a i r 

o f t h e l e e s i d e s e p a r a t i o n b u b b l e . T h i s i s e q u i v a l e n t 

t o t h e ' s e d i m e n t a t i o n ' o f Bagnold ( o p . c i t . , p. 127). 

I n t h e c o a s t a l dunes Hunter s t u d i e d ^ t h e m a j o r i t y o f 

c r o s s - b e d d i n g d i p p i n g a t a n g l e s o f 20-28° was formed 

o f t h i s g r a i n f a l l l a m i n a t i o n . The laminae formed a r e 

vague and g r a d a t i o n a l w i t h poor g r a i n s i z e s e g r e g a t i o n 
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compared w i t h w i n d — r i p p l e laminae. Where best 

d i s p l a y e d laminae w i t h t h i c k n e s s e s o f a few m i l l i 

m e tres or l e s s are d i s t i n g u i s h a b l e . They are l a t e r a l l y 

e x t e n s i v e , c o n f o r m i n g t o and d r a p i n g p r e - e x i s t i n g s m a l l 

s c a l e t o p o g r a p h y . S i x measured p o r o s i t i e s ranged from 

38-42% ( a v e r a g e 4 0 % ) . 

Sandflows f o r m t h e t h i r d s t r a t i f i c a t i o n t y p e . I t 

s h o u l d be n o t e d t h a t i n t h i s c o n t e x t t h e t e r m s a n d f l o w 

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

steepened dune l e e s i d e , c o n t r a s t i n g w i t h t h e usage o f 

t h e same t e r m by W i l s o n mentioned i n Chapter 1. I n 

subsequent c h a p t e r s , s a n d f l o w i n H u n t e r ' s sense w i l l a l s o 

be d e s c r i b e d by such terms as avalanche s t r a t i f i c a t i o n 

or avalanche l a m i n a e . Lowe (1976) used t h e t e r m g r a i n -

f l o w f o r t h e same f e a t u r e . 

I n d i v i d u a l s a n d f l o w s on H u n t e r ' s dunes range from 

2-5 cm i n t h i c k n e s s a t t h e i r t h i c k e s t p a r t . They form 

l e n t i c u l a r b o d i e s e n c l o s e d between g r a i n f a l l laminae 

h i g h on s l i p f a c e s o r s t r e t c h i n g t h e l e n g t h o f s m a l l 

s l i p f a c e s . Downslope t h e l e n s e s c o a l e s c e , becoming 

more t a b u l a r w i t h s l i g h t l y wavy b o u n d a r i e s . When a 

f l o w i s s e t i n m o t i o n o t h e r s t e n d t o be i n i t i a t e d on 

e i t h e r s i d e . An example from t h e a n c i e n t i s shown i n 

f i g . 3 . 2 . 

Other wind-formed l a m i n a t i o n s a r e d e s c r i b e d by 

Hunter (1973 and 1980) a g a i n from c o a s t a l dunes and 

F r y b e r g e r e t a l . , (1979) from an i n l a n d dune f i e l d . 

H unter (1973) r e c o r d s a " s m a l l - s c a l e pseudo-cross lam

i n a t i o n " formed by c l i m b i n g adhesion r i p p l e s . I t 

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

convex upwards. Each ' s e t ' marks a c o n t i n u o u s 

d e p o s i t i o n a l e v e n t . I n sand damp, but not s u f f i c i e n t l y 

so f o r t h e f o r m a t i o n o f adhesion r i p p l e s , " q u a s i -

p l a n a r adhesion s t r a t i f i c a t i o n " d e v elops ( H u n t e r , 

1980), c h a r a c t e r i s e d by f a i n t , f i n e and f l a t - l y i n g 

l a m i n a t i o n w i t h some s m a l l s c a l e c r e n u l a t i o n . 

F r y b e r g e r e t a l . ( op. c i t . ) i l l u s t r a t e a number 

of l a m i n a t i o n t y p e s and s e d i m e n t a r y f e a t u r e s f r o m 

d u n e l e s s , low an g l e sand sheet d e p o s i t s a t Great Sand 

Dunes N a t i o n a l Monument, Colorad o . Of t h e i r two b a s i c 

v a r i e t i e s o f d e p o s i t " t y p e 'a'" would appear t o 

c o r r e s p o n d t o Hunt e r ' s (1977) planebed laminae, o r 

more l i k e l y t o w i n d — r i p p l e l a m i n a e . "Type 'b'" 

i n c l u d e s c o a r s e r m a t e r i a l (up t o v e r y coarse sand) 

f o r m i n g i s o l a t e d l a minae, l e n s e s or r i p p l e t r a i n s w i t h i n 

more i r r e g u l a r s t r a t i f i c a t i o n , t hough s t i l l m i l l i m e t r e 

s c a l e . The coarse r i p p l e s may show f o r e s e t l a y e r i n g . 

Faunal and f l o r a l b i o t u r b a t i o n i s common i n t h e s e sand 

sheet d e p o s i t s , which a r e p e r i p h e r a l t o and upwind o f 

t h e main dune mass. Though not e x p l i c i t l y s t a t e d by 

F r y b e r g e r e t a l . ( op. c i t . ) , t h e sand sheet t o p o g r a p h y , 

l a c k i n g s l i p f a c e d dunes,must owe i t s development p a r t l y 

t o t h e coarse g r a i n s i z e o f t h e sediment and p a r t l y t o 

gras s c o v e r . 

As w i l l be shown l a t e r - in t h i s t h e s i s , a l l o f 

t h e above l a m i n a t i o n t y p e s , w i t h t h e e x c e p t i o n o f H u n t e r ' s 

damp sand v a r i e t i e s , are p r e s e n t i n t h e U.K. a e o l i a n 

sandstones s t u d i e d . 
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C o n t o r t e d , d i s t u r b e d and broken laminae i n modern 

a e o l i a n sands have been d i s c u s s e d a t l e n g t h by McKee 

et a l . (1971) and McKee and B i g a r e l l a ( 1 9 7 2 ) . These 

are s u r f a c e f e a t u r e s formed d u r i n g t h e normal processes 

of sand d e p o s i t i o n and movement on t h e bedform l e e s i d e . 

However, t h e examples d e s c r i b e d a r e from gypsum and 

c o a s t a l dunes. The s l i g h t cohesion o f t h e sand 

r e q u i r e d f o r most o f t h e s t r u c t u r e s i s r e a d i l y a c q u i r e d 

and r e t a i n e d i n t h e gypsum dunes by s l i g h t c e m e n t a t i o n . 

I n t h e c o a s t a l dunes, l o c a t e d i n s o u t h e r n B r a z i l , annual 

r a i n f a l l amounts t o 1.5 m per year, a t l e a s t t e n t i m e s 

t h a t o f most d e s e r t s , a g a i n p r o m o t i n g c o h e s i o n . Thus 

i n b o t h t h e d e s c r i b e d areas t h e dunes a r e u n u s u a l l y 

prone to. s u r f a c e d e f o r m a t i o n f e a t u r e s . I n t h e a u t h o r ' s 

e x p e r i e n c e , s u c h f e a t u r e s a re e x t r e m e l y r a r e i n a n c i e n t 

a e o l i a n sandstones and a l s o , presumably ( b y r e v e r s e 

u n i f o r m i t a r i a n i s m ) , i n i n l a n d q u a r t z sand d e s e r t s . 

Doe and D o t t (1980) d i s c u s s and a n a l y s e c o n t o r t e d 

c r o s s - b e d d i n g i n a e o l i a n sandstones. Zones o f i n t e n s e 

c o n v o l u t i o n o f t h e c r o s s - b e d d i n g many metres t h i c k and 

e x t e n d i n g l a t e r a l l y f o r k i l o m e t r e s are common i n t h e 

Navajo Sandstone exposures o f t h e Colorado P l a t e a u . 

The c o m p l e t e l y c o n t o r t e d s t r a t a a r e a t t r i b u t e d t o 

l i q u e f a c t i o n o f t h e sand below t h e wa t e r t a b l e , a i d e d 

and a b e t t e d by h i g h i n i t i a l p o r o s i t i e s . These f e a t u r e s , 

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

l i k e l y t o occur i n i n l a n d q u a r t z sand d e s e r t s t h a n t h e 

minor d e f o r m a t i o n s o f McKee and B i g a r e l l a . C e r t a i n l y 

t h e y have a much g r e a t e r p r e s e r v a t i o n p o t e n t i a l and 

occur s p o r a d i c a l l y i n v a r i o u s B r i t i s h f o r m a t i o n s . 
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For comment and g e o l o g i c a l p e r s p e c t i v e on 

l a m i n a t i o n t y p e s , t h e p h y s i c s o f s a n d f l o w s has been 

d e a l t w i t h by Bagnold ( 1 9 5 4 ) , Lowe ( 1 9 7 6 ) , and 

i n e v i t a b l y , A l l e n (1970, 1972). The most 

comprehensive a n a l y s i s l i e s i n A l l e n ' s 1970 paper. 

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

t h e a n c i e n t a r e t h e i r t h i c k n e s s (up t o 0.12 m), a n g l e 

of d i p , r a n g i n g from 34° down t o 20°, and wide l a t e r a l 

e x t e n t , b e i n g u s u a l l y t r a c e a b l e f o r s e v e r a l m e t r e s . 

I f t h e s e f l o w s behave as d e s c r i b e d by Bagnold (1954) 

t h e i r s u r f a c e v e l o c i t i e s d u r i n g emplacement would have 

been as much as 30 ms"^ (70 mph) - f a r i n excess o f t h e 

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

no-one has s t u d i e d p r ocesses on t h e l e e ^ s i d e o f l a r g e 

d e s e r t dunes and draa ( c . f . H u n t e r ' s s m a l l c o a s t a l 

d unes), any c o n s t r a i n t s s a n d f l o w t h i c k n e s s and e x t e n t 

p u t on s l i p f a c e s i z e and sand t r a n s p o r t r a t e are 

i m p o s s i b l e t o assess. The b r o a d , t h i c k f l o w s observed 

i n t h e a n c i e n t are c e r t a i n l y v e r y d i f f e r e n t t o H u n t e r ' s 

(1977) narrow tongues o f sand. The p r e s e r v e d a n c i e n t 

f l o w s must have i n v o l v e d l a r g e q u a n t i t i e s o f sand (many 

t o n n e s ) and l a r g e areas of s l i p f a c e ( t e n s , p o s s i b l y 

hundreds o f square m e t r e s ) . The g e n t l e s l o p e s (even 

a l l o w i n g f o r compaction and e r r o r i n d i p r e a d i n g s ) 

reached by i n d i v i d u a l f l o w s may r e f l e c t t h e momentum 

such l a r g e e v e n t s were a b l e t o b u i l d up. Hunter 

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

o f o t h e r movements. T h i s r a m i f i c a t i o n , w i t h m i x i n g o f 
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a d j a c e n t f l o w s must be r e s p o n s i b l e f o r t h e l a t e r a l l y 

homogeneous and e x t e n s i v e laminae we see now. 

A l l e n (1970) suggests t h a t l e e s l o p e s may advance 

by t h e a c t i o n o f f r e q u e n t s m a l l f l o w s coming t o r e s t 

on t h e upper reaches o f t h e s l i p f a c e and b u i l d i n g up 

a c o n s i d e r a b l e wedge of m a t e r i a l t o be swept away i n 

i n f r e q u e n t l a r g e e v e n t s . T h i c k beds might a l s o come 

about by v i r t u e o f a l a r g e d i f f e r e n c e between t h e 

y i e l d and r e s i d u a l a n g l e s o f a p a r t i c u l a r sand ( v a l u e s 

up t o 10-15° were o b t a i n e d by A l l e n (op. c i t . ) i n 

n a t u r a l s a n d s ) , or by i n v o l v i n g more o f t h e s l i p f a c e , 

or by a f l o w t e l e s c o p i n g i n t o i t s e l f f rom a l o n g 

f e t c h . P o s s i b l y t h e r e may t h e n be some broad 

c o r r e l a t i o n between s l i p f a c e s i z e and t h e t h i c k n e s s 

of t h e l a r g e s t p o s s i b l e avalanche. 

The o c c u r r e n c e o f g r a i n f a l l l a m i n a t i o n a l s o 

r e q u i r e s q u a l i f i c a t i o n b e f o r e a p p l i c a t i o n t o t h e 

g e o l o g i c r e c o r d . The problem l i e s i n e v a l u a t i n g t h e 

e f f e c t i v e n e s s o f t h e process and p r e s e r v a t i o n 

p o t e n t i a l o f i t s d e p o s i t s on l a r g e bedforms. Again 

a n a l y s i s s u f f e r s i n h a v i n g o n l y H u n t e r ' s work t o 

r e f e r t o . G r a i n p a t h s on t h e l e e s i d e s o f bedforms 

have been e x p l o r e d i n d e t a i l by A l l e n ( 1 9 6 8 ) , but 

o n l y f o r s m a l l s c a l e subaqueous forms and t h e r e s u l t s 

can bear no r e l a t i o n t o t h e problem i n hand. 

I t i s not p o s s i b l e t o c a l c u l a t e g r a i n p a t h s over 

t h e l e e s i d e o f a bedform - even assuming a s i t u a t i o n 

where g r a i n s are p r o j e c t e d h o r i z o n t a l l y from t h e 

b r i n k i n t o calm a i r , t h e r e s u l t i n g e q u a t i o n s o f m o t i o n 
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cannot be s o l v e d a n a l y t i c a l l y . However t h e r e i s no 

reason t o suppose t h a t t h e energy o f a g r a i n ' s l e a p 

i n t o t h e unknown over t h e b r i n k o f t h e s l i p f a c e s h o u l d 

be any g r e a t e r t h a n an average hop i n s a l t a t i o n . There 

seems t o be enough v a l i d i t y i n Eagnold's ( 1 9 4 1 , pp. 

62-64) c a l c u l a t i o n s o f c h a r a c t e r i s t i c p a t h l e n g t h t o 

suggest t h a t a g r a i n i n s a l t a t i o n w i l l cover a d i s t a n c e 

s i m i l a r t o t h e w a v e l e n g t h o f a r i p p l e ( i . e . ~ 0 . 1 m ) i n a 

s i n g l e hop. By t h i s r e a s o n i n g i t would seem t h a t 

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

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

g r a i n s however, m i g h t go i n t o p a r t i a l s u s p e n s i o n and be 

d e p o s i t e d some d i s t a n c e down t h e l e e s i d e . Thus i t 

appears t h a t t h e p a t t e r n o f d e p o s i t i o n i m p l i e d by 

g r a i n f a l l m i l i t a t e s a g a i n s t i t s w i d e s p r e a d p r e s e r v a t i o n 

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

The sand-sheet t y p e s o f s t r a t i f i c a t i o n d e s c r i b e d 

by F r y b e r g e r e t a l . (1979) r e l y on a wide spread o f 

g r a i n s i z e s f o r t h e i r development. They must t h e r e f o r e 

have a tendency t o be developed i n t h e v i c i n i t y o f 

sources o f sediment o t h e r t h a n blown dune ( s . l . ) sand 

o r i n areas where l a r g e q u a n t i t i e s o f sand have been 

removed by d e f l a t i o n , l e a v i n g a c o a r s e r l a g . An example 

fr o m t h e a n c i e n t i s i l l u s t r a t e d i n f i g . 3 . 3 . 

E s s e n t i a l l y t h e purpose o f t h i s s e c t i o n has been 

t o j u s t i f y t h e l a m i n a t i o n o f a n c i e n t a e o l i a n sandstones 

as observed and i n t e r p r e t e d i n v a r i o u s U.K. f o r m a t i o n s . 

These r o c k s c o n t a i n , i n o r d e r o f abundance, w i n d - r i p p l e , 

s a n d f l o w , sand-sheet and g r a i n f a l l l aminae. The l a t t e r 

two are r a r e , g r a i n f a l l e x c e e d i n g l y so. No adhesion 
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r i p p l e t y p e s have been d e t e c t e d though t h e y a re r e p o r t e d 

t o be q u i t e common i n N o r t h Sea gas w e l l s ( G l e n n i e , 1972). 

The onshore areas may have been t o o f a r f r o m t h e i r 

r e s p e c t i v e b a s i n c e n t r e s f o r t h e water t a b l e t o have 

approached t h e s u r f a c e c l o s e l y enough t o form adhesion 

r i p p l e s e x t e n s i v e l y . S u r f a c e d e f o r m a t i o n s o f McKee et al
and 

(1971) are next t o absent ^ c o n t o r t i o n s as per 

Doe and D o t t (1980) are found a t o n l y a h a n d f u l of 

l o c a l i t i e s . 

SECTION 3.2 GRAIN SIZE ' 

The s t a n d a r d d e s c r i p t i o n o f a n c i e n t a e o l i a n sand

stones has always s t r e s s e d t h e i r f i n e t o medium sand 

g r a i n - s i z e and good s o r t i n g . These c h a r a c t e r i s t i c s 

are o f t e n r e g a r d e d as a major d i a g n o s t i c f e a t u r e ox 

such sediment. I n B r i t i s h l i t e r a t u r e , e s p e c i a l l y i n 

t h e p u b l i c a t i o n s o f t h e G e o l o g i c a l S u r v e y , t h e presence 

o f " m i l l e t - s e e d g r a i n s " , meaning w e l l - r o u n d e d coarse 

sand, has a l s o been used as d i a g n o s t i c o f a e o l i a n sand. 

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

a e o l i a n sand as w e l l rounded. 

The purpose o f t h i s s e c t i o n i s t o examine t h e s e 

s t a t e m e n t s i n more d e t a i l . 

The i d e n t i f i c a t i o n o f s e d i m e n t a r y e n v i r o n m e n t s 

by t h e a n a l y s i s o f g r a i n - s i z e c h a r a c t e r i s t i c s has 

r e c e i v e d a g r e a t d e a l o f a t t e n t i o n over t h e p a s t 20 

ye a r s . C o a s t a l and i n l a n d dunes have f e a t u r e d 

p r o m i n e n t l y i n t h e l i s t o f en v i r o n m e n t s examined. The 

success o f t h e s e methods has been somewhat mixed and 

o p i n i o n i s d i v i d e d on t h e i r e f f e c t i v e n e s s . 
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T y p i c a l l y , beach, c o a s t a l dune and r i v e r sands 

have been i n v e s t i g a t e d , l a b e l l e d i n j u s t t h o s e terms 

w i t h no f u r t h e r s p e c i f i c a t i o n . To t h e g e o l o g i s t 

c o n f r o n t e d w i t h an e n i g m a t i c o u t c r o p , comparisons o f 

a e o l i a n sands w i t h m a t e r i a l from,say, s h a l l o w m a r i n e 

sand waves o r sandy b r a i d e d streams would be more 

r e l e v a n t , t h o s e b e i n g e n v i r o n m e n t s capable o f 

p r o d u c i n g l a r g e s c a l e c r o s s - b e d d i n g i n p e b b l e and c l a y 

f t e e sand. 

I t i s u n l i k e l y t h a t t h e i n t e r p r e t a t i o n o f a whole 

f o r m a t i o n o f a e o l i a n sandstone w i l l ever h i n g e on 

g r a i n - s i z e a n a l y s i s a l o n e - t h e r e are many o t h e r 

f e a t u r e s on which a d e c i s i o n may be more e a s i l y and 

so u n d l y based. F e a t u r e s o f t h e g r a i n - s i z e d i s t r i b u t i o n 

w e i g h t y enough t o c o n f i r m o r deny an a e o l i a n i n t e r 

p r e t a t i o n s h o u l d be v i s i b l e t o t h e naked eye a t o u t c r o p , 

e.g. p e b b l e s and c l a y l a y e r s . F u r t h e r , t h e r e a re 

p r a c t i c a l problems i n c a r r y i n g t h e method o f g r a i n - s i z e 

a n a l y s i s from modern t o a n c i e n t . A n c i e n t sandstones 

have, by d e f i n i t i o n , s u f f e r e d d i a g e n e t i c m o d i f i c a t i o n 

from t h e i r o r i g i n a l s t a t e . A p a r t from problems 

i n t r o d u c e d by mechanical d i s a g g r e g a t i o n , d i a g e n e s i s 

i s c a p able o f s u b s t a n t i a l l y a l t e r i n g t h e g r a i n - s i z e 

c h a r a c t e r i s t i c s by t h e f o r m a t i o n o f g r a i n o v e r g r o w t h s , 

by l e a c h i n g o f f e l d s p a r s and o t h e r u n s t a b l e m i n e r a l s , 

by p r e s s u r e s o l u t i o n , and by t h e a d d i t i o n of a u t h i g e n i c 

c l a y s . Such f a c t o r s are m i n i m i s e d i n many a e o l i a n 

sandstones by t h e l a c k o f cement t y p i c a l o f such r o c k s , 

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

c h a r a c t e r i s t i c . 
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These drawbacks can be reduced by c a r e f u l 

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

s e c t i o n assessment o f d i a g e n e s i s and e x a m i n a t i o n o f 

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

microscope f o r example - but n e v e r t h e l e s s remain a 

major b a r r i e r t o t h e acceptance and development o f 

g r a i n s i z e a n a l y s i s as a d i a g n o s t i c t o o l . A 

comprehensive, and,on t h e whole, balanced, r e v i e w o f 

t h e method i s g i v e n by Friedman ( 1 9 7 9 ) . 

I n a d d i t i o n t o t h e p l o t t i n g o f s c a t t e r diagrams 

o f v a r i o u s s t a t i s t i c a l moments of g r a i n - s i z e d i s t r i b u t i o n s , 

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

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

a n a l y s i s , as e x e m p l i f i e d by V i s h e r (1969) and F o l k 

(1968, 1971). V i s h e r foi i r>d t h a t c u m u l a t i v e c u r v e s 

f r o m many s e d i m e n t a r y environments, when p l o t t e d on 

l o g - p r o b a b i l i t y paper, c o u l d be d i v i d e d i n t o s e v e r a l 

supposedly s t r a i g h t - l i n e segments. Each segment was 

s a i d t o r e p r e s e n t a s e p a r a t e l o g - n o r m a l l y d i s t r i b u t e d 

s u b - p o p u l a t i o n , a n d t h e s u b - p o p u l a t i o n s were i n t e r p r e t e d 

as due t o c o n t r i b u t i o n s f r o m d i f f e r e n t t r a n s p o r t 

processes: s u s p e n s i o n , s a l t a t i o n or t r a c t i o n . C e r t a i n l y 

a c o n s i s t e n c y o f c u r v e shape and c h a r a c t e r i s t i c s w i t h i n 

each environment was found by V i s h e r . The b a s i c 

s e d i m e n t o l o g y e n c a p s u l a t e d i n V i s h e r ' s i d e a seems sound -

i t i s d i f f i c u l t t o f a u l t t h e assumption t h a t each 

t r a n s p o r t mode i n a sediment would show a l o g - n o r m a l 

d i s t r i b u t i o n ( o r something of t h a t type) i f i t c o u l d be 

s e p a r a t e d o f f . However, t h e l i m i t s t o each mode cannot 



74'* 

be c l e a r - c u t ; o n l y at extreme s i z e s w i l l a g r a i n move 

by one means a l o n e . For i n s t a n c e i n an a e o l i a n sand 

t h e m a j o r i t y o f g r a i n s w i l l move m o s t l y by s a l t a t i o n , 

but a l s o sometimes i n s u r f a c e creep and sometimes i n 

suspension. Coarser g r a i n s w i l l move more o f t e n by 

s u r f a c e creep, f i n e r g r a i n s w i l l spend more t i m e i n 

suspension. From t h i s v i e w p o i n t i t would be more 

a p p r o p r i a t e t o j o i n d a t a p o i n t s on a p r o b a b i l i t y p l o t 

w i t h a smooth c u r v e t h a n w i t h a s e r i e s o f s t r a i g h t 

l i n e s . 

A more s e r i o u s o b j e c t i o n t o V i s h e r ' s method has 

been put f o r w a r d by Walton e t a l . ( 1 9 8 0 ) . T h i s q u e s t i o n s 

assumptions about t h e mathematics o f l o g - p r o b a b i l i t y p l o t s 

i m p l i c i t i n V i s h e r ' s work. Walton e t a l . ( o p . c i t . ) 

examine t h e ways i n w h i c h a cummulative c u r v e showing 3 

l i n e a r segments i n t e r p r e t e d as su s p e n s i o n , s a l t a t i o n 

and t r a c t i o n l o a d s m i g h t be made up. To qu o t e , "The 

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

o b t a i n e d by p e r c e n t i l e t r u n c a t i o n o f t h r e e s u b - p o p u l a t i o n s 

of e q u a l a r e a " . I n t h i s case t h e s o - c a l l e d t r a c t i o n 

l o a d i s i n f a c t t h e coarse t a i l o f t h e f i n e s t sub-

p o p u l a t i o n and v i c e v e r s a . The t h r u s t o f t h e paper can 

be b e s t s t a t e d s i m p l y by q u o t i n g i t s c o n c l u s i o n s : 

" ( 1 ) S i m i l a r - l o o k i n g cummulative f r e q u e n c y c u r v e s 

may be g e n e r a t e d by a v a r i e t y o f t r u n c a t i o n and 

m i x i n g models. 

(2 ) The assumption t h a t p s e u d o - l i n e a r segments 

composing some g r a i n - s i z e c urves r e p r e s e n t 

a d j a c e n t t r u n c a t e d d i s t r i b u t i o n s may be 
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i n c o r r e c t . A c c o r d i n g t o C l a r k (1976) no 

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

s i n g l e l o g - n o r m a l d i s t r i b u t i o n has been 

p u b l i s h e d . 

( 3 ) E s t i m a t i o n o f g r a p h i c a l moments f r o m pseudo-

l i n e a r segments can o f t e n g i v e b a d l y erroneous 

r e s u l t s f o r s u b - p o p u l a t i o n s . 

( 4 ) Three a d j a c e n t t r u n c a t e d d i s t r i b u t i o n s o f 

equal area may produce l i n e a r segments on t h e 

^-normal p r o b a b i l i t y p l o t b u t t h e s e segments 

ar e not c o n s i s t e n t w i t h t h e common i n t e r 

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

su s p e n s i o n , s a l t a t i o n and t r a c t i o n . " 

F o l k (1968, 1971) advocates t h e d i s s e c t i o n o f 

fr e q u e n c y c u r v e s as a means o f a n a l y s i n g t h e sub-

p o p u l a t i o n s p r e s e n t i n a sample o f sand. Working on 

a e o l i a n sands from l o n g i t u d i n a l dunes o f t h e Simpson 

Desert i n A u s t r a l i a , he drew up f r e q u e n c y c u r v e s o f 

g r a i n - s i z e d i s t r i b u t i o n and s p l i t t h e s e c u r v e s i n t o 

c o n t r i b u t i o n s from numerous s m a l l e r l o g - n o r m a l sub-

p o p u l a t i o n s combined i n v a r y i n g p r o p o r t i o n s . These 

s u b - p o p u l a t i o n s were p l a c e d and f i t t e d by eye. The 

composite n a t u r e o f h i s g r a i n s i z e p l o t s l e d F o l k t o 

propose a quantum model f o r a e o l i a n d e p o s i t s whereby 

each quantum o f w e l l - s o r t e d sand i s c a r r i e d by a 

s e p a r a t e gust o f wind and d e p o s i t e d i n a p a r t i c u l a r 

" m i c r o - l o c a l i t y " . The c a p r i c i o u s n e s s o f t h e wind 

leads t o t h e d e p o s i t i o n a t any one spot o f quanta f r o m 

many d i f f e r e n t d i r e c t i o n s and s o u r c e s . Each packet may 

have a d i f f e r e n t mean g r a i n s i z e , depending on wind 
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v e l o c i t y , but a l l have s i m i l a r s o r t i n g . c o e f f i c i e n t s , 

r e f l e c t i n g t h e s e l e c t i v i t y o f a common t r a n s p o r t 

p r o c e s s . 

I t i s sp e c i o u s t o a t t e m p t t o c r i t i c i s e F o l k on 

t h e grounds t h a t many o f h i s s u b - p o p u l a t i o n s may be 

pure f l i g h t s o f f a n c y . They a r e o b v i o u s l y p r e s e n t i n 

t h e more polymodal c u r v e s a n d . i t i s o n l y l o g i c a l t o 

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

One m i g h t , however, suspect t h a t t h e a l l o w a n c e o f a 

l i t t l e more l a t i t u d e i n t h e s t a n d a r d d e v i a t i o n o f t h e 

s u b - p o p u l a t i o n i n c e r t a i n cases would produce 

s o l u t i o n s c o n t a i n i n g fewer quanta. 

Bagnold (1937, 1941) and Bagnold and 

BarndorPF-Nielsen (1980) advocate p l o t t i n g t h e l o g a r i t h m 

of g r a i n - s i z e a g a i n s t t h e l o g a r i t h m x o f t h e f r e q u e n c y ; 

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

c u r v e . T h i s improves t h e r e s o l u t i o n o f t h e extremes 

of t h e d i s t r i b u t i o n where q u a n t i t i e s a re s m a l l and 

cannot be a d e q u a t e l y r e p r e s e n t e d on an a r i t h m e t i c 

f r e q u e n c y c u r v e o r h i s t o g r a m . I t i s argued t h a t equal 

s i g n i f i c a n c e s h o u l d be a t t a c h e d t o a l l grades and t h a t 

t h i s i s f a c i l i t a t e d by t h e l o g - l o g c u r v e . I n a d d i t i o n 

t o t h e d i a l e c t i c a s p e c t , Bagnold and B a r n d o r f f - N i e l s o n 

(op. c i t . ) r e - s t a t e and exten d Bagnold's e a r l i e r 

a s s e r t i o n s t h a t t h e l o g - l o g c u r v e r e v e a l s a fundamental 

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

t h a t t h e y assume a h y p e r b o l i c shape on l o g - l o g paper, 

whereas a Gaussian d i s t r i b u t i o n p l o t t e d t h e same way 

forms a p a r a b o l a . The h y p e r b o l i c form a l l o w s f o r 

d i f f e r i n g e f f i c i e n c e s o f s o r t i n g i n t h e f i n e and coarse 
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l i m b s o f t h e curve m a n i f e s t as d i f f e r e n t g r a d i e n t s . 

T h i s would be seen as skewness i n a Gaussian 

d i s t r i b u t i o n . 

Bagnold and B a r n d o r f f - N i e l s e n (op. c i t . ) g i v e 

v a r i o u s p r a c t i c a l and m a t h e m a t i c a l i l l u s t r a t i o n s o f 

how t h e h y p e r b o l i c shape might be developed. They 

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

g r a i n s g e t l e f t b e h i n d and f i n e g r a i n s a r e c a r r i e d on 

ahead, two processes w h i c h a r e l i k e l y t o be l a r g e l y 

independent and t h e r e f o r e a l l o w i n g independent v a r i a t i o n 

o f t h e l i m b s o f t h e g r a i n - s i z e d i s t r i b u t i o n . 

I t w i l l be some t i m e b e f o r e s u f f i c i e n t work i s 

done t o f u l l y assess t h e a p p l i c a b i l i t y o f l o g - l o g 

d i s t r i b u t i o n . T h e i r use i s c e r t a i n l y l o g i c a l , t h e 

h y p e r b o l i c form o f n a t u r a l c u r v e s a n o t h e r m a t t e r . As 

a s t a r t , a l l t h e g r a i n - s i z e a n a l y s e s p r e s e n t e d i n t h i s 

t h e s i s i n c l u d e l o g - l o g c u r v e s . One p r a c t i c a l p r oblem 

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

sands, i s t h a t t h e extreme t a i l s o f t h e d i s t r i b u t i o n 

are most open t o e r r o r . Aggregates o f g r a i n s a r e 

p r e s e n t a t t h e coarse end and s p u r i o u s m a t t e r o f 

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

f r a c t i o n s . One p o i n t t h a t i s f u l l y endorsed here i s 

Bagnold and BarndorFP-Nielson's d i s l i k e o f t h e c u m u l a t i v e 

c u r v e as a means of p r e s e n t i n g d a t a . I t i s a method 

s u i t e d o n l y t o t h e concealment o r g l o s s i n g - o v e r o f 

s i g n i f i c a n t t e n d e n c i e s . 

A s i g n i f i c a n t f a c t not mentioned by Bagnold ( o p . 



78 

c i t . ) or Bagnold and B a r n d o r f f - N i e l s o n (op. c i t . ) i s 

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

s l i g h t l y s i g m o i d p r o b a b i l i t y c u r v e . The h y p e r b o l i c f o r m , 

w i t h s t r a i g h t l i m b s , has a s l i g h t excess o f t h e c o a r s e s t 

and f i n e s t grades over a p a r a b o l i c c u r v e , w i t h downward 

c u r v i n g l i m b s . I t f o l l o w s t h a t a c u m u l a t i v e c u r v e on 

p r o b a b i l i t y paper has a steep c e n t r a l p o r t i o n and more 

g e n t l y s l o p i n g t a i l s , t h e e x t e n t o f each segment b e i n g 

governed by s o r t i n g and skewness. Such a p r o b a b i l i t y 

p l o t m i g h t t h e n be c o n s t r u e d as b e i n g composed of 3 

l i n e a r segments, i n t h e f a s h i o n o f V i s h e r ( 1 9 6 9 ) . 

A l i m i t a t i o n i n h e r e n t i n a l l p r e v i o u s work on t h e 

g r a i n - s i z e c h a r a c t e r i s t i c s o f a e o l i a n sands i s t h a t none 

has ever been r e l a t e d t o t h e l a m i n a t i o n o f t h e sediment. 

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

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

s i z e d i s t r i b u t i o n . I t i s t o be expected t h a t sands 

d e p o s i t e d by g r a i n f a l l , a valanches, c l i m b i n g r i p p l e s o r 

sand sheets w i l l occupy d i f f e r e n t p o r t i o n s o f t h e 

spectrum. T h e i r parameters may o v e r l a p but t h e s e 

d i f f e r e n t p rocesses must i n f l u e n c e t h e g r a i n s i z e 

c h a r a c t e r i s t i c s o f t h e f i n a l d e p o s i t . The l i m i t s w i t h i n 

w h i c h t h i s s h a p i n g may be enacted a r e d e t e r m i n e d by t h e 

p l a c e o f d e p o s i t i o n and immediate upwind source : t h e 

p a t h t h e sand has t a k e n over t h e bedform (and t h e t y p e 

of b e d f o r m ) . O v e r a l l c o n t r o l i s e x e r t e d by t h e 

competence of t h e wind regime and u l t i m a t e source o f 

of t h e sand. An a p p r o p r i a t e course a t t h i s j u n c t u r e i s 

t o examine t h e s e f a c t o r s . 
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Provenance, t h e u l t i m a t e c o n t r o l , i s t h e l e a s t 
Odd 

d e f i n a b l e element. W i l s o n (1971b) and F r y b e r g e r ^ ( 1 9 7 9 ) 

have shown t h a t wind-blown sand may t r a v e l enormous 

d i s t a n c e s , hundreds of k i l o m e t r e s , b e f o r e f i n a l l y 

coming t o r e s t . Thus t h e r e i s no problem i n d e p o s i t i n g 

q u a r t z sand on a l i m e s t o n e o r s h a l e t e r r a i n f o r example. 

( C o l l i n s o n , p. 81 i n Reading, 1978), however, makes 

t h e i n t e r e s t i n g p o i n t t h a t i n t h e Sahara t h e r e i s some 

a s s o c i a t i o n between wi d e s p r e a d sandstone o u t c r o p s and 

e r g s . I n t h e same v e i n one m i g h t n o t e t h a t p r e -

Permian subcrop maps o f t h e U.K. ( e . g . Z i e g l e r , 1981) 

show v a s t expanses o f Devonian and C a r b o n i f e r o u s r o c k s , 

and b o t h o f t h e s e systems c o n t a i n a good d e a l o f sand

s t o n e . On b a l a n c e provenance p r o b a b l y i s not i m p o r t a n t 

i n d e t e r m i n i n g g r a i n - s i z e . Given t h e v a s t areas f r o m 

w h i c h sand may be d e r i v e d t h e w i n d has a f a i r l y f r e e 

c h o i c e o f what i t moves and d e p o s i t s , u n l e s s o f c o u r s e 

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

a s a n d - d r i f t d i v i d e ( s a n d f l o w d i v i d e o f W i l s o n ) . Whether 

t h e source be s o l i d or d r i f t i t i s c l e a r t h a t t h e g r a i n -

s i z e d i s t r i b u t i o n assumes an a e o l i a n c h a r a c t e r i n a v e r y 

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

0.34 km t o 20 km (Cooke and Warren, 1973, pp. 311-312). 

There i s l i t t l e i n t h e l i t e r a t u r e s p e c i f i c a l l y 

d evoted t o t h e competence of t h e wind. Bagnold ( 1 9 4 1 , 

pp. 38-95) d e a l s p r e c i s e l y w i t h t h e p h y s i c s and mechanics 

of t h e r e l a t i o n s o f t h r e s h o l d v e l o c i t i e s t o g r a i n - s i z e 

and wind v e l o c i t y t o s a n d — c a r r y i n g power. More 

p r a c t i c a l l y F r y b e r g e r (19794, i n a unique and v a l u a b l e 

s t u d y , documents t h e power o f w i n d regimes f r o m many 
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p a r t s o f t h e g l o b e . There i s n o t h i n g , however, whic h 

c o v e r s t h e q u e s t i o n o f t h e spread, p r o p o r t i o n and 

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

Whatever t h e i n s and o u t s o f t h e means, t h e end i s 

n e v e r t h e l e s s a b u n d a n t l y c l e a r . C o u n t l e s s r e c o r d s ( e . g . 

506 samples a n a l y s e d by A h l b r a n d t ( 1 9 7 9 ) , r e v i e w o f 

t o p i c i n F o l k ( 1 9 7 1 ) ) o f a e o l i a n sand and sandstone 

f r o m around t h e w o r l d and t h r o u g h o u t g e o l o g i c t i m e 

demonstrate t h a t dunes and draa are made o n l y o f sand, 

w i t h m i n i m a l o v e r l a p i n t o f i n e p e b b l e s and coarse s i l t . 

The l i m i t s a r e fr o m -2 t o 50, t h e b u l k f r o m 1 t o 30; 

medium and f i n e sand. Coarser g r a i n s a r e l e f t b e h i n d , 

f i n e r r a c e on ahead i n suspension t o be d e p o s i t e d as l o e s 

or o c e a n i c muds and s i l t s . Reading from A h l b r a n d t ( o p . 

c i t . ) and F o l k (pp. c i t . ) a e o l i a n 'dune' sand a l s o tends 

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

( p o s i t i v e l y ) skewed. 

A p l e t h o r a o f s o r t i n g processes on and between 

bedforms has been proposed and are r e v i e w e d i n Cooke and 

Warren (1973, pp. 306-312). Reducing t h e s e t o t h o s e 

r e l e v a n t t o t h e lower l e e ^ s i d e o f a t r a n s v e r s e bedform, 

we are l e f t o n l y w i t h t h e o b s e r v a t i o n t h a t d u r i n g 

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

t h u s c o n c e n t r a t e d i n t h e lower p a r t o f t h e f a c e . The 

s o r t i n g a t any spot w i t h i n t h e avalanche w i l l t h e r e f o r e 

improve and we have a l a m i n a t i o n - d e p e n d e n t d i s t r i b u t i o n -

s h a p ing p r o c e s s . Avalanche laminae on t h e lower l e e ^ s i d e 

of a bedform (dune o r draa ) w i l l t e n d t o be c o a r s e r and 

b e t t e r s o r t e d t h a n t h e average. 
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Ergs o f t r a n s v e r s e forms w i l l t e n d t o be f i n e r and 

b e t t e r s o r t e d t h a n e r g s o f l o n g i t u d i n a l bedforms. T h i s 

i s because t r a n s v e r s e forms are s a n d - t r a p p e r s ; l o n g i 

t u d i n a l , sand-passers. I n an e r g o f t r a n s v e r s e bed-

forms u n d e r g o i n g net d e p o s i t i o n , c o a r s e r g r a i n s w i l l 

accumulate at t h e base o f bedforms, p a r t l y because 

t h e y are more d i f f i c u l t t o move u p h i l l o n t o t h e n e x t 

bedform,and p a r t l y due t o t h e avalanche s o r t i n g n o t e d 

above. Hence t h e y w i l l be b u r i e d q u i c k l y and 

e f f i c i e n t l y a t t h e upwind m a r g i n o f t h e e r g , t o l e a v e 

t h e r emainder o f t h e f i e l d f i n e r and b e t t e r s o r t e d . 

By c o n t r a s t , such t r a p p i n g w i l l not o c c ur among 

l o n g i t u d i n a l bedforms and coarse g r a i n s are f r e e t o 

permeate t h e whole l e n g t h o f t h e e r g , l i m i t e d o n l y by 

t h e i r l e s s e r c e l e r i t y . Even i f t h e l o n g i t u d i n a l forms 

are draa surmounted by t r a n s v e r s e dunes, t h e c o r r i d o r s 

between t h e d r a a are s t i l l f r e e f o r t h e passage o f 

coarse g r a i n s , a n d t h e p r o c e s s o f s e l e c t i v e t r a p p i n g 

and b u r i a l w i l l be o n l y p a r t i a l l y e f f e c t i v e . 

Wind r i p p l e s produce laminae at most a few 

m i l l i m e t r e s t h i c k , a n d i t i s t h e r e f o r e not p r a c t i c a l 

t o sample them i n d i v i d u a l l y , except i n t h i n s e c t i o n . 

S ince t h e s e laminae a l t e r n a t e i n g r a i n s i z e ( i f t h e y 

d i d n ' t t h e y ' d be i n v i s i b l e ) , o r are i n v e r s e l y graded, 

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

o f such sand w i l l show some b i m o d a l i t y . I f t h e two 

modes are v e r y c l o s e t o g e t h e r a s e n s i b l y u nimodal 

c u r v e w i l l r e s u l t . T h i s w i l l o b t a i n whenever t h e 

s e p a r a t i o n o f t h e modes i s l e s s t h a n t w i c e t h e i r 

i n d i v i d u a l ; s t a n d a r d d e v i a t i o n ( F o l k , 1971, p. 3 9 ) . 



As t h e two modes become more s e p a r a t e d i n s i z e , t h e 

composite curve w i l l v a r y f r o m unimodal t h r o u g h 

p l a t y k u r t i c t o o b v i o u s l y b i m o d a l . Sharp (1966) 

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

sand may p e n e t r a t e and f a l l between t h e g r a i n s o f a 

coarse s u r f a c e creep and t h u s be s h e l t e r e d f r o m 

f u r t h e r bombardment and come t o r e s t . T h i s p r o c e s s 

o b v i o u s l y depends on h a v i n g a c l o s e l y packed carpet 

of s u r f a c e creep, w h i c h i s not t o be expected i n 

most e r g s . However, where such a mechanism has been 

a c t i v e , a q u i t e s t r i k i n g l y b i m o d a l g r a i n - s i z e 

d i s t r i b u t i o n s h o u l d be enc o u n t e r e d : two p e r f e c t l y 

s o r t e d modes w i l l d i f f e r by 2.70 i f t h e coarse i s 

r h o m b o h e d r a l l y packed, by 1.270 i f i t i s c u b i c a l l y 

packed. Note, however, t h a t i n t e r p e n e t r a t i o n a c t i n g 

i n i s o l a t i o n cannot produce a l a m i n a t i o n . 

E l s e w h e r e , t h e g r a i n - s i z e d i s t r i b u t i o n i s 

d e t e r m i n e d by t h e s e l e c t i v i t y o f t h e process o f 

d e p o s i t i o n i n m i g r a t i n g r i p p l e s . I t may be t h e case 

t h a t wind r i p p l e s p r e f e r e n t i a l l y d e p o s i t t h e extreme 

s i z e s o f g r a i n i n t r a n s p o r t and pass on t h o s e most 

s u s c e p t i b l e t o t h e i n f l u e n c e o f t h e wind. They may 

develop b i m o d a l i t y i n some o t h e r f a s h i o n . A l t e r n a 

t i v e l y t h e i r d e p o s i t s may f a i t h f u l l y r e f l e c t t h e 

g r a i n - s i z e d i s t r i b u t i o n o f t h e e n t i r e wind l o a d . 

F u r t h e r s p e c u l a t i o n on t h i s p o i n t would be c a s u i s t i c 

i n t h e dim l i g h t o f our knowledge of t h e w o r k i n g s 

of w i n d r i p p l e s . 
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Sand-sheet d e p o s i t s are a v a r i a t i o n i n degree 

r a t h e r t h a n t y p e o f w i n d - r i p p l e l a minae. The d i f f e r e n c e 

l a e s o n l y i n t h e coarseness and p r o p o r t i o n s o f t h e 

coarse mode. The w e l l developed b i m o d a l i t y i l l u s t r a t e d 

by F r y b e r g e r e t a l . (1979, F i g . 7, A-C) i s t o be 

expected. The t o t a l of 9 h i s t o g r a m s p r e s e n t e d ( i b i d . ) 

comprise s u r f a c e and sand t r a p examples, t h e l a t t e r 

r e p r e s e n t i n g d i r e c t s a m p l i n g o f t h e wind l o a d . I t i s 

i n t e r e s t i n g t o no t e t h a t t h e f i n e mode i n t h e bi m o d a l 

s u r f a c e samples cor r e s p o n d s q u i t e c l o s e l y t o t h e mode 

o f t h e sand t r a p samples. These are a l l u n i m o d a l , a t 

2 - 2.50, and ma r k e d l y n e g a t i v e l y skewed (no f i g u r e s 

are g i v e n - v i s u a l assessment o n l y ) . The coarse mode 

of t h e bi m o d a l d e p o s i t s l i e s between 0.5 and 10. 

Perhaps t h i s i s an example of Sharp's (1966) i n t e r p r e 

t a t i o n s o r t i n g , w i t h t h e wind l o a d l o s i n g as much sand 

as can f i l t e r i n t o t h e s u r f a c e creep as i t t r a v e r s e s 

t h e sand-sheet area. 

G r a i n f a l l d e p o s i t s , i f you can f i n d them, s h o u l d 

be i n d i v i d u a l l y v e r y w e l l s o r t e d . The g r a i n f a l l p r o c e s s 

o p e r a t i n g i n a c o n s t a n t v e l o c i t y w ind over a dead-calm 

l e e ^ s i d e w i t h u n i f o r m g r a i n t r a j e c t o r i e s produces 

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

of g r a i n f a l l l aminae r e p o r t e d by Hunter ( 1 9 7 7 ) . I f 

F o l k ' s (1971) quantum t h e o r y o u t l i n e d above i s c o n s t r u e d 

as r e p r e s e n t i n g g r a i n f a l l d e p o s i t i o n ( i t i s not c l e a r 

e x a c t l y where F o l k ' s i d e a s f i t i n t o H u n t e r ' s p a t t e r n ) , 

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

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

s o r t i n g . F o l k ' s ( o p . c i t . ) samples, t a k e n from t h e 
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c r e s t s o f t h e dunes c o u l d indeed be g r a i n f a l l , t h o s e 

from t h e f l a n k s are more l i k e l y t o be w i n d - r i p p l e 

d e p o s i t s . The o n l y photo o f l a m i n a t i o n p r o v i d e d by 

F o l k (op. c i t . P I . 2A, p. 24) appears t o show w i n d -

r i p p l e l a m inae. 

G r a i n f a l l i s t h e p r i n c i p a l process by which sand 

i s c a r r i e d t o t h e bedform l e e ^ j s i d e . T h i s may have 

i m p l i c a t i o n s f o r t h e s o r t i n g o f avalanches, though no 

work has ever been done t o e x p l o r e t h e p o s s i b i l i t y . 

I f a v alanches o r i g i n a t e i n l o c a l i s e d areas o f t h e 

upper s l i p f a c e t h e y may i n h e r i t p r e v i o u s g r a i n f a l l 

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

which must be b l u r r e d by t h e v a r y i n g t r a j e c t o r i e s o f 

g r a i n s o f any g i v e n s i z e , and muta b l e t h r o u g h t h e 

i n c o n s t a n c y o f t h e wind. 

SECTION 3.3 GRAIN SHAPE AND SURFACE TEXTURE 

The shape o f a e o l i a n sand g r a i n s i s a t o p i c t o 

which a g r e a t d e a l o f a t t e n t i o n has been d i r e c t e d o ver 

many decades. The l i t e r a t u r e and c o n c l u s i o n s o f t h i s 

a t t e n t i o n a r e co m p r e h e n s i v e l y r e v i e w e d by F o l k (1978) so 

o n l y a b r i e f account i s necessary h e r e . I n t e r t w i n e d 

w i t h t h e shape o f t h e g r a i n s i s t h e s u b j e c t o f t h e i r 

s u r f a c e t e x t u r e , which has a l s o r e c e i v e d much a t t e n t i o n , 

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

microscope. T h i s t o o i s r e v i e w e d by F o l k ( 1 9 7 8 ) . The 

p o i n t s at i s s u e a r e t h e range o f g r a i n - s i z e s w h i c h a re 

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

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

mechanical a b r a s i o n and ch e m i c a l s o l u t i o n . Apropos o f 
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s u r f a c e t e x t u r e , g e o l o g i s t s have c o n t e m p l a t e d and 

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

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

o f an o r i g i n a l t e x t u r e b e i n g p r e s e r v e d t h r o u g h 

d i a g e n e s i s , and whether o r not t h e t e x t u r e i s d i a g n o s t i c 

o f t r a n s p o r t by t h e w i n d . 

Coarse a e o l i a n sand i s always w e l l o r v e r y w e l l 

rounded, p r o v i d e d i t has t r a v e l l e d f a r enough. The 

e f f e c t i v e n e s s o f r o u n d i n g decreases w i t h g r a i n s i z e , 

i t s g r a d u a l waning p r o b a b l y b e i n g r e s p o n s i b l e f o r t h e 

l a c k o f agreement on t h e lower l i m i t . I know o f no 

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

i n a e o l i a n sand - no-one seems t o have gone t o t h e 

o b v i o u s l e n g t h o f p l o t t i n g mean roundness i n each 

f r a c t i o n vs. g r a i n - s i z e . G r a i n r o u n d i n g i s a m e c h a n i c a l 

p r o c e s s ; c h e m i c a l e f f e c t s are minor i n comparison. 

S o l u t i o n and r e - p r e c i p i t a t i o n a r e , however, 

i m p o r t a n t i n t h e development o f t h e s u r f a c e c h a r a c t e r 

i s t i c s o f g r a i n s . The famous f r o s t i n g o f d e s e r t sand 

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

and c h e m i c a l e t c h i n g . The f r o s t i n g i s seen t o c o n s i s t 

o f a v a r i e t y o f t e x t u r e s when viewed under t h e s c a n n i n g 

e l e c t r o n microscope. That f r o s t i n g i s observed even 

i n r e - e n t r a n t s - areas s h e l t e r e d from impact - i n d i c a t e s 

t h a t c h e m i c a l a c t i o n c e r t a i n l y does p l a y a p a r t . 

Of t h e many t e x t u r e s i l l u s t r a t e d and d e s c r i b e d 

f rom a e o l i a n sand g r a i n s (see e.g. M a r g o l i s and K r i n s l e y 

( 1 9 7 1 ) , K r i n s l e y and Doornkamp ( 1 9 7 3 ) , K r i n s l e y ( 1 9 7 8 ) ) , 

u p t u r n e d p l a t e s o r c l e a v age p l a t e s are perhaps most 
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n o t a b l e . These are p a r a l l e l r i d g e s 0.5yU.m t o 10 jdm 

i n l e n g t h , p r o b a b l y owing t h e i r o r i e n t a t i o n t o a cleavage 

d i r e c t i o n w i t h i n t h e s t r u c t u r e o f each g r a i n . I t i s 

cl a i m e d t h a t t h e s p a c i n g o f t h e s e p l a t e s i s dependent 

on t h e v e l o c i t y o f t h e wind under which t h e y were 

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

be e s t i m a t e d from e x a m i n a t i o n o f t h e g r a i n s u r f a c e 

t e x t u r e ( K r i n s l e y and W e l l e n d o r f , 1980). The s u r f a c e 

t e x t u r e undergoes d e t e c t a b l e c h e m i c a l m o d i f i c a t i o n by 

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

s o l u t i o n and p r e c i p i t a t i o n t e n d i n g t o smooth o u t 

mech a n i c a l f e a t u r e s . F o l k (1978) r e p o r t e d a greasy, 

r a t h e r t h a n f r o s t e d , l u s t r e t o Simpson Des e r t sand 

g r a i n s , due t o t h e development o f a t h i n " t u r t l e - s k i n " 

c oat o f s i l i c a p r e c i p i t a t e d f r o m dew and r a i n , t h e 

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

D e s p i t e t h e evidence o f v e r y e a r l y c h e m i c a l a c t i o n 

and t h e much g r e a t e r p o t e n t i a l d e s t r u c t i o n by d i a g e n e s i s , 

o r i g i n a l g r a i n s u r f a c e t e x t u r e s have been found i n 

a e o l i a n sands as o l d as th.e Permian ( e . g . Waugh (1965); 

P e n r i t h sandstone and Y e l l o w Sands, K r i n s l e y and Smith 

( 1 9 8 1 ) ; Y e l l o w 5ands, 

M a r z o l f ( 1 9 7 6 ) ; Navajo Sandstone). 

K r i n s l e y and W e l l e n d o r f (1980) have d e t e r m i n e d and 

palae o w i n d v e l o c i t y o f 29 ms-"1" (65 m.p.h.) f r o m 5 g r a i n s 

of t h e Permian Y e l l o w Sands o f N.E. England. 

Summary 

The l a m i n a t i o n i s an i m p o r t a n t and c h a r a c t e r i s t i c 

f e a t u r e o f a e o l i a n sands. H u n t e r ' s (1977) d e s c r i p t i o n s 



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

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

a p p l i c a t i o n t o a n c i e n t a e o l i a n sandstones. I n 

t h e s e sediments w i n d — r i p p l e laminae seem t o dominate 

w i t h s a n d f l o w s o r avalanches abundant. G r a i n f a l l and 

sand sheet t y p e s ( F r y b e r g e r A , 1979) a r e r a r e . 

•Deformation f e a t u r e s i n t h e a n c i e n t a r e p r i n c i p a l l y 

o f t h e s u b - s u r f a c e l i q u e f a c t i o n t y p e d e s c r i b e d by Doe 

and D o t t ( 1 9 8 0 ) . Minor s u r f a c e d e f o r m a t i o n f e a t u r e s 

r e q u i r e s p e c i a l c o n d i t i o n s and have a low p r e s e r v a t i o n 

p o t e n t i a l . 

The p r e s e n t a t i o n and a n a l y s i s o f g r a i n - s i z e 

d i s t r i b u t i o n s i s c o n t r o v e r s i a l . I n a e o l i a n sands, 

g r a i n - s i z e c h a r a c t e r i s t i c s are s t r o n g l y i n f l u e n c e d by 

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

d e p o s i t i o n a l process, and each t y p e has i t s own t e n d 

e n c i e s i n s o r t i n g t h e sediment. These f a c t o r s have 

not been c o n s i d e r e d i n p r e v i o u s p u b l i s h e d work. 



CHAPTER 4 

THE LOWER PERMIAN S E T T I N G IN B R I T A I N 

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

The b u l k of t h e r e m a i n d e r of t h i s t h e s i s i s an 

e x a m i n a t i o n i n v a r y i n g d e g r e e s of d e t a i l of s e v e r a l 

f o r m a t i o n s of a e o l i a n s a n d s t o n e . Most of t h e s e a r e of 

E a r l y P e r m i a n a g e ( t h e Y e l l o w S a n d s of N.E. E n g l a n d , 

t h e B r i d g n o r t h S a n d s t o n e of t h e W. M i d l a n d s , t h e 

P e n r i t h S a n d s t o n e of N.W. E n g l a n d , and s a n d s t o n e s i n 

S.W. S c o t l a n d ) . T h i s c h a p t e r t h e r e f o r e s e t s o u t t h e 

p r e s e n t v i e w of t h e t e c t o n i c s , c l i m a t e and g e o g r a p h y 

of t h e B r i t i s h a r e a i n t h e E a r l y P e r m i a n , to p l a c e t h e 

d e s c r i b e d a e o l i a n f o r m a t i o n s i n a w i d e r c o n t e x t . 

S E C T I O N 4.1 S T R A T I G R A P H I C TERMINOLOGY 

The t e r m s u s e d to d e s c r i b e t h e v a r i o u s d i v i s i o n s 

of t h e P e r m i a n s y s t e m a r e s e t o u t d i a g r a m a t i c a l l y on 

f i g . 4.1, i n c o n j u n c t i o n w i t h t h e t i m e s c a l e g i v e n by 

S m i t h ( 1 9 6 4 ) and t h e a p p a r e n t d u r a t i o n of t h e s o u t h e r n 

h e m i s p h e r e g l a c i a t i o n . R o t l i e g e n d , S a x o n i a n , and 

A u t u n i a n h a v e a c o n f u s i n g u s a g e , b e i n g b a s i c a l l y 

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

b i o s t r a t i g r a p h i c s t a g e names. F o r i n s t a n c e F a l k e 

( 1 9 7 2 a , p I X ) i n d i c a t e s t h a t t h e s e t e r m s may be 

a p p l i e d t o U p p e r P e r m i a n r o c k s of c o n t i n e n t a l t y p e 

r e p r e s e n t i n g l a t e r a l e q u i v a l e n t s of m a r i n e Z e c h s t e i n 



d e p o s i t s . T h i s w o u l d a p p e a r to c o n t r a v e n e a l l t h e 

known l a w s of s t r a t i g r a p h i c p r a c t i c e . The most 

p r e c i s e d e f i n i t i o n a p p l i c a b l e to t h e t e r m R o t l i e g e n d 

( l i t e r a l l y : r e d - l y i n g ; r e d b e d s ) seems to be N.W. 

E u r o p e a n n o n - m a r i n e d e p o s i t s , u s u a l l y r e d b e d s and 

u n f o s s i 1 i f e r o u s , y o u n g e r t h a n p r o v e d C a r b o n i f e r o u s and 

o l d e r t h a n p r o v e d T r i a s s i c . N o r m a l p r a c t i c e i n 

B r i t a i n i s t o r e s t r i c t u s a g e to n o n - m a r i n e s e d i m e n t s 

b e n e a t h t h e Z e c h s t e i n ( l i t e r a l l y : m i n e - r o c k ) w h i c h i s 

i t s e l f a l i t h o s t r a t i g r a p h i c t e r m f o r N.W. E u r o p e a n 

c a r b o n a t e s and e v a p o r i t e s of U p p e r P e r m i a n age 

b e g i n n i n g w i t h t h e K u p f e r s c h i e f e r / M a r l S l a t e . 

' R o t l i e g e n d ' t h e n becomes p a r t l i t h o s t r a t i g r a p h i c , 

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

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

s e m a n t i c e l e g a n c e n e v e r t h e l e s s h a s a c e r t a i n v a l u e . 

The d i s t i n c t i o n of U p p e r and L o w e r R o t l i e g e n d i s e v e n 

more c o n v o l u t e d ( s e e F a l k e , 1 9 7 2 b , 4 3 - 4 5 f o r a b r i e f 

s u m m a r y ) and i s e s s e n t i a l l y i n a p p l i c a b l e and 

m e a n i n g l e s s i n t h e B r i t i s h a r e a . 

S E C T I O N 4.2 THE PERMIAN C L I M A T E I N B R I T A I N 

L i n k i n g P e r m o - T r i a s s i c c l i m a t e s , p a l a e o w i n d s and 

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

( e . g . S h o t t o n , 1956; N a i r n , 1 9 6 1 : H o l m e s , 1 9 6 5 ) . More 

up t o d a t e and e l a b o r a t e c l i m a t i c a c c o u n t s a r e g i v e n 

i n R o b i n s o n ( 1 9 7 3 ; r e i t e r a t e d i n Lamb, 1 9 7 7 ) and 

F r a k e s ( 1 9 7 9 ; i n c l u d e s an e x t r e m e l y u s e f u l a c c o u n t of 

t h e C a r b o n i f e r o u s - P e r m i a n g l a c i a t i o n i n t h e s o u t h e r n 



h e m i s p h e r e ) . S c o t e s e e t a l . ( 1 9 7 9 ) p r . o v i d e t h e most 

r e c e n t r e c o n s t r u c t i o n of t h e c o n t i n e n t s f o r t h e • 

P e r m i a n ( r e p r o d u c e d as f i g . 4 . 2 ) . 

S h o t t o n ' s ( 1 9 5 6 ) map of e a r l y P e r m i a n p a l a e o w i n d 

r e s u l t s f o r t h e U.K. i s r e - d r a w n w i t h a d d i t i o n s f r o m 

more r e c e n t work ad d e d i n f i g . 4.3. 

T h a t P e r m i a n a e o l i a n c r o s s - b e d d i n g i n t h e U.K. 

a l w a y s d i p s t o p r e s e n t w e s t i n d i c a t i n g a N . E . ' l y 

P e r m i a n t r a d e w i n d e x a c t l y c o m p a t i b l e w i t h o u r P e r m i a n 

l a t i t u d e i s w e l l known. T h a t l a t i t u d e i s g e n e r a l l y 

g i v e n as b e t w e e n 10° a n d 20° N. By c o m p a r i s o n w i t h 

t h e p r e s e n t day p a t t e r n t h i s p u t s t h e U.K. on t h e 

s o u t h e r n edge of t h e d e s e r t b e l t . C o u p l e d w i t h t h e 

g r e a t s t r e t c h of l a n d w i n d w a r d of t h e U.K. t h i s w o u l d 

h a v e m i n i m i s e d any c h a n c e of r a i n f a l l . T he u n i m o d a l 

p a l a e o w i n d p a t t e r n i n d i c a t e s t h a t t h e U.K. l a y to t h e 

n o r t h of t h e I n t e r - T r o p i c a l C o n v e r g e n c e Zone 

( I . T . C . Z . ) i n b o t h w i n t e r and summer. R o b i n s o n ' s 

( 1 9 7 3 ) s u g g e s t i o n t h a t t h e I . T . C . Z . moved n o r t h of t h e 

U.K. i n w i n t e r w o u l d l e a d t o a w i n t e r S.W.'ly w i n d 

a l t e r n a t i n g w i t h t h e summer N . E . ' l y , a p a t t e r n not 

b a c k e d up by t h e r o c k s . 

The P e r m o - C a r b o n i f e r o u s g l a c i a t i o n i n t h e 

s o u t h e r n h e m i s p h e r e a p p e a r s t o h a v e begun as e a r l y a s 

t h e N a m u r i a n i n P a r a g u a y and B o l i v i a ( p r o b a b l y r e l a t e d 

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

t i m e ) . I t r e a c h e d i t s z e n i t h i n t h e i n t e r v a l 

c o m p r i s i n g t h e S t e p h a n i a n , A s s e l i a n and S a k m a r i a n 

s t a g e s ( f i g . 4 . 1 ) . M a r i n e g l a c i a l s e d i m e n t s p e r s i s t e d 



i n t o t h e K a z a n i a n i n A u s t r a l i a ( s u m m a r i s i n g f r o m 

F r a k e s , 1 9 7 9 ) . 

T h u s t h e e v a p o r i t e c y c l e s i n t h e Z e c h s t e i n 

s e q u e n c e s may f e a s i b l y be a t t r i b u t e d t o g l a c i o -

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

t h e m a j o r t r a n s g r e s s i o n a t or a b o u t t h e b e g i n n i n g of 

t h e L a t e P e r m i an w i t h t h e f i n a l m e l t i n g of th'e 

s o u t h e r n g l a c i e r s d o e s n o t seem f e a s i b l e . I t may 

r e f l e c t an i n t e r - g l a c i a l e v e n t or some o t h e r c a u s e . 

I f an i n t e r - g l a c i a l e v e n t i t i s p e r h a p s c u r i o u s t h a t 

no o t h e r s of t h i s m a g n i t u d e h a v e b e e n r e p o r t e d and 

t h a t a m a j o r t r a n s g r e s s i o n c o r r e s p o n d i n g w i t h t h e 

f i n a l m e l t i n g of t h e g l a c i e r s d u r i n g t h e K a z a n i a n h a s 

not b e e n n o t e d . 

To r e t u r n t o B r i t i s h P e r m i a n a e o l i a n s e d i m e n t s 

t h e r e l e v a n c e of t h e a b o v e p r e c i s l i e s i n t h e 

i n d i c a t i o n t h a t w h i l s t most of t h e f o r m a t i o n s 

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

g l a c i e r s e x i s t e d a t t h e s o u t h p o l e . G l o b a l c l i m a t e 

may h a v e b e e n more l i k e t h e p r e s e n t e p o c h t h a n a t a n y 

o t h e r s t a g e i n e a r t h h i s t o r y . 

S E C T I O N 4.3 EROSION, D E P O S I T I O N AND T E C T O N I C S 

I n most a r e a s of B r i t a i n t h e r e i s a b r e a k b e t w e e n 

t h e C a r b o n i f e r o u s and P e r m i a n s e q u e n c e s m a r k e d by an 

u n c o n f o r m i t y . T h i s r e c o r d s t h e c e s s a t i o n of 

C a r b o n i f e r o u s d e p o s i t i o n , a c h a n g e i n c l i m a t e ( t o more 

a r i d c o n d i t i o n s ) , c h a n g e s i n p a l a e o g e o g r a p h y and t h e 

1 I t h i f i c a t i o n , u p l i f t and p a r t i a l e r o s i o n of t h e 



C a r b o n i f e r o u s s e d i m e n t s ( c . 3 0 0 0 m. r e m o v e d i n 

L a n c a s h i r e ( E d w a r d s and T r o t t e r , 1 9 5 4 ) ) . P e r m i a n 

d e p o s i t i o n commenced i n a d e s e r t c l i m a t e on a l a n d 

s u r f a c e f o r m e d of r o c k s a t l e a s t s e v e r a l t e n s of 

m i l l i o n s of y e a r s o l d e r . T h e s e f i r s t p r e s e r v e d 

P e r m i a n s e d i m e n t s w e r e , i n many a r e a s , a e o l i a n ( e . g . 

N.E. E n g l a n d , p a r t s of S.W. S c o t l a n d , N.W. E n g l a n d , 

and t h e M i d l a n d s ) and w h i l s t t h e i r r i g o r o u s c l i m a t i c 

r e q u i r e m e n t s i m p l y d e p o s i t i o n a t s i m i l a r t i m e s , a 

c l o s e c o r r e l a t i o n c a n n o t be made; d e p o s i t i o n p r o b a b l y 

commenced a t d i f f e r e n t t i m e s w i t h i n t h e E a r l y P e r m i a n 

i n d i f f e r e n t a r e a s . 

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

t h e s e s e d i m e n t s i s not w e l l known. T h i c k c o a r s e 

e l a s t i c s i n S . E . E n g l a n d ( L a m i n g , 1 9 6 6 ) , S.W. S c o t l a n d 

( B r o o k f i e l d , 1 9 8 0 ) and t h e O u t e r I s l e s of S c o t l a n d 

( S t e e l and W i l s o n , 1 9 7 5 ) i m p l y a r u g g e d and p o s s i b l y 

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

c o m p a r e w i t h , f o r e x a m p l e , t h e 10 km. t h i c k n e s s of 

c o a r s e , p o s t - o r o g e n i c m o l a s s e p r e s e r v e d as t h e L o w e r 

O l d Red S a n d s t o n e of t h e S c o t t i s h M i d l a n d V a l l e y . T h e 

E a r l y P e r m i a n saw a c e r t a i n amount of r a t h e r s u b d u e d 

d i a s t r o p h i s m o v e r most of B r i t a i n w i t h a l e n g t h y 

p e r i o d of u p l i f t a c c o m p a n i e d by g e n t l e f o l d i n g of t h e 

n e w l y d e p o s i t e d C a r b o n i f e r o u s s e d i m e n t s . T h e r e a r e no 

s t r o n g r e a s o n s f o r b e l i e v i n g t h a t t h i s u p l i f t e v e r 

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

The t e c t o n i c r e g i m e of t h e E a r l y P e r m i a n was of a 

M e s o z o i c , r a t h e r t h a n P a l a e o z o i c theme. Th e 



V a r i s c a n / H e r c y n i a n / A r r a o r i c a n o r o g e n y seems t o h a v e 

i n f l u e n c e d s e d i m e n t a t i o n o n l y i n t h e S.W. of t h e 

B r i t i s h a r e a . E l s e w h e r e , E-W t e n s i o n was t h e r u l e , 

h e r a l d i n g t h e much l a t e r o p e n i n g of t h e N. A t l a n t i c . 

I n m o s t a r e a s i n and a r o u n d B r i t a i n t h e r e i s no 

e v i d e n c e t h a t t h i s t e n s i o n h e l d any d r a m a t i c c o n t r o l 

o v e r s e d i m e n t a t i o n , f o r i n s t a n c e i n t h e b a s i n s u n d e r 

t h e N o r t h a n d I r i s h S e a s . O n l y i n p a r t s of W e s t e r n 

S c o t l a n d and N.W. E n g l a n d a r e t h e r e i n d i c a t i o n s of 

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

m a g n i t u d e . 



CHAPTER 5 

THE YELLOW SANDS - INTRODUCTION AND SEDIMENTARY 

STRUCTURES 

SECTION 5.1 THE LITHOLOGY AND DEFINITION OF THE 

FORMATION 

Durham and N o r t h Y o r k s h i r e c o n t a i n t h e most complete 

and b e s t known Upper Permian sequence i n Great B r i t a i n . 

At t h e base o f t h i s sequence i s a t h i n and d i s c o n t i n u o u s 

f o r m a t i o n of i n c o h e r e n t sands and b r e c c i a s . Over most 

of t h e o u t c r o p , w h i c h s t r e t c h e s from N o t t i n g h a m n o r t h 

wards, t h e s e never r e a c h a t h i c k n e s s o f much more t h a n 

a few metres. I n Tyne and Wear and t h e n o r t h e r n p a r t 

of c o u n t y Durham, t h e sands, w h i l e s t i l l d i s c o n t i n u o u s , 

r e a c h t h e i r onshore maximum t h i c k n e s s o f n e a r l y 60 m 

and are w e l l exposed i n a number o f q u a r r i e s . 

The f o r m a t i o n i s o f f i c i a l l y named t h e Y e l l o w 

Sands and r e s t s on v a r i o u s l e v e l s of t h e C a r b o n i f e r o u s , 

f r o m W e s t p h a l i a n C i n S u n d e r l a n d , t o t h e l o w e r p a r t o f 

t h e Namurian s o u t h o f D a r l i n g t o n . I t i s o v e r l a i n by 

t h e Z e c h s t e i n c a r b o n a t e sequence, g e n e r a l l y r e p r e s e n t e d 

by t h e M a r l S l a t e , o c c a s i o n a l l y by Lower Magnesian 

Limestone. These r o c k s are d a t e d as e a r l i e s t Upper 

Permian. 

To t h e west and n o r t h t h e Y e l l o w Sands are 

l i m i t e d by o u t c r o p , seaward our knowledge i s r e s t r i c t e d 

t o a b e l t w i t h i n some 10 km of t h e coast which has been 

p e n e t r a t e d by a sparse network of N.C.B. b o r e h o l e s . 

Onshore a good d e a l i s known of t h e s u b s u r f a c e 
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d i s t r i b u t i o n of the Sands and t h e i r associated r u d i t e s 
from borings and s h a f t s sunk f o r c o a l . The two 
l i t h o l o g i e s are more cr less separated along a sinuous 
l i n e running from the coast at B l a c k h a l l t o the v i c i n i t y 
of C h i l t o n (Smith and Francis, 1967), as i n d i c a t e d on 
f i g . 5.1. 

L i t h o l o g i c a l l y the Yellow Sands at the surface 
t y p i c a l l y are yellow, pale yellow or brownish yellow 
(terms used i n the s t r i c t Munsell S o i l Colour Chart 
sense), medium-grained, moderately s o r t e d , incoherent 
sand, w e l l laminated and d i s p l a y i n g l a r g e - s c a l e trough 
cross-bedding throughout. The r u d i t e s , v i s i b l e only 
at East T h i c k l e y , Middridge and Cleasby, are yellow, 
badly s o r t e d , u n s t r a t i f i e d , s i l t y and h i g h l y d o l o m i t i c . 
Varying from conglomerate t o breccio-conglomerate they 
contain c l a s t s up t o 7-0 mm i n size of l o c a l l y d erived 
Carboniferous sediments, together w i t h quartz pebbles 
and well—rounded quartz g r i t and sand. Subsurface the 
sands and r u d i t e s are pale grey and p y r i t i c , though 
c l a s t s i n the r u d i t e s may be markedly reddened. Out
crop and borehole i n f o r m a t i o n shows the Sands t o be 
organised i n t o a s e r i e s of ENE-WSW ridge s w i t h sand-
f r e e c o r r i d o r s between. 

Much of our present knowledge of the Yellow Sands 
and Durham Permian i n general, i s owed t o D.B. Smith 
i n a long sequence of p u b l i c a t i o n s (Smith and Francis, 
1967; Smith, 1970, 1972, 1975, 1979, 1980; Smith and 
P a t t i s o n , 1972; K r i n s l e y and Smith, 1981; Smith et a l . , 
1974). B r i e f h i s t o r i e s of i n v e s t i g a t i o n i n t o the 



formation are given by Smith and Francis and 
K r i n s l e y and Smith. The suggestion of an aeoli a n 
o r i g i n f o r the Yellow Sands was f i r s t made by 
D a l g l i s h and Forster (1864). This i n t e r p r e t a t i o n 
was subsequently accepted by a l l but Pryor (1971b) 
who suggested a shallow marine o r i g i n . Pryor also 
put forward s i m i l a r views on the Weissliegendes sand
stones of Germany, a deposit s i m i l a r t o the Yellow 
Sands i n age, type and p o s i t i o n r e l a t i v e t o the 
Southern Permian Basin. Smith (1971) gave a r e p l y t o 
t h i s paper. 

The present view of the palaeogeography of the 
North Sea dur i n g the Lower Permian i s shown i n f i g . 
5.2b. The Yellows Sands e v i d e n t l y l a y on the n o r t h 
western margin of a l a r g e desert basin, the Southern 
Permian Basin. The marginal p o s i t i o n i s r e f l e c t e d i n 
the meagre thickness of the Yellow Sands compared 
w i t h equivalent sediments i n the basin centre ( f i g s . 
5.2a, 5.3). 

The previous i n t e r p r e t a t i o n of the Yellow Sands 
(e.g. Smith, 1980) views each r i d g e as an i n d i v i d u a l 
s e i f dune. At the top of each r i d g e a l a y e r of p l a n a r -
bedded sand a metre or two t h i c k i s the r e s u l t of 
reworking by the Zechstein t r a n s g r e s s i o n , d u r i n g which 
up t o t w o - t h i r d s of the o r i g i n a l dunes were removed. 
To account f o r the p r e s e r v a t i o n of uncemented sand 
r i d g e s and the apparent la c k of d i a c h r o n e i t y i n the 
Marl S l a t e , t h e t r a n s g r e s s i o n i s said t o have occurred 
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extremely r a p i d l y , i n the space of weeks or months, 
by the breaching and f l o o d i n g of a basin which l a y 
below mean sea l e v e l . Immediately p r i o r t o the 
t r a n s g r e s s i o n the Yellow Sands were brown or red, 
subsequent r e d u c t i o n by groundwaters beneath the 
Zechstein Sea a l t e r i n g them t o the grey and p y r i t i c 
s t a t e found subsurface at the present day. 

This p i c t u r e has a c e r t a i n elegance and i n t e r n a l 
consistency and no major departures are i n s t o r e i n 
t h i s t h e s i s . The present work has served t o r e f i n e , 
modernise and add more prec i s e data and i n t e r p r e t a t i o n s , 
i n p a r a l l e l w i t h our i n c r e a s i n g understanding of 
aeoli a n sands, bedforms and diagenesis. 

Exposures 

Exposures of the Yellow Sands occur at C u l l e r c o a t s 
(364713); Tynemouth (375694); Frenchman's Bay (389662); 
North Hylton (358577); Claxheugh Rock (363575); McCall's 
Quarry ( a l s o known as F i e l d House Quarry) Houghton-le-
Spring (354506) and Hetton Downs Quarry, Hetton-le-Hole 
(358484) i n the County of Tyne and Wear. I n County 
Durham the formation may be seen at Elemore School 
(352442); Crime Rigg Quarry (340418); Sherburn H i l l 
Sand P i t (344417); Bowburn Quarry (327380); Quarrington 
H i l l Quarry (331378); F e r r y h i l l r a i l w a y c u t t i n g (303323); 
East T h i c k l e y Quarry (240257) and Middridge Quarry 
(249252); and i n North Yorkshire by the A1(M) near 
Cleasby (246123). Most of these are shown on f i g . 5.4. 



Of the q u a r r i e s , McCall's, Hetton Downs, Bowburn 
and Crime Rigg are a c t i v e and access i s p e r m i t t e d t o 
a l l but Crime Rigg, which i s run by the Sherburn H i l l 
Sand Company. This company also owns Sherburn H i l l 
Sand P i t and again r e s t r i c t entry, though f o r t u n a t e l y 
i t i s unfrequented at weekends and r e a d i l y accessible 
from the road. Bowburn Quarry i s i n the process of 
c l o s i n g , Sherburn H i l l Sand P i t i s being r e a c t i v a t e d . 
Cumulative p r o d u c t i o n from a l l 4 q u a r r i e s probably 
amounts t o 10,000-20,000 tons per week (Crime Rigg 
i n May 1979 was producing 5-6,000 tons per week), 
p r i c e £l.50-£2.00 per ton at the quarry. I t i s the 
p r i n c i p a l l o c a l resource of b u i l d i n g sand. 

SECTION 5.2 FORM AND INTERNAL STRUCTURES 

D i s t r i b u t i o n and Thickness 

The outcrop of the Yellow Sands as i n d i c a t e d by 
I n s t i t u t e of Geological Sciences maps, together w i t h 
a l l a v a i l a b l e borehole i n f o r m a t i o n i s p l o t t e d on f i g . 
5.4. Between the Rivers Tyne and Wear the outcrop i s 
mapped as being n e a r l y continuous whereas t o the south 
of the Wear i t i s f a i r l y w e l l segnented i n t o 2-4 km 
lengths measured along s t r i k e , s e p a r a t e d by sand-free 
areas ~ 1 km wide. However, given the l i m i t e d surface 
exposure of t h e formation t h i s p a t t e r n should be 
t r e a t e d c a u t i o u s l y . 
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I t was f o r m e r l y t h o u g h t t h a t t h e s a n d had 

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

C a r b o n i f e r o u s r o c k s ( L e b o u r , 1 9 0 2 ; Hodge, 1 9 3 2 ) . T h a t 

t h i s i s n o t t h e c a s e may be s e e n a t M c C a l l ' s Q u a r r y , 

S h e r b u r n H i l l S a n d P i t , Bowburn Q u a r r y and F e r r y h i l l 

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

on t h e t o p of t h e f o r m a t i o n i s w e l l e x p o s e d and t h e 

m o u n d - l i k e s h a p e of t h e s a n d b o d i e s i s r e v e a l e d ( s e e 

i n d i v i d u a l l o c a l i t y d e s c r i p t i o n s b e l o w ) . Comp^ 

l e m e n t a r y v a r i a t i o n s i n t h i c k n e s s of t h e M a r l S l a t e 

a r e s e e n w h e r e v e r t h e r e i s r e l i e f on t h e t o p of t h e 

Y e l l o w S a n d s . 

T h o u g h most of t h e v a r i a t i o n i n t h i c k n e s s of t h e 

f o r m a t i o n o c c u r s by u n d u l a t i o n of t h e top t h e r e a r e 

two l o c a l i t i e s w h e r e r e l i e f on t h e C a r b o n i f e r o u s 

s u r f a c e i s e v i d e n t . At g r i d r e f e r e n c e 4 9 7 5 2 6 , 7 km 

ENE o f Seaham, two b o r e h o l e s 30 m a p a r t w e r e d r i l l e d 

by t h e N.C.B. ( n u m b e r s D8 and D 8 B ) , t h e s e c o n d b e i n g 

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

c o m p l e t i o n . I n h o l e D8 t h e t o p and b a s e of t h e Y e l l o w 

S a n d s w e r e e n c o u n t e r e d a t - 2 7 8 m and -296 m O.D. 

r e s p e c t i v e l y , i n h o l e D8B a t - 2 8 0 m and -310 m. A t 

B o w b u r n - Q u a r r i n g t o n H i l l t h e m a n a g e r , J o h n B e l l , 

r e p o r t s a t h i c k e n i n g of a t l e a s t 20 m t a k e n up on t h e 

b o t t o m s u r f a c e f r o m B o w b u r n Q u a r r y i n t o O u a r r i n g t o n 

H i l l Q u a r r y . 

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

r i d g e s i s c o n f i r m e d by b o r e h o l e e v i d e n c e . 208 o n s h o r e 

h o l e s and 55 o f f s h o r e a r e p l o t t e d on f i g . 5.4. T h i s 
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i s a c o m p i l a t i o n of i n f o r m a t i o n from exposures, the 
Durham d i s t r i c t memoir (Smith and Francis, 1967), 
published I.G.S. 6" t o 1 m i l e maps, and published and 
unpublished N.C.B. records (Magraw, 1975, 1978; 
Magraw et a l . , 1963). I n f o r m a t i o n i s densest around 
F e r r y h i l l and a d e t a i l e d isopach map of t h i s area i s 
included i n the memoir (Smith and Francis, op. c i t . 
p. 98) r e v e a l i n g a r i d g e o r i e n t e d 060°-240°. North
wards t o Sunderland 7 other ridges can be c o n f i d e n t l y 
i d e n t i f i e d w i t h p o s s i b l y 2 f u r t h e r bodies p o o r l y 
defined t o the n o r t h . The i n t e r p r e t a t i o n given f i t s 
the data remarkably w e l l and must be regarded as a 
unique s o l u t i o n ; given the d e n s i t y of coverage no other 
o r i e n t a t i o n of the r i d g e s i s tenable. The map i s a 
vast improvement on t h a t published by Magraw (1975). 
Apart from t h a t at F e r r y h i l l there do not appear t o be 
any r i d g e s south of a l i n e from B l a c k h a l l t o Bowburn. 
In t h i s area the formation seldom exceeds 10m i n t h i c k 
ness and breccias are f r e q u e n t l y mentioned i n borehole 
records. I n the c o r r i d o r s between the r i d g e s t h e r e are 
only 8 l o c a l i t i e s where more than 5 m of sediment i s 
r e p o r t e d , i n c l u d i n g 3 w i t h more than 15 m. These may 
be secondary p r o t r u s i o n s from the main masses and give 
no cause t o doubt the basic i n t e r p r e t a t i o n . Data 
coverage i s not s u f f i c i e n t t o d e l i n e a t e such f e a t u r e s 
p r e c i s e l y , and f o r the same reason no attempt has been 
made to contour the r i d g e s . 
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From the evidence a v a i l a b l e i t i s not p o s s i b l e 
t o d i s c e r n any systematic t h i c k e n i n g of the r i d g e s . 
The r i d g e s have an average w i d t h of 2 km (range 
1.5-3.5 km), thickness 24 m and d e t e c t a b l e l e n g t h up 
to 25 Km, o r i e n t e d c o n s i s t e n t l y at between 230° and 
240°. The c o r r i d o r s between the r i d g e s have an 
average w i d t h of 1 km (range 0.7-1.7 km). 

D e s c r i p t i o n s of L o c a l i t i e s 

The i n t e r n a l s t r u c t u r e of the r i d g e s i s drawn on 
Enclosures 1-8. These are complete diagrams of every 
a v a i l a b l e s i g n i f i c a n t exposure ( e x c e p t i n g Crime Rigg 
Quarry) of the Yellow Sands drawn on a scale of 
1:200, w i t h accompanying maps at 1:1000. A l l but 3 
of the r i d g e s are sampled. The diagrams were compiled 
by photographing and surveying each exposure and 
superimposing data on bounding surfaces, cross-bedding 
dips, l a m i n a t i o n , other sedimentary s t r u c t u r e s , colour, 
g r a i n s i z e and cementation onto the photographs. The 
l a m i n a t i o n making up the rock was assessed v i s u a l l y 

at i n t e r v a l s along each s e c t i o n by e s t i m a t i n g the 
r e l a t i v e abundance of each l a m i n a t i o n type over a 2 m 
thickness. The r e s u l t s are i n d i c a t e d i n a q u a n t i t a t i v e 
shorthand on the s e c t i o n s . 

Three types are recognized (see Chapter 3): sand 
sheet (no. 1 on the diagrams), wind r i p p l e (no. 2), and 
avalanche or sandflow (no. 3). Where sandflow laminae 
were present the t h i c k e s t lamina of t h i s type i n a 2 m 
thickness at each p o i n t was measured and noted. 

1 2 MAY 1985 
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I n t r a n s f e r r i n g cross-bedding i n f o r m a t i o n t o 
the diagrams the many minor i r r e g u l a r i t i e s i n the 
exposure surfaces were smoothed f o r the sake of 
c l a r i t y - The surveying was c a r r i e d out by p r i s m a t i c 
compass and clinometer ( f o r which thanks are 
extended t o Mr. G.F.G. Garrard) and pacing. Face 
heights were measured by t r i a n g u l a t i o n , again using 
pacing as a distance measure. While the angular 
r e l a t i o n s h i p s on the maps should be accurate the 
"metres" are approximate w i t h 10-20% e r r o r p o s s i b l e . 
A l l compass bearings on the sections are measured 
i n degrees clockwise from n o r t h . The o r i e n t a t i o n of 
the exposures i s denoted by numbers and arrows i n 
heavy s c r i p t at the top of the sec t i o n s . I n d e s c r i b i n g 
the sections a g r i d reference system i s used i n con
j u n c t i o n w i t h the v e r t i c a l and h o r i z o n t a l scales 
attached t o each diagram. Thus "52, 17 at McCall's 
Quarry" denotes a p o i n t 52 m h o r i z o n t a l l y from the 
beginning of the s e c t i o n and 17 m above the baseline, 
and may be e a s i l y and p r e c i s e l y located using the 
scales. 

A t o t a l of 1.66 km of s e c t i o n l e n g t h and 
2 

16,000m of exposure i s presented i n c l u d i n g 840 m of 
the top and 120 m of the bottom of the for m a t i o n . 

( i ) C u l l e r c o a t s (NZ 364713). Map and Section on Encl. 1. 
This exposure i s p a r t of an o u t l i e r of Permian 
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s t r a t a l y i n g t o the n o r t h of the 90 Fathom F a u l t . 
The s e c t i o n drawn forms sea c l i f f s s k i r t e d by a sandy 
beach i n C u l l e r c o a t s harbour. Further exposure l i e s 
to the south i n the foreshore and small c l i f f s but 
i s cut by many minor f a u l t s and of l i t t l e value f o r 
the present purpose. The main s e c t i o n , some 110 m 
long and o r i e n t e d NW-SE, i s broken up by a number of 
shallow caves eroded along major j o i n t s and small 
f a u l t s . The o f f s e t s produced by these i r r e g u l a r i t i e s 
have been smoothed out i n the presented section.. The 
p o s i t i o n of the s e c t i o n r e l a t i v e t o the boundaries of 
the formation cannot be determined. A t e c t o n i c d i p 
of perhaps 5°-8° S has been imposed. 

Eighty per cent of the exposure i s occupied by 
a s i n g l e s e t , 9 m t h i c k and at l e a s t 100 m long. 
Where accessible t h i s set dips c o n s i s t e n t l y south 
and were i t not f o r the caves would appear t o be a 
simple,tabular, a s y m p t o t i c a l l y based set. Because the 
exposure i s 3-dimensional t h i s i s seen not t o be so; 
the set i s i n f a c t a very l a r g e trough, the d i r e c t i o n 
of d i p t u r n i n g from 170° t o 050° and beyond. The 
la m i n a t i o n i n t h i s set i s of sandflow and w i n d - r i p p l e 
types, r i p p l e l a m i n a t i o n dominating towards the base, 
of the set. At the NW end of the exposure the 
l e n t i c u l a r form of the sandflow laminae i n s t r i k e 
s e c t i o n i s w e l l displayed. The laminae are up t o 
40 mm t h i c k and may extend l a t e r a l l y f o r several metres. 
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A f e a t u r e of t h i s exposure unique w i t h i n the 
formation i s a monolayer of small pebbles exposed at 
the base of the c l i f f around the 30 m mark ( f i g . 5.5"). 
Excepting the basal r u d i t e s these are the only pebbles 
i n the f o r m a t i o n . The pebbles l i e at or near the top 
of a lay e r of sand showing a sand—sheet l a m i n a t i o n and 
bearing a good deal of coarse sand and very f i n e 
pebbles of which up to 1 m i s exposed. A small area 
of the horizon was excavated t o r e v e a l t h a t the pebbles 
are of v e i n quartz, subangular t o subrounded, evenly 
d i s t r i b u t e d i n a s i n g l e layer over a surface of f i n e 
sand, have an average s i z e ( l o n g a x i s ) of 7mm and a 
crude p r e f e r r e d o r i e n t a t i o n of t h e i r long axes between 
E-W and N-S (Enclosure 1). 

( i i ) Tynemouth (NZ 385694) Map and Section on Encl. 1 
A second f a u l t e d o u t l i e r of Yellow Sands i s 

exposed i n the c l i f f s of the headland on which 
Tynemouth P r i o r y i s s i t u a t e d . 170 m of the best 
exposed p a r t of the s e c t i o n i s drawn on Enclosure 1. 
The l o c a l i t y d i s p l a y s both the top and bottom of the 
forma t i o n , though since the base occurs 4 or 5 m above 
the f o o t of the c l i f f the Sands cannot a c t u a l l y be 
touched. The i n f o r m a t i o n t o be gathered here i s 
t h e r e f o r e r e s t r i c t e d t o t h a t which can be deduced 
from the foreshore w i t h the a i d of b i n o c u l a r s . The 
arches on the se c t i o n are bu t t r e s s e s of the sea w a l l . 
The l i n e of exposure swings round from SW-NE i n the 
south t o NW-SE i n the n o r t h . Several f a u l t s are 
present, though w i t h movements of only a few metres. 
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C r o s s - b e d d e d S a n d s r e s t d i r e c t l y on p a t c h i l y 

r e d d e n e d s a n d s t o n e s and s h a l e s of t h e M i d d l e C o a l 

M e a s u r e s ( f i g . 5.b ) . The p l a n e of t h e u n c o n f o r m i t y 

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

f a u l t i n g , and t h e r e i s no b a s a l r u d i t e or 

p l a n a r - b e d d e d s a n d . 

The f o r m a t i o n t h i n s f r o m 11 m to 5 m n o r t h w a r d s 

a l o n g t h e l e n g t h of t h e e x p o s u r e , t h e d e c r e a s e 

o c c u r r i n g a t t h e t o p and b e i n g o b s u r e d by t h e s e a 

w a l l . T h i s w o u l d s u g g e s t p r o x i m i t y to t h e n o r t h e r n 

m a r g i n of a r i d g e . The p a t t e r n of c r o s s - b e d d i n g shows 

t h a t t h e r i d g e i n t h i s a r e a was b u i l t up by 

s o u t h w a r d - m i g r a t i n g and c l i m b i n g b e d f o r m s , s e t s 1-5 m 

t h i c k b e i n g s e p a r a t e d by h o r i z o n t a l or g e n t l y 

N - d i p p i r i g b o u n d i n g s u r f a c e s . T h e r e i s some e v i d e n c e 

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

' h a n g i n g ' s u r f a c e s d e v e l o p e d , e . g . a t t h e 30 m mark. 

P r o b a b l y more e x i s t but went u n d e t e c t e d . 

At t h e t o p of t h e f o r m a t i o n a c e m e n t e d and 

s t r u c t u r e l e s s bed 0 . 1 - 0 . 2 m - t h i c k i s p r e . s e n t b e n e a t h 

c . l m of M a r l S l a t e . F r o m 0-100 m on t h e s e c t i o n t h e 

s t r u c t u r e l e s s bed i s u n d e r l a i n by 1-3 m of f l a t - l y i n g , 

prwucmably w i n d - r i p p l e l a m i n a t e d s a n d . 

( i i i ) N o r t h H y l t o n (NZ 3 5 5 5 7 4 ) . Map and S e c t i o n on 

E n c l . 2. 

T h i s e x p o s u r e f o r m s low c l i f f s on t h e n o r t h bank 

of t h e R i v e r Wear on t h e o u t s k i r t s of S u n d e r l a n d . 

O p p o s i t e l i e s t h e b e t t e r known l o c a l i t y of C l a x h e u g h 

R o c k , a h i g h c r a g o f L o w e r and M i d d l e M a g n e s i a n L i m e 

s t o n e w i t h M a r l 
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Slate and Yellow Sands v i s i b l e at i t s base. 
Claxheugh and nearby Ford Quarry are notable f o r 
t h e i r d i s p l a y of f a c i e s associated w i t h the Middle 
Magnesian Limestone r e e f , and also f o r the evidence 
they provide f o r submarine slumping and s l i d i n g 
d uring Lower and Middle Magnesian Limestone time. 
This a c t i v i t y has removed a l l the LML and Marl Slate, 
and p a r t of the Yellow Sands,at the east end of the 
exposure. Otherwise the main p a r t of the l i m i t e d 
Yellow Sands exposure i s obscured by t r e e s and no 
s e c t i o n was compiled. 

Meanwhile, back at North Hylton, the s e c t i o n i s 
both short and low but nonetheless i n t e r e s t i n g and 
d i s p l a y s the Sands r e s t i n g unconformably on reddened 
sandstones of the Upper Coal Measures at i t s western 
end ( f i g . 5 . 7 ) . Only 10 m of the unconformity i s 
exposed before i t i s l o s t i n a boggy g u l l y occupied 
by a f a u l t of unknown throw. Consequently, the 
p o s i t i o n of the remainder of the s e c t i o n i n the 
sequence cannot be ascertained. The unconformity i s 
smooth and dips g e n t l y east. The sand immediately 
above t h i s plane i s q u i t e coarse and bears a l a m i n a t i o n 
of sand sheet type w i t h wisps and lenses of coarse 
sand t y p i c a l l y 5 mm t h i c k and 0.2m long ( f i g . 3.3). 
0.3 m of t h i s i s succeeded by more f l a t — l y i n g sand, 
s t i l l coarse but w i t h a dominantly w i n d - r i p p l e 
l a m i n a t i o n . The r e s t of the s e c t i o n i s dominated by 
f l a t l y i n g or g e n t l y d i p p i n g sand, the low dips making 
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t h e t r a c i n g o f b o u n d i n g s u r f a c e s d i f f i c u l t . The 

e x p o s u r e i s not l a r g e e n o u g h to e r e c t any h i e r a r c h y of 

b o u n d i n g s u r f a c e s . 

( i v ) M c C a l l ' s Q u a r r y , H o u g h t o n - l e - S p r i n g (NZ 3 5 4 5 0 6 ) . 

Map and S e c t i o n on E n c l . 3. 

T h i s i s t h e l a r g e s t a c t i v e and a c c e s s i b l e q u a r r y 

i n t h e Y e l l o w S a n d s , c o n t a i n i n g o v e r 4000 m^ o f 

e x p o s u r e . I t a f f o r d s a deep s e c t i o n c u t n e a r t h e 

c e n t r e of a r i d g e w h i c h i s d r a w n on f i g . 5.4 a s b e i n g 

2 km w i d e . One s e t h e r e r e a c h e s 11 m i n t h i c k n e s s ( a t 

t h e 220 m mark on E n c l o s u r e 3 ) , t h e maximum r e c o r d e d 

w i t h i n t h e f o r m a t i o n . 

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

t h e q u a r r y i s e x p l i c a b l e as v e r y l a r g e s c a l e , t r o u g h -

or s c o o p - s h a p e d s e t s c u t a t v a r i o u s a n g l e s r e l a t i v e to 

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

f r o m 0 m to 40 m and 140 m to 250 m a p p e a r to be most 

n e a r l y t r a n s v e r s e to p a l a e o f l o w , d i s p l a y i n g t h e 

t r o u g h - s h a p e d n a t u r e of t h e s e t s , f o r i n s t a n c e i n t h a t 

c e n t r e d a t 1 6 0 , 18. F r o m 50 m t o 110 m t h e s e c t i o n 

p a r a l l e l s t h e p a l a e o f l o w of most s e t s and i t i s 

i n t e r e s t i n g to n o t e b o t h f l a t and c o n c a v e - u p w a r d s 

b o u n d i n g s u r f a c e s i n t h i s s e c t i o n . T h e r e i s no 

i n d i c a t i o n t h a t any more t h a n 2 o r d e r s of b o u n d i n g 

s u r f a c e a r e p r e s e n t . I n t h e u p p e r r e a c h e s of t h e 

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

t h e r o c k w e a t h e r s and h e n c e m i n o r b o u n d i n g s u r f a c e s 

may h a v e been m i s s e d . The c r o s s - b e d d i n g p a t t e r n 

v i s i b l e i n t h e q u a r r y i s much s i m p l e r t h a n t h a t s e e n 

e l s e w h e r e i n t h e f o r m a t i o n ( e . g . c o m p a r e w i t h 

Q u a r r i n g t o n H i l l Q u a r r y , E n c l . 8 ) . The s e t s a r e 

t h i c k e r t h a n u s u a l w i t h l e s s i n t e r r u p t i o n by i n t e r n a l 

b o u n d i n g s u r f a c e s , t h o u g h t h e r e i s no o b v i o u s f e a t u r e 
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o f g r a i n s i z e o r l o c a t i o n to a c c o u n t f o r t h i s . 

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

q u a r r y i s as w o u l d be e x p e c t e d , w i t h w i n d - r i p p l e t y p e 

p r e d o m i n a n t a t low and m o d e r a t e a n g l e s of d i p , 

s a n d f l o w a t h i g h a n g l e s . 13 m e a s u r e m e n t s of maximum 

s a n d f l o w t h i c k n e s s g i v e a mean o f 40 _+ 17 mm w i t h a 

maximum o f 80 mm a t 64, 10. A 2 m t h i c k n e s s of 

s a n d - s h e e t t y p e s a n d i s e x p o s e d f o r a s h o r t d i s t a n c e 

a t 74, 5. C u r r e n t e x c a v a t i o n i s t a k i n g p l a c e a l o n g 

t h e f a c e b e t w e e n 150 m a n d 200 m. O f t e n t h e f r e s h 

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

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

F r o m 40 m to 104 m, 138 m to 158 m and 223 m to 

246 m t h e t o p of t h e f o r m a t i o n i s u n d e r l a i n by f l a t -

l y i n g , w i n d - r i p p l e l a m i n a t e d s a n d . O v e r s t e e p e n e d 

f o r e s e t s o c c u r a t 4 1 , 25 a n d 1 5 5 , 24 and e x a m p l e s o f 

s m a l l s c a l e s u r f - a c e d e f o r m a t i o n of l a m i n a e a t 4 0 , 7 

( a s p e r McKee e_t^ a _ l . , 1 9 7 1 : t h e o n l y e x a m p l e s 

d i s c o v e r e d i n t h e f o r m a t i o n ; s e e f i g . 5 . 6 ) . The t o p 

i s o c c u p i e d by b e t w e e n 0.1 a n d 0.4 m of c e m e n t e d and 

s t r u c t u r e l e s s s a n d . An e x t e n s i v e p a v e m e n t on top of 

t h e f o r m a t i o n h a s been e x c a v a t e d i n t h e a r e a f r o m 

130 m t o 240 m ( f i g . 5 . 9 - ) . The p a v e m e n t i s l i t t e r e d 

w i t h a b u n d a n t d i s a r t i c u l a t e d L i n g u l a c r e d n e r i ( f i g . 

5 . 1 0 , 5 . 1 1 ) . The M a r l S l a t e i s e x p o s e d a b o v e t h e 

n o r t h f a c e ( 4 0 m - 100 m) and i s o n l y 0 . 1 - 0 . 2 m t h i c k 

( e s t i m a t e d t h r o u g h b i n o c u l a r s ; t h e bed i s n o t 

a c c e s s i b l e ) . 

A r e l i e f of some 4 m on t h e t o p of t h e f o r m a t i o n 

i s v i s i b l e i n t h e q u a r r y , w i t h t h e top s u r f a c e d i p p i n g 

10° N.N.W. i n t h e w e s t e r n p a r t of t h e q u a r r y and 10° 

E . S . E . i n t h e e a s t e r n p a r t . T h i s i s p a r t i a l l y e v i d e n t 

on E n c l o s u r e 3. The c r e s t of t h e mound i s o r i e n t e d 

a p p r o x i m a t e l y N.E-S.W. 



109 

(v) Ketton Downs Quarry, Hetton-le-Eole (NZ 358483). 
Map and Section on Encl. 4 
Si t u a t e d 2 km south of McCall's quarry, t h i s 

excavation works the next r i d g e i n the sequence, 
l y i n g towards i t s northern side. In common w i t h 
McCall's and Crime Rigg,access t o Hetton Downs i s 
v i a a housing e s t a t e and a l l three q u a r r i e s are 
under a c e r t a i n amount of pressure from t h e i r l o c a l 
c o u n c i l planning departments. Hetton Downs works 
on two l e v e l s , the upper e x t r a c t i n g Lower Magnesian 
Limestone, the lower working Yellow Sands, and 

2 
exposing 2700m of the formation i n two main faces 
t o t a l l i n g over 250 m i n len g t h . Further exposure 
occurs i n a small, o l d and p a r t l y f i l l e d quarry 
immediately east of the present workings. 

I n d e s c r i b i n g McCall's quarry i t was mentioned 
t h a t i n the upper reaches of faces the l a m i n a t i o n 
tended t o fade w i t h weathering. That process has 
been c a r r i e d t o an extreme i n the present case where 
i n the m a j o r i t y of the n o r t h face (0-120 m) and much 
of the east (120m-250m) no s t r u c t u r e or l a m i n a t i o n 
can be detected. F i g . 5.12 i s a photograph of the 
face taken ten years ago, k i n d l y provided by. Dr. 
D.B. Smith. The cross-bedding i s c l e a r l y v i s i b l e , 
demonstrating t h a t the lack of s t r u c t u r e s i s indeed 
due to weathering. Where detectable the l a m i n a t i o n 
i n the no r t h face i s e i t h e r h o r i z o n t a l or low angle 
and of w i n d - r i p p l e type. 
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The east face a f f o r d s a q u i t e b e a u t i f u l s e c t i o n 
of stacked trough-shaped sets cut transverse t o 
palaeoflow, t h i s being p a r t i c u l a r l y obvious between 
140 m and 200 m. I n d i v i d u a l troughs are t y p i c a l l y 
30-40 m wide and 4-6 ra deep. Owing t o an u n f o r t u n a t e 
p e r v e r s i t y of outcrop no s i n g l e trough has both 
limbs accessible f o r dip measurement. Thus the 
h o r i z o n t a l curvature of the fo r m a t i v e bedforms 
cannot be ascertained. 

The p a t t e r n of bounding surfaces may be 
explained by in v o k i n g 2 orders of a h i e r a r c h y . Some 
surfaces obviously belong to the higher order, some 
to the lower, but i n many cases the evidence i s not 
cl e a r cut. 

Throughout most of the quarry the sand shows 
various shades of i t s usual yellow colour. The 
fresh e s t m a t e r i a l i s o f t e n grey ( c u r r e n t excavation 
i s at the southern end of the east f a c e ) . I s o l a t e d 
i r r e g u l a r patches w i t h dimensions of one or two 
metres s i t u a t e d high i n the east face show a f a i n t 
pale pink colour. 

The d i s t r i b u t i o n of l a m i n a t i o n types conforms t o 
expectation. Of the sandflow laminae the t h i c k e s t 
noted reached 40 mm. 

The top of the formation i s only exposed from 
0-30 m and j u s t o f f the f a r end of the s e c t i o n i n 
Enclosure 4, r i s i n g by 5 or 6 m i n t h i s distance. 
Throughout most of the quarry the top of the face 
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l i e s j u s t below the t o p o f t h e f o r m a t i o n . At t h e 

s o u t h e r n end o f t h e q u a r r y 0.4 m o f M a r l S l a t e 

o v e r l i e s g e n t l y i n c l i n e d , w i n d — r i p p l e l a m i n a t e d 

sand w i t h a t h i n s t r u c t u r e l e s s zone a t t h e t o p . 

For t h e f i r s t 6 m of t h e n o r t h f a c e t h e t o p o f t h e 

f o r m a t i o n d i p s 10° due west and i s o v e r l a i n by 0.3 m 

of brown, c l a y e y M a r l S l a t e w i t h abundant f i s h 

r emains. A specimen of t h e g l i d i n g r e p t i l e 

W e i g e l t i s a u r u s j a e k e l i has been r e c o v e r e d from t h e 

M a r l S l a t e a t t h i s q u a r r y ( P e t t i g r e w , 1979; Evans, 

i n p r e s s ) . The cemented zone a t t h e t o p of t h e 

Sands i s u n f o s s i l i f e r o u s and f r o m 0.01 t o 0.15 m 

t h i c k , o v e r l y i n g s t r u c t u r e l e s s i n c o h e r e n t sand. 

The t o p s u r f a c e o f t h e f o r m a t i o n was excavated f o r 

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

c y l i n d r i c a l r i d g e s 5-30 mm h i g h o r i e n t e d 020°-200° 

(see f i g . 5.13) . 

I n t h e o l d q u a r r y t o t h e east a t h i c k n e s s o f 

o n l y a few metres of t h e t o p of t h e f o r m a t i o n a r e 

exposed i n s e v e r a l s h o r t and weathered f a c e s . 0.5 m 

of M a r l S l a t e , brown and c l a y e y a t t h e base, 

o v e r l i e s 10-20 mm o f cemented and s t r u c t u r e l e s s 

sand above uncemented s t r u c t u r e l e s s or v a g u e l y 

bedded sand 1-1.5 m t h i c k . D i s a r t i c u l a t e d L i n g u l a 

c r e d n e r i are found i n t h e t o p 0.1 m o f sand. Beneath 

t h i s l i e s cross-bedded, f l a t - l a m i n a t e d ( w i n d - r i p p l e ) 

or s t r u c t u r e l e s s i n c o h e r e n t sand. At one p l a c e a 

20 mm r i b o f s o f t sand i s i n c l u d e d 30 mm above t h e 

base of t h e M a r l S l a t e . 
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( v i ) Sherburn H i l l Sand P i t (NZ 344417). Map and 
S e c t i o n on E n c l s . 5 and 6 

2 
W i t h a t o t a l f a c e area o f n e a r l y 5000m t h i s i s 

t h e l a r g e s t s i n g l e exposure o f t h e Y e l l o w Sands, 

though i t i s a d v i s a b l e t o be d i s c r e e t about access. 

A g e n e r a l view o f t h e west f a c e o f t h e q u a r r y i s 

shown i n f i g . 5.15. The q u a r r y l i e s near t h e 

s o u t h e r n m a r g i n o f t h e n e x t r i d g e s o u t h from H e t t o n 

Downs. 1.5 km t o t h e west a b o r e h o l e i s r e p o r t e d 

i n t h e Memoir ( S m i t h and F r a n c i s , 1967) as 

e n c o u n t e r i n g o n l y 3 m o f Y e l l o w Sands,suggesting 

t h a t t h e Sherburn-Seaham r i d g e t e r m i n a t e s i n t h i s 

area. The q u a r r y has been i n a c t i v e f o r some y e a r s , 

f o r m e r l y b e i n g worked by Amey Roadstone. I t i s 
now owned, a l o n g w i t h t h e a d j a c e n t Crime Rigg 

(Pi, s.e) 
quarryj, by t h e Sherburn H i l l Sand Company. W i t h 

Crime Rigg h a v i n g i t s s o l e access t h r o u g h a 

housing e s t a t e , p l a n n i n g p e r m i s s i o n has been 

a c q u i r e d t o recommence w o r k i n g of Sherburn H i l l 

Sand P i t . At p r e s e n t (summer 1981) o v e r b u r d e n i s 

b e i n g removed and a new access r o a d c o n s t r u c t e d . 

Thus i n t h e near f u t u r e t h e l o n e g e o l o g i s t w i l l 

need t o be even more c i r c u m s p e c t i n g a i n i n g e n t r y . 

The west, n o r t h and east f a c e s are drawn on 

E n c l o s u r e s 5 and 6. The s o u t h f a c e and s o u t h e r n 

p a r t of t h e east f a c e were obscured by i n f i l l 

s h o r t l y b e f o r e f i e l d w o r k commenced. A pavement 

on t o p of t h e s e f a c e s a t t h e h o r i z o n o f t h e M a r l 

S l a t e r e m a i n s , d i s p l a y i n g t h e r e l i e f on t h e t o p o f 
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t h e sands. At t h e l e f t hand 

end o f t h e d r a w i n g of t h e main, west f a c e 10 m 

of exposure are m i s s i n g due t o a f a i l e d p h o t o g r a p h . 

N o t h i n g o f i m p o r t a n c e has been l o s t . 

I f i t were p o s s i b l e t o enthuse over l a r g e - s c a l e t r o u g h 

c r o s s - b e d d i n g , t h e west f a c e o f Sherburn H i l l Sand 

P i t would be a p r i n c i p a l o b j e c t o f such s e n t i m e n t . 

Emotion a p a r t , t h e f a c e a f f o r d s an e x c e l l e n t 

e x p o s i t i o n o f t h e complex arrangements o f laminae, 

s e t s and bounding s u r f a c e s t h a t may be i n v o l v e d i n 

t h i s s e d i m e n t a r y s t r u c t u r e . I t i s e v i d e n t t h a t 

f r o m 0 m t o 70 m as t h e f a c e c u r v e s from ESE t o NNE, 

t h e s e c t i o n i s t r a n s v e r s e t o p a l a e o f l o w . Many 

broad t r o u g h s are v i s i b l e , o f v a r y i n g i n t e r n a l 

c o m p l e x i t y , f o r example t h o s e c e n t r e d a t 30, 16; 

30, 21; 30, 26; 50, 30; 60, 23; and 45, 20. 

The t r o u g h s are t y p i c a l l y 40 m wide and 5 m t h i c k . 

Where a c c e s s i b l e , c o n s i d e r a b l e h o r i z o n t a l c u r v a t u r e 

i s e v i d e n t . The compound s e t at 30, 16, has a 

d i p o f 26° t o 310° a t 22, 13 and 18° t o 160° a t 

34, 16; t h a t c e n t r e d a t 45, 20 shows d i p s o f 26° 

t o 290° at 38, 18 and 28° t o 180° a t 48, 19. The 

set c e n t r e d a t 60, 23 g i v e s d i p r e a d i n g s o f 22° t o 

280° and 30° t o 210° a t p o i n t s o n l y 6 m apart.(End.5) 

From 70 m onwards, where t h e f a c e i s s t r a i g h t 

and o r i e n t e d NNE-SSW, t h e s e c t i o n i s more n e a r l y 

p a r a l l e l t o p a l a e o f l o w , t h o u g h p r o b a b l y s t i l l 

s l i g h t l y o b l i q u e . Trough-shaped s e t s are r a r e , w i t h 
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bounding s u r f a c e s l a r g e l y s u b - h o r i z o n t a l . The 

c r o s s - b e d d i n g i s a p p a r e n t l y u n i d i r e c t i o n a l and 

s o u t h e r l y , though i n f a c t v a r y i n g fromNNW t o SE. 

Maximum set t h i c k n e s s i s 6m, more t y p i c a l l y 2 - 3 m. 

Each s e t extends f o r s e v e r a l t e n s o f metres l a t e r a l l y ; 

one appears t o r u n 75 m f r o m 70, 16 t o 145, 13. Owing 

t o t h e s i z e o f t h e west f a c e some bounding s u r f a c e s 

w i t h l i t t l e apparent e f f e c t on t h e c r o s s - l a m i n a e may 

have escaped n o t i c e . For i n s t a n c e , due t o t h e 

t e r r a i n , p hotographs beyond 150 m were t a k e n f r o m much 

c l o s e r range t h a n t h o s e t o t h e s o u t h , and as t h e ground 

r i s e s t o obscure t h e exposure a much c l o s e r v i e w o f 

t h e f a c e c o u l d be o b t a i n e d . T h i s i s t h e reason why 

t h e bounding s u r f a c e p a t t e r n becomes more complex 

a c r o s s t h e g u l l y a t 148 m. 

The n o r t h and east f a c e s o f t h e q u a r r y c o n f i r m 

t h e p a t t e r n seen i n t h e west f a c e , t h e n o r t h showing 

a more t r a n s v e r s e s e c t i o n of t h e c r o s s - b e d d i n g t h a n 

t h e e a s t . Though t h e s u r v e y i n g o f t h e q u a r r y was 

r u d i m e n t a r y and any f a i t h p l a c e d i n t h e l e v e l l i n g 

s h o u l d be h e a v i l y q u a l i f i e d , i t i s l i k e l y t h a t t h e 

t h i c k , f l a t - l y i n g , sand-sheet l a y e r s a t t h e bases o f 

t h e n o r t h and east f a c e s may be on t h e same h o r i z o n t a l 

l e v e l . T h i s l e v e l may a l s o o v e r l a p w i t h t h e s i m i l a r 

l a y e r a t 10, 5 on t h e west f a c e . 

As w i t h p r e v i o u s l y d e s c r i b e d s e c t i o n s , t h e bounding 

s u r f a c e s need t o be grouped i n t o no more t h a n 2 o r d e r s 

o f a h i e r a r c h y , and a g a i n t h e r e i s a m b i g u i t y i n many 
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cases over w h i c h a l a b e l s h o u l d be g i v e n t o a 

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

The l a m i n a t i o n does n o t h i n g u n u s u a l anywhere 

i n t h e q u a r r y , a l l t y p e s b e i n g r e p r e s e n t e d . Of 28 

measurements o f maximum s a n d f l o w t h i c k n e s s t h e mean i s 

41 - 12 mm w i t h a maximum of 70 mm. G r a i n s i z e shows 

i t s u s u a l v a r i a b i l i t y f rom f i n e t o v e r y coarse sand, 

w i t h v e r y f i n e p e b b l e s up t o 3 mm p r e s e n t i n t h e 

sand-sheet l a y e r o f t h e east f a c e . T h i s l a y e r i s 

grey when f r e s h , as i s i t s c o u n t e r p a r t a t 10, 05 on 

t h e west f a c e . O t h e r w i s e t h e sand i s y e l l o w 

t h r o u g h o u t . 

Oversteepened f o r e s e t s are p r e s e n t at 2, 19 and 

18, 20 on t h e east f a c e and 26, 29 on t h e west f a c e . 

These are a l l w i t h i n 3 m o f t h e t o p o f t h e f o r m a t i o n . 

180 m of t h e t o p i s exposed and o f t h i s d i s t a n c e 

150 m i s u n d e r l a i n by up t o 3 m o f p l a n a r - b e d d e d ( w i n d 

r i p p l e l a m i n a t e d ) sand. Whether t h i s l a m i n a t i o n i s 

e x a c t l y c o n c ordant o r s l i g h t l y d i s c o r d a n t r e l a t i v e t o 

t h e t o p cannot everywhere be d e t e r m i n e d w i t h c e r t a i n t y 

i n t h e s e 2 - d i m e n s i o n a l s e c t i o n s examined from a range 

of 50 or 60 m. D e t a i l s o f t h e a c c e s s i b l e p a r t s o f 

t h e t o p o f t h e f o r m a t i o n are shown on f i g . 5.1k (see 

a l s o f i g s . 5.17, 5.18). To summarise, t h e M a r l S l a t e 

r e s t s on 0.05-0.5 m o f homogeneous o r o b v i o u s l y 

b i o t u r b a t e d , cemented, d o l o m i t i c s a n d , l o c a l l y 

c o n t a i n i n g d i s a r t i c u l a t e d L i n g u l a , o v e r l y i n g l a m i n a t e d 

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

I n most cases t h e cement t e r m i n a t e s a t t h e base o f 

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



i s s m o o t h , t h o u g h one s m a l l r i d g e of t h e t y p e 
d e s c r i b e d a t H e t t o n Downs was s e e n on a l o o s e b l o c k 
a m o n g s t t h e t a l u s c o v e r i n g t h e s o u t h f a c e . 

Some 20 m of r e l i e f i s v i s i b l e on t h e top s u r f a c e 
o f t h e f o r m a t i o n , w i t h a r i d g e r u n n i n g E.N.E.-W.S.W. 
b e t w e e n t h e c e n t r e s of t h e n o r t h e r n and w e s t e r n f a c e s 
of t h e q u a r r y . F r o m t h e n o r t h e r n end of t h e w e s t f a c e 
t h e t o p of t h e s a n d d i p s away m a r k e d l y i n t o C r i m e R i g g 
Q u a r r y b e f o r e f l a t t e n i n g o u t . A t t h e s o u t h e r n end of 
t h e w e s t f a c e t h e top s u r f a c e d i p s a t c.15° s o u t h , 
r e a c h i n g a minimum i n t h e c e n t r e of t h e s o u t h f a c e and 
r i s i n g s l i g h t l y t o a peak i n t h e S . E . c o r n e r . A l o n g 
t h e E . f a c e t h e t o p i s h o r i z o n t a l . 

( v i i ) B o w b u r n and Q u a r r i n g t o n H i l l Q u a r r i e s 
(NZ 3 2 7 3 8 2 t o 3 3 4 3 7 7 ) . Maps and S e c t i o n s on 
E n c l s . 7 a n d 8. 

T h e s e two q u a r r i e s a r e owned by H e p p l e w h i t e s but 
l i k e l y to c h a n g e h a n d s i n t h e n e a r f u t u r e . T h e y 
p r o v i d e a l o n g b u t i n t e r m i t t e n t s e c t i o n t h r o u g h t h e 
n e x t r i d g e s o u t h o f S h e r b u r n H i l l . B o t h a r e o f t e n 
t e r m e d Q u a r r i n g t o n Q u a r r y ; t o a v o i d c o n f u s i o n t h e 
e a s t e r n , d i s u s e d e x c a v a t i o n i s h e r e l a b e l l e d 
Q u a r r i n g t o n H i l l Q u a r r y ; t h e w e s t e r n , w o r k i n g a r e a , 
B owburn Q u a r r y . The man a g e r a t B o w b u r n Q u a r r y , 
J o h n B e l l , i s a k e e n g e o l o g i s t and as r e c e p t i v e a 
g e n t l e m a n as one c o u l d hope to f i n d i n s u c h a 
p o s i t i o n . G e o l o g i s t s a r e a l w a y s w e l c o m e . U n f o r t 
u n a t e l y f i l l i n g of t h e q u a r r y w i l l commence i n t h e 
n e a r f u t u r e u n l e s s a b u y e r c a n be f o u n d . Q u a r r i n g t o n 
H i l l Q u a r r y h a s b e e n d i s u s e d f o r some y e a r s and i s 
b e i n g f i l l e d v e r y s l o w l y . 

B o w b u r n Q u a r r y h a s a l o n g , l o w , L - s h a p e d s e c t i o n 
t h r o u g h t h e top p a r t of t h e f o r m a t i o n . 600 m W.N.W. 
of t h e n o r t h e r n end of t h e q u a r r y an e x p o s u r e n e a r 
Heugh H a l l shows M a r l S l a t e r e s t i n g on C a r b o n i f e r o u s . 
The t op of t h e f o r m a t i o n ( o t h e r w i s e s mooth and 
h o r i z o n t a l t h r o u g h o u t t h e q u a r r y ) b e g i n s s l o p i n g down 
t o w a r d s t h i s a t t h e n o r t h e r n end of t h e q u a r r y a t 

5.11, 

10°-15° to t h e N.W. (fig.J^5.20). The c r o s s - b e d d i n g 
t h r o u g h o u t t h e f a c e b e n e a t h t h i s a l s o d i p s N.W., 
b r o k e n up by s e v e r a l b o u n d i n g s u r f a c e s , w h i c h a r e 
d i f f i c u l t t o t r a c e i n t h e 
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s t r i k e s e c t i o n v i s i b l e . The c r o s s - b e d d i n g p a t t e r n 

seems t o be i n f l u e n c e d by t h e m a r g i n of t h e r i d g e 

as f a r as t h e 130 m mark on t h e s e c t i o n . Between 

130 m and 190 m l i e s t h e t a l l e s t f a c e i n t h e 

q u a r r y . I t d i s p l a y s a v e r y complex p a t t e r n o f laminae 

and bounding s u r f a c e s p r o b a b l y r e p r e s e n t i n g a t r a n s 

v e r s e s e c t i o n o f t r o u g h c r o s s - b e d d i n g . The low f a c e 

beyond 190 m c o n s t i t u t e s t h e most a c c e s s i b l e 

exposure o f t h e pla n a r - b e d d e d zone i n t h e whole o u t 

c r o p o f t h e Y e l l o w Sands. I t i s coarse g r a i n e d , 

b e a r i n g a sand-sheet l a m i n a t i o n and l a r g e l y b u t 

not w h o l l y concordant w i t h t h e t o p . I t i s o v e r l a i n 

by 0.1-0.25 m o f s t r u c t u r e l e s s and cemented d o l o m i t i c 

sand and about 1 m o f M a r l S l a t e ( t h i s i s m o s t l y 

obscured by t a l u s ) . At t h e n o r t h e r n end o f t h e q u a r r y 

t h e s t r u c t u r e l e s s and cemented sand i s commonly 0.5 m 

t h i c k and c o n t a i n s d i s a r t i c u l a t e d L i n g u l a and c a s t s ' 

and moulds o f Permophorus ( f i g . 5.21) i n t h e t o p 

0.1 m or so and l i t t e r e d a c r o s s t h e t o p s u r f a c e o f 

t h e f o r m a t i o n . The M a r l S l a t e i s a g a i n nowhere 

v i s i b l e i n i t s e n t i r e t y b u t p r o b a b l y 1.5 m\^hick. 

There i s l o c a l l y a p r o m i n e n t p l a n e o f p a r t i n g 0.05-

0.1 m below t h e t o p o f t h e sand,the s u r f a c e o f which 

may be l i n e a t e d . A few 10-20 mm d i a m e t e r , 0.1-0.5 m 

long, i r r e g u l a r , c y l i n d r i c a l r i d g e s adorn t h e t o p 

s u r f a c e on l o o s e b l o c k s i n t h e NW c o r n e r o f t h e 

q u a r r y . G e n t l e c o n t o r t i o n s o f t h e laminae are 

p r e s e n t at 113, 11; 128, 10 and 224, 11 ( f i g s . 

5.22-24). 
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L a m i n a t i o n and g r a i n s i z e conform t o t h e 

expected p a t t e r n i n t h e q u a r r y , s a n d f l o w s b e i p ^ more 

common a t h i g h a n g l e s o f d i p , wind r i p p l e a t low, and 

g r a i n s i z e v a r y i n g f r o m f i n e t o v e r y coarse sand. 

19 measurements o f maximum avalanche t h i c k n e s s g i v e 

an average o f 36 - 9 mm and a maximum of 50 mm. 

I n t h e f a c e between 145 m and 190 m are 

numerous areas o f r e d sand, l e n t i c u l a r i n shape 

and o r i e n t e d p a r a l l e l t o t h e l a m i n a t i o n ( f i g . 5.25). 

These zones may ex t e n d 1 or 2 m l a t e r a l l y and a r e 

g e n e r a l l y 0.1-0.2 m t h i c k . Elsewhere t h e sand i s 

y e l l o w . 

The 9 s e p a r a t e f a c e s o f Q u a r r i n g t o n H i l l Quarry, 

d i s t r i b u t e d over a d i s t a n c e o f 400 m WNW-ESE p r o v i d e 

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

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

r a t h e r t h a n v e r t i c a l and t h u s have accumulated h i l l -

wash, r e n d e r i n g t h e l o c a t i o n o f bounding s u r f a c e s 

r a t h e r d i f f i c u l t . Faces B, C and D have s u f f e r e d most 

i n t h i s r e s p e c t . The i m p r e s s i o n i s ga i n e d t h a t most 

of t h e f a c e s c u t s e c t i o n s o b l i q u e o r t r a n s v e r s e t o 

th e axes o f trough-shaped s e t s : nowhere i s a p a t t e r n 

r e s e m b l i n g Sherburn H i l l ' s west f a c e seen. T h i s 

i m p r e s s i o n i s s t r o n g e s t i n f a c e s E, F and G. Once 

ag a i n i t i s p r o b a b l e t h a t o n l y 2 o r d e r s o f bounding 

s u r f a c e are p r e s e n t . 

C o n t o r t e d laminae are p r e s e n t at 16, lOmonface 

A, a t 46, 22 and 49, 25 on f a c e F, and a t 1, 13 

and 16,11 on I . The l a t t e r two l o c a t i o n s are 

p a r t i c u l a r l y i n t e r e s t i n g s i n c e t h e y must l i e a t l e a s t 
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10 m below t h e t o p o f t h e f o r m a t i o n - a l l o t h e r 

examples o f c o n t o r t i o n seen i n t h e Sands are w i t h i n 

3 m of t h e t o p . 

160 m o f t h e t o p of t h e f o r m a t i o n i s v i s i b l e 

i n t h e q u a r r y . Though f l a t t h r o u g h o u t , t h e t o p i s 

more v a r i a b l e here t h a n at any o t h e r l o c a l i t y ; d e t a i l s 

are g i v e n on f i g . 5.26. For most o f t h e s e c t i o n t h e 

u s u a l s i t u a t i o n o f a e o l i a n sand succeeded by 

homogeneous sand under M a r l S l a t e i s adhered t o . 

However, between 15 m and 48 m on f a c e s E and F t h e 

m i d d l e member o f t h i s sequence i s absent, and t h i n 

M a r l S l a t e r e s t s d i r e c t l y on sand showing an a e o l i a n 

l a m i n a t i o n . A l s o n o t a b l e a r e 3 examples o f p o o r l y 

d e f i n e d s m a l l s c a l e c r o s s - l a m i n a t i o n (20-50 mm s e t s ) 

w i t h i n t h e m i d d l e member. T w o - d i m e n s i o n a l i t y 

p r e c l u d e s any more p r e c i s e s t a t e m e n t o f p a l a e o c u r r e n t 

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

i n d i c a t e d . These f e a t u r e s a r e i l l u s t r a t e d i n f i g s . 

5.27, 5.28. Over f a c e s B, C, D, E, F and H t h e 

t h i c k n e s s o f t h e M a r l S l a t e does not exceed 0.2 m. 

At t h e east end o f f a c e A, 1.5 m o f t h e M a r l S l a t e i s 

v i s i b l e w h i l e a t t h e west end o f t h i s f a c e i t t h i c k e n s 

t o 2.45 m, f i l l i n g a l o c a l h o l l o w a few metres a c r o s s 

i n t h e sand s u r f a c e . A l s o a t t h i s p o i n t t h e t o p 

~ 0.5 m of Sand i n c l u d e s s e v e r a l c l a y p a r t i n g s and 

t h e M a r l S l a t e c o n t a i n s a number o f r i b s o f f i n e -

medium g r a i n e d , m o d e r a t e l y s o r t e d , w h i t e sand f r o m 

monolayers t o 5 cm t h i c k ( f i g . 5.29). None o f th e s e 

shows any s e d i m e n t a r y s t r u c t u r e s , save f o r a s i n u s o i d a l 
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vvaviness o f a m p l i t u d e 5-10 mm and w a v e l e n g t h 0-. 1-

0.2 m on t h e upper s u r f a c e s o f t h e t h i c k e r beds 

w i t h i n t h e M a r l S l a t e , and a s i m i l a r b u t more 

subdued f e a t u r e on t h e lower s u r f a c e s . Numerous 

c l a y - f i l l e d l a t e r f i s s u r e s and s m a l l f a u l t s c u t t h e 

r o c k a t t h i s l o c a l i t y , c o m p l i c a t i n g m a t t e r s somewhat. 

L a m i n a t i o n and g r a i n s i z e behave n o r m a l l y 

t h r o u g h o u t t h e q u a r r y . The sand i s y e l l o w though 

s a n d f l o w laminae of coarse sand may be c l e a n and 

w h i t e ; t h i s i s a common f e a t u r e i n t h e f o r m a t i o n . 

( v i i i ) F e r r y h i l l R a ilway C u t t i n g (NZ 303323). Map 

and S e c t i o n on E n c l . 2 

The next r i d g e s o u t h o f Bowburn c r o s s e s t h e 

coast a t Horden t o t e r m i n a t e near Deaf H i l l b e f o r e 

r e a c h i n g t h e l i n e of o u t c r o p . The e a s t e r n end o f 

t h e r i d g e exposed at F e r r y h i l l i s 5 km SW o f t h i s 

p o i n t . The F e r r y h i l l r i d g e has a proven l e n g t h o f 

l e s s t h a n 10 km, i t s o n l y exposure b e i n g t h a t drawn. 

The c u t t i n g i s o c c u p i e d by t h e main London t o 

Newcastle r a i l w a y l i n e , b u t i s wide enough f o r t h e r e 

t o be no danger t o g e o l o g i s t s and t h e r e a r e no 

problems w i t h access. 

Much o f t h e s u r f a c e of t h e o u t c r o p i s u n f a v o u r a b l y 

weathered, w i t h t h e l a m i n a t i o n b a d l y obscured. T h i s 

does not a f f e c t t h e d e t e r m i n a t i o n o f t h e o v e r a l l 

p a t t e r n of c r o s s - b e d d i n g , which once a g a i n i s o f 

o b l i q u e l y o r t r a n s v e r s e l y c u t trough-shaped s e t s . The 
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t r o u g h c e n t r e d on 110, 3 i s p a r t i c u l a r l y w e l l 

d e f i n e d , t h e d i p d i r e c t i o n w i t h i n i t v a r y i n g f r o m 

330° t o 190°. 

I n t h e n o r t h e r n p a r t o f t h e o u t c r o p t h e M a r l 

S l a t e i s obscured and i t s t h i c k n e s s cannot be 

measured u n t i l t h e 50 m mark, where i t reaches 0.3 m. 

Between 100 m and 125 m i t i s absent, Lower Magnesian 

Limestone r e s t i n g d i r e c t l y on sand. 10 m beyond t h e 

end o f t h e drawn s e c t i o n 1.1 m o f M a r l S l a t e i s 

p r e s e n t . 

I n g e n e r a l t h e t o p o f t h e sands conforms t o t h e 

normal p a t t e r n o f l o c a l l y f o s s i l i f e r o u s , s t r u c t u r e l e s s , 

reworked m a t e r i a l , o v e r l y i n g f l a t - l a m i n a t e d a e o l i a n 

sand. I n d e t a i l m a t t e r s are c o n s i d e r a b l y more 

c o m p l i c a t e d and ambiguous. The poor p r e s e r v a t i o n o f 

t h e r o c k poses a major o b s t a c l e t o d e s c r i p t i o n and 

i n t e r p r e t a t i o n - t h e l a m i n a t i o n obscured by t h e 

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

A p l anar-bedded zone 1-2 m t h i c k i s p r e s e n t a l o n g 

t h e whole l e n g t h o f t h e o u t c r o p a t t h e t o p o f t h e 

f o r m a t i o n . I t i s o v e r l a i n by 0.1-0.4 m of cemented, 

s l i g h t l y m o t t l e d , o t h e r w i s e homogeneous, d o l o m i t i c 

sand w i t h L i n g u l a f r a g m e n t s . The p r i n c i p a l problem 

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

t h e l a m i n a t i o n d i s p l a y e d by t h e planar-bedded zone. 

I t ranges f r o m c l e a r l y sand-sheet t y p e , t o c l e a r l y w i n d -

r i p p l e t y p e, t o a l l but o b l i t e r a t e d by w e a t h e r i n g t o 

what i s b e l i e v e d t o be a s p u r i o u s l i e s e g a n g - t y p e 

d i a g e n e t i c c o l o u r b a nding. 
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C o n t o r t e d l a m i n a t i o n o c c u r s at 50, 7; 66, 8; 

106, 7 and 116, 6 ( f i g . 5.30). The example a t 66, 8 

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

wise planar-bedded sand. 

The exposure i s a l l y e l l o w , g r a i n s i z e v a r i e s 

from f i n e t o coarse as u s u a l , and t h e l a m i n a t i o n i s 

of t h e u s u a l t y p e s d i s t r i b u t e d i n t h e u s u a l manner. 

A r a t h e r g r e a t e r p r o p o r t i o n o f t h e sand i s cemented 

t h a n i n o t h e r exposures, t h e cemented r i b s f o l l o w i n g 

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

( i x ) H i g h Moorsley (NZ 334457) 

T h i s exposure no l o n g e r e x i s t s . I t l a y on t h e 

s o u t h s i d e of t h e r o a d from High Moorsley t o 

P i t t i n g t o n , and c o n s i s t e d o f about 2 m o f r o c k 

s t r a d d l i n g t h e boundary between t h e Y e l l o w Sands and 

M a r l S l a t e ( f i g . 5.31). 

The l o c a l i t y showed 1.35 m of Marl S l a t e w i t h t h i n 

sands (maximum 15 mm t h i c k ) w i t h i n 50 mm of t h e base. 

T h i s l i e s on a s u r f a c e of cemented, coarse g r a i n e d , 

d o l o m i t i c sand showing i r r e g u l a r r e l i e f o f 50 mm. 

T h i s cemented sand i s 0.1-0.2 m t h i c k r e s t i n g on w i n d -

r i p p l e l a m i n a t e d sand, and i s s t r u c t u r e l e s s except 

f o r some v e r y w e l l d e f i n e d burrows found on a sample 

t a k e n near t h e base ( f i g . 5.32). The burrows are 

s t r a i g h t , i n c l i n e d and c y l i n d r i c a l w i t h smooth w a l l s , 

a d i a m e t e r of ~ 1 0 mm and v i s i b l e l e n g t h s up t o 60 mm. 

They have an i n f i l l o f s i l t - g r a d e d o l o m i t e . 
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The l o c a l i t y l i e s on t h e extreme s o u t h e r n m a r g i n 

of t h e K e t t o n - l e - H o l e t o Ryhope r i d g e . I n t h e Memoir 

( S m i t h and F r a n c i s , 1967, p. 99) t h e Sands ar e 

d e s c r i b e d as b e i n g 6 - 9 m t h i c k , wedging out a s h o r t 

d i s t a n c e s o u t h of t h e exposure. 

( x ) Elemore H a l l School (NZ 352443) 

Exposure here o c c u r s i n and o l d q u a r r y amongst 

t h e woods a s h o r t d i s t a n c e east of t h e main s c h o o l 

b u i l d i n g . The q u a r r y f a c e i s 25 m l o n g , up t o 2.5 m 

h i g h and o r i e n t e d a p p r o x i m a t e l y N-S. The t o p o f t h e 

Y e l l o w Sands i s exposed: i t i s l e v e l and o v e r l a i n by 

Lower Magnesian Limestone, though i t i s not c o m p l e t e l y 

c e r t a i n t h a t t h e LML i s i n s i t u . The uppermost 0.2 m 

of sand i s cemented. 0.04-0.1 m of t h i s i s s t r u c t u r e 

l e s s , t h e remainder w i n d - r i p p l e l a m i n a t e d and d i p p i n g 

10°-15° E o r NE. T h i s bed i s up t o 1 m t h i c k and 

o v e r l i e s cross-bedded, y e l l o w a e o l i a n sand d i p p i n g 

between ENE and NNE. The exposure i s 2 km SW o f H i g h 

Moorsley and c l o s e t o t h e n o r t h e r n edge o f t h e Sherburn 

t o Seaham r i d g e . The absence o f t h e M a r l S l a t e 

suggests a c o n s i d e r a b l e t h i c k n e s s o f sand i n t h e area, 

though t h e Memoir ( S m i t h and F r a n c i s , l o c . c i t . ) 

t e n t a t i v e l y mentions o n l y 6-9 m. 

( x i ) Cassop Vale (NZ 339383) 

T h i s exposure i s approached a l o n g a p u b l i c f o o t 

p a t h l e a d i n g west f r o m Cassop C o l l i e r y v i l l a g e . I t i s 

d e s c r i b e d i n t h e Memoir ( S m i t h and F r a n c i s , op. c i t . , 

p. 100) as showing 7 f t ( 2 m ) of sand. At p r e s e n t t h e 
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Y e l l o w Sands can o n l y be found by g r u b b i n g around 

among t r e e r o o t s ; most o f t h e q u a r r y i s i n Lower 

Magnesian Limestone. The M a r l S l a t e appears t o be 

absent, though t h e r e i s a gap i n t h e exposure of a 

few c e n t i m e t r e s between t h e l o w e s t LML and h i g h e s t 

Y e l l o w Sands. The t o p 0.2 m o f t h e Sands i s 

s t r u c t u r e l e s s , a n d cemented w i t h f l a t - l y i n g , w i n d -

r i p p l e l a m i n a t e d m a t e r i a l beneath. 

S m i t h and F r a n c i s ( l o c . c i t . ) suggest a 

p r o b a b l e t h i c k n e s s i n excess o f 30 m f o r t h e Y e l l o w 

Sands i n t h i s area, w h i c h i s i n t h e c e n t r e o f t h e 

Bowburn-Easington r i d g e . Such a t h i c k n e s s would be 

c o n s i s t e n t w i t h t h e absence o f t h e Marl S l a t e . 

( x i i ) Old Quarry, near Q u a r r i n g t o n H i l l (NZ 332374) 

About 6 m o f t h e t o p o f t h e f o r m a t i o n i s exposed 

i n t h i s s m a l l e x c a v a t i o n l y i n g about 300 m s o u t h o f 

t h e e a s t e r n end o f Q u a r r i n g t o n H i l l Quarry. The 

M a r l S l a t e i s p r e s e n t but i n c o m p l e t e l y exposed and 

r e s t s on 0.2 m o f hard d o l o m i t i c sand showing no 

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

exposure of 0.5 m o f medium-scale c r o s s - b e d d i n g 

d i r e c t e d southwards. Two o r t h r e e s e t s are p r e s e n t 

and t h e l a m i n a t i o n does not appear t o be o f an a e o l i a n 

t y p e . T h i s r e s t s on low a n g l e cross-bedded sand w i t h 

l a m i n a t i o n of u n c e r t a i n t y p e . Elsewhere i n t h e 

exposure a e o l i a n sand shows ov e r s t e e p e n e d f o r e s e t s . 
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( x i i i ) East T h i c k l e y (NZ 240257), and M i d d r i d g e 

(NZ 249252) 

S i t u a t e d j u s t a k i l o m e t r e a p a r t t h e s e two 

q u a r r i e s are i n Lower Magnesian Limestone but a l s o 

expose t h e B a s a l Permian B r e c c i a . East T h i c k l e y 

q u a r r y i s p a r t l y f i l l e d w i t h r u b b i s h and o n l y a v e r y 

s m a l l amount of r e l e v a n t exposure remains i n a d a r k , 

dank c o r n e r . M i d d r i d g e , however, p r o v i d e s a good 

s i z e d and f r e s h exposure i n M a r l S l a t e , B r e c c i a and 

t h e t o p o f t h e C a r b o n i f e r o u s . The l o c a l i t y i s des

c r i b e d i n d e t a i l by B e l l e t a l . (1979) and i s e s p e c i a l l y 

n o t a b l e f o r a r i c h M a r l S l a t e f l o r a and fauna. I t has 

c o n s e q u e n t l y been d e s i g n a t e d as a S i t e o f S p e c i a l 

S c i e n t i f i c I n t e r e s t , t hough i t s t i l l c o l l e c t s domestic 

r u b b i s h from t i m e t o t i m e , no-ont h a v i n g t a k e n t h e 

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

i m p o r t a n c e . 

The d e s c r i p t i o n o f t h e B r e c c i a p r o v i d e d by B e l l 

e t a l . ( op. c i t . , p. I l l ) i s e x c e l l e n t and t h o r o u g h , 

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

g l o m e r a t e r a t h e r t h a n a b r e c c i a . To summarise, t h e 

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

of sandstone and s i l t s t o n e and more rounded c l a s t s o f 

q u a r t z and q u a r t z i t e . F l a k y c l a s t s t e n d t o be 

o r i e n t e d s u b - h o r i z o n t a l l y , r e a c h i n g 0.15 m i n l e n g t h ; "the 

maximum s i z e of t h e q u a r t z p e b b l e s i s ~50 mm. O t h e r 

wise t h e d e p o s i t i s l a r g e l y u n s t r a t i f i e d w i t h a 

m a t r i x o f d o l o m i t i c s i l t and q u a r t z sand, i n c l u d i n g 
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many w e l l - r o u n d e d g r a i n s . The c o l o u r i s y e l l o w b u t 

g r e y when f r e s h and t h e E r e c c i a grades up i n t o t h e 

Ma r l S l a t e . The C a r b o n i f e r o u s s u r f a c e i s l a r g e l y 

smoothandunf i s s u r e d , w i t h t h e sandstone beneath l i g h t 

brown i n c o l o u r . N e g a t i v e a t t r i b u t e s o f t h e B r e c c i a 

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

t r a c e f o s s i l s ( e . g . r o o t s ) , c a l c a r e o u s c o n c r e t i o n s , 

and indeed s t r u c t u r e s o f any k i n d , s a v e f o r t h e 

o r i e n t a t i o n of b l a d e d c l a s t s and i n t e r c a l a t i o n s o f 

p e b b l y s i l t s t o n e mentioned by B e l l e t a l . 

P a l a e o c u r r e n t s 

To assess t h e wi n d regime under which t h e Y e l l o w 

Sands were d e p o s i t e d , measurements o f c r o s s - b e d d i n g d i p 

and d i p d i r e c t i o n were made on e v e r y a c c e s s i b l e s e t . 

The 239 r e a d i n g s w i t h a d i p o f g r e a t e r t h a n 10° were 

t h e n d i v i d e d i n t o 20° c l a s s i n t e r v a l s , and p l o t t e d on 

a s i n g l e r o s e diagram, g i v i n g t h e r e s u l t shown i n 

f i g . 5.33. No c o r r e c t i o n f o r t e c t o n i c d i p was 

necessary. The s t r i k i n g b i m o d a l i t y , w i t h one mode 

d i r e c t e d t o 180° and t h e o t h e r t o 290°, has i t s o n l y 

precedent among s t u d i e s o f a n c i e n t a e o l i a n sandstones, 

i n Clemmensen ( 1 9 7 8 ) . The v e c t o r mean, a t 235° 

b i s e c t s t h e two modes, and w i t h a r e m a r k a b l e and 

s t r i k i n g i n t e r n a l c o n s i s t e n c y c o r r e s p o n d s e x a c t l y 

w i t h t h e t r e n d o f t h e sand r i d g e s deduced from t h e 

is o p a c h map. 

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

w i t h more th a n 20 r e a d i n g s are shown i n f i g . 5.34. 

A l l 5 l o c a l i t i e s show b o t h modes w i t h v a r y i n g degrees 
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of e m p h a s i s due p r o b a b l y to i n s u f f i c i e n t s a m p l i n g 

r a t h e r t h a n any r e a l s y s t e m a t i c v a r i a t i o n . F i g . 5.36 

s h ows a l l t h e d a t a on a G l e n n i e ( 1 9 7 0 ) - t y p e d i a g r a m . 

F i g . 5.35 i s a h i s t o g r a m o f 242 m e a s u r e d a m o u n t s o f 

d i p by 4° c l a s s i n t e r v a l s . S i n c e t h i s p l o t i s d e r i v e d 

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

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

a n g l e s . The p o r t i o n of t h e g r a p h to t h e l e f t of t h e 

mode c a n h a v e no p h y s i c a l s i g n i f i c a n c e . The v a l u e of 

t h e d i a g r a m l i e s i n i t s i l l u s t r a t i o n of t h e s h a r p 

c u r t a i l m e n t of d i p v a l u e s a t a b o u t 28° ( v a l u e s w e r e 

m e a s u r e d to an a c c u r a c y o f _+ 1 ° ) . O n l y once ( a t 

S h e r b u r n H i l l , w e s t f a c e ) was a d i p of 34° e n c o u n t e r e d 

i n u n d i s t u r b e d s a n d , t h i s a n g l e b e i n g commonly q u o t e d 

a s t h e a n g l e of r e p o s e of d r y s a n d . 

Summary o f t h e S e d i m e n t a r y F e a t u r e s a t t h e Top o f t h e 

F o r m a t i o n 

T h i s s u b s e c t i o n i s i n c l u d e d to p r o v i d e a c o n c i s e 

and s e p a r a t e a c c o u n t of t h e top of t h e f o r m a t i o n i n 

o r d e r to p r o p e r l y e m p h a s i z e f e a t u r e s w h i c h h a v e 

c o n s i d e r a b l e i m p o r t a n c e , b o t h t o t h e i n t e r p r e t a t i o n of 

t h e d e p o s i t i o n of t h e Y e l l o w S a n d s and t h e m e c h a n i c s 

of t h e Z e c h s t e i n t r a n s g r e s s i o n . 

The t o p o g r a p h y of t h e t o p s u r f a c e of t h e r i d g e s 

i s f a i r l y s u b d u e d , w i t h t h e most r e l i e f ( ~ 20 m) and 

t h e s t e e p e s t s l o p e s ( ~ 15°) e x p o s e d a t S h e r b u r n H i l l 

( s e e f i g . 5.11+.) . O t h e r e x p o s u r e s ( T y n e m o u t h , M c C a l l ' s , 

H e t t o n Downs, B o w b u r n , Q u a r r i n g t o n H i l l and F e r r y h i l l ) 
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show b r o a d , g e n t l e mounds w i t h s l o p e s of 10° or l e s s . 
No r e l i e f of t h e s i z e or s h a p e of d u n e s i s p r e s e n t and 
n o w h e r e d o e s t h e s t r u c t u r e of u n d e r l y i n g c r o s s - b e d d e d 
s a n d a p p e a r to b e a r any r e l a t i o n to t h e top s u r f a c e . 
( S e e E n d s . 1 - 8 ) . 

D e t a i l e d m e a s u r e d s e q u e n c e s of a c c e s s i b l e p a r t s 

of t h e t o p a t S h e r b u r n H i l l a n d Q u a r r i n g t o n H i l l a r e 

shown on f i g s . 5.1b and 5.26. F i g s . 5 -1*7, 5 J o , 5 . 

5 . 1 1 , 5 . 1 3 , 5 . 17 - 5 . 24 , 5 . 27 - 5. 32 i l l u s t r a t e t h e s e 

f e a t u r e s . The s e q u e n c e i s s u m m a r i s e d and c o m p a r e d 

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

s o u t h e r n N o r t h S e a and P o l a n d i n f i g . 5 . 3 7 . 

O v e r t h e 840 m of e x p o s u r e of t h e top of t h e 

f o r m a t i o n i n s p e c t e d , 14 s a m p l e s of g e n t l y c o n t o r t e d 

and o v e r - s t e e p e n e d c r o s s l a m i n a e w e r e s p o t t e d . The 

most e x t r e m e e x a m p l e i s a t F e r r y h i l l ( f i g . 5 . 3 0 ) , 

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

z o n e . D i s t u r b e d p l a n a r - b e d d e d s a n d was a l s o s e e n i n a 

l o o s e b l o c k a t B o w b u r n . The v a r i a b i l i t y of t h e 

p l a n a r - b e d d e d zone s h o u l d be s t r e s s e d . I t i s n o t a 

c o n t i n u o u s , homogeneous w h o l e ; b o u n d i n g s u r f a c e s and 

c r o s s - b e d d e d s e t s a r e t r u n c a t e d by t h e t o p of t h e 

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

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

a r e a l f e a t u r e , o c c u p y i n g n e a r l y 7 0 % of t h e e x p o s e d 

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

l e s s t h a n 2 0 % of t h e f o r m a t i o n a l o n g a l i n e 5 m b e l o w 

t h e t o p . I t c o n s i s t s of w i n d - r i p p l e l a m i n a t e d s a n d , 

w i t h s a n d - s h e e t t y p e d e v e l o p e d a t Bowburn and F e r r y h i l l . 
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R e w o r k e d s a n d ( i n c l u d i n g b i o t u r b a t i o n i n t h e 

d e f i n i t i o n of r e w o r k i n g ) o c c u p i e s 9 7 % of t h e e x p o s e d 

l e n g t h of t o p , b e i n g a b s e n t o n l y o v e r 25 m of f a c e s E 

and F a t Q u a r r i n g t o n H i l l . The r e w o r k e d z o n e i s t h e 

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

v a r y i n g much f r o m a t h i c k n e s s o f 0 . 1 - 0 . 3 m and a l w a y s 

b e i n g e i t h e r s t r u c t u r e l e s s or c l e a r l y b i o t u r b a t e d . 

The f a u n a i s r e s t r i c t e d to d i s a r t i c u l a t e d L i n g u l a 

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

and m o u l d s l i t t e r e d s p o r a d i c a l l y o v e r t h e top s u r f a c e . 

The o n l y e v i d e n c e of a c t i v e r e w o r k i n g , w h e r e t h e s a n d 

was moved and r e d e p o s i t e d i n f l o w i n g w a t e r , i s t h e 

t h r e e e x a m p l e s of p o s s i b l e w a t e r l a i n c r o s s - l a m i n a t i o n 

a t t h e e a s t end o f Q u a r r i n g t o n H i l l Q u a r r y 

( f i g . 5 . 2 7 ) . 

O t h e r m i n o r f e a t u r e s o f t h e t o p a r e t h e s m a l l 

a n a s t o m o s i n g o r i s o l a t e d r i d g e s s e e n a t H e t t o n Downs 

( f i g . 5 . 1 3 ) , Bowburn and S h e r b u r n H i l l , and t h e 

l i n e a t i o n s on a p a r t i n g p l a n e w i t h i n r e w o r k e d s a n d a t 

t h e n o r t h e r n end of Bowburn Qu'arry. C l a y p a r t i n g s a r e 

p r e s e n t i n r e w o r k e d s a n d on f a c e A a t Q u a r r i n g t o n H i l l 

and a t t h e s o u t h e r n end of S h e r b u r n H i l l e a s t f a c e 

( f i g s . 5.1b, 5 . 2 6 ) . T h e s e must d e m o n s t r a t e l o c a l i s e d 

r e d i s t r i b u t i o n p o s t - t r a n s g r e s s i o n , as must t h e t h i n 

s a n d s t o n e r i b s i n t h e l o w e r p a r t of t h e M a r l S l a t e 

s e e n a t H i g h M o o r s l e y and i n f a c e A, Q u a r r i n g t o n H i l l . 

At a much l a t e r s t a g e t h e Y e l l o w S a n d s was p a r t l y 

i n v o l v e d i n l a r g e s c a l e s u b m a r i n e s l u m p i n g and s l i d i n g 

d u r i n g L o w e r M a g n e s i a n L i m e s t o n e t i m e s ( S m i t h and 
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P a t t i s o n , 1 9 7 2 ) . The s a n d i n t h e s l u m p e d b e d s i s 

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

b l o c k s . 

Summa r y 

The Y e l l o w S a n d s a r e d i s p o s e d i n a s e r i e s of 

p a r a l l e l r i d g e s o r i e n t e d r o u g h l y N.E.-S.W. and on 

a v e r a g e , 2 km w i d e , 1 km a p a r t and 24 m h i g h . The 

S a n d s do n o t r e s t i n h o l l o w s on t h e s u r f a c e of t h e 

u n d e r l y i n g C a r b o n i f e r o u s s t r a t a . T h e y a r e o v e r l a i n by 

t h e M a r l S l a t e and s u c c e e d i n g Z e c h s t e i n c a r b o n a t e 

s e q u e n c e , t h e M a r l S l a t e t h i n n i n g o v e r e m i n e n c e s i n 

t h e Y e l l o w S a n d s r i d g e s . 

The f o r m a t i o n i s f o r t h e most p a r t c o n s t i t u t e d of 

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

3-6 m t h i c k and 30-50 m w i d e . The t o p p a r t of t h e 

f o r m a t i o n c o n s i s t s of l a t e r a l l y e x t e n i v e f l a t -

l a m i n a t e d and s t r u c t u r e l e s s s a n d up to a few m e t r e s 

t h i c k . The b a s e of t h e f o r m a t i o n i s a l s o made up of 

f l a t - l a m i n a t e d s a n d , t h o u g h t h i s u n i t i s l e s s 

l a t e r a l l y e x t e n s i v e t h a n t h e u p p e r ; c r o s s - b e d d e d s a n d 

r e s t i n g on C a r b o n i f e r o u s s t r a t a i n p l a c e s . 

C r o s s - b e d d i n g a z i m u t h s d e r i v e d f r o m t h e f o r m a t i o n 

show a b i m o d a l p a t t e r n , w i t h one mode d i r e c t e d to t h e 

S., one to t h e W.N.W. The v e c t o r r e s u l t a n t i s 

d i r e c t e d t o 2 3 5 ° , p a r a l l e l to t h e t r e n d of t h e 

r i d g e s . 
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CHAPTER 6 

THE D E P O S I T I O N OF THE YELLOW SANDS 

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

H a v i n g d e s c r i b e d t h e l i t h o l o g y , d i s t r i b u t i o n and 

s e d i m e n t a r y s t r u c t u r e s of t h e Y e l l o w S a n d s i n 

C h a p t e r 5, t h i s C h a p t e r p r o p o s e s an i n t e r p r e t a t i o n of 

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

o f t h e Z e c h s t e i n t r a n s g r e s s i o n . The p e t r o g r a p h y and 

g r a i n s i z e c h a r a c t e r i s t i c s of t h e f o r m a t i o n a r e 

d i s c u s s e d i n C h a p t e r 7. 

S E C T I O N 6.1 BEDFORMS, BOUNDING SURFACES AND WIND 

REGIME 

The i n d i v i d u a l r i d g e s shown on t h e i s o p a c h map 

a r e l o n g i t u d i n a l d r a a . T h e i r s i z e and r e g u l a r i t y of 

s p a c i n g and d i r e c t i o n a l l o w no o t h e r i n t e r p r e t a t i o n . 

The c o n s i s t e n c y of d i m e n s i o n , o r i e n t a t i o n and r e l a t i v e 

p o s i t i o n c o m p e l s t h e i r i n t e r p r e t a t i o n as b e d f o r m s . 

T h e r e i s no e v i d e n c e t h a t t h e y a r e f i x e d by f e a t u r e s 

d e v e l o p e d on or i n t h e u n d e r l y i n g C a r b o n i f e r o u s . I f 

t h e r i d g e s a r e b e d f o r m s ( i n a e o l i a n s a n d ) t h e y c a n 

o n l y be d r a a - no o t h e r b e d f o r m h a s a 2 km s p a c i n g . 

The p a r a l l e l s y m m e t r i e s of t h e d r a a and t h e 

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

i n S e c t i o n 2.4 c a n be i g n o r e d , ( a t l e a s t as f a r as t h e 

d r a a a r e 
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concerned, see pp. • The c o i n c i d e n c e o f t h e r i d g e 

t r e n d and p a l a e o c u r r e n t r e s u l t a n t ( i n t e r p r e t e d as t h e 

net s a n d - d r i f t d i r e c t i o n ) i s d e f i n i t i v e o f l o n g i t u d i n a l 

bedforms. 

There does not seem t o be any r e g u l a r p e a k i n g 

o f t h e r i d g e s t h a t m i g h t suggest t h e development o f 

superposed s t e l l a t e d raa forms, though t h e t h i c k n e s s 

d a t a i s not dense enough t o be c e r t a i n . The average 

t h i c k n e s s o f t h e r i d g e s (24 m) i s not g r e a t as draa 

h e i g h t s go (up t o 430 m, W i l s o n , 1970, p. 19) and 

i n d e e d i s l e s s t h a n t h e t h i c k n e s s o f some i n d i v i d u a l 

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

However, next t o n o t h i n g i s known o f t h e v e r t i c a l 

t h i c k n e s s o f modern l o n g i t u d i n a l draa and i n t h e case 

of t h e Y e l l o w Sands i t i s p o s s i b l e t h a t sand may have 

been eroded from t h e r i d g e s i m m e d i a t e l y b e f o r e , d u r i n g , 

o r a f t e r t h e Z e c h s t e i n t r a n s g r e s s i o n . 

The i s o p a c h map shows t h a t t h e r e must be a t l e a s t 

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

d r a a , assuming t h e s u r f a c e o f t h e C a r b o n i f e r o u s t o be 

p l a n e . V a r i a t i o n s o f t h e o r d e r o f 10 m per k i l o m e t r e 

are r e c o r d e d . Given t h e d e n s i t y o f t h e d a t a t h i s may. 

not mean much, s e r v i n g o n l y t o demonstrate t h a t t h e draa 

are not r e g u l a r , f l a t - t o p p e d p r i s m s . Dune-sized 

f e a t u r e s are not d e t e c t a b l e . 

Since l o n g i t u d i n a l d r a a can m i g r a t e o n l y by 

e x t e n s i o n at t h e i r downwind end and l a c k s l i p f a c e s o f 

t h e i r own,the c r o s s - b e d d i n g o f t h e Y e l l o w Sands must 

have been developed by m i g r a t i n g dunes. The shape and 
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b e h a v i o u r of t h e s e d u n e s and t h e d e v e l o p m e n t of t h e 
d r a a i s r e c o r d e d i n t h e c r o s s - b e d d i n g . C e r t a i n 
f e a t u r e s a r e i m m e d i a t e l y o b v i o u s : t h e b r o a d t r o u g h -
s h a p e d n a t u r e o f many s e t s i n d i c a t i n g t h a t t h e d u n e s 
w e r e of t h e s i n u o u s t r a n s v e r s e v a r i e t y and t h a t o n l y 
l u n a t e e l e m e n t s a r e p r e s e r v e d . The s m o o t h p r o f i l e of 
t h e l a m i n a e i n s e c t i o n s p a r a l l e l t o p a l a e o c u r r e n t 
shows t h a t t h e p r e s e r v e d p a r t s of t h e d u n e s had 
s m o o t h l y c u r v i n g l e e s i d e s . P r o b l e m s open to f u r t h e r 
d i s c u s s i o n and a r g u m e n t a r e : ( i ) t h e i n t e r p r e t a t i o n 
of t h e p a l a e o c u r r e n t d i a g r a m , ( i i ) t h e s p e c i f i c a t i o n 
o f t h e f o r m a t i v e w i n d r e g i m e , ( i i i ) t h e m e a n i n g of t h e 
s a n d - s h e e t d e p o s i t s , ( i v ) a s s i g n i n g p a r t i c u l a r c a u s e s 
to b o u n d i n g s u r f a c e s , ( v ) t h e s i z e of t h e d u n e s 
i n v o l v e d and ( v i ) t h e r a t e of d e p o s i t i o n of t h e 
f o r m a t i o n . . 

The P a l a e o c u r r e n t d i a g r a m 

T h i s ( f i g . 5 . 3 3 ) r a i s e s t h e q u e s t i o n of w h e t h e r 

t h e r e w e r e one or two s e t s of d u n e s p r e s e n t on t h e 

r i d g e s , e a c h s e t c o r r e s p o n d i n g to a mode of t h e 

p a l a e o c u r r e n t d i a g r a m . I f i t c o u l d be e s t a b l i s h e d 

t h a t two s e t s e x i s t e d , t h e modes of f i g . 5.33 c o u l d be 

t a k e n as r e p r e s e n t i n g r e a l w i n d s ( o n a dune s c a l e , s e e 

C h . 2 ) . I f o n l y one dune s e t e x i s t e d t h e n t h e modes 

m i g h t be due e i t h e r to r e a l w i n d s or t h e s e c o n d a r y 

f l o w s of a s i n g l e , N . E . ' l y w i n d , p r o v i d i n g an e x a m p l e 

of t h e a m b i g u i t y h i g h l i g h t e d i n S e c t i o n 2.6. 

W h i c h e v e r i n t e r p r e t a t i o n p e r t a i n s , t h e r e s u l t a n t of 

f i g . 5.33 may s t i l l be t a k e n a s t h e n e t s a n d - d r i f t 

d i r e c t i o n , j u s t i f y i n g t h e l a b e l l i n g of t h e d r a a as 

l o n g i t u d i n a l . 
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The p a l a e o c u r r e n t diagram r e c o r d s t h e o r i e n t a t i o n s 

o f laminae making up t h e f o r m a t i o n . Those laminae 

mark f o r m e r p o s i t i o n s o f dunes. I t i s t h e r e f o r e 

p o s s i b l e t o r e c o n s t r u c t t h e p l a n shape o f t h e 'average' 

dunes capable o f g e n e r a t i n g t h e observed d i s t r i b u t i o n 

of d i p a z i m u t h s . T h i s , l eads t o t h e r e s u l t s shown i n 

f i g . b . l . The s i n g l e dune set s o l u t i o n accounts f o r 

93% o f t h e d a t a and r e q u i r e s t h a t t h e p r e s e r v e d p a r t s 

of t h e dunes were v e r y t i g h t l y c u r v e d , encompassing 

170° o f a z i m u t h , w i t h t h e dune f a c i n g a t about 230°. 

The two dune s e t s o l u t i o n i n v o l v e s two s i m i l a r l y shaped 

l e e s i d e s w i t h much more g e n t l e c u r v a t u r e , one s e t 

f a c i n g j u s t west o f s o u t h , t h e o t h e r t o t h e WNW. 

These s o l u t i o n s c a r r y t h e i m p l i c i t and f a l s e assumption 

of d e t e r m i n i s t i c bedform b e h a v i o u r . Any a l l o w a n c e o f 

a s t a n d a r d d e v i a t i o n o f dune m i g r a t i o n and o r i e n t a t i o n 

would reduce t h e c u r v a t u r e s of t h e r e c o n s t r u c t e d l e e 

s i d e s . The diagrams do not r e p r e s e n t r e a l bedforms 

i n any sense. 

A u n i f o r m i t a r i a n approach t o t h e r e s o l u t i o n o f 

t h i s q u e s t i o n can bear l i t t l e f r u i t - i n f o r m a t i o n 

about dune p a t t e r n s on l o n g i t u d i n a l draa i s not 

a v a i l a b l e . Two p hotographs i n McKee 1979a(one o b l i q u e 

a e r i a l p h o t o g r a p h , t h e f r o n t i s p i e c e ; and one ground 

p h o t o g r a p h , f i g . 67 ) are a l l t h a t i s a v a i l a b l e 

on w h i c h b o t h dunes and draa are r e s o l v a b l e . N e i t h e r 

of t h e s e l o o k c a p a b l e of p r o d u c i n g a b i m o d a l p a l a e o 

c u r r e n t p a t t e r n . 

The t h e o r y expounded i n Chapter 2 would f a v o u r t h e 
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e x i s t e n c e of a s i n g l e bedform s e t , whether developed 

by secondary f l o w s o f a u n i d i r e c t i o n a l wind or t h e 

p r i m a r y f l o w o f a bimodal wind regime. 

However, t h i s i s not an o c c a s i o n f o r t h e 

e x e r c i s e o f t h e o r y . The q u e s t i o n s h o u l d be answerable 

by r e f e r e n c e t o t h e r o c k s . I f t h e bedforms behaved 

s y s t e m a t i c a l l y , t h e p r e v i o u s presence of two d i f f e r e n t 

o r i e n t a t i o n s o f dune s h o u l d be e a s i l y d e t e c t a b l e : 

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

d e t e c t a b l e i n most v e r t i c a l s e c t i o n s . E x t e n s i v e 

h o r i z o n t a l s e c t i o n s , i f t h e y e x i s t e d , would show t h e 

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

a l s o be d e t e c t e d by m u l t i p l e d i p r e a d i n g s from i n d i v 

i d u a l s e t s . The u n q u a n t i f i a b l e random element 

xuherent i n bedform b e h a v i o u r and shape (and t h e 

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

b l u r s and confuses a l l t h e s e i d e a l i s t i c d i s t i n c t i o n s . 

The q u e s t i o n can best be r e s o l v e d by e x a m i n a t i o n 

of t h e 3 l a r g e o u t c r o p s : Sherburn H i l l west f a c e 

( E n c l . 5 ) , McCall's Quarry (.End. 3) and H e t t o n Downs 

Quarry ( E n c l . 4 ) . The evidence suggests t h a t o n l y one 

dune s e t was p r e s e n t . For i n s t a n c e , Sherburn H i l l west 

f a c e beyond t h e 50 m mark i s o r i e n t e d 020°-200° and 

would be expected t o show some p e r f e c t l y t r a n s v e r s e 

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

Vast s e t s appear t o be o b l i q u e s e c t i o n s , becoming 

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

NW-SE. T h i s f i t s t h e s i n g l e dune s e t model o f f i g . 

b . l . The c u r v a t u r e o f t h e t r o u g h s deduced from 
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m u l t i p l e d i p m e a s u r e m e n t s , d e t a i l e d i n t h e p r e v i o u s 
s e c t i o n , a l s o s a t i s f i e s t h e h y p o t h e s i s of a s i n g l e dune 
s e t . H o w e v e r , t h i s c o n c l u s i o n must l a c k , a c e r t a i n 
amount of c o n v i c t i o n i n t h e a b s e n c e of h o r i z o n t a l 
e x p o s u r e . The c u r v a t u r e of t h e c r o s s - b e d d i n g i s by no 
means u n i f o r m ; t h e l o w e s t e x p o s e d s e t i n p a r t of 
M c C a l l ' s Q u a r r y t u r n s t h r o u g h o n l y 30° of d i p a z i m u t h 
i n a s e c t i o n 80 m l o n g a c r o s s s t r i k e . N e v e r t h e l e s s , 
t h e c o n c e n s u s of t h e o u t c r o p d a t a i s t h a t o n l y one 
dune s e t was p r e s e n t d u r i n g t h e d e p o s i t i o n of t h e 
Y e l l o w S a n d s . 

Wind R e g i m e 

The d i s t r i b u t i o n of c r o s s - b e d d i n g d i p a z i m u t h s 

l a b e l l e d as a p a l . a e o c u r r e n t d i a g r a m i n f i g . 5.33 m i g h t 

be i n t e r p r e t e d a s r e p r e s e n t i n g : 

( 1 ) r e g i o n a l N . ' l y and E . S . E . ' l y w i n d s , 

a l t e r n a t i n g on p r o b a b l y a s e a s o n a l o r d i u r n a l 

b a s i s , 

( 2 ) s e c o n d a r y f l o w s on a d r a a s c a l e , v i z . t h e 

h e l i c o i d a l v o r t i c e s of Hanna ( 1 9 6 9 ) , G l e n n i e 

( 1 9 7 0 , p. 9 1 ) and o t h e r s , 

( 3 ) s e c o n d a r y f l o w s on a dune s c a l e , a f t e r W i l s o n 

( 1 9 7 2 ) and C o o k e and W a r r e n ( 1 9 7 3 , pp. 2 9 8 -

2 9 9 ) . 

The b i m o d a l r e g i o n a l w i n d r e g i m e h a s to be s e e n 

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

a e o l i a n s a n d s t o n e f o r m a t i o n s of L o w e r P e r m i a n age 

e l s e w h e r e i n G r e a t B r i t a i n . T h e s e a r e a l l u n i m o d a l , 

r a n g i n g f r o m N . E . ' l y to S . E . ' l y ( f i g . 4 . 3 ) . The N . ' l y 

w i n d c o n t r i b u t i n g to t h e Y e l l o w S a n d s i s most 

i n c o n g r u o u s . The p r e s e r v a t i o n of l o n g i t u d i n a l d r a a i n 

t h e Y e l l o w S a n d s 
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i s a l s o most i n c o n g r u o u s ; perhaps t h e r e i s a l i n k . 

I t may be t h a t t h e ( n e c e s s a r i l y t r a n s v e r s e ) bedforms 

developed on t h e e x t e n s i v e , c o n t i n u o u s sand cover 

of o t h e r areas f i l t e r e d o u t t h e b i m o d a l i t y o f t h e 

wind. E x a m i n a t i o n o f t h e Permian c o n t i n e n t 

r e c o n s t r u c t i o n ( f i g . 4.2) and comparison w i t h a map 

of t h e modern w o r l d r e v e a l s t h e p o s s i b i l i t y t h a t a 

de-pressi'©r> may have developed over s o u t h e r n Russia 

d u r i n g Permian summers. T h i s would have been caused 

by h e a t i n g o f t h e landmass i n t h a t area g e n e r a t i n g 

r i s i n g a i r , analogous t o t h e modern c l i m a t e o f 

s o u t h e r n A s i a . C i r c u l a t i o n around t h i s d e p r e s s i o n c o u l d 

have b r o u g h t about a summer NNE'ly wind (Permian NNE 

i n B r i t a i n = modern N) over B r i t a i n . R a i n f a l l would 

not have been induced, t h e upwind c i r c u l a t i o n l y i n g 

e n t i r e l y over l a n d . I n w i n t e r t h e SE t r a d e s would 

t a k e over. Such a wind regime e x i s t s over I r a n i n 

t h e p r e s e n t day (Times A t l a s o f t h e World, P I . 4 ) . 

A l t e r n a t i v e l y t h e Y e l l o w Sands N ' l y might be a 

K a t a b a t i c w i n d d r a i n i n g o f f t h e Mid N. Sea H i g h (see 

f i g . 5.2b). I t s a l t e r n a t i o n w i t h t h e E ' l y would t h e n 

have been d i u r n a l . 

A t r u e b i m o d a l i t y o f t h e w i n d , d e r i v e d by what

ever method,conforms t o t h e view suggested i n F r y b e r g e r 

(1979a) f o r t h e o r i g i n o f l o n g i t u d i n a l dunes and draa. 

T h i s i s t h a t a wide unimodal or bimodal wind i s 

necessary (see pp.33-.34). 

The a l t e r n a t i v e view, t h a t o f c o n t r a - r o t a t i n g 

s p i r a l v o r t i c e s developed from a u n i d i r e c t i o n a l r e g i o n a l 

http://pp.33-.34


f l o w o r i e n t e d p a r a l l e l t o t h e draa can a l s o be 

accommodated by t h e Y e l l o w Sands. I n t h i s i n s t a n c e 

t h e two modes o f t h e wind r e p r e s e n t t h e i n f l u e n c e 

o f t h e opposing v o r t i c e s s i t u a t e d e i t h e r s i d e o f 

each draa. 

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

d i r e c t i o n a l r e g i o n a l w i n d , any d r a a - s i z e d s p i r a l 

v o r t i c e s i n t h i s case h a v i n g no i n f l u e n c e on t h e 

dunes (hence t h e i r presence c o u l d not be c o n f i r m e d 

or d e n i e d f r o m t h e p a l a e o c u r r e n t d i a g r a m ) . I n t h i s 

case t h e extreme s i n u o u s i t y o f t h e dunes would be 

a t t r i b u t e d s o l e l y t o dun e - s i z e d secondary f l o w s . 

The two modes a r e t h e n s p u r i o u s , as i n t h e p r e c e d i n 

i n s t a n c e and t h e r e a l wind i s a NE'ly (Permian 

E ' l y ) . 

E s t a b l i s h i n g a p r e f e r e n c e among these t h r e e 

i n t e r p r e t a t i o n s i s not easy - a l l t h e models s u f f e r 

f r o m a d e a r t h o f documented modern analogues, as i s 

so o f t e n t h e case w i t h t h e w i n d i e s . T h i s enhances 

F r y b e r g e r ' s (1979oi) work as t h e o n l y s t u d y o f t h e 

r e l a t i o n between wind and bedform shape. H i s 

c o n c l u s i o n s suggest t h a t something more tha n a 

unidmodal wind i s r e q u i r e d t o develop l o n g i t u d i n a l 

bedforms. On t h i s b a s i s t h e v a l i d i t y o f t h e two 

modes of f i g . 5.33 becomes more c o m p e l l i n g and a 

p r e f e r e n c e has t o be s t a t e d f o r a bimodal r e g i o n a l 

wind. I f t h e wind had been unimodal t h e Y e l l o w 

Sands would p r o b a b l y have developed as barchan or 

t r a n s v e r s e draa ( t h i s i s an i m p o r t a n t p o i n t ) , such 



as t h o s e f i g u r e d by G l e n n i e (1970, f i g s . 76, 7 8 ) . 

E s t a b l i s h i n g a p r e f e r e n c e f o r t h e cause o f a 

bimodal wind regime l i e s beyond t h e realms o f 

s e d i m e n t o l o g y (and f a c t ) . 

Sand-sheet d e p o s i t s 

These make up a p p r o x i m a t e l y 4% o f t h e exposed 

p a r t s of t h e f o r m a t i o n . The example o c c u r i n g a t 

t h e base of each f a c e i n Sherburn H i l l Sand P i t may 

be c o n t i g u o u s and hence l a t e r a l l y e x t e n s i v e . I t 

i s 5 m t h i c k i n t h e west f a c e and a t l e a s t 6 m i n t h e 

east f a c e ( E n d s 5 and 6 ) . Other examples ar e 

found i n f a c e s H and I a t Q u a r r i n g t o n H i l l Quarry 

( E n c l . 8 ) ; a t t h e t o p o f t h e f o r m a t i o n at Bowburn 

(212, 11, E n c l . 7 ) ; a t 75, 05, a t McCal]'s Quarry 

( E n c l . 3 ) ; a t 05, 02; 30, 01 and 80, 02 a t N o r t h 

H y l t o n ( E n c l . 2 ) ; and a t 35, 01 i n t h e C u l l e r c o a t s 

s e c t i o n ( E n c l . 1 ) . L a t e r a l e x t e n s i v e n e s s i n a l l 

t h e s e examples i s p o s s i b l e but cannot be proven. 

At Bowburn t h e sand—sheet m a t e r i a l l i e s i m m e d i a t e l y 

below sand reworked by t h e Z e c h s t e i n t r a n s g r e s s i o n . 

One example a t N o r t h H y l t o n (05, 02) r e s t s on t h e 

C a r b o n i f e r o u s . The v e r t i c a l p o s i t i o n w i t h i n t h e 

f o r m a t i o n of t h e o t h e r examples cannot be d e t e r m i n e d 

w i t h c o n f i d e n c e . Most, however, c o u l d q u i t e 

f e a s i b l y be o n l y a few metres above t h e base. 

W h i l s t t h e C u l l e r c o a t s example c o n t a i n s f i n e 

p e bbles and s e v e r a l o t h e r examples c o n t a i n e d v e r y 

f i n e pebbles o n l y — 2% o f t h e s i e v e d sand-sheet 
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samples exceeded 1 mm i n d i a m e t e r . I n a s a n d f l o w 

sample t a k e n f r o m 52, 06 a t Bowburn, 20% of t h e 

g r a i n s were c o a r s e r t h a n 1 mm. The c r u c i a l f e a t u r e 

of t h e sand-sheet m a t e r i a l i s not i t s mean s i z e b u t 

i t s w e l l d e f i n e d b i m o d a l i t y , w i t h two e q u a l l y r e p 

r e s e n t e d modes of coarse and f i n e o r v e r y f i n e sand. 

The mean of most o t h e r samples, and t h e average o f 

th e means o f a l l t h e s i e v e d samples f a l l s n e a t l y 

i n t o t h e gap i n t h e sand-sheet d i s t r i b u t i o n s . 

The sand-sheet d e p o s i t s always show low o r 

n e g l i g i b l e p r i m a r y d i p s , d e m o n s t r a t i n g t h a t t h e y 

must have a c c r e t e d as f l a t , d u n e - l e s s , b u t p r o b a b l y 

r i p p l e d s u r f a c e s . T h i s must be due t o t h e e f f e c t 

expounded by Eagnold ( 1 9 4 1 , p. 180) whereby a cover 

of c o arse g r a i n s over a s u r f a c e i n c r e a s e s i t s 

sand-passing a b i l i t y w h i l s t d e c r e a s i n g i t s c a p a c i t y 

t o t r a p sand. F i n e sand i s t h o u g h t t o accumulate 

by i n t e r p e n e t r a t i o n o f t h e coarse mode on each 

r i p p l e . Cnce i n i t i a t e d , s u c h a s u r f a c e may be s e l f p e r 

p e t u a t i n g , capable o f t r a p p i n g f i n e sand a t a r a t e 

governed by t h e s u p p l y o f coarse g r a i n s w h i l s t medium 

g r a i n s pass on u n h i n d e r e d . The s i e v e d samples show 

t h a t by mass t h e r e s u l t i n g a c c u m u l a t i o n i s d i v i d e d 

r o u g h l y 50-50 between f i n e and coarse. The q u e s t i o n 

i s : how might such a s u r f a c e be i n i t i a t e d ? 

What i s d e s i r e d i n a r e l a t i v e e nrichment i n t h e 

coarse sand p o p u l a t i o n . T h i s does not i n v o l v e t h e 

sudden i n f l u e n c e o f a new s u p p l y o f g r a i n s much c o a r s e r 
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than t h e r e s t of t h e f o r m a t i o n , but m e r e l y a 

s e l e c t i v e enhancement o f one p a r t i c u l a r component 

i n t h e normal s u p p l y . There are a number of ways 

of d o i n g t h i s , none t e s t a b l e by r e f e r e n c e t o t h e 

r o c k s . 

The coarse mode, moving by s u r f a c e creep, 

tends t o be h e l d up a t t h e f o o t o f i n c l i n e s . Thus 

i f t h e draa went t h r o u g h an i n i t i a l s t a g e o f g r o w t h 

as sand sheets t h e i r a c c e s s i b i l i t y t o coarse sand 

would be i n c r e a s e d w h i l s t t h e r e l i e f o f t h e mounds 

remained low. As t h e mounds aggraded, t h e coarse 

sand s u p p l y would d i m i n i s h and t r u e dunes would 

d e v e l o p . T h i s i s a p o t e n t i a l e x p l a n a t i o n of t h o s e 

developments o f sand sheet m a t e r i a l l o c a t e d a t o r 

near t h e base o f t h e . f o r m a t i o n . 

A l t e r n a t i v e l y t h e d u n e - l e s s s u r f a c e s m i g h t 

develop by d e f l a t i o n i f t h e wind l o a d ever f e l l 

below s a t u r a t i o n . T h i s c o u l d o n l y occur at t h e 

upwind p a r t s of t h e e r g because t h e ensuing 

d e f l a t i o n would l o a d up t h e wind i n a v e r y s h o r t 

d i s t a n c e . However any sand s h e e t s so developed, o f 

whatever area, m i g h t t h e n m i g r a t e downwind, j u s t as 

any o t h e r bedform, f o r as l o n g as i t was not swamped 

and o b l i t e r a t e d by medium sand. I f d e p o s i t i o n 

c o n t i n u e d over t h e sand sheet d u r i n g m i g r a t i o n i t 

c o u l d b u i l d up a planar-bedded " s e t " . 

I f t h e draa reached e q u i l i b r i u m ( i . e . ceased 

t o grow v e r t i c a l l y ) a t any s t a g e , t h e superimposed 

dunes would, on average, cease t o c l i m b as t h e y 

m i g r a t e d . I t i s p o s s i b l e t h a t t h e y would s t i l l l e a v e 
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a r e s i d u e o f t h e c o a r s e r , l e s s m o b i l e g r a i n s as 

t h e y passed, t h u s a r m o u r i n g t h e s u r f a c e and perhaps 

g e n e r a t i n g a sand she e t . 

As a f i n a l p o s s i b i l i t y , p a r t i c u l a r l y v i g o r o u s 

storms m i g h t sweep s u f f i c i e n t c o arse g r a i n s o n t o 

th e d r a a t o suppress dunes f o r a w h i l e . 

The demise of t h e sand sheets seems t o come 

about s i m p l y by t h e r e s u m p t i o n o f dune m i g r a t i o n 

a c ross t h e area, t h e r e s u l t i n g c r o s s - b e d d i n g b e i n g 

s e p a r a t e d f r o m t h e sand sheet by a bounding s u r f a c e . 

Nowhere was a g r a d u a l t r a n s i t i o n upwards n o t e d . 

Circumstances t h a t m i g h t b r i n g t h i s about are 

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

o f a sand s h e e t . I f t h e sand sheet areas a r e a b l e 

t o m i g r a t e t h e y c o u l d c o n c e i v a b l y do so at t h e same 

speed as t h e s u r f a c e creep, and a c o u p l e of o r d e r s 

of magnitude f a s t e r t h a n a dune. On t h e o t h e r hand 

t h e y m i g h t be h e l d up by an i n c l i n e ( e . g . t h e w i n d 

ward s i d e of dunes) l y i n g downwind. Thus i t i s not 

c l e a r whether sand sheets can be o v e r t a k e n and 

smothered, o r are j u s t n a t u r a l l y f o l l o w e d by 

m i g r a t i n g dunes. I t i s p o s s i b l e t h a t an a b n o r m a l l y 

abundant s u p p l y o f medium sand may be r e q u i r e d t o 

swamp them. A l t e r n a t i v e l y i t m i g h t be s t a t e d t h a t 

t h e normal b e h a v i o u r of upwind t r a n s v e r s e dunes would 

t e n d t o f i l t e r out t h e coarse sand s u p p l y t o t h e 

e x t e n t t h a t any sand sheet w i t h such dunes upwind i s 

r a p i d l y s t r a n g l e d . 
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A number of m e c h a n i s m s f o r b o t h t h e b i r t h and 

d e a t h of s a n d s h e e t s c a n be i m a g i n e d , t h o u g h a few 

s e n t e n c e s of u n t e s t e d h y p o t h e s i s do n o t n e c e s s a r i l y 

c o n s t i t u t e v a l i d i t y . N e v e r t h e l e s s t h e i d e a s p r e s e n t e d 

a b o v e s u g g e s t t h a t s a n d - s h e e t d e p o s i t s may be 

p r e s e r v e d w i t h o u t s i g n i f y i n g any s p e c i f i c r a d i c a l 

e v e n t s or c h a n g e s i n c o n d i t i o n s of d e p o s i t i o n of t h e 

Y e l l o w S a n d s . T h e s e p r o c e s s e s m u s t , h o w e v e r , be 

e n h a n c e d by t h e l o n g i t u d i n a l n a t u r e of t h e d r a a , 

w h e r e b y no a r e a o f Y e l l o w S a n d s i s more t h a n 2 km f r o m 

an i n t e r d r a a c o r r i d o r . T h e s e may w e l l h a v e 

f u n c t i o n e d as s o u r c e s or p a s s a g e w a y s f o r t h e t r a n s p o r t 

of c o a r s e g r a i n s . 

B o u n d i n g S u r f a c e s 

F i r s t o r d e r b o u n d i n g s u r f a c e s s h o u l d be a b s e n t 

f r o m t h e f o r m a t i o n b e c a u s e l o n g i t u d i n a l d r a a do n o t 

m i g r a t e and c l i m b o v e r e a c h o t h e r . S e c o n d o r d e r 

s u r f a c e s may be p r e s e n t , b u t t h e p i c t u r e s h o u l d be 

d o m i n a t e d by 3 r d and 4 t h o r d e r s u r f a c e s : t h o s e due to 

t h e m i g r a t i o n and m o d i f i c a t i o n of d u n e s . I n t h e 

o u t c r o p d e s c r i p t i o n s of t h e p r e v i o u s chapter- i t was 

i n d e e d r e p e a t e d l y s t a t e d t h a t t h e p a t t e r n of b o u n d i n g 

s u r f a c e s w i t h i n t h e Y e l l o w S a n d s c o u l d be e x p l a i n e d as 

two o r d e r s of a h i e r a r c h y . 

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

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

E x t e n s i v e s u r f a c e s and t h o s e s e p a r a t i n g s e t s d i f f e r i n g 

i n d i p by a c o n s i d e r a b l e amount w e r e l a b e l l e d 3 r d 

o r d e r . O t h e r s u r f a c e s t r u n c a t i n g t h e s e w e r e a l s o 

l a b e l l e d 3 r d o r d e r . ' H a n g i n g ' s u r f a c e s , s u c h as t h o s e 

a t 2 4 0 , 12 and 2 4 5 , 12 i n M c C a l l ' s Q u a r r y w e r e a b o u t 

t h e o n l y t y p e t h a t c o u l d c o n f i d e n t l y be l a b e l l e d 4 t h 

o r d e r . The p r i n c i p a l i n s t r u c t i v e f u n c t i o n of t h i s 

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



c o m p l e x i t y and i n t r a c t i b i l i t y of bounding s u r f a c e s 

i n a e o l i a n s a n d s t o n e . E x p o s u r e s s u c h as M c C a l l ' s 

Q u a r r y and t h e west f a c e of S h e r b u r n H i l l Sand P i t 

a r e dominated by 3 r d o r d e r s u r f a c e s , m o s t l y 

i d e n t i f i a b l e w i t h a r e a s o n a b l e d e g r e e of c o n f i d e n c e 

and showing some r e g u l a r i t y i n arrangement. S m a l l e r 

f a c e s , s u c h as f a c e s A, H and I at Q u a r r i n g t o n H i l l 

and S h e r b u r n H i l l n o r t h f a c e , examined from c l o s e r 

r a n g e and where more d e t a i l was d i s c e r n i b l e , show a 

dense and p e r l e x i n g a r r a y of s u r f a c e s w i t h l i t t l e 

r e g u l a r i t y . H i e r a r c h i e s may make f o r w o n d e r f u l l y 

e l e g a n t t h e o r i e s but a r e not so g r e a t i n p r a c t i c e . 

The o v e r a l l form of t h e lower s u r f a c e of e a c h 

s e t i s c l e a r l y t r o u g h - s h a p e d , o r i n t h e form of a 

l o n g i t u d i n a l segment of an e x t r e m e l y p r o l a t e 

e l l i p s o i d ; as i f a s a u c e r were c o n s i d e r a b l y 

s t r e t c h e d a l o n g one d i a m e t e r . Cut t r a n s v e r s e l y , t h e 

r e s u l t i n g t r o u g h s a r e 30-50 m wide. I n l o n g i t u d i n a l 

s e c t i o n t h e y r e a c h 90 m a t M c C a l l ' s Q u a r r y ( 7 0 m a t 

S h e r b u r n H i l l ) w i t h o u t e i t h e r end b e i n g s e e n . 

Measured a t t h e i r t h i c k e s t p o i n t , s e t s a r e t y p i c a l l y 

3-6 m t h i c k , maximum 11 m. 

I t i s p o s s i b l e t h a t t h e lower b o u n d a r i e s of 

some of t h e a c c u m u l a t i o n s of s a n d - s h e e t t y p e l a m i n a e 

r e p r e s e n t 2nd o r d e r bounding s u r f a c e s . The d e f i n i t i o n 

( t h a t t h e s u r f a c e s r e c o r d d r a a m o d i f i c a t i o n ) would be 

s a t i s f i e d f o r t h o s e examples i n d u c e d by t e m p o r a r y 

s t a b i l i s a t i o n of t h e d r a a . Whether t h e development 

of l i m i t e d sand s h e e t a r e a s can be count e d a s d r a a 
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m o d i f i c a t i o n and h e n c e m e r i t a 2nd o r d e r s u r f a c e i s a 
moot p o i n t , t h o u g h one w h i c h goes some way to p u s h 
back, t h e f r o n t i e r s of h a i r - s p l i t t i n g . 

On t h e w h o l e t h e p i c t u r e p r o v i d e d by t h e l a r g e r 

e x p o s u r e s i s one of s i n u o u s t r a n s v e r s e d u n e s c l i m b i n g 

and m i g r a t i n g i n a f a i r l y r e g u l a r way a l o n g t h e d r a a . 

The d e p o s i t s of e a c h dune a r e o n l y p r e s e r v e d o v e r a 

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

c a n be a s s e s s e d f r o m t h e p r e s e n t e x p o s u r e . F o u r t h 

o r d e r s u r f a c e s a r e g e n e r a l l y n o t p r e s e r v e d , or a r e n o t 

d i s t i n g u i s h a b l e w i t h c o n f i d e n c e . 

Dune S i z e 

W i l s o n ( 1 972b) s u g g e s t s t h a t i n s i n u o u s t r a n s v e r s e 

b e d f o r m s t h e w a v e l e n g t h s of t h e l o n g i t u d i n a l and 

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

p r e s e r v e d i n t h e Y e l l o w S a n d s (up t o 40 o r 50 m i n t h e 

b e s t e x p o s e d s a m p l e s a t S h e r b u r n H i l l ) s e t s a l o w e r 

l i m i t on t h e l o n g i t u d i n a l w a v e l e n g t h . Thus t h e w a v e 

l e n g t h of t h e Y e l l o w S a n d s d u n e s m i g h t h a v e b e e n 5 0 -

100 m. ( T h e r e l a t i o n s h i p h!_ = ^ s i n 9 w o r k e d o u t 

on pp. 44 - 46 a p p l i e s o n l y to d u n e s on t h e l e e - s i d e 

o f a t r a n s v e r s e d r a a ) . K o c u r e k and D o t t ( 1 9 8 1 ) , i n a 

r e c e n t p a p e r , p r o v i d e a g r a p h of g r a i n f l o w ( = s a n d -

f l o w ) maximum t h i c k n e s s v e r s u s s l i p f a c e h e i g h t s , 

m e a s u r e d a t t h e L i t t l e S a h a r a dune f i e l d , U t a h . 

E x t r a p o l a t i n g t h i s g r a p h a t y p i c a l Y e l l o w S a n d s 

maximum s a n d f l o w t h i c k n e s s of 40 mm i n d i c a t e s a 

s l i p f a c e h e i g h t o f 20 m, t h o u g h t h e method s h o u l d n o t 

be t r u s t e d too much. 

O t h e r w i s e , t h e s i z e of t h e d u n e s w h i c h 

c o n t r i b u t e d to t h e Y e l l o w S a n d s r e m a i n i n d e t e r m i n a t e , 

e x c e p t to s a y t h a t t h e y w e r e g e n e r a l l y l a r g e r t h a n 

c.5 m ( a t y p i c a l s e t t h i c k n e s s ) . 
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The R a t e of D e p o s i t i o n of t h e F o r m a t i o n 

T h o s e d u n e s whose d e p o s i t s a r e p r e s e r v e d i n t h e 

Y e l l o w S a n d s l e f t t r o u g h - s h a p e d s e t s w i t h an a v e r a g e 

t h i c k n e s s of t h e o r d e r o f 2 m ( s p r e a d i n g t h e v o l u m e o f 

t h e t r o u g h o u t as a f l a t s l a b of t h e same w i d t h ) . 

W h e t h e r e v e r y dune or j u s t a t i n y f r a c t i o n d e p o s i t e d 

s a n d c a n n o t be d e t e r m i n e d . I f t h e d u n e s had an 

u n l i m i t e d l i f e t i m e , a l l d e p o s i t e d a 2 m e q u i v a l e n t 

s l a b , had a w a v e l e n g t h of t h e o r d e r of 100 m and 

c e l e r i t y of a b o u t 1 m p e r y e a r ( p l u c k i n g ' r e a s o n a b l e ' 

f i g u r e s o u t of t h e a i r ) t h e d r a a w o u l d h a v e grown 

v e r t i c a l l y a t 20 mm p e r y e a r ( g i v e n by e q u i v a l e n t s e t 

t h i c k n e s s - t i m e t a k e n to m i g r a t e one w a v e l e n g t h ) . 

T h i s must be a maximum f i g u r e , g i v e n t h e a s s u m p t i o n s 

of d e t e r m i n i s t i c dune b e h a v i o u r . I t i n d i c a t e s a 

minimum g r o w t h t i m e of t h e d r a a o f 1000 - 2000 y e a r s , 

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

r a t e . 

A l t e r n a t i v e l y , c o n s i d e r a t y p i c a l modern s a n d -

d r i f t r a t e of 10m^/m/yr, of w h i c h s a y 3 0 % ( a 

c o m p l e t e g u e s s ) i s r e t a i n e d i n t h e Y e l l o w S a n d s e r g 

d u r i n g d r a a g r o w t h . The mean s p r e a d - o u t s a n d d e p t h i s 

a b o u t 15 m. On t h i s b a s i s e a c h 10 km l e n g t h of t h e 

e r g ( m e a s u r e d p a r a l l e l to t h e r i d g e s ) w o u l d h a v e t a k e n 

5 0 , 0 0 0 y e a r s to a c c u m u l a t e . T h i s may be a h i g h 

e s t i m a t e i n t h a t a d o u b l i n g of t h e s a n d d r i f t r a t e 

w o u l d n o t be u n r e a s o n a b l e , j u d g i n g by f i g u r e s g i v e n by 

F r y b e r g e r ( 1 9 7 9 a ) . T h i s f i g u r e i s f e l t to be more 

r e a l i s t i c t h a n t h a t d e r i v e d f r o m dune p a r a m e t e r s . 



S E C T I O N 6.2 THE Z E C H S T E I N TRANSGRESSION 

P r e v i o u s Work 

S m i t h ( 1 9 7 0 , 1 9 7 9 , 1 9 8 0 ) h a s p o s t u l a t e d t h a t t h e 

t r a n s g r e s s i o n w h i c h t e r m i n a t e d d e p o s i t i o n of t h e 

a e o l i a n Y e l l o w S a n d s and b r o u g h t i n t h e r e s t r i c t e d 

m a r i n e M a r l S l a t e may h a v e o c c u r r e d e x t r e m e l y r a p i d l y , 

f i l l i n g i n a m a t t e r of w e e k s or months a f o r m e r b a s i n 

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

b e l o w s e a l e v e l . The e v i d e n c e , p a r a p h r a s e d f r o m S m i t h 

( 1 9 7 9 ) , c e n t r e s a r o u n d t h r e e p o i n t s : 

1. T h e r e i s good s e d i m e n t o l o g i c a l and 

s t r a t i g r a p h i c a l e v i d e n c e f o r t h e e x i s t e n c e of a 

l a r g e e n d o r e i c d e s e r t b a s i n i n t h e s o u t h e r n N o r t h 

S e a a r e a d u r i n g t h e E a r l y P e r m i a n . F l o o d i n g o f 

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

t h e p r e - e x i s t i n g t o p o g r a p h i c c l o s u r e . 

2. The p r e s e r v a t i o n of t h e Y e l l o w S a n d s as 

a p p a r e n t l y u n c e m e n t e d r i d g e s . The d r a a w o u l d 

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

e n c r o a c h i n g t i d a l s e a i n a more ' n o r m a l ' 

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

3. The M a r l S l a t e , t h o u g h t h i n n e d by s l u m p i n g o f f 

b u r i e d s l o p e s , i s " l i t t l e t h i n n e r on t h e 

e m i n e n c e s t h a n on i n t e r v e n i n g l o w e r a r e a s " . 

L i t h o l o g y , f a u n a and t r a c e e l e m e n t c o m p o s i t i o n 

a r e c o n s t a n t on and b e t w e e n e m i n e n c i e s , w i t h t h e 

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

s u g g e s t i n g a l a c k of d i a c h r o n e i t y . 
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P o i n t 3 i s open to c r i t i c i s m . E x a m i n a t i o n of t h e 

l a r g e r e x p o s u r e s ( M c C a l l ' s Q u a r r y , H e t t o n Downs 

Q u a r r y , S h e r b u r n H i l l S a n d P i t , Bowburn Q u a r r y and 

Q u a r r i n g t o n H i l l Q u a r r y ) shows t h a t t h e M a r l S l a t e i s 

c o n s i d e r a b l y t h i n n e d , commonly to l e s s t h a n 0.2 m, i n 

p l a c e s to l e s s t h a n 0.1 m, o v e r t h e c r e s t s of r i d g e s . 

At C a s s o p V a l e , E l e m o r e and o v e r p a r t s of F e r r y h i l l 

r a i l w a y c u t t i n g t h e M a r l S l a t e i s a b s e n t . T h e s e 

v a r i a t i o n s a r e a l s o r e c o r d e d by T u r n e r e_t a _ l . ( 1978 ) 

who g i v e a maximum t h i c k n e s s f o r t h e member of o v e r 

5 m n e a r R u s h y f o r d ( 1 5 km s o u t h o f D u r h a m ) . Some of 

t h e v a r i a t i o n may be due to s l u m p i n g , e . g . a t 

F e r r y h i l l w h e r e t h e t h i c k n e s s c h a n g e s a c r o s s a g e n t l y 

s o u t h w a r d - s l o p i n g Y e l l o w S a n d s s u r f a c e f r o m z e r o to a t 

l e a s t 1.1 m i n a h o r i z o n t a l d i s t a n c e of o n l y 15 m. 

However a t Q u a r r i n g t o n H i l l Q u a r r y t h e M a r l S l a t e i s 

t h i n o v e r a n e a r p e r f e c t l y f l a t s u r f a c e of Y e l l o w 

S a n d s ; s l u m p i n g c o u l d n o t h a v e t a k e n p l a c e t h e r e . 

T h e r e c a n be l i t t l e d o u b t t h a t t h e r e l i e f of t h e 

Y e l l o w S a n d s d r a a h a s i n d u c e d c o m p l e m e n t a r y v a r i a t i o n s 

i n t h e M a r l S l a t e . 

N e v e r t h e l e s s i t r e m a i n s a f a c t t h a t t h e Y e l l o w 

S a n d s s h o u l d h a v e b e e n r e w o r k e d i n a n o r m a l , s l o w 

t r a n s g r e s s i o n and t h a t t h e s o u t h e r n ( a n d n o r t h e r n ) 

P e r m i a n b a s i n was c l o s e d and e n d o r e i c and may w e l l 

h a v e l a i n b e l o w s e a l e v e l . 
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The E v i d e n c e of t h e S e d i m e n t a r y S t r u c t u r e s 

I n d i v i d u a l l y , t h e i m m e d i a t e c a u s e s of t h e v a r i o u s 

c o m p o n e n t s of t h e t o p of t h e Y e l l o w S a n d s , d e s c r i b e d 

i n S e c t i o n 5.2, a r e e a s i l y i n t e r p r e t e d and s h o u l d n o t 

be c o n t r o v e r s i a l . 

The d i s t u r b e d c r o s s - b e d d i n g i s a s u b s u r f a c e 

f e a t u r e of t h e k i n d a n a l y s e d by Doe and D o t t ( 1 9 8 0 ) , 

d e v e l o p e d i n s a n d f u l l y s a t u r a t e d w i t h w a t e r by 

l o c a l i s e d and s h o r t - l i v e d l i q u e f a c t i o n of h i g h l y 

p o r o u s s a n d . I t must be p o s t - t r a n s g r e s s i o n b e c a u s e 

t h e Y e l l o w S a n d s d r a a , s i t t i n g i s o l a t e d on b e d r o c k and 

s e p a r a t e d by s a n d - f r e e c o r r i d o r s , c o u l d not p o s s i b l y 

h a v e r e t a i n e d a n y t h i n g more t h a n c a p i l l a r y w a t e r 

w h i l s t s u b a e r i a l l y e x p o s e d . I t i s p o s s i b l e t h a t t h e 

c o n t o r t i o n may h a v e o c c u r r e d s p o n t a n e o u s l y on w e t t i n g , 

w i t h o u t t h e u s u a l c y c l i c l o a d i n g or e a r t h q u a k e s h o c k s 

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

p o r o s i t y of t h e s a n d s may h a v e b e e n o v e r 4 5 % and t h e 

s i m p l e r e p l a c e m e n t of a i r by w a t e r as t h e p o r e f l u i d 

m i g h t h a v e i n i t i a t e d t h e i n s t a b i l i t y . I t i s e v i d e n t 

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

t h a t t h e l i q u e f a c t i o n was v e r y s h o r t l i v e d and 

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

r e d u c t i o n . R e s t r i c t i o n of t h e c o n t o r t i o n s to t h e s a n d 

i m m e d i a t e l y b e l o w t h e top may be e x p l a i n e d by 

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

c o m p a c t i o n , or a s m a l l amount of i n f i l t r a t e d c l a y 

l e n d i n g a s l i g h t c o h e s i v e n e s s to t h e s a n d . The 

p l a n a r - b e d d e d zone g e n e r a l l y e s c a p e d t h e s l u m p i n g 
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b e c a u s e of i t s much l o w e r i n i t i a l p o r o s i t y , w h i c h was 

p r o b a b l y i n t h e r e g i o n o f 4 0 % . T h a t i t d i d n o t 

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

c o n t o r t i o n o c c u r r e d a f t e r i t s d e p o s i t i o n . 

The p l a n a r - b e d d e d zone h a s a l w a y s p r e v i o u s l y b e e n 

r e g a r d e d a s s u b a q u e o u s i n o r i g i n ( e . g . S m i t h & 

P a t t i s o n , 1 9 7 2 , p. 7 0 ) . I t s l a m i n a t i o n shows i t to be 

a e o l i a n ; t h i s i s a b s o l u t e l y i n c o n t r o v e r t i b l e . T h e r e 

i s so much m a t e r i a l e l s e w h e r e w i t h i n t h e Y e l l o w S a n d s 

i d e n t i c a l i n e v e r y r e s p e c t t h a t a d e n i a l of t h e 

a e o l i a n o r i g i n of t h e p l a n a r - b e d d e d z o n e i s t a n t a m o u n t 

t o i n t e r p r e t i n g t h e w h o l e f o r m a t i o n a s b e i n g o f 

s u b a q u e o u s o r i g i n . 

I t c a n n o t be a c o i n c i d e n c e t h a t t h e p l a n a r — b e d d e d 

z one c o v e r s 7 0 % of t h e d r a a . More s p e c i f i c a l l y , i f 

t h e t r a n s g r e s s i o n had i n v o l v e d l a r g e - s c a l e e r o s i o n of 

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

s h o u l d c e a s e a t or w i t h i n an u n u s u a l l y e x t e n s i v e bed 

of f l a t - l a m i n a t e d s a n d s i t t i n g a t r o u g h l y t h e same 

h e i g h t i n e v e r y r i d g e ( t h e r e i s no g r e a t d i f f e r e n c e i n 

t h i c k n e s s o f t h e S a n d s f r o m one r i d g e to t h e n e x t ) . 

The l a t e r a l e x t e n s i v e n e s s of t h e p l a n a r - b e d d e d zone 

must i n d i c a t e t h a t v e r y l i t t l e s a n d h a s bee n r e m o v e d 

f r o m t h e r i d g e s : i t must h a v e b e e n d e v e l o p e d i n 

a t y p i c a l c o n d i t i o n s ( t h e r e i s no o t h e r s i m i l a r l y 

e x t e n s i v e f e a t u r e i n t h e f o r m a t i o n ) i n f l u e n c i n g t h e 

w h o l e e r g b e f o r e t h e t r a n s g r e s s i o n . I t i s p o s s i b l e to 

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

s i t u a t i o n , a e o l i a n - w i s e . 
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The m odel f o r t h e g r o w t h of an e r g w i t h 

i n c o m p l e t e s a n d c o v e r d e v e l o p e d i n C h a p t e r 1 i n d i c a t e s 
t h a t o n c e t h e d r a a r e a c h e d an e q u i l i b r i u m s i z e , 
d e p o s i t i o n i n t h e Y e l l o w S a n d s e r g c o u l d h a v e c e a s e d , 
w i t h s a n d - d r i f t c o n s t a n t o v e r t h e Durham a r e a d u r i n g 
an i n d e t e r m i n a t e p e r i o d p r e c e d i n g t h e Z e c h s t e i n . 

I t i s d u r i n g t h i s p e r i o d t h a t t h e u p p e r 

s a n d - s h e e t and r e l a t e d d e p o s i t s of t h e Y e l l o w S a n d s -

t h e p l a n a r - b e d d e d zone - must h a v e a c c u m u l a t e d . The 

o r i g i n o f t h i s u n i t c a n be e x p l a i n e d u s i n g t h e i d e a s 

on pp. 137-/^3. 

As e x p l a i n e d p r e v i o u s l y , t h e d e p o s i t i o n of s a n d -

s h e e t and a s s o c i a t e d d e p o s i t s may be c o n t i n g e n t on t h e 

p r e s e n c e of a s u r f a c e c r e e p of c o a r s e s a n d p r o v i d i n g a 

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

may p e n e t r a t e and some to r e s t . The a c c u m u l a t i o n of 

s u c h d e p o s i t s may be i n d e p e n d e n t of t h e r a t e of s a n d -

d r i f t , a p a r t f r o m r e q u i r i n g a n o n - d e p o s i t i o n a l s y s t e m 

f o r t h e f i n e r s a n d ( d e f a u l t on t h i s c o n d i t i o n w o u l d 

l e a d to t h e s m o t h e r i n g of t h e s u r f a c e c r e e p by l a r g e 

b e d f o r m s o f medium s a n d ) . 

Low, f l a t - t o p p e d l o n g i t u d i n a l d r a a a t e q u i l i b r u i m 

i n a r e l a t i v e l y s m a l l e r g a r e t h u s i d e a l - i n d e e d 

i n e v i t a b l e - s i t e s f o r t h e a c c u m u l a t i o n of 

s a n d - s h e e t s . They a r e p u r e l y s a n d - p a s s i n g b e d f o r m s , 

a n y s u p e r i m p o s e d d u n e s b e i n g ( o n a v e r a g e ) 

n o n - d e p o s i t i o n a 1 . T h i s s t a t e w o u l d p r o m o t e t h e f i r s t 

a c c u m u l a t i o n of a r e s i d u a l c o a r s e - g r a i n e d a r m o u r , 

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



152 
p a s s a g e o f d u n e s . As s u c c e s s i v e l a y e r s of t h i s a r m o u r 

a d v a n c e d , t h e i n t e r s t i c e s b e t w e e n t h e g r a i n s w o u l d be 

f i l l e d by a s u i t a b l y f i n e p o r t i o n of t h e p a s s i n g s a n d -

d r i f t . The f i n e l a m i n a t i o n of t h e p l a n a r - b e d d e d z o n e 

must show t h a t d e p o s i t i o n was f r o m r i p p l e - l i k e 

b e d f o r m s , and n o t f r o m n e b u l o u s , i n e x o r a b l y s p r e a d i n g 

s h e e t s : t h e l a m i n a e of t h e p l a n a r - b e d d e d zone a r e 

c l i m b i n g t r a n s l a t e n t s t r a t a . The i n t e r p e n e t r a t i o n 

p r o c e s s most l i k e l y t a k e s p l a c e a t t h e c r e s t s of t h e 

g e n e r a t i n g r i p p l e - l i k e f o r m s . 

I n a d d i t i o n to t h e p r e s e r v a t i o n of t h e 

p l a n a r - b e d d e d z o n e , t h e l a c k of m a r i n e e r o s i o n of t h e 

d r a a i s i n d i c a t e d by t h e c o m p l e t e a b s e n c e of 

s u b s t a n t i a l q u a n t i t i e s of r e w o r k e d s a n d . The o b v i o u s 

p l a c e to l o o k i s i n t h e i n t e r - d r a a a r e a s , y e t h e r e t h e 

a v e r a g e s a n d t h i c k n e s s i s o n l y 2 o r 3 m. G i v e n t h a t 

t h e d r a a o c c u p y r o u g h l y 6 0 % o f t h e a r e a of t h e e r g , 

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

d r a a by a maximum o f 2 m. 

The p o s s i b i l i t y t h a t t h e Y e l l o w S a n d s b o r e an 

e a r l y c e m e n t w h i c h p r e v e n t e d r e w o r k i n g m e r i t s a few 

w o r d s . Any c e m e n t w o u l d most l i k e l y h a v e b e e n of 

gypsum, d e r i v e d f r o m t h e d i s s o l u t i o n and r e p r e c i p i t a t -

i o n of c l a s t i c gypsum. A p o s s i b l e p o t e n t i a l s o u r c e of 

gypsum l i e s i n p l a y a s e d i m e n t s i n t h e c e n t r e of t h e 

n o r t h e r n P e r m i a n b a s i n ( t h e w e l l known s a b k h a 

e v a p o r i t e s of t h e s o u t h e r n P e r m i a n b a s i n a r e n o t a 

c a n d i d a t e : t h e y do n o t l i e up s a n d - d r i f t f r o m t h e 

Y e l l o w S a n d s ) . F i r s t of a l l i t i s d o u b t f u l w h e t h e r a 
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m i n e r a l as f r a g i l e as gypsum c o u l d h a v e s u r v i v e d t h e 

j o u r n e y , s e c o n d l y t h e r e i s no p e t r o g r a p h i c e v i d e n c e t o 

s u p p o r t t h i s i d e a . Nor i s t h e r e a ny e v i d e n c e a t 

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

Mass B a l a n c e and P a l a e o g e o g r a p h i c a l C o n s i d e r a t i o n s 

T h e s e m a t t e r s , t h o u g h l a r g e l y s p e c u l a t i v e , a r e 

i m p o r t a n t c o n s i d e r a t i o n s w h i c h n e e d to be h e e d e d i n 

any s u g g e s t e d h i s t o r y of t h e Z e c h s t e i n t r a n s g r e s s i o n . 

P a l a e o g e o g r a p h i e s of t h e N o r t h S e a a r e a d u r i n g 

t h e E a r l y P e r m i a n show t h a t b o t h t h e n o r t h e r n and 

s o u t h e r n P e r m i a n b a s i n s w e r e c l o s e d and e n d o r e i c ( e . g . 

Z i e g l e r , 1 9 8 1 ) . T h a t b e i n g t h e c a s e , any i n f l u x o f 

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

r a p i d t r a n s g r e s s i o n . The v e r y f a c t t h a t any 

t r a n s g r e s s i o n t o o k p l a c e r e n d e r s i t i m p o s s i b l e t h a t 

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

b e l o w c o n t e m p o r a r y s e a l e v e l . S u c h a t r a n s g r e s s i o n 

w o u l d i n e v i t a b l y h a v e f i l l e d t h e b a s i n s to s e a l e v e l , 

a t a s p e e d c o n s t a i n e d o n l y by t h e c h a r a c t e r i s t i c s of 

t h e f e e d i n g c h a n n e l . 

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

B o r e a l O c e a n , t h e main mass of w h i c h l a y some 1400 km 

N. o f Durham d u r i n g t h e E a r l y P e r m i a n ( p a l a e o g e o g r a p h y 

i n R o n n e v i k , 1 9 8 1 ) . At t h e l a s t , j u s t one b a r r i e r 

must h a v e l a i n b e t w e e n t h e O c e a n and up to 1000 km of 

c h a n n e l w a y l e a d i n g to t h e N o r t h S e a a r e a d e s e r t s . 

Once t h i s b a r r i e r was b r e a c h e d , w h e t h e r by s t o r m , 

e a r t h q u a k e or n a t u r a l b a c k g r o u n d e r o s i o n , t h e r e s u l t -
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i n g f l o o d w o u l d h a v e b e e n c o n s t r a i n e d o n l y by t h e s i z e 

and s h a p e of t h e p o r t a l and t h e c o n v o l u t i o n s of t h e 

c h a n n e l . 

A p o s s i b l y s i m p l i f i e d v e r s i o n of e v e n t s c a n be 

e n v i s a g e d w h e r e b y t h e b a s i n i s f i l l e d v i a a s t e e p 

w a t e r f a l l f r o m t h e B o r e a l O c e a n , t h u s a v o i d i n g t h e 

a s s e s s m e n t of any c o n s t r a i n t s p o s e d by a f e e d e r 

c h a n n e l and m i n i m i s i n g f i l l i n g t i m e s . I n t h i s 

i n s t a n c e t h e n e t i n f l o w i s c o n t r o l l e d by t h e mean 

d e p t h of w a t e r a t t h e h e a d of t h e f a l l s , t h e w i d t h of 

t h e f a l l s , and t h e r a t e o f e v a p o r a t i v e l o s s . 

The r e s u l t s of s u c h a m o d e l a r e p l o t t e d i n 

f i g . b.2. f f o r a b a s i n of a r e a 10^ km^ ( m e a s u r e d 

f r o m Z i e g l e r ' s ( 1 9 8 1 ) p a l a e o g r a p h y ) and g u e s s t i m a t e d 
A 

mean d e p t h of 300 m. The p r o b l e m now i s to g u e s s a t 

t h e s i z e o f t h e w a t e r f a l l . A minimum f i l l t i m e o f 

s e v e r a l y e a r s to a few d e c a d e s seems to be i n d i c a t e d : 

t h e a n a l y s i s s e r v e s t h e p u r p o s e of s h o w i n g t h a t t h e 

n o t i o n of a c o m p l e t e f l o o d t a k i n g j u s t w eeks or months 

( S m i t h , 1 9 7 9 ) i s d i f f i c u l t to s u s t a i n . 

D i s c u s s i o n 

B e i n g so f a r removed f r o m t h e v i c i n i t y of t h e 

i n f l u x , t h e w a t e r s must h a v e r i s e n q u i t e q u i e t l y o v e r 

t h e Y e l l o w S a n d s d r a a . H o w e v e r , i t r e m a i n s a w o r r y 

t h a t d e s p i t e b e i n g p a r t i a l l y s u b m e r g e d or s u b m e r g e d 

but a b o v e wave b a s e f o r p e r h a p s s e v e r a l y e a r s , t h e 

Y e l l o w S a n d s show no s i g n of s i g n i f i c a n t r e w o r k i n g : 

one m i g h t c e r t a i n l y h a v e e x p e c t e d a t l e a s t a few 
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s t o r m s d u r i n g t h e p e r i o d i n w h i c h wave b a s e was 

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

T h e i r n u m e r o u s p r e s e n c e and s t r e a m l i n e d n a t u r e 

must h a v e a c t e d to r e d u c e r e w o r k i n g . The r i s i n g 

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

l a k e s , b r e a k i n g up and b a f f l i n g wave a c t i o n . The 

t o p m o s t l a y e r s of t h e Y e l l o w S a n d s , b e i n g f o r m e d of 

s a n d - s h e e t and w i n d - r i p p l e l a m i n a e , w o u l d h a v e b e e n 

q u i t e f i r m and r e l a t i v e l y r e s i s t a n t to e r o s i o n : s u c h 

s u r f a c e s c a n r e a d i l y b e a r t h e w e i g h t of motor c a r s 

( B a g n o l d , 1 9 4 1 ) . 

Some e v i d e n c e of c u r r e n t r e w o r k i n g may w e l l o n c e 

h a v e b e e n p r e s e n t : t y p i c a l l y t h e t o p m o s t 0.2 m of t h e 

f o r m a t i o n i s now p r e s e r v e d a s b i o t u r b a t e d s a n d , a l l 

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

T h e r e f a c t o r s , a c t i n g i n c o n c e r t w i t h t h e 

r a p i d i t y o f t h e t r a n s g r e s s i o n , must h a v e b e e n 

s u f f i c i e n t to p r o d u c e t h e p r e s e r v e d p a s s i v e d r a p i n g of 

t h e Y e l l o w S a n d s by t h e M a r l S l a t e . 

F o r some few y e a r s a f t e r t h e t r a n s g r e s s i o n t h e 

b o t t o m w a t e r s of t h e Z e c h s t e i n S e a must h a v e r e m a i n e d 

a e r a t e d . T h i s i s shown by t h e p r e s e n c e of t h e 

b i o t u r b a t i o n and t h e L i n g u l a - d o m i n a t e d f a u n a . Much 

of t h e t h i c k n e s s of t h e M a r l S l a t e , h o w e v e r , i n d i c a t e s 

a n o x i c b o t t o m c o n d i t i o n s . I t i s i n t e r e s t i n g to n o t e 

t h a t i n a s i l l e d b a s i n , s u c h as t h e Z e c h s t e i n , a n o x i c 

b o t t o m c o n d i t i o n s a r e i n d i c a t i v e of a p o s i t i v e w a t e r 

b a l a n c e ; n e t o u t f l o w of w a t e r to t h e open o c e a n 

( D e m a i s o n and Moore, 1980; F r i e d m a n and S a n d e r s , 

1 9 7 8 ) . T h i s i m p l i e s t h a t d u r i n g M a r l S l a t e t i m e s , t h e 

f r e s h w a t e r i n f l u x to t h e s o u t h e r n P e r m i a n b a s i n was 
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g r e a t e r t h a n t h e e v a p o r a t i v e l o s s - s u r p r i s i n g g i v e n 

t h e p r e v i o u s d e s e r t c o n d i t i o n s , s u r v i v i n g d e s e r t 

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

The H i s t o r y o f D e v e l o p m e n t o f t h e Y e l l o w S a n d s E r g 

The Y e l l o w S a n d s may be d i v i d e d i n t o 3 u n i t s : 

( i ) a l o w e r f 1 a t - l a m i n a t e d z o n e , d i s c o n t i n u o u s b u t up 

t o a few m e t r e s t h i c k ; ( i i ) a c r o s s - b e d d e d u n i t , 

o c c u p y i n g most of t h e f o r m a t i o n , c h a r a c t e r i s e d by 

t r o u g h - s h a p e d s e t s 3 - 6 m t h i c k and 30 - 50 m w i d e ; 

and ( i i i ) an u p p e r f l a t - l a m i n a t e d z o n e , l a t e r a l l y 

e x t e n s i v e and up to a few m e t r e s t h i c k . 

T h e s e u n i t s r e p r e s e n t ( i ) t h e i n i t i a t i o n o f 

l o n g i t u d i n a l d r a a as s m a l l d u n e - l e s s s a n d - s h e e t s and 

t h e p i l i n g up of s i n u o u s t r a n s v e r s e d u n e s ; ( i i ) t h e 

g r o w t h of t h e d r a a i n t o f l a t - t o p p e d s t r u c t u r e s c.30 m 

h i g h by t h e a c c u m u l a t i o n of s a n d f r o m s i n u o u s 

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

d r a a u n d e r a b i m o d a l w i n d r e g i m e ; and ( i i i ) t h e 

s t a b i l i s a t i o n of t h e d r a a as t h e y r e a c h e d e q u i l i b r i u m 

s i z e u n d e r a m e t a s a t u r a t e d s a n d - d r i f t . T h e s e 

p r o c e s s e s ( i l l u s t r a t e d i n f i g . b.3 ) may h a v e 

o c c u p i e d s e v e r a l t e n s of t h o u s a n d s of y e a r s . An 

e x c e l l e n t modern a n a l o g u e of t h e Y e l l o w S a n d s a t t h i s 

s t a g e i s p r o v i d e d by t h e " W h a l e b a c k s " d e s c r i b e d by 

B a g n o l d ( 1 9 4 1 , pp.230 - 231 and P I . 1 3 ) . T h e s e a r e 

l o n g i t u d i n a l d r a a d e s c r i b e d as " c o n t i n u o u s p l i n t h s 1 

t o 3 km i n w i d t h and p e r h a p s 50 m h i g h r u n n i n g i n 

s t r a i g h t l i n e s f o r d i s t a n c e s of t h e o r d e r o f 300 km" 
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( i b i d . , p . 2 3 0 ) . The d r a a t y p i c a l l y a r e 5 km a p a r t , 
a n d most s i g n i f i c a n t l y b e a r w i d e s p r e a d d u n e l e s s s a n d 
s h e e t s a s w e l l as a r e a s p a r t i a l l y o r c o m p l e t e l y 
c o v e r e d by d u n e s . Q u o t i n g B a g n o l d a g a i n ( p . 2 3 0 -
2 3 1 ) , 

"The g e n e r a l a p p e a r a n c e , i n t e r n a l s t r u c t u r e , " ( h e 

d o e s n o t m e n t i o n d i g g i n g any p i t s ; t h i s a p p e a r s to be 

s p e c u l a t i o n ; s e e a l s o i b i d . , pp. 242 - 2 4 3 ) "and g r a i n 

g r a d i n g " (no f i g u r e p r o v i d e d ) " o f t h e s e huge 

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

w h i c h h a s b e e n l e f t b e h i n d by t h e m a r c h e i t h e r of a 

s i n g l e dune c h a i n of a f a r g r e a t e r s i z e t h a n any now 

e x i s t i n g , or o f any a g e - l o n g p r o c e s s i o n of s u c c e s s i v e 

c h a i n s of one p r e s e n t s i z e w h i c h h a v e t r a v e l l e d down 

t h e same l i n e " . T h e s e d r a a o c c u r i n t h e G r e a t S a n d 

S e a of W e s t e r n E g y p t . T h e i r s i m i l a r i t y to t h e 

e n v i s a g e d i n t e r p r e t a t i o n o f t h e Y e l l o w S a n d s i s 

r e m a r k a b l e , e v e n to t h e i r h a v i n g a s u r f a c e of 

s a n d - s h e e t m a t e r i a l . 

The e n d o r e i c , s u b - s e a l e v e l b a s i n i n w h i c h t h e 

Y e l l o w S a n d s l a y was t h e n e n g u l f e d by t h e i n v a d i n g 

w a t e r s of t h e B o r e a l O c e a n . B u t f o r t h e r a p i d i t y of 

t h i s t r a n s g r e s s i o n , w h i c h was o v e r i n a m a t t e r o f 

s e v e r a l y e a r s t o a few d e c a d e s , t h e Y e l l o w S a n d s w o u l d 

n o t h a v e b e e n p r e s e r v e d . T h e i r p o s i t i o n , as i s o l a t e d , 

s t a b l e and s t a t i c b e d f o r m s f o u n d e d on a r o c k p e d i m e n t , 

w o u l d n o r m a l l y h a v e g i v e n them v e r y l i t t l e c h a n c e of 

s u r v i v a l i n t o t h e g e o l o g i c a l r e c o r d . 
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CHAPTER 7 

THE LAMINATION, GRAIN S I Z E CHARACTERISTICS AND 

PETROLOGY OF THE YELLOW SANDS 

SECTION 7.1 LAMINATION AND GRAIN S I Z E CHARACTERISTICS 

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

B r i e f g e n e r a l d e s c r i p t i o n s o f t h e d i s t r i b u t i o n of 

l a m i n a t i o n w i t h i n t h e Y e l l o w Sands were g i v e n i n 

Chapter 5. The f o l l o w i n g c o m p r i s e s a more 

d e t a i l e d and q u a n t i t a t i v e a c c o u n t of t h e l a m i n a t i o n 

o f t h e f o r m a t i o n t o g e t h e r w i t h i t s r e l a t i o n s h i p t o 

g r a i n s i z e c h a r a c t e r i s t i c s . 

L a m i n a t i o n 

N e g l e c t i n g F e r r y h i l l r a i l w a y c u t t i n g , where t h e 

l a m i n a t i o n i s g e n e r a l l y o b s c u r e due to a d v e r s e w e a t h e r 

i n g , an a s s e s s m e n t o f t h e l a m i n a t i o n t y p e was made a t 

246 p o i n t s i n t h e Y e l l o w Sands. I t must be s t r e s s e d 

t h a t t h e s e a s s e s s m e n t s were e n t i r e l y e s t i m a t e s - no 

measurements of p r o p o r t i o n were t a k e n . However, i t 

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

and w i l l p r o v i d e some g e n e r a l i n d i c a t i o n of t h e o r d e r i n g 

of l a m i n a t i o n w i t h i n a f o r m a t i o n o f a e o l i a n s a n d . 

The d i s t r i b u t i o n of w i n d - r i p p l e l a m i n a e ( l a b e l l e d 

a s t y p e 2 ) and s a n d f l o w l a m i n a e ( t y p e 3) w i t h r e s p e c t 

t o c r o s s - b e d d i n g d i p i s shown i n f i g . 7.1. The d i a g r a m 

a l s o i l l u s t r a t e s t h e scheme of n o t a t i o n u s e d f o r r e 

c o r d i n g t h e r e l a t i v e p r o p o r t i o n s of e a c h t y p e of 

l a m i n a t i o n a t any s p o t . The t a i l i n g o f f of r e c o r d i n g s 

below 12° i s an a r t e f a c t of t h e s a m p l i n g b i a s mentioned 

on page IZJ . S a n d f l o w s , w h e t h e r dominant o r s u b -
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ordinate, are confined to angles of d i p between 20 
and 34° w i t h l i t t l e d e t e c t a b l e v a r i a t i o n across the 
graph. Wind-ripple l a m i n a t i o n may be found at any 
angle of d i p and makes up a l l the sand d i p p i n g at angles 
below 20°. Sand-sheet m a t e r i a l i s not marked on the 
diagram but always d i p at angles less than 10°. 

Except f o r the sand sheet at the unconformity at 
North Hylton and the planar-bedded zone there appears 
to be no systematic v a r i a t i o n of the l a m i n a t i o n e i t h e r 
v e r t i c a l l y or l a t e r a l l y w i t h i n the f o r m a t i o n . Adding 
a l l the data together reveals t h a t 7 1 % of the Yellow 
Sands i s made up by w i n d - r i p p l e laminae, 25% by sand-
f l o w s , and 4% sand-sheet m a t e r i a l . 

The Grain Size Data - D e s c r i p t i o n 
The g r a i n s i z e data comprises 9 samples sieved i n 

a h a l f - p h i stack and 38 at a q u a r t e r - p h i , a l l from 
-1 t o 4 <f> . Each of the l a t t e r was done i n two stages 
of 10 minutes each on a standard shaker. Only the 
l e a s t coherent samples were se l e c t e d f o r s i e v i n g . 
These r e q u i r e d only the g e n t l e s t of disaggregation 
which was accomplished by t e n t a t i v e pounding w i t h the 
b u t t of a h i c k o r y hammer s h a f t or simply by f i n g e r 
pressure w i t h the specimens i n cardboard t r a y s . Each 
f r a c t i o n was weighed to O.Olg and checked f o r spurious 
grains under a b i n o c u l a r microscope. Aggregates were 
present i n the coarsest few f r a c t i o n s (seldom more 
than 3) of about t w o - t h i r d s of the samples. The 
p r o p o r t i o n was estimated by eye and the a p p r o p r i a t e 
c o r r e c t i o n s made. I n no case were f i n e s generated by 
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disaggregation observed, except f o r concentrations of 
f i n e s i l t — g r a d e dolomite and i r o n oxide i n some pan 
f r a c t i o n s . 

The accumulated data was p l o t t e d as histograms, 
l o g - l o g frequency curves, a r i t h m e t i c cumulative curves 
and p r o b a b i l i t y cumulative curves. The standard 
g r a p h i c a l measures of mean s i z e , s o r t i n g , skewness 
and k u r t o s i s were derived from the a r i t h m e t i c cumulative 
curves i n the normal manner. 

The s t a t i s t i c a l measures are l i s t e d f o r a l l samples 
oa Table 7.1 along w i t h the exact l o c a t i o n , l a m i n a t i o n 
type and cross-bedding d i p . 20 samples were s e l e c t e d 
f o r g r a p h i c a l d i s p l a y i n f i g s . 7.2-7.11. Cross-plots 
of mean v. s o r t i n g ( f i g . 7.12) mean v. k u r t o s i s ( f i g . 
7.13) and s o r t i n g v. k u r t o s i s ( f i g . 7.14) are also 
presented. Three of the samples bore a sand-sheet 
type l a m i n a t i o n , 18 were from sandflows, 21 were of 
w i n d - r i p p l e laminae, 4 apparently s t r u c t u r e l e s s and 
one s t r u c t u r e l e s s , probably reworked d u r i n g the 
Zechstein t r a n s g r e s s i o n . Whilst the w i n d - r i p p l e and 
sand-sheet samples are obvi o u s l y composites of many 
laminae an attempt was made t o ensure t h a t the sandflow 
samples were each from a s i n g l e lamina u n i t . C o l l e c t i o n 
of these was made e i t h e r w i t h a teaspoon, the p o i n t of 
a t r o w e l or by c a r e f u l l y trimming a s l i g h t l y coherent 
block. 

The immediate impression gained from the graphs and 
s t a t i s t i c s i s the great d i v e r s i t y of the g r a i n - s i z e 
c h a r a c t e r i s t i c s , w i t h i n the c o n s t r a i n t of i t a l l being 
sand. Mean s i z e ranges from 0.23-2.49 p (average 
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1.78 - 0.49 p ), s o r t i n g from 0.29-1.290 (average 
0.67 - 0.26 p ), skewness from -0.22-1.49 (average 0.16 
- 0.27) and k u r t o s i s from 0.6-2.27 (average 1.07 - 0.39) 
Two are t r i - m o d a l , 15 bimodal, the r e s t unimodal. 

I n the author's o p i n i o n the Bagnold-type or l o g - l o g 
graphs are the most i n f o r m a t i v e i n i n v e s t i g a t i n g the 
various systematic tendencies and c h a r a c t e r i s t i c s . More 
i m p o r t a n t l y , the curves s t r o n g l y support Bagnold & 
Barndorff-Nielsen's (1980) c o n t e n t i o n t h a t the l o g -
frequency curves of n a t u r a l g r a i n s i z e d i s t r i b u t i o n s 
are of h y p e r b o l i c form and thus not Gaussian. The 
m a j o r i t y of the l o g - l o g graphs show curves w i t h 
s t r a i g h t limbs, whatever the l a m i n a t i o n of the sample. 
Only a few are p a r a b o l i c , w i t h limbs convex upward 
(eg. f i g . 7.2a) suggesting conformity t o a Gaussian 
d i s t r i b u t i o n . The most p e r f e c t hyperbolae (eg. f i g s . 
7.2b, 7.3a) have a s l i g h t sigmoid form on the 
cumulative p r o b a b i l i t y curves, a form which might be 
i n t e r p r e t e d as c o n s i s t i n g of 3 l i n e a r segments i n the 
manner of Visher (1969). Because the apparently 
standard or median form i s n o n - l i n e a r on the p r o b a b i l i t y 
p l o t s t h i s mode of p r e s e n t a t i o n i s considerably devalued 
Only p a r t i c u l a r l y w e l l marked tendencies should be 
t r u s t e d as being r e a l . 

The p r i n c i p a l value of f i g s . 1 . 2 - 1 . 1 1 and the 
associated s t a t i s t i c s l i e s i n t h e i r c o n f i r m a t i o n of 
systematic d i f f e r e n c e s between the g r a i n s i z e character
i s t i c s of the 3 types of l a m i n a t i o n . 
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The sandflow curves ( l a m i n a t i o n type 3 on Table 
7.1) t y p i c a l l y are l e p t o k u r t i c (average 1.31) w i t h a 
low standard d e v i a t i o n (average 0.48). Some sampling 
bias must be admitted, coarse-grained sandflows being 
over-represented. These are more eye-catching at 
outcrop than t h e i r medium-grained equivalents and o f t e n 
t o t a l l y incoherent or an unusual colour, f u r t h e r 
inducing sampling. Often the sandflows have a s u b s i d i a r y 
f i n e mode or shoulder (eg. f i g s . 7.3b, 7.4a), t h i s 
l y i n g at 2.5-3.0 p whether the sandflows be coarse-
or medium-grained. This f i n e t a i l accounts f o r the 
high p o s i t i v e skewness values obtained and the dog-leg 
shapes of the p r o b a b i l i t y p l o t s . I t seldom exceeds 2% 
i n any f r a c t i o n and t y p i c a l l y comprises 5% of the 
sample. I t i s p o s s i b l e t h a t i t represents i n a d v e r t e n t 
contamination of the samples by the very f i n e - g r a i n e d 
laminae which bound and d e f i n e sandflows. These are . 
prominent i n f i g . 3.2 . Other sandflow curves lack 
t h i s t a i l but nevertheless r e t a i n an asymmetry w i t h 
the slope on the f i n e side less than the coarse. Since 
Bagnold (1941, pp.127-143) devotes considerable a t t e n t i o n 
t o these slopes t h e i r values have been computed. They 
are regarded as being r e l a t e d t o the s e l e c t i v i t y of the 
t r a n s p o r t i n g process w i t h respect to coarser and f i n e r 
g r a i n s (Bagnold & B a r n d o r f f - N i e l s e n , 1980). Note t h a t 
values taken d i r e c t l y from the graphs i n t h i s t h e s i s 

need t o be d i v i d e d by l o g $ before comparison w i t h 
Bagnold's (.1941) f i g u r e s . This i s because Bagnold 
measured g r a i n diameter i n logarithms to base 10; 
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p h i values are lpgarithms to base \. This treatment 
has been applied t o a l l f i g u r e s quoted i n the f o l l o w i n g . 
The f i n e l i m i t of the sandflow curves ranges from 
-3.5 t o -9.5 (average -6 - 2 ) , i g n o r i n g the s u b s i d i a r y 
f i n e modes and shoulders. The slope of the coarse 
l i m i t v a r i e s from 5 t o 23.5 (average 11 - 5 ) . 

By development of a f l a t or angled crown t o the 
d i s t r i b u t i o n (eg. f i g s . 7.4b, 7.5b) or by an increase 
i n the magnitude of the f i n e t a i l (eg. f i g . 7.5a) the 
sandflow curve form merges i n t o and overlaps w i t h t h a t 
of w i n d - r i p p l e laminae. These are c h a r a c t e r i s e d by 
d i s t r i b u t i o n s which are p l a t y k u r t i c (average 0.88), 
moderately or moderately w e l l s o r t e d (average 0.81) 
and w i t h a skewness v a r i a b l e but tending t o be p o s i t i v e 
(average 0.13). These f i g u r e s are manifest as a 
tendency t o b i m o d a l i t y , v a r y i n g from obviously so 
( f i g . 7.6a, T.6b), t o curves w i t h a very f l a t crown 
f a l l i n g away a b r u p t l y on e i t h e r side ( f i g s . 7.7a, 7.7b), 
to broad, s e n s i b l y unimodal d i s t r i b u t i o n s ( f i g s . 7.8a, 7.8b) 
The modes are u s u a l l y e q u a l l y represented but may be 
extremely biased, as i n f i g . 7.9a and f i g . 7.5a. F i g . 
7.9b i s t r i - m o d a l . More o f t e n than not the two modes 
obvious l y , or may be i n f e r r e d t o peak at 1.75-2.0 p and 
2.75-3.0 p . Slopes of the curves range from 4 t o 18 
(average 9.5 - 3) on the coarse side and -2 t o 15 
(average -4 - 1) on the f i n e side. 

The curves from sand-sheet samples ( f i g s . "7.10a, 
7.10b) are markedly bimodal w i t h the two modes at 0.5-1 

p and 3 - 3.750 . The trough between bottoms at 
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between 1.75 p and 2.25 j6 . A g r a d a t i o n i n t o a wind-
r i p p l e type curve may be traced through f i g s 7. 11a and 
"7.6b. The p r o p o r t i o n of each mode v a r i e s only from 
60-40 t o 40-60. The curves are a l l somewhat truncated 
at the f i n e end and the pan f r a c t i o n s ( i e . f i n e r than 
4 p ) were indeed noted as c o n t a i n i n g a high p r o p o r t i o n 
of quartz. However, the s i l t content i s not more than 
2% i n any case. Because of t h i s t r u n c a t i o n slopes at 
the f i n e end cannot be determined. The slope of the 
coarse t a i l v a r i e s from 6 t o 7.5. 

Of the samples of apparently s t r u c t u r e l e s s sand 
fou r are from Hetton Downs (two from the o l d p i t , 
i n c l u d i n g the p o s s i b l y reworked sample) and one from 
Sherburn H i l l west face. The examples are a l l w e l l 
or moderately w e l l s o r t e d (average 0.53 - 0.07 p ), 

symmetrical and mesokurtic (averages 0.06 - 0.06 and 
1.03 - 0.08, r e s p e c t i v e l y ) medium or f i n e sand. 

Turning now t o the c r o s s - p l o t s ( f i g s . 7.12-14), 
skewness i s absent from the l i s t of parameters used 
because of i t s i n e f f e c t i v e n e s s i n d i s c r i m i n a t i n g the 
la m i n a t i o n types. The mean v. s o r t i n g ( f i g . 7.12) graph 
shows w e l l the wide range of g r a i n s i z e and narrow 
range of s o r t i n g of the sandflows. The w i n d — r i p p l e 
laminae are less r e s t r i c t e d i n s o r t i n g , more so i n 
g r a i n s i z e and there i s considerable overlap w i t h the 
sandflows. The s t r u c t u r e l e s s samples f a l l w i t h i n t h i s 
overlap w h i l e the sand-sheet types are j u s t d i s t i n g u i s h 
able by poorer s o r t i n g . The mean v. k u r t o s i s graph 
( f i g . 7.13) produces a s i m i l a r poor segregation. 
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S o r t i n g v. k u r t o s i s produces the best separation and 
i s drawn i n f i g . 7.14. There i s , however, s t i l l o v erlap. 
The g r a i n s i z e d i s t r i b u t i o n s presented should be regarded 
as showing a continuous spectrum of parameters, not as 
four d i s c r e t e c a t e g o r i e s . 

Since the o r i e n t a t i o n s of the cross-bedding was noted 
at 28 of the sample p o i n t s v a rious parameters were 
p l o t t e d against amount of d i p . The graph showed no 
det e c t a b l e trends and t h i s i s not s u r p r i s i n g given the 
l i m i t e d data base and unsystematic sampling. Many 
specimens from a small number of cross-bed sets would 
be needed f o r such an undertaking. Also, given the 
present data there are no systematic tendencies e i t h e r 
v e r t i c a l l y or l a t e r a l l y w i t h i n the Yellow Sands. 

The Grain Size Data - Deductions and I n t e r p r e t a t i o n 
The continuous v a r i a t i o n of g r a i n s i z e parameters 

from one l a m i n a t i o n type to another i s amply demonstrated 
by the c r o s s - p l o t s ( f i g s . 7.12-14) and the sequences 
f i g s . 7*. 15 and 7.16. These continua, from sand-sheet 
to sandflow, developed i n s i m i l a r o v e r a l l g r a i n sizes 
show t h a t the i n d i v i d u a l d i s t r i b u t i o n s come about by 
the a c t i o n of two d i f f e r e n t s o r t i n g processes or sets 
of s o r t i n g processes a c t i n g on the same raw m a t e r i a l . 
One process occurs d u r i n g d e p o s i t i o n from r i p p l e s and 
may develop i n t o a sand-sheet type i f circumstances 
permit. I t s c h a r a c t e r i s t i c f e a t u r e appears t o be a 
tendency t o develop b i m o d a l i t y . This s u p p o s i t i o n could 
only be t e s t e d by systematic sampling i n a modern 
desert. How the b i m o d a l i t y develops i s not c l e a r , as 



166 

discussed on pages tlSZ. I t may be the gradual i n f l u e n c e 
of i n t e r p e n e t r a t i o n s o r t i n g or perhaps a segregation 
of the s a l t a t i o n and surface creep f r a c t i o n s o c c u r r i n g 
during r i p p l e movement. The process must begin a c t i n g 
as soon as r i p p l e s develop on sand newly a r r i v e d on 
the l e e s i d e of a bedform, and continue as sand leaves 
the bedform and migrates up the back of the next down
wind. At the b r i n k of t h i s bedform the r i p p l e s o r t i n g 
i s destroyed by the g r a i n f a l l process. The f i n e s t 
g r ains might t r a v e l f a r out over the s l i p f a c e i n a 
s t a t e of p a r t i a l suspension, the coarsest gr a i n s w i l l 
d r i b b l e p a s s i v e l y over the b r i n k . This segregation i s 
p o t e n t i a l l y very e f f i c i e n t and i s enhanced as the sand 
becomes unstable and avalanches. The r e s u l t of these 
processes i s the unimodal, w e l l or very w e l l s o r t e d 
sandflow curve. 

These processes are not s p e c i f i c t o the Yellow Sands 
data. The only p e c u l i a r i t y of the f o r m a t i o n i s i t s 
content of coarse and very coarse sand i n q u a n t i t i e s 
s u f f i c i e n t t o develop sand sheets from time t o time. 
This may be a t t r i b u t e d to the small s i z e of the erg 
( p o t e n t i a l sources of coarse sand at no great d i s t a n c e ) , 
the incomplete sand cover ( p o t e n t i a l source of sand 
immediately adjacent to each draa; the sand-free 
c o r r i d o r might also provide a hard pavement enhancing 
coarse sand t r a n s p o r t ) and most of a l l t o the l o n g i t u d i n a l 
form of the draa ( t h e erg was sand-passing, not sand-
trapping, f a c i l i t a t i n g the p e n e t r a t i o n of coarse g r a i n s ) . 

F i n a l l y , a note about g r a i n f a l l laminae must be 
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added f o l l o w i n g a paper by Kocurek and Dott (1981) 
published i n the i n t e r v a l between the w r i t i n g of the 
d e s c r i p t i v e and i n t e r p r e t i v e p a r t s of t h i s s e c t i o n 
(see also I n t r o d u c t i o n , p.xx ). These authors 
c o n f i d e n t l y i d e n t i f y g r a i n f a l l l a m i n a t i o n i n ancient 
a e o l i a n sandstones though i t i s subordinate to wind 
r i p p l e ( t h e i r c l i m b i n g t r a n s l a t e n t s t r a t i f i c a t i o n ) and 
sandflow ( t h e i r g r a i n f l o w ) types. Judging by the 
photo on p.596 i n Kocurek & Dott, i f a mistake has 
been made i n the present study and g r a i n f a l l laminae 
overlooked, i t has probably been l a b e l l e d as very f i n e 
and f a i n t w i n d - r i p p l e l a m i n a t i o n . I n terms of g r a i n 
s i z e c h a r a c t e r i s t i c s , g r a i n f a l l d e p o s i t s , on the basis 
of the i n t e r p r e t a t i o n s developed i n the f o r e g o i n g , 
might be expected to have values of k u r t o s i s and s o r t i n g 
i n t e r m e d i a t e between those of w i n d — r i p p l e and sandflow 
type. 

SECTION 7.2 PETROLOGY OF THE YELLOW SANDS 
I n t r o d u c t i o n 

The diagenesis of desert sediments, e s p e c i a l l y w i t h 
regard t o the o r i g i n of red beds,has received a great 
deal of a t t e n t i o n i n recent years (e.g. Walker, 1975, 
1979; van Houten, 1973; Turner, 1980). Many new f a c t s , 
t h e o r i e s and i n t e r p r e t a t i o n s have appeared i n the 
l i t e r a t u r e . A d e s c r i p t i o n of the petrography and 
diagenesis of the Yellow Sands must b e n e f i t from and 
be of b e n e f i t t o these recent advances. 

The p e t r o l o g y of the formation has been the focus of 
only a l i m i t e d amount of a t t e n t i o n over the years. 
The most recent accounts are those of Pryor (1971b) 
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and Glennie (1970, p.188-190). Pryor's work was 
f a i r l y exhaustive, though c a r r i e d out i n the context 
of the formation having a shallow marine o r i g i n . 
Glennie was p r i n c i p a l l y concerned w i t h an explanation 
of the colour of the Yellow Sands. 

B r i e f l y , the present work has revealed t h a t the 
diagenesis of the for m a t i o n comprises syn- and post-
d e p o s i t i o n a l pigmentation, the p r e c i p i t a t i o n or 
i n f i l t r a t i o n of small euhedral dolomite rhombs, the 
development of quartz overgrowths and subsequent p a r t i a l 
cementation by c a l c i t e . Minor au t h i g e n i c phases are 
p y r i t e , k a o l l n i t e and barytes. 

Methods 
The incoherence of the for m a t i o n presents an 

obstacle t o any examination of i t s petrography. I n 
the present study samples were vacuum-impregnated w i t h 
blue epoxy r e s i n to f a c i l i t a t e t h i n - s e c t i o n i n g . Various 
r e s i n s were used w i t h s l i g h t l y d i f f e r i n g v i s c o s i t i e s 
and s e t t i n g times. None had any great i n f l u e n c e on 
the degree of p e n e t r a t i o n , which was normally good i n 
samples which t y p i c a l l y had high p o r o s i t y and p e r m e a b i l i t y 
w i t h wide pore t h r o a t s . The m a t e r i a l i n c u r r e n t use 
i s Ciba Geigy A r a l d i t e r e s i n MY778 w i t h 3 p a r t s i n 10 
of Permabond hardener E27B. The dye used i s Dupont's 
O i l Blue A; 15g i n 1kg of r e s i n . The r e c i p e i s deri v e d 
from one given by van den Berg (1973). Most t h i n s e c t i o n s 
were p o i n t counted, 300 p o i n t s per s l i d e , c l a s s i f i e d 
as s t r a i g h t q uartz, p o l y - q u a r t z , undulose quartz, 
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dolomite, f e l d s p a r , c a l c i t e , p o r o s i t y , pigment, 
au t h i g e n i c quartz, and rock fragments. Where ap p r o p r i a t e 
and p o s s i b l e k a o l i n i t e , barytes and secondary p o r o s i t y 
were also counted. Grain shape was assessed v i s u a l l y . 

X-ray d i f f r a c t i o n a n a l y s i s was used e x t e n s i v e l y i n 
the determination of cement types and the composition 
of the various pigmenting and g r a i n c o a t i n g phases. 
Concentrations of g r a i n c o a t i n g minerals were obtained 
by p u t t i n g 20-30g of sand i n water i n an u l t r a s o n i c 
cleaner f o r 15-30 mins. This a g i t a t e s the g r a i n s and 
removes p a r t of the c l a y p e l l i c l e s i n t o suspension. 
The water may then be decanted and the clays f i l t e r e d 
out. D i s c r e t e p a r t i c l e s of supposed i r o n oxide 
adhering to g r a i n surfaces presented a problem, these 
being too coarse t o go i n t o suspension i n the u l t r a s o n i c 
cleaner. I t was discovered t h a t many of these were 
dislodged d u r i n g s i e v i n g and accumulated i n the pan 
f r a c t i o n . When t h i s occurred the samples were set 
aside and analysed by XRD. 

The examination of hand specimens and loose samples 
under a powerful (xlOO) b i n o c u l a r microscope was 
found to be extremely v a l u a b l e f o r studying g r a i n 
surface t e x t u r e , c l a y p e l l i c l e s and other pigmenting 
m a t e r i a l . 

Twenty samples were analysed by X-ray fluorescence, 
p r i n c i p a l l y t o determine t h e i r i r o n content. Specimens 
were also examined under SEM, the instrument used 
being a Cambridge Stereoscan 600. This had an u n s a t i s 
f a c t o r y performance, supposedly being capable of 
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m a g n i f i c a t i o n s up to 50K but i n p r a c t i c e could not be 
focussed at greater than 5K. I t was not, u n f o r t u n a t e l y , 
f i t t e d w i t h an EDAX u n i t . 

Colour 
I n respect of the colour of the fo r m a t i o n , the 

fundamental observation t o be borne i n mind i s t h a t 
the sands are yellow only at outcrop ( f i g . 5.6). 
Subsurface they are grey and bear p y r i t e . F i g . 7\17 
shows p a r t of the cores from N.C.B. o f f s h o r e boreholes 
Dl (NZ 530521), D8B (NZ 497526) and D2 (NZ 481504). 
A specimen of Basal Breccia from N.C.B. borehole 
M a i n s f o r t h D (exact l o c a t i o n unknown; M a i n s f o r t h i s 
lkm SW of F e r r y h i l l r a i l w a y c u t t i n g ) has c l a s t s 
of red limestone, s i l t s t o n e and sandstone i n a red 
m a t r i x . 

I n the southern North Sea, Germany and Poland the 
bulk of the Rotliegendes sequence i s coloured v a r y i n g 
shades of red w i t h the uppermost p a r t s grey. 

Using a Munsell S o i l Colour Chart 38 colour 
determinations were made on hand specimens of the 
Yellow Sands. The specimens had not been sieved or 
t r e a t e d i n any way except f o r thorough d r y i n g at room 
temperature. Many specimens were m o t t l e d i n some way, 
whether due t o b i o t u r b a t i o n , weathering or cementation 
and no determination was attempted. Others were very 
pale creamy yellow or very pale yellow i n co l o u r , 
ranges where the Munsell Chart becomes extremely 
s u b t l e from one colour chip t o the next, a l l o w i n g 
eq u a l l y convincing comparisons across a wide spread 
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of Hues and Chromas. These specimens were t h e r e f o r e 
also o m i t t e d from the survey. The same problem and 
consequence was encountered w i t h grey and pale grey 
specimens both from subsurface and outcrop. These 
omissions represent only a small p r o p o r t i o n of the 
formation at outcrop, and though u n f o r t u n a t e , are not 
thought t o devalue the r e s u l t s presented t o any great 
extent. 

The numerical determinations made are l i s t e d i n 
t a b u l a r form i n Table T. 2. To summarise, the Hue of 
the m a j o r i t y i s 10YR or 2.5Y; the Values ( l i g h t n e s s ) 
of a l l but 2 are 6 or 7 i n d i c a t i n g a f a i r l y l i g h t 
c o l o u r a t i o n , and the Chromas ( s t r e n g t h : departure from 
n e u t r a l of the same l i g h t n e s s ) of a l l but 3 are 4, 6 
or 8. I n words, one sample (from the prominent red 
areas at Bowburn Quarry, f i g . 5.25) was red, 5 l i g h t 
red, 5 brownish yellow, 5 very pale brown, 14 yel l o w , 
and 8 pale yellow. Thus we are d e l i g h t e d to be able t o 
confirm t h a t the name of the formation i s q u i t e 
accurate and need not be changed t o , f o r instance, 
the L i g h t Y e l l o w i s h Brown Sands. 

Framework Grains 
The Yellow Sands of the main outcrop may be 

c l a s s i f i e d as subarkoses, i n the scheme of P e t t i j o h n 
(1975, p.211), w i t h some samples s t r a y i n g i n t o the 
quartz a r e n i t e and s u b l i t h a r e n i t e f i e l d s ( f i g . 7.18). 
Two samples from near Leeds had 21% and 31% rock 
fragments, the l a t t e r t h e r e f o r e overlapping i n t o the 
l i t h i c a r e n i t e f i e l d . These r e s u l t s confirm Pryor's 
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(1971b) work, though he used a d i f f e r e n t nomenclature. 
Clays and pigmenting m a t e r i a l were omitted from these 
measurements since they are regarded as l a r g e l y 
a u t h i g e n i c i n o r i g i n . 

The quartz i s mostly u n s t r a i n e d and u n i c r y s t a l l i n e 
(averaging 60% of the c l a s t i c components) w i t h about 
20% p o l y c r y s t a l l i n e and 5% undulose. A wide v a r i e t y 
of p o l y c r y s t a l l i n e types are present and i n c l u d e the 
occasional g a n i s t e r fragment (C.J. P e r c i v a l , perc. 
comm.). 

The s u i t e of rock fragments i s d i v e r s e but dominated 
by sedimentary types, a conclusion also reached by 
Pryor (1971b). These are c h i e f l y f i n e , angular clay 
cemented sandstone and s i l t s t o n e w i t h chert also common. 
Shale c l a s t s , o f t e n deformed, are r a r e r and concentrated 
low i n the f o r m a t i o n w i t h i d e n t i f i a b l e limestone 
fragments exceedingly scarce. The sandstone fragments 
are o f t e n cemented by opaque m a t e r i a l which i s a r u s t y 
orange colour i n r e f l e c t e d l i g h t . They may also be 
at the centre of developments of s i m i l a r m a t e r i a l 
a c t i n g as a cement t o the surrounding few g r a i n s . A l l 
the sandstone g r a i n s are prone to disaggregation and 
d e s t r u c t i o n ( f i g s . . 7 . 1 9 , 7.20). 

Igneous rock fragments are sparsely d i s t r i b u t e d 
and when manifest as green (presumably yellow but f o r 
the blue r e s i n ) or brown a p h a n i t i c blobs only dubiously 
i d e n t i f i a b l e . The most i n t e r e s t i n g and prominent type 
i s a f i n e t o medium grained basic rock c o n s i s t i n g of 
needle- to l a t h - l i k e f e l d s p a r s i n an opaque ( r u s t y ) 
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groundmass. One or two g r a i n s of t h i s are present 
i n about h a l f the s l i d e s examined ( f i g . "7.21). 
Occasional grains of m i c r o g r a n i t e were also seen. 

Metamorphic types are r a r e and p r i n c i p a l l y composed 
of quartz s c h i s t or m e t a - q u a r t z i t e . 

Feldspars are q u i t e common i n the Yellow Sands, 
comprising 20% of the c l a s t i c g r a i n s i n one o f f s h o r e 
specimen and averaging 9%. As usual, a l k a l i types 
are very much i n the m a j o r i t y . They vary from appearing 
very f r e s h t o mere ghosts i d e n t i f i a b l e only because 
the sections are impregnated; some extremely d e l i c a t e 
t e x t u r e s are preserved. Degrading f e l d s p a r may be 
seen i n f i g . 7.22. 

The heavy mineral p o p u l a t i o n of the Yellow Sands 
has f a i r l y r e c e n t l y been described i n great d e t a i l 
by Pryor (1971b). A l l t h a t need be s a i d here i s t o 
a f f i r m the dominance of garnet, tourmaline and z i r c o n 
amongst a sparse p o p u l a t i o n . Garnets up to 0.75mm i n 
s i z e were seen; tourmaline and z i r c o n are always 
medium or f i n e and w e l l rounded. 

Grain shape v a r i e s from w e l l rounded i n the 
coarser modes to angular i n the f i n e s t . Only at the 
very base of the f o r m a t i o n does the coarse mode become 
p a r t l y angular. 

The m o d i f i c a t i o n of shape i s completely g r a d a t i o n a l 
from one extreme t o the other. The t r a n s i t i o n from 
subangular t o subrounded gr a i n s occurs at about the 
medium—fine sand boundary, from say 1.5 p t o 2 p . 

Very o f t e n f e l d s p a r g r a i n s show the best rounding i n 
t h e i r s i z e class, presumably r e f l e c t i n g a lower 
r e s i s t a n c e t o mechanical abrasion than the quartz. 
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l' lamenting and Associated Minerals 

Being predominantly yellow or grey the Yellow Sands 
are something of an o d d b a l l i n the context of our 
present p e r c e p t i o n of c o n t i n e n t a l red beds; 
one would expect them t o be red throughout. 

The most e f f e c t i v e means of i n v e s t i g a t i n g the 
pigment were found t o be by examination of hand 
specimens or loose samples i n r e f l e c t e d l i g h t under 
a b i n o c u l a r microscope ( t h e immense value of t h i s 
procedure cannot be over-emphasised), and i n r e f l e c t e d 
l i g h t i n t h i n s e c t i o n on a standard p e t r o l o g i c a l 
microscope. The most convenient set-up f o r the 
l a t t e r process was t o have a spare microscope l i g h t 
i n a clamp stand s h i n i n g onto the t h i n s e c t i o n beneath 
which a piece of w h i t e card had been placed. Thus 
the t r u e colour of the v a r i o u s minerals could be 
determined and the expenditure of time and money 
in v o l v e d i n manufacturing s p e c i a l p o l i s h e d s e c t i o n s f o r 
episcopy was avoided. 

The y e l l o w colour of the f o r m a t i o n has always 
p r e v i o u s l y been a t t r i b u t e d t o a c o a t i n g of l i m o n i t e 
on. the g r a i n s (eg. Smith and F r a n c i s , 1967, p.97). 
According t o Deer, Howie and Zussman (196Z), l i m o n i t e 
c o n s i s t s p r i n c i p a l l y of c r y p t o c r y s t a l l i n e g e o t h i t e 
or l e p i d o c r o c i t e w i t h adsorbed water and the p o s s i b l e 
presence of haematite. "The name l i m o n i t e i s now 
r e t a i n e d as a f i e l d term or t o describe hydrated oxides 
of i r o n w i t h p o o r l y c r y s t a l l i n e c h a r a cters whose r e a l 
i d e n t i t y i s not known." ( i b i d . , p.444). 

Hand specimens of outcrop samples viewed under the 
microscope show 4 components t o the colour of the 
f o r m a t i o n and these may be v e r i f i e d , though w i t h l ess 
f a c i l i t y , i n t h i n s e c t i o n . They are: 
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( i ) A yellow s t a i n i n g over the e n t i r e s u r f a c e of 

most g r a i n s . I t cannot be removed by s c r a t c h i n g the 

g r a i n s with a needle but i s destroyed by b o i l i n g i n 

HC1. I t s presence becomes obvious when an otherwise 

apparently c l e a n Yellow Sands g r a i n i s compared with 

t r u l y c l e a n sand from another formation or cleaned 

Yellow Sands g r a i n s . I t i s c o n c e i v a b l e that i t i s an 

o p t i c a l i l l u s i o n and merely the r e f l e c t e d and r e f r a c t e d 

image of other yellow m a t e r i a l elsewhere on the g r a i n 

or on other g r a i n s , but t h i s i s thought most u n l i k e l y . 

Even when other pigmenting m a t e r i a l s ( s e e below) have 

been m e c h a n i c a l l y removed t h i s s t a i n remains. I t has 

no i d e n t i f i a b l e m a t e r i a l cause i n e i t h e r t h i n s e c t i o n 

or SEM. I t s composition must t h e r e f o r e remain an 

enigma. 

( i i ) A very t h i n and d e l i c a t e ( e a s i l y removed with 

a f i n e needle) p e l l i c l e of t r a n s l u c e n t yellow m a t e r i a l 

evenly covering most g r a i n s though l e s s w e l l developed 

on coarse modes. The coating i s probably only 1 or 2^. 

t h i c k and because of t h i s i s not n e a r l y so apparent i n 

t h i n s e c t i o n , on whose evidence the g r a i n s might be 

adjudged to be much c l e a n e r than they a c t u a l l y a r e . 

I t has, or enhances, a matte, f r o s t e d t e x t u r e and i s 

absent at g r a i n c o n t a c t s which i n hand specimens appear 

as c i r c u l a r , e l l i p t i c a l or i r r e g u l a r areas where the 

adamantine l u s t r e of a f r e s h quartz s u r f a c e i s often 

v i s i b l e . The m a t e r i a l appears to be very f i n e l y 

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

around g r a i n c o n t a c t s . 
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( i i i ) Yellow or yellow-orange very f i n e - g r a i n e d 

(beyond the r e s o l u t i o n of the microscope) m a t e r i a l 

concentrated i n hollows and r e - e n t r a n t s on g r a i n s of 

a l l s i z e s , though concentrated on f i n e r modes where 

such s i t e s are more common. I t i s more s t r o n g l y 

coloured than ( i i ) and opaque r a t h e r than t r a n s l u c e n t . 

I t a l s o forms sm a l l patches and wisps over exposed 

p a r t s of g r a i n s u r f a c e s , though seldom covers more 

than 20% of any g r a i n except i n the f i n e s t f r a c t i o n s 

and most s t r o n g l y coloured samples. I t has the same 

l u s t r e as ( i i ) which may be an inherent property or 

the r e s u l t of i t being covered by a t h i n f i l m of ( i i ) . 

I n t h i n s e c t i o n the m a t e r i a l appears green where 

backed by the blue r e s i n used to impregnate the samples. 

I t s cc]our and g r a i n s i z e prevent the determination of 

any o p t i c a l p r o p e r t i e s though any b i r e f r i n g e n c e i t may 

have appears to be very low. I t s p r e d i l e c t i o n f o r 

hollows i n g r a i n s i s emphasized i n t h i n s e c t i o n where i t 

l i e s i n l e n s e s t y p i c a l l y lO^u t h i c k . Over exposed 

p a r t s of g r a i n s u r f a c e s i t i s 1-3/* t h i c k and i s present 

at some g r a i n c o n t a c t s , absent at o t h e r s . I t bridges 

c l o s e approaches of g r a i n s and has s p o r a d i c suggestions 

of a meniscus t e x t u r e . I t completely or p a r t i a l l y 

r e p l a c e s many rock fragments; i n b a s a l t fragments i t 

occupies p a r t of the areas between the f e l d s p a r l a t h s , 

presumably as an a l t e r a t i o n product of pyroxene. One 

or two areas may be seen i n any one s l i d e where a c i r c l e 

or p a r t c i r c l e of the m a t e r i a l l i e s suspended i n r e s i n 

r e c o r d i n g the former presence of a now t o t a l l y d i s s o l v e d 

g r a i n . 
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( i v ) Granules, aggregates and accumulations of 

m a t e r i a l ranging i n colour from orange through shades 

of red and brown to b l a c k . I n d i v i d u a l granules take 

the form of degraded rhombs, cubes or spheres or are 

l e s s r e g u l a r and from 5-40yu i n s i z e . They adhere 

to g r a i n s u r f a c e s i n d i v i d u a l l y or i n accumulations 

up to 200/w. a c r o s s and show no s p e c i a l p r e f e r e n c e 

for r e - e n t r a n t s i n g r a i n s . Seen i n t h i n s e c t i o n , 

t h i s m a t e r i a l i s red, orgnge or b l a c k i n r e f l e c t e d 

l i g h t , opaque i n t r a n s m i t t e d l i g h t . S i n g l e p a r t i c l e s 

l i e on g r a i n s u r f a c e , wedged c l o s e to c o n t a c t s or 

between g r a i n s . Accumulations and r e l a t i v e l y t h i c k 

(15/x ) f i l m s may develop on s i n g l e g r a i n s or l y i n g 

a c r o s s two or more g r a i n s . I t may f i l l pores and i n 

such ca s e s g e n e r a l l y extends as a p a r t i a l cement a c r o s s 

s e v e r a l surrounding g r a i n s . D i s c r e t e and undeformed 

c l a s t i c g r a i n s a l s o occur. I t i s found i n and around 

rock fragments and former rock fragments, often i n 

a s s o c i a t i o n with ( i i i ) . I n d i v i d u a l granules may be 

s i t u a t e d i n voids developed along the cleavage of 

f e l d s p a r s . Of these four types or t e x t u r e s , ( i ) and 

( i i ) are most important i n c o l o u r i n g the formation, 

with ( i i i ) a strong i n f l u e n c e . The d e s c r i p t i o n s are 

i l l u s t r a t e d i n f i g s . 7.19, 7.21, 7.28-31. 

Most of the v a r i e g a t i o n at outcrop occurs by 

v a r i a t i o n i n the development and r e l a t i v e p r o p o r t i o n s 

of these 3 components. In the red l e n s e s at Bowburn 

Quarry ( i ) - ( i i i ) are red; ( i v ) does not vary. The 

p a l e grey sands seem e i t h e r to be f r e e of a l l pigmenting 
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m a t e r i a l or to c o n t a i n only a white or t r a n s l u c e n t 

form of ( i i ) . 

A l l these components, c o l o u r s and f e a t u r e s must be 

f a i r l y r e c e n t phenomena; merely an a l t e r a t i o n and 

weathering product of the grey colour found at depth. 

I n borehole samples d i r e c t c o u n t e r p a r t s of ( i i ) - ( i v ) 

above are found with very s i m i l a r t e x t u r e s and a 

comparable range of development ( ( i ) i s e i t h e r not 

present, or c o l o u r l e s s and not d e t e c t a b l e ) . The 

d i f f e r e n c e s are that ( i i ) i s white or c o l o u r l e s s and 

t r a n s l u s c e n t and often b e t t e r developed or more 

c r y s t a l l i n e . C o ncentrations of m a t e r i a l i n hollows on 

g r a i n s comparable to ( i i i ) s i m i l a r l y are white and 

t r a n s l u s c e n t . The c o u n t e r p a r t s of ( i v ) above are 

c r y s t a l l i n e , m e t a l l i c accumulations . p r i n c i p a l l y and 

v i s i b l y c o n s i s t i n g of p y r i t e , r e s t i n g on or between 

g r a i n s . 

The deduction of the composition of these v a r i o u s 

components was p r i n c i p a l l y based on X-ray d i f f r a c t i o n 

a n a l y s i s . The p r i n c i p a l problems encountered l a y i n 

de c i d i n g which m a t e r i a l was segregated by the i n d i v i d u a l 

c o n c e n t r a t i o n methods u t i l i z e d ( u l t r a s o n i c c l e a n i n g , 

s i e v i n g o f f the pan f r a c t i o n , heavy m i n e r a l s e g r e g a t i o n ) . 

The f i l t r a t e d e r i ved from u l t r a s o n i c c l e a n i n g of both 

outcrop and borehole samples always gave very strong 

( u s u a l l y o f f the s c a l e ) k a o l i n i t e peaks with i n d i c a t i o n s 

of i l l i t e and mixed l a y e r c l a y s , strong quartz and 

f e l d s p a r , strong dolomite i n some samples, none i n 

others, and weak i n d i c a t i o n s of g o e t h i t e i n about h a l f 

the samples. T h i s probably comprises both ( i i ) and ( i i i ) . 



179 
Pan f r a c t i o n samples (outcrop o n l y ) produced a l l these 

peaks with dolomite, quartz, f e l d s p a r and g o e t h i t e 

more frequent and b e t t e r developed, k a o l i n i t e much 

weaker. These samples are r e l a t i v e c o n c e n t r a t i o n s 

of ( i v ) . The pan f r a c t i o n of red sand from Bowburn 

gave very good g o e t h i t e l i n e s but no i n d i c a t i o n s 

whatsoever of haematite. T h i s l a c k of haematite was 

common to a l l specimens. 

SEM examination shows ( i i ) and ( i i i ) to have a 

s u p e r f i c i a l t e x t u r a l s i m i l a r i t y , supporting the 

suggestion of a k a o l i n i t i c composition f o r both. Also 

i n SEM, ( i v ) may sometimes be seen to have e x c e l l e n t 

framboidal forms i n d i c a t i n g d e r i v a t i o n from p y r i t e . 

A s e l e c t i o n of SEM p i c t u r e s are shown i n f i g s . "7.32 

-7.38. Heavy mineral s e p a r a t e s ( n e g l e c t i n g obviously 

c l a s t i c s p e c i e s such as z i r c o n ) contain p y r i t e i n 

subsurface samples and t r a c e s of g o e t h i t e from outcrop. 

The g o e t h i t e peaks on XRD are best developed i n the 

red sand from Bowburn, subdued i n normal yellow sand. 

T h i s suggests that the i r o n oxides i n the yellow samples 

are l e s s c r y s t a l l i n e than those i n the red with the' 

subdued XRD peaks e i t h e r r e s u l t i n g from t h i s d i r e c t l y 

or because the l e s s c r y s t a l l i n e m a t e r i a l i s l e s s dense 

( g o e t h i t e has a s p e c i f i c g r a v i t y of 4.3, l i m o n i t e v a r i e s 

from 2.7 to 4.3, according to Deer, Howie and Zussman, 

196^). 

Thus pigment types ( i i ) and ( i i i ) a re i d e n t i f i e d 

as i r o n - s t a i n e d k a o l i n i t e and ( i v ) as a mixture of 

ge o t h i t e and amorphous i r o n oxides d e r i v e d from p y r i t e . 



Type ( i ) i s a p e r p l e x i n g problem, being a most wide

spread but l e a s t t a n g i b l e phase at outcrop. Worse 

s t i l l , i t has c o u n t e r p a r t s i n both the Bridgnorth and 

P e n r i t h Sandstones ( s e e Chapters 8 and 9 ) . F u r t h e r 

d i s c u s s i o n of i t s p o s s i b l e nature i s given on pp.ZSfiSi. 

Table 7.3 shows p a r t of the r e s u l t s of 17 X-ray 

f l u o r e s c e n c e a n a l y s i s of whole-rock samples of the 

Yellow Sands, numbers 1-9 being subsurface specimens 

and 10-17 from outcrop. The i r o n content i s expressed 

as FegOg which should be f a i r l y a c c u r a t e f o r the out

crop samples. I n the s u b s u r f a c e specimens the i r o n 

i s most l i k e l y to be i n the form of FeO. To convert 

the FegOg f i g u r e s to FeO they must be m u l t i p l i e d by 

1.113. Those s u b s u r f a c e samples c o n t a i n i n g more than 

1% 'FegOg' a l s o c o n t a i n sulphur i n d i c a t i n g the presence 

of p y r i t e . Not enough a n a l y s e s have been made to 

p r o p e r l y compare the i r o n content of s u r f a c e and sub

s u r f a c e samples, but the f i g u r e s do not deny the 

expected e q u a l i t y . Sample 11, a yellow sand from 

Sherburn H i l l , d e m o n s t r a t e s that as l i t t l e as 0.42% 

F e 2 0 g i s needed to colour the rock, w h i l e sample 12, 

a l s o from Sherburn H i l l , shows that the rock can 

c o n t a i n 0.47% F e 2 0 g w h i l s t remaining white or p a l e 

grey. The red sample from Bowburn (2.5 YR5/6), 

number 16, has l ^ X F e g O ^ , an intermediate v a l u e . 

The MgO and CaO v a l u e s r e f l e c t the c a l c i t e and 

dolomite content of the rock. I t i s i n t e r e s t i n g t hat 

numbers 1,9 and 15, each c o n t a i n i n g over 12% CaO 

a l s o have r e l a t i v e l y high i r o n contents, suggesting 



181 

some c o r r e l a t i o n and that the c a l c i t e may be f e r r o a n . 

However, i n the dozen t h i n s e c t i o n s t r e a t e d with 

potassium f e r r i c y a n i d e the c a l c i t e never took a s t a i n , 

i n d i c a t i n g an i r o n content of l e s s than 0.5% (Dickson, 

1972). 

A l 2 0 g and KgO va l u e s measure the f e l d s p a r and 

c l a y content of the samples. 

Authigenic Dolomite 

Dolomite ( i d e n t i f i e d by s t a i n i n g and XRD) i s a 

common a u t h i g e n i c phase i n the Yellow Sands, though 

never i n a form that could be d e s c r i b e d as cement. I t 

i s developed as euhedral rhombs g e n e r a l l y 20/x i n s i z e 

(ranging from 5-50/x ) l y i n g on g r a i n s u r f a c e s , forming 

a complete monolayer over every g r a i n , except at 

c o n t a c t s , where most abundant. The rhombs are g e n e r a l l y 

d i s c r e t e and s e p a r a t e but o c c a s i o n a l l y where p a r t i c u l a r l y 

f i n e and w e l l developed form a contiguous cover g i v i n g 

a conspicuously sugary t e x t u r e i n hand specimen under 

the b i n o c u l a r microscope. For i l l u s t r a t i o n s of dolomite 

t e x t u r e s see f i g s . 7.37, 7.39 and 7.40. S i l t grade 

euhedral dolomite i n the same h a b i t i s i n v o l v e d i n the 

b i o t u r b a t i o n immediately beneath the Marl S l a t e , f i l l i n g 

burrows ( s e e f i g s . 5.20, 5.32), forming mottled sand

stone and i n r a r e i n s t a n c e s a c t i n g as a t r u e matrix. 

At outcrop much of the formation i s f r e e or c o n t a i n s 

only s m a l l q u a n t i t i e s of dolomite which i s concentrated 

c l o s e to the top. In the borehole cores i t occurs i n 

most specimens, though w i t h core recovery as s p a r s e as 

i t i s t h i s may not be s i g n i f i c a n t . The dolomite occurs 
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w i t h i n both quartz overgrowths and s p a r r y c a l c i t e and 

t h e r e f o r e pre-dates these f e a t u r e s ( f i g . 7.41). Sub

sequent d i s o l u t i o n of the dolomite has occurred, as 

mentioned i n the s u b s e c t i o n on p o r o s i t y . 

I n some s l i d e s dolomite bears pigment, u s u a l l y 

a covering of type ( i i i ) ( f i g . 7.42). SEM o b s e r v a t i o n s 

g e n e r a l l y show the dolomite as having the same c l a y 

c o a t i n g s (type ( i i ) ) as the c l a s t i c g r a i n s . 

G r a i n Overgrowths 

Authigenic overgrowths on c l a s t i c g r a i n s are e i t h e r 

absent or extremely s m a l l throughout most of the 

formation. They are best developed c l o s e to the Marl 

S l a t e though even there c o n s t i t u t e only 1% or l e s s of 

the rock. The overgrowths occur as s m a l l s y n t a x i a l 

c r y s t a l f a c e s only on quartz and are never more than 

about 30/x t h i c k . Greater developments occur i n the 

F e r r y h i l l exposure, the overgrowths here not being 

r e s t r i c t e d to the top and c o n s t i t u t i n g up to 2% of 

the rock ( f i g s . 7.22, 7.41). The overgrowths g e n e r a l l y 

avoid a r e a s of g r a i n s u r f a c e which c a r r y pigment, and 

are themselves f r e e of pigment of any type. 

C a l c i t e Cement 

The major l i t h i f y i n g cement both subsurface and at 

outcrop i s s p a r r y non-ferroan c a l c i t e , often p o i k i l o t o p i c , 

w ith c r y s t a l s r e a c h i n g 20mm i n s i z e . The broad p a t t e r n 

of cementation w i t h i n the formation i s best i l l u s t r a t e d 

by borehole c o r e s . Core recovery i s u s u a l l y l i m i t e d to 

sand w i t h i n a few metres of the top and bottom of the 

formation, the middle p a r t being l o s t due to i t s 
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incoherence (Clowes, p e r s . comm.). At outcrop the 

v a r i a t i o n on t h i s theme i s evident. 

The most widespread form of the c a l c i t e i s as 

l o c a l i s e d patches of one or a few c r y s t a l s to give 

cemented nodules of s p h e r i c a l or e l l i p s o i d a l shape 

5-20mm i n diameter. These a r e v i s i b l e i n f i g s . 5.12, 

V. 42 and "7.43. T h i s h a b i t i s d i s t r i b u t e d widely and 

randomly through the formation and i s most obvious when 

concentrated i n p a r t i c u l a r zones which may be from 5 

to 50% cemented i n t h i s manner and s e v e r a l metres i n 

dimension. Even where the nodules are not evident 

a very s m a l l amount of cement i s u s u a l l y p r e s e n t . The 

cement shows no p r e f e r e n c e f o r any g r a i n s i z e , bedding 

type, or s t r a t i g r a p h i c or geographic l o c a l e . The 

nodules are the only o b j e c t s ever screened out of the 

sand before d i s p a t c h from the a c t i v e q u a r r i e s . 

The c a l c i t e a l s o has v a r i o u s degrees of development 

i n more densely packed and homogeneous forms. I n 

bimodal w i n d - r i p p l e laminated sand i n the f l o o r of 

the NW end of Bowburn Quarry the c a l c i t e p r e f e r e n t i a l l y 

cements the f i n e - g r a i n e d laminae, here forming 14% of 

the rock (measured by p o i n t - c o u n t i n g ) . The cement 

extends no more than a metre or so v e r t i c a l l y . 

Coarse-grained sandflow laminae commonly gain a 

p r e f e r e n t i a l cement fo r p a r t of t h e i r length ( g e n e r a l l y 

only 0.1-0.3m ), e s p e c i a l l y immediately below the 

o v e r l y i n g s e t . The c a l c i t e here forms a network of 

i n t e r s e c t i n g , euhedral, p o i k i l o t o p i c rhombs cementing 

50-100% of the rock. T h i s h a b i t i s i l l u s t r a t e d i n 
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f i g . 7.44 at outcrop and f i g . 7". 45 i n t h i n s e c t i o n . 

The c o n s i d e r a b l e minus-cement p o r o s i t y of the l a t t e r 

suggests that the c a l c i t e may be d i s p l a c i v e . 

O c c a s i o n a l w e l l cemented horizons w i t h i n the 

formation may even m e r i t d e s c r i p t i o n as rock. These 

g e n e r a l l y f o l l o w the lamination, are s h a r p l y bounded 

and i n dimension extend s e v e r a l or many metres 

l a t e r a l l y , a metre or l e s s v e r t i c a l l y . Apart from 

being p a r t i c u l a r l y w e l l developed i n F e r r y h i l l r a i l w a y 

c u t t i n g there appears to be nothing e l s e s y s t e m a t i c 

about t h e i r d i s t r i b u t i o n . 

I n t h i n s e c t i o n t h e r e i s frequent l o c a l evidence 

of c a l c i t e d i s s o l u t i o n manifest as l a m e l l a r pores 

( f i g . 7.26), corroded quartz g r a i n s without cement 

and disconnected fragments of former p o i k i l o t o p i c 

c r y s t a l s ( f i g . 7.27). However, the presence of 

p e r f e c t euhedral c r y s t a l s 20mm long i n the c l u s t e r s 

such as those i n f i g . 7.44 and the coherent r e s t r i c t i o n 

of the cement to p a r t i c u l a r beds at s e v e r a l l o c a l i t i e s 

m i l i t a t e s a g a i n s t any e x t e n s i v e d e c a l c i f i c a t i o n . 

The c a l c i t e i s a g g r e s s i v e towards quartz i n some 

specimens ( f i g . "7.46), even acknoledging McBride's 

warning on the i n t e r p r e t a t i o n of q u a r t z - c a l c i t e 

r e l a t i o n s h i p s (Jonas & McBride, 1977, p.78). I n r a r e 

cases i t i s d i s p l a c i v e ( f i g . "7.45) but there i s no 

evidence f o r wholesale c o r r o s i o n of the quartz w i t h i n 

or without areas p r e f e r e n t i a l l y cemented by c a l c i t e . 

Marzolf (1976) l i n k s the s u r f a c e t e x t u r e s of sand 

g r a i n s from the a e o l i a n Navajo Sandstone i n Utah to 
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a p o s s i b l e former c a l c i t e cement. A p p l i c a t i o n s of t h i s 

method to the Yellow Sands i s hampered by the p o s s i b l e 

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

However, samples examined under SEM ( b o i l e d i n HC1 to 

remove carbonates and pigment) showed none of the 

f e a t u r e s d e p i c t e d by Marzolf. Some of those f e a t u r e s 

seen are i l l u s t r a t e d i n f i g s . 7.47, 7.48. Pryor (1971b) 

regarded a l l the s u r f a c e t e x t u r e s he found i n the 

Yellow Sands as being of d i a g e n e t i c o r i g i n . More 

r e c e n t l y , K r i n s l e y & Smith (1981) s t u d i e d Yellow Sands 

s u r f a c e t e x t u r e s and came to the c o n c l u s i o n that 

o r i g i n a l a b r a s i o n and l a t e r d i a g e n e t i c f e a t u r e s were 

roughly e q u a l l y represented. 

T e x t u r a l r e l a t i o n s h i p s v i s i b l e i n t h i n s e c t i o n 

g e n e r a l l y q u i t e c l e a r l y show that the c a l c i t e p o st

dates the pigment, dolomite, quartz overgrowths and 

a l l other a u t h i g e n i c phases ( f i g s . 7.22, 7.26, 7.41). 

There are exceptions to t h i s r u l e , f o r i n s t a n c e where 

p a r t i a l l y d i s s o l v e d c a l c i t e c r y s t a l s have a c o a t i n g 

of pigment on some s u r f a c e s . Also, a specimen from 

0.1m below the top of the formation near f a c e H at 

Quarrington H i l l Quarry, bearing a nodular c a l c i t e 

cementj has much l e s s dolomite w i t h i n the c a l c i t e than 

without. Dolomite i s present, though sparse , w i t h i n 

the c a l c i t e , abundant without. T h i s would suggest t h a t 

e i t h e r t h ere are two phases of dolomite formation or 

the c a l c i t e formed at roughly the same time as the 

dolomite. 
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Other fTlmemls. 

The only other m i n e r a l s seen i n t h i n s e c t i o n were 

ba r y t e s and ve r m i c u l a r k a o l i n i t e . Barytes was found 

i n two specimens from Sherburn H i l l and two from Hetton 

Downs. I t s most i n t e r e s t i n g h a b i t occurs i n a specimen 

of the top of the formation from a loose block below 

the west face of Sherburn H i l l Sand P i t . The top 

s u r f a c e here has a s c a t t e r i n g of l-2mm s p h e r u l e s of 

r a d i a t i n g b a r y t e s n u c l e a t e d on and e n c l o s i n g sand 

g r a i n s . The rock i s d o l o m i t i c but no dolomites occur 

w i t h i n the b a r y t e s , the sp h e r u l e s appearing d i s p l a c i v e 

towards both quartz and carbonate ( f i g . 7.49). 

The Hetton Downs sample c o n t a i n i n g most b a r y t e s 

(5%) l a c k s any pigment and i s a l s o cemented by c a l c i t e , 

though the c a l c i t e has been p a r t l y d i s s o l v e d and every 

g r a i n i s surrounded by l a m e l l a r pores. G r a i n s w i t h i n 

the c a l c i t e are corroded. The ba r y t e s has c r y s t a l 

t e rminations a g a i n s t the c a l c i t e by which i t i s 

completely surrounded. G r a i n s are a l s o corroded w i t h i n 

the b a r y t e s , which shows no s i g n s of d i s s o l u t i o n ( f i g . 

7.26). 

Vermicular kaolinite i s present i n a l l 4 t h i n 

s e c t i o n s taken from the F e r r y h i l l outcrop, averaging 

about 3% of the rock. A t i n y amount was seen i n one 

s l i d e from Sherburn H i l l . I t occurs i n patches up to 

300yu. a c r o s s and i s u s u a l l y c l o s e l y a s s o c i a t e d with a 

p a r t i a l l y d i s s o l v e d f e l d s p a r g r a i n ( f i g . 7".22). 

A l t e r n a t i v e l y i t may be p a r t i a l l y or wholly enclosed 

w i t h i n a p e l l i c l e of pigment or f i l l an o v e r s i z e d pore. 
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K a o U n i t e patches may be t o t a l l y e n closed by c a l c i t e 
and i n one example t h e r e i s a most p e c u l i a r t e x t u r e 
where the k a o l i n i t e has been completely impregnated 
by c a l c i t e , the o u t l i n e s of k a p l i n i t e books being 
present w i t h i n and i n f u s e d by c a l c i t e ( f i g . 7.50). 

P o r o s i t y and Compaction 

The average minus-cement p o r o s i t y (remaining - - - -

p o r o s i t y + p e r c e n t c a l c i t e , dolomite and a u t h i g e n i c • 

q u a r t z ) i n the w i n d — r i p p l e laminae s l i d e s examined 

i s 26.6% (measured by p o i n t counting, pigment not 

c l a s s e d as cement). I n sandflow samples the 

corresponding f i g u r e i s 31.4%, g i v i n g a d i f f e r e n c e 

between the two types of l a m i n a t i o n of about 5%. The 

c o n t r a s t i n packing i s i l l u s t r a t e d i n f i g s . 7.23 and 

7. 2 4. 

Secondary p o r o s i t y i s r e c o g n i z a b l e where f e l d s p a r s , 

rock fragments or other l a b i l e g r a i n s have been d i s s o l v e d 

( f i g . 7 . 2 5 ) . Complete g r a i n d e s t r u c t i o n i s o b v i o u s l y 

v i r t u a l l y u n d e t e c t a b l e , but i n the s l i d e s measured the 

v i s i b l e secondary p o r o s i t y gained i n t h i s manner never 

amounted to more than 1.3%. Secondary p o r o s i t y a l s o 

o c c u r s by the d i s s o l u t i o n of both dolomite and c a l c i t e 

cements ( f i g s . 7.26 and 7 . 2 7 ) . D i s s o l u t i o n of dolomite 

i s a minor f e a t u r e only d e t e c t a b l e when d o l o m i t e - s i z e d 

and shaped h o l e s a r e v i s i b l e i n c a l c i t e . Some c a l c i t e 

has d e f i n i t e l y been removed from the formation, how 

much i s d i f f i c u l t to a s s e s s ( s e e P./84. ) . 

Through most of the formation t h e r e i s l i t t l e r e s t r i c t 

ion of. the p o r o s i t y , t h i s being enacted only by pigmenting 

phases. The dolomite can e f f e c t i v e l y block pore t h r o a t s , 

where present, though i t i s o.fteni only a pore l i n i n g phase. 

The v a r i o u s developments of c a l c i t e cement must a c t as 
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a random s e r i e s o f b a f f l e s t o p e r m e a b i l i t y , being 

g e n e r a l l y u n s y s t e m a t i c a l l y d i s t r i b u t e d and pr e s e n t 

i n widely v a r y i n g q u a n t i t i e s . I n g e n e r a l , p e r m e a b i l i t y 

must be s t r o n g l y a n i s o t r o p i c , much favoured p a r a l l e l 

to the l a m i n a t i o n , r e s t r i c t e d p e r p e n d i c u l a r . 

The histogram showing the frequency of amount of 

dip of the c r o s s - s t r a t i f i c a t i o n ( f i g . 5.36) peaks i n 

the 23°-27° c l a s s , f a l l i n g away r a p i d l y above 29°. 

Hunter (1981) g i v e s the maximum i n i t i a l dip of sand-

flows i n modern dunes as about 32°. I n a n c i e n t a e o l i a n 

sandstones t h e s e i n i t i a l d i p s must be reduced by 

compaction. I t should t h e r e f o r e be p o s s i b l e to a s s e s s 

the amount of compaction the Yellow Sands have s u f f e r e d , 

though only i f the p r e s e n t day e q u i v a l e n t of the i n i t i a l 

32° could be pi n p o i n t e d . F i g . 5.36 i s l i t t l e help -

arguments could be made f o r both 25° (t h e c e n t r e of the 

modal c l a s s ) and 29° ( t h e b r i n k of the c u t - o f f to high 

a n g l e s ) . These i n d i c a t e 25% and 11% compaction 

r e s p e c t i v e l y . The i n i t i a l p o r o s i t y o f w i n d - r i p p l e 

laminae would t h e r e f o r e have averaged e i t h e r 52% or 

38%, t h a t of sandflows e i t h e r 56% or 42%. Comparing 

wi t h Hunter's data on the i n i t i a l p o r o s i t i e s of these 

l a m i n a t i o n types ( 3 9 % wind r i p p l e , 45% sandflow) the 

lower f i g u r e of 11% compaction f o r the Yellow Sands 

seems more t e n a b l e . 
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SECTION 7.3 THE PROVENANCE AND PI AGENESIS OF THE 

YELLOW SANDS 

Provenance 

P r e v i o u s workers on the Yellow Sands have a l l 

pointed to the Carboniferous as the source of the 

formation (e.g. V e r s e y , 1939; Hodge, 1932; Pryor, 1971b). 

The rock fragment s u i t e i s dominated by sedimentary 

types having f o r the most p a r t d i r e c t analogues i n 

Car b o n i f e r o u s r o c k s p r e s e n t l y exposed i n the County. 

Garnet, one of the most common heavy m i n e r a l s i n the 

formation i s c h a r a c t e r i s t i c o f ^ l o c a l C a r b o n i f e r o u s 

(A.P. Heward, p e r s . comm.). 

The p a l a e o c u r r e n t s and draa o r i e n t a t i o n i n d i c a t e a 

net sand d r i f t from N.E. to S.W.. The pre-Permian 

subcrop map of Z i e g l e r (1981, p.5) shows, proceeding 

o f f s h o r e from the County i n a NE'ly d i r e c t i o n , about 

30km of Westphalian, followed by a 40km s t r i p of Lower 

Ca r b o n i f e r o u s , followed by n e a r l y 300km of Devonian. 

His palaeogeography of the Rotliegendes has the Mid-

North Sea High about 60km o f f s h o r e . Thus i f the 

Yellow Sands have not been reworked from e a r l i e r 

Permian sediments the rock fragments have not t r a v e l l e d 

f a r . The c o a r s e s i z e of much of the quartz i n the 
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Y e l l o w Sands pr e c l u d e s i t s d e r i v a t i o n from many 

Westphalian rocks, but the Namurian g r i t s o f f e r good 

candidates; u n f o r t u n a t e l y l i t t l e i s known of the 

Devonian under the North Sea. Given the robustness 

of quartz and the great d i s t a n c e s a e o l i a n sand can 

t r a v e l f u r t h e r s p e c u l a t i o n would be meaningless 

(Wilson, 1971b; Fryberger^, 1979; Chapter 1 ) . I t should 

however be r e a l i s e d t h a t j u s t because the rock fragments 

and heavy m i n e r a l s are d e r i v e d l o c a l l y i t doesn't 

mean a l l the quartz was. 

The ? b a s a l t g r a i n s are an i n t e r e s t i n g component 

and not p r e v i o u s l y recorded from the formation. 

B a s a l t s are present i n abundance i n the Devonian and 

Carboniferous of the Midland V a l l e y of Scotland and 

these may w e l l extend under the North Sea, though 

nothing i s p u b l i s h e d . Lower Permian b a s a l t s are known 

from the Mid-North Sea High (Dixon et a l . , 1981). 

D e r i v a t i o n from e i t h e r of these sources would i n v o l v e 

t r a n s p o r t of hundreds of k i l o m e t r e s . Whether sand-

s i z e d p l a g i o c l a s e - p y r o x e n e aggregates could withstand 

t h i s i n a d e s e r t c l i m a t e i s open to question. Allowing 

fo r temporary entrapments i n bedforms along the way the 

journey could take y e a r s , even decades. C l o s e r to home 

the L a t e Carboniferous Whin Dykes o f f e r a p o t e n t i a l 

source (the g r a i n s are too f i n e l y c r y s t a l l i n e to be 

derived from the Whin S i l l i t s e l f ) . 

The D i a g e n e t i c Sequence 

The o v e r a l l p a r a g e n e t i c sequence of the major 

a u t h i g e n i c m i n e r a l s w i t h i n the Yellow Sands i s g e n e r a l l y 
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unambiguous and c o n s i s t e n t . That sequence i s : 

1. pigment (probably excluding p a r t of type ( i i ) , 

the t h i n k a o l i n i t e p e l l i c l e s ) 

2. a u t h i g e n i c dolomite 

3. a u t h i g e n i c k a o i i n i t e ( i n c l u d i n g p a r t of pigment 

type ( i i ) ) 

4. r e d u c t i o n of i r o n oxides, p r e c i p i t a t i o n of p y r i t e 

and development of quartz overgrowths 

5. s p a r r y c a l c i t e 

6. o x i d a t i o n of p y r i t e and some d i s s o l u t i o n of 

carbonates. 

Note t h a t the presumably p o s t - u p l i f t a l t e r a t i o n of 

the s u l p h i d e s means that the formation has gone through 

two phases when i r o n bearing m i n e r a l s were o x i d i s e d , 

one very e a r l y and one very l a t e . 

The d e t a i l s of the p a r a g e n e s i s are l e s s easy to 

e l u c i d a t e . The c o n c e n t r a t i o n of s t a i n e d c l a y s i n 

hollows on g r a i n s , a t e x t u r e shown by pigment type 

( i i i ) , i s a common f e a t u r e of red beds and i s regarded 

as i n d i c a t i v e of formation by i n f i l t r a t i o n during 

i n f l u e n t seepage of r a i n or f l o o d waters by, f o r example, 

Turner (.1980, p. 120). I n a study of modern a e o l i a n 

sands Walker (1979) a l s o regarded t h i s as an i n f i l t r a t i o n 

t e x t u r e with m a t e r i a l deposited on exposed p a r t s of 

g r a i n s being removed by a b r a s i o n during t r a n s p o r t . 

Walker s e t beyond doubt the p r e v i o u s l y c o n t r o v e r s i a l 

notion that a e o l i a n sandstones could a c q u i r e pigment 

during t r a n s p o r t , before f i n a l d e p o s i t i o n . T h i s should 

not be s u r p r i s i n g given that a g r a i n trapped i n the 
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l e e of a migrating t r a n s v e r s e dune i s doomed to be 

buried for perhaps 50 y e a r s before being exhumed on 

the windward s i z e , 10,000 y e a r s i f trapped i n the l e e 

of a migrating t r a n s v e r s e draa. Walker regarded the 

composition of the i n f i l t r a t e d c l a y as being c o n t r o l l e d 

s o l e l y by the composition of l o c a l c l a y sources (eg. 

bedrock, unconsolidated alluvium, s o i l s , dune sand 

( s . l . ) i t s e l f ) . The deduced k a o l i n i t i c composition of 

the m a t e r i a l i n question i n the Yellow Sands can 

t h e r e f o r e be l i n k e d to the abundance of k a o l i n i t e i n 

the l o c a l Carboniferous, where i t i s a common cement 

i n sandstones, and to the breakdown of f e l d s p a r s 

during and a f t e r t r a n s p o r t . 

Therefore pigment type ( i i i ) , the yellow s t a i n e d 

( a t outcrop) c l a y s concentrated i n hollows or g r a i n s , 

i s adjudged the e a r l i e s t d i a g e n e t i c m o d i f i c a t i o n of 

the Yellow Sands, o r i g i n a t i n g p a r t l y before and p a r t l y 

a f t e r f i n a l d e p o s i t i o n by the mechanical i n f i l t r a t i o n 

of dominantly k a o l i n i t i c m a t e r i a l c a r r y i n g adsorbed 

f e r r i c i r o n i n some form. That p a r t which was i n t r o 

duced a f t e r f i n a l d e p o s i t i o n may w e l l have formed 

complete p e l l i c l e s on some g r a i n s but t h i s i s now 

l a r g e l y obscured by L a t e r a u t h i g e n i c m i n e r a l s . S i n c e 

i t i s l i k e l y to have developed as a p e l l i c l e a f t e r 

f i n a l d e p o s i t i o n i t must a l s o make up p a r t of pigment 

type ( i i ) , the yellow s t a i n e d ( a t outcrop) k a o l i n i t i c 

f i l m s covering g r a i n s . SEM examination of these c l a y s 

show a mixture of unambiguously a u t h i g e n i c and 

p o s s i b l y i n f i l t r a t e d t e x t u r e s , though a l l are the same 
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t r a n s l u c e n t yellow colour at outcrop and t r a n s l u c e n t 

white subsurface.Euhedral k a o l i n i t e p l a t e l e t s are 

common. 

The o r i g i n of pigment type ( i ) , the i n t a n g i b l e 

yellow s t a i n i n g of most g r a i n s can only be l e f t to 

guesswork. S i n c e i t occurs underneath a l l other 

phases i t i s presumably e a r l i e r than, or at l e a s t 

coeval with them. I t must t h e r e f o r e accumulate during 

t r a n s p o r t and can only be supposed to c o n s i s t of 

minute q u a n t i t i e s of some form of i r o n oxide or i r o n 

oxide s t a i n e d c l a y c o l l e c t i n g i n extremely s m a l l hollows 

i n the s u r f a c e . Techniques more r e f i n e d than those 

used i n the present study are e v i d e n t l y r e q u i r e d to 

s o l v e the i s s u e . 

The timing of the generation of pigment type ( i v ) , 

the orange through red and brown to b l a c k granules 

with g o e t h i t e as t h e i r major c r y s t a l l i n e component, i s 

u n c e r t a i n . T h e i r a s s o c i a t i o n with ( i i i ) amongst 

degrading rock fragments suggests a common o r i g i n i n 

o x i d i s i n g d e s e r t c o n d i t i o n s . The pseudomorphing of 

framboidal p y r i t e and p y r i t e cubes may i n d i c a t e an 

o r i g i n by the r e c e n t o x i d a t i o n of a u t h i g e n i c p y r i t e . 

However, s i n c e a l l i r o n oxides bar c e r t a i n red sand

stone rock fragments are p y r i t i s e d s u b s u r f a c e the 

p y r i t e framboids and rhombs may themselves be 

developments on e a r l i e r o x i d i s e d c o r e s . Looking at 

other ( r e d ) a e o l i a n formation the g e o t h i t e granules 

d i s t r i b u t e d over g r a i n s u r f a c e s i s an unusual t e x t u r e . 

Pigment type ( i v ) i s t h e r e f o r e regarded as de r i v e d from 
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p y r i t e formed i n reducing groundwaters with the p y r i t e 

p a r t authigenic, p a r t d e r i v e d from i r o n oxides formed 

round rock fragments degrading p r e - Z e c h s t e i n . 

Were the sands once red? Because of the complete 

d e s t r u c t i o n of any o r i g i n a l colour by l a t e r reducing 

groundwaters t h i s question cannot be answered fo r c e r t a i n 

by studying the formation i n i s o l a t i o n . X-ray f l u o r e s c e n c e 

a n a l y s i s (Table7.3) shows t o t a l i r o n c o n c e n t r a t i o n 

(expressed as F e 2 0 3 ) from 0.42% to 3.68%, subsu r f a c e 

and outcrop. T h i s i s c e r t a i n l y enough i r o n to produce 

a red pigment, i r o n content i n most red beds being, 

only a few percent (eg. Van Houten, 1973). Note a l s o 

t h a t the s i n g l e red sample (from Bowburn) analysed gave 

1.9% Fe, f a l l i n g w i t h i n the range of the other groups. 

Given t h i s , the p o s i t i o n of the formation at the down

wind end of a very l a r g e d e s e r t and the l i k e l y a n t i q u i t y 

of that d e s e r t at the time of d e p o s i t i o n of the sands, 

i t i s q u i t e l i k e l y t h a t the Yellow Sands were once red. 

Walker (1979) showed that modern Libyan a e o l i a n sands 

became red i n t r a n s p o r t d i s t a n c e s from the Mediterranean 

coast, ranging from only a few to 400km, the longer 

course being more a r i d . S i m i l a r t r a n s p o r t d i s t a n c e s 

are c r e d i b l e f o r the Yellow Sands sand. 

A c r i t i c a l f a c t o r i n t h i s d i s c u s s i o n i s the colour 

of the underlying Carboniferous. T h i s i s grey to a 

depth of 1 or 2 metres, red to ~8m (max.~-15m) below 

(Anderson & Dunham, 1953). The grey colour has been 

a t t r i b u t e d to Z e c h s t e i n r e d u c t i o n . Reddening extends 

to depths of hundreds of metres i n Carboniferous rocks 
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below the Permian d e s e r t sediments of the V a l e of 

Eden ( T r o t t e r , 1939) and has been noted i n every other 

such area i n B r i t a i n . The e n t i r e f l o o r of the North 

Sea area i n the Permian, c o n s i s t i n g of Carboniferous 

and Old Red Sandstone sediments was t h e r e f o r e probably 

red. Given t h i s , i t i s hard to conceive the Yellow 

Sands as being enything other than red as the f i r s t 

breakers of the Z e c h s t e i n t r a n s g r e s s i o n r o l l e d a c r o s s 

the land. 

To summarise, the Yellow Sands were probably 

i n i t i a l l y red by v i r t u e of the now widely accepted 

e a r l y d i a g e n e t i c p r o c e s s e s of the d e s t r u c t i o n of f e r r o -

magnesian and other u n s t a b l e g r a i n s and the formation 

of red g r a i n c o a t s by i n f i l t r a t i o n of c l a y m i n e r a l s , 

c o n t a i n i n g adsorbed i r o n o xides. The c l a y p e l l i c l e s 

are preserved as pigment type ( i i i ) and p a r t of type 

( i i ) , c o n s i s t i n g l a r g e l y of k a o l i n i t e . The d e s t r u c t i o n 

of u n s t a b l e g r a i n s i s f o s s i l i z e d i n the g r a i n - s i z e d 

c o n c e n t r a t i o n s of pigment types ( i i i ) and ( i v ) , the 

l a t t e r now c o n s i s t i n g of g o e t h i t e . At some l a t e r date 

pore waters became s t r o n g l y reducing. Pigment type 

( i v ) was a l t e r e d from i t s o r i g i n a l (unknown) composition 

to p y r i t e and f u r t h e r p y r i t e p r e c i p i t a t e d as a t r u e 

a u t h i g e n i c phase, some of i t i n framboidal form. Any 

i r o n adsorbed on the k a o l i n i t e p e l l i c l e s was a l s o 

reduced, rendering those p e l l i c l e s white. F u r t h e r 

a u t h i g e n i c k a o l i n i t e formed at a l a t e r date ( d i s c u s s e d 

below). During T e r t i a r y u p l i f t the formation came to 

outcrop and i n the o x i d i s i n g zone c l o s e to the ground 
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s u r f a c e a l l the p y r i t e and f e r r o u s i r o n was o x i d i s e d 

to g o e t h i t e and other, amorphous forms to give the 

present yellow colour. 

The dolomite rhombs must have been p r e c i p i t a t e d 

( p o s s i b l y as a r a g o n i t e or c a l c i t e ) during the e a r l i e s t 

h i s t o r y of the Z e c h s t e i n Sea, before the Yellow Sands 

r i d g e s were buried by any succeeding s t r a t a . T h i s i s 

demonstrated by the f a c t that the dolomite has been 

mixed with the sand by b i o t u r b a t i o n i n the reworked 

bed at the top of the formation. T h i s does not 

unambiguously prove that a l l the dolomite formed at 

t h a t stage but the assumption i s obvious and not 

c o n t r a d i c t e d by any other evidence. Dolomite of s i m i l a r 

h a b i t and o r i g i n i s d e s c r i b e d by Glennie et a l . (1978) 

from the southern North Sea. 

Turner et a l . (1978) d e s c r i b e the formation of 

framboidal p y r i t e i n the Marl S l a t e . The p y r i t e i s 

envisaged as forming "by r e a c t i o n of s u l p h i d e produced 

by r e d u c t i o n of sulphate by organic m a t e r i a l s and 

micro-organisms with i r o n a l s o r e l e a s e d i n the reducing 

environment" ( i b i d . , p.256), organic m a t e r i a l , s u l p h a t e s 

and d e t r i t a l i r o n oxides being r e a d i l y a v a i l a b l e . At 

f i r s t s i g h t t h ere seems to be no reason why t h i s 

mechanism cannot be extended to the p y r i t e i n the 

Yellow Sands. 

SEM examination ( f i g . 7.37) c o n s i s t e n t l y shows 

that the dolomite rhombs bear a coat of a u t h i g e n i c 

c l a y ( i d e n t i f i e d as k a o l i n i t e by XRD) whereas the 

p y r i t e does not. T h i s suggests that the growth of 



197 

the k a o l i n i t e punctuated the parage n e s i s between the 

dolomite and the p y r i t e . Now the most f a c i l e e x planation 

for the o r i g i n of the k a o l i n i t e i s by d e s t r u c t i o n of 

c l a s t i c f e l d s p a r s ( a r e l a t i o n s h i p c o n v i n c i n g l y demon

s t r a t e d i n f i g . "7.22) i n s l i g h t l y a c i d pore water. 

The most convenient source of a c i d pore water i s the 

underlying Upper Carboniferous. T h i s f e l d s p a r 

a l t e r a t i o n would a l s o r e l e a s e s i l i c a as a p o t e n t i a l 

source f o r the quartz overgrowths, though the i n c r e a s e d 

development of overgrowths near the top suggests t h a t 

c l a y m i n e r a l t r a n s f o r m a t i o n s i n the Marl S l a t e a l s o 

c o n t r i b u t e d . These c a r r y the impression of being 

p r o c e s s e s t h a t would operate a f t e r a moderate amount 

of b u r i a l . T h i s t h e r e f o r e must c a l l i n t o question the 

very tempting a t t r i b u t i o n of the re d u c t i o n of the i r o n 

oxides to e a r l y Z e c h s t e i n groundwater. Perhaps the 

e a r l i e s t d e p o s i t s of the Marl S l a t e e f f e c t i v e l y s e a l e d 

o f f the sands from Z e c h s t e i n sea water or maybe 

the p y r i t e i n the Marl S l a t e could only form i n the 

immediate presence of decaying o r g a n i c matter. Gl e n n i e 

et a l . (1978) t e n t a t i v e l y l i n k d e c o l o u r a t i o n (from 

red to grey) of p a r t s of the Lower Rotliegendes under 

the southern North Sea to the expulsion of a c i d i c 

formation waters from the un d e r l y i n g c o a l - b e a r i n g 

Carboniferous during compaction and c o a l i f i c a t i o n . 

The upper p a r t of the sequence, a c t i v e l y reworked by 

the Z e c h s t e i n Sea, l o s t i t s colour by re d u c t i o n i n 

groundwaters a s s o c i a t e d with that sea. The middle of 

the sequence i s red because n e i t h e r process could 

propagate completely through the sediment p i l e , being 
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r e s t r i c t e d by p e r m e a b i l i t y . 

Glennie's work j u s t i f i e s the a p p l i c a t i o n of both 

p r o c e s s e s to the Yellow Sands. The t e x t u r a l r e l a t i o n s 

favour the l a t t e r : the r e d u c t i o n of the i r o n oxides 

and p r e c i p i t a t i o n of p y r i t e by waters e x p e l l e d from 

the underlying Carboniferous sediments. With impermeable 

carbonates and e v a p o r i t e s above, and being t h i n and 

permeable, the Yellow Sands must have been s u b j e c t e d 

to an u n d i l u t e d i n f l u e n c e of the groundwaters emanating 

from the Carboniferous. In view of the a c i d i t y of the 

pore waters invoked f o r d e s t r u c t i o n of the f e l d s p a r s 

i t i s s u r p r i s i n g t h a t the dolomite h a s L s u r v i v e d , but 

t h i s n e v e r t h e l e s s seems the most p l a u s i b l e s c e n a r i o . 

Where the dolomite i s v i s i b l e through i t s c l a y coat 

i n some specimens the rhombs might, with the eye of 

f a i t h , be suspected of showing s l i g h t l y etched s u r f a c e s 

(eg. f i g s . 7.41, 7.42), but t h e r e i s no other evidence 

of d i s s o l u t i o n at t h i s stage. 

Under the southern North Sea k a o l i n i t e i s envisaged 

as developing during b u r i a l at depths of 1000-3000m, 

transforming to i l l i t e and c h l o r i t e beyond 3000m 

(Glennie et a l . , 1978; Nagtegaal, 1979). S i n c e i l l i t e 

i s subordinate and c h l o r i t e absent i n the Yellow Sands 

the maximum depth of b u r i a l of the formation i s t h e r e 

f o r e l i m i t e d to 3000m or l e s s , on t h i s b a s i s . 

The s p a r r y c a l c i t e cement was the l a s t of the 

a u t h i g e n i c phases to p r e c i p i t a t e though the presence 

of a l i m i t e d amount of e a r l y c a l c i t e cannot be r u l e d 

out. I t s development immediately below the Marl S l a t e 
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might i n d i c a t e a c o n c e n t r a t i o n of the r e l e v a n t ions 

by membrane f i l t r a t i o n . I t a l s o shows some p r e f e r e n c e 

for c o a r s e r , more permeable horizons ( f i g . "7.44) but 

i t s reported a f f i n i t y for the lower p a r t of the 

formation does not seem to r e l a t e to any t e x t u r a l 

c h a r a c t e r i s t i c . The source of the c a l c i t e i s not 

known. D o l o m i t i s a t i o n of the o v e r l y i n g Upper Permian 

carbonates must have r e l e a s e d v a s t amounts of calcium 

but. t h i s i s b e l i e v e d to have occurred q u i t e soon a f t e r 

d e p o s i t i o n (Smith, 1981, p.179). 

Glennie et a l . (1978) p o s t u l a t e that most of the 

o r i g i n a l carbonate (dolomite i n t h i s c a s e ) i n southern 

North Sea Rotliegendes sandstones was d i s s o l v e d and 

r e p r e c i p i t a t e d during Cretaceous u p l i f t . A s i m i l a r 

s t o r y might be a p p l i e d to the Yellow Sands + a . e x p l a i n 

the p a r t i a l d i s s o l u t i o n of the c a l c i t e . A l t e r n a t i v e l y 

the d i s s o l u t i o n could have occurred at a l a t e r stage 

of u p l i f t as meteoric water penetrated the formation. 

As s t a t e d e a r l i e r (pp./37 ) the amount of m a t e r i a l 

removed by that d i s s o l u t i o n cannot be a s c e r t a i n e d . 

The f i n a l d i a g e n e t i c m o d i f i c a t i o n of the Yellow Sands, 

the o x i d a t i o n of the p y r i t e , could almost be termed 

weathering. Presumably i t took p l a c e i n o x i d i s i n g 

meteoric waters during the l a t e r s t a ges of u p l i f t . 

Whether the yellow colour of the a u t h i g e n i c k a o l i n i t e 

i s due to the o x i d a t i o n of adsorbed f e r r o u s i r o n 

compounds or the r e l a t i v e l y r e c e n t adsorption of 

forms of f e r r i c i r o n l i b e r a t e d from the p y r i t e i s 

u n c e r t a i n . I n s t a n c e s of pigment l y i n g on a u t h i g e n i c 
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c a l c i t e c r y s t a l s u r f a c e s demonstrates that the process 

was not one of p u r e l y i n s i t u o x i d a t i o n : a c e r t a i n 

amount of mass movement was involved. I t i s i n t e r e s t i n g 

to note that the o x i d a t i o n has even penetrated areas 

apparently t i g h t l y cemented by c a l c i t e - normal 

pigment c o l o u r s a r e seen w i t h i n cement i n t h i n s e c t i o n . 

The o x i d i s i n g f l u i d s must have propagated along very 

t i g h t pores between g r a i n s and cement; the i r r e d u c i b l e 

l a m e l l a r p o r o s i t y of up to 2.5% de s c r i b e d by Schmidt 

and Macdonald (1979, pp.184-185). 

L i t t l e can be s a i d of the ba r y t e s cement except 

that i t i s p r e - c a l c i t e and, on the evidence of one 

specimen, apparently was not r e p l a c e d by c a l c i t e . The 

baryte s s p h e r u l e s at Sherburn H i l l ( f i g . 7.49) are a 

most p e c u l i a r f e a t u r e . T h e i r t e x t u r a l r e l a t i o n s do 

not o f f e r any c l u e s to dating and no exp l a n a t i o n i s 

o f f e r e d to t h e i r o r i g i n . 

Summary 

The wide spread of g r a i n s i z e of the Yellow Sands 

can be a t t r i b u t e d to the d i s p o s i t i o n of the formation 

i n l o n g i t u d i n a l draa, the a c c e s s of coarse sand 

being expedited by the i n t e r - d r a a c o r r i d o r s . The 

v a r i a t i o n of g r a i n s i z e w i t h i n the formation r e f l e c t s 

the lamination of the sediment and s o r t i n g p r o c e s s e s 

p a r t i c u l a r to each r e s u l t i n g lamination can be 

e l u c i d a t e d . 

The rock fragment s u i t e i n the Sands i s s t r o n g l y 

i n f l u e n c e d by the und e r l y i n g Carboniferous sediments 

though t h i s does not mean that a l l the sand was 
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s i m i l a r l y d e r i v e d . 

The main f e a t u r e s of the d i a g e n e t i c h i s t o r y of the 

formation are, i n order of development: 

1. Accumulation of probably red, dominantly k a o l i n i t i c 

c l a y s i n hollows on g r a i n s during t r a n s p o r t and a 

red s t a i n on most g r a i n s u r f a c e s , 

2. I n f i l t r a t i o n of f u r t h e r c l a y , again dominantly 

k a o l i n i t e and probably red, by rai n w a t e r a f t e r 

f i n a l d e p o s i t i o n . Also gradual d e s t r u c t i o n of 

uns t a b l e rock fragments. 

3. P r e c i p i t a t i o n of s i l t grade, euhedral, g e n e r a l l y 

p o r e - l i n i n g dolomite soon a f t e r the Z e c h s t e i n 

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

4. P r e c i p i t a t i o n of p o r e - l i n i n g ( l o c a l l y p o r e - f i l l i n g ) 

k a o l i n i t e d e r i v e d from the d e s t r u c t i o n of f e l d s p a r s 

i n a c i d groundwater produced from the u n d e r l y i n g 

Carboniferous s t r a t a . Also growth of quartz over

growths, r e d u c t i o n of i r o n oxides and p r e c i p i t a t i o n 

of p y r i t e i n the same groundwater, though probably 

s l i g h t l y l a t e r . 

5. P r e c i p i t a t i o n of the s p a r r y c a l c i t e cement from an 

unknown source at an unknown date. 

6. D i s s o l u t i o n of the c a l c i t e and dolomite to an 

unknown extent, p o s s i b l y by meteoric waters during 

u p l i f t . 

7. Oxidation of p r e v i o u s l y reduced i r o n and p y r i t e 

w i th some r e d i s t r i b u t i o n of m a t e r i a l , a l s o i n 

meteoric waters. 
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The p r e s e r v a t i o n of k a o l i n i t e as the dominant 

c l a y m ineral i n the formation suggests, by comparison 

with southern North Sea Rotliegendes sediments, that 

the Yellow Sands have never been buried deeper than 

about 3000m. 
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CHAPTER 8 

THE BRIDGNORTH SANDSTONE 

SECTION 8.1 INTRODUCTION, STRATIGRAPHY AND DISTRIBUTION 

The Bridgnorth Sandstone, as the "Lower Bunter 

Sandstone" was the s u b j e c t of a c l a s s i c paper by 

Shotton (1937). T h i s work, c l a s s i c not j u s t i n the 

study of a e o l i a n sediments, but i n sedimentology as a 

whole, d e a l t s y s t e m a t i c a l l y with the cross-bedding and 

grading of the formation. I t s premises and approach 

se t a standard that has p e r s i s t e d f o r 40 years and i t 

i s only i n the l a t e 1970s and 1980s that a new 

generation i n a e o l i a n sedimentology (e.g. B r o o k f i e l d , 

1977, Kocurek, 1981 and t h i s t h e s i s ) has developed. 

L i t t l e of s i g n i f i c a n c e about the formation has been 

published s i n c e Shotton's work. 

In i t s type area, around the town of Bridgnorth i n 

Shropshire (20 km WSW of Wolverhampton) the formation, 

~ 1 8 0 m t h i c k , i s composed e n t i r e l y of red a e o l i a n 

sandstone. I t r e s t s unconformably on Upper Coal 

Measures and i s o v e r l a i n unconformably by what used to 

be c a l l e d the Bunter Pebble Beds, now c a l l e d the 

Kidderminster Conglomerate Formation ( c o n v e n t i o n a l l y 

regarded as Lower T r i a s s i c i n age). T h i s formation 

seems to have escaped any d e t a i l e d a t t e n t i o n but appears 

to be a pebbly f l u v i a t i l e d e posit. 

Despite r e c e n t comprehensive r e v i s i o n s (Smith et 

a l . , 1974; and Warrington et a l . , 1980) the o r g a n i s a t i o n 

and nomenclature of the s t r a t i g r a p h y of the Bridgnorth 

Sandstone and a s s o c i a t e d rocks i s extremely confused. 
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T h i s i s due to the l a t e r a l v a r i a b i l i t y of the rocks 

and the p a u c i t y of both f o s s i l s and exposure. 

I t appears t h a t t h ere i s a contiguous body of 

a e o l i a n sandstone from the Stourbridge area northwards 

into the I r i s h Sea B a s i n ( s e e f i g . 8.1). I t i s known 

as the Bridgnorth Sandstone i n W o r c e s t e r s h i r e , 

S t a f f o r d s h i r e and Shropshire, as the Kinnerton Sand

stone Formation i n most of Cheshire, and as the 

C o l l y h u r s t Sandstone i n north-east Cheshire, Greater 

Manchester, Merseyside and L a n c a s h i r e . Westwards 

Permo-Trias outcrop terminates. To the east i n 

S t a f f o r d s h i r e and the West Midlands the Bridgnorth 

Sandstone t h i n s to zero along a l i n e from Stoke to 

Wolverhampton. Whether t h i s t h i n n i n g i s by non-

d e p o s i t i o n or d e p o s i t i o n and subsequent e r o s i o n i s 

unknown. The outcrop and subcrop area of t h i s body 
2 

of rock (on land) t o t a l s about 4500 km . 

T h i s p i c t u r e i s complicated by the presence of 

the Manchester Marls r e p l a c i n g the top part of t h i s 

sequence around Greater Manchester and i n L a n c a s h i r e . 

These y i e l d an e a r l y Upper Permian marine fauna from 

beds near the base. The Manchester Marls are absent 

i n the L i v e r p o o l a r e a though i d e n t i f i e d f u r t h e r i n t o 

the I r i s h Sea B a s i n . To the south they pass i n t o 

presumed a e o l i a n sandstone. Also, i n the northern part 

of the Cheshire Basin,Poole and Whiteman (1966) report 

the presence of " s p o r a d i c marl bands" w i t h i n the Lower 

Mottled Sandstone. These seem to i n c r e a s e northwards 

u n t i l the e n t i r e a e o l i a n i n t e r v a l s h a l e s out i n the cent r e 
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of the I r i s h Sea E a s i n ( C o l t e r and Barr, 1975). A 

l o c a l sandy i n t e r v a l between the Manchester Marls and 

Chester Pebble Beds (= Bunter Pebble Beds), formerly 

named Lower Mottled Sandstone,is now regarded as a 

sandy v a r i a n t of the Pebble Beds and included w i t h i n 

that formation (Warrington et a l , , 1980). I t i s 

t h e r e f o r e t r a n s f e r r e d to the T r i a s . The s t r a t i g r a p h y of 

the B r i d g n o r t h - K i n n e r t o n - C o l l y h u r s t Sandstone i s 

presented diagrammatically i n f i g . 8.2. The l e a s t 

confusing nodern account of the s u b j e c t l i e s i n C o l t e r 

and B a r r ( 1 9 7 5 ) , though t h i s uses the o l d e r (and 

s i m p l e r ) nomenclature. 

Despite the confusion and l a c k of exposure a 

coherent p i c t u r e emerges of a contiguous body of 

a e o l i a n sandstone, i t s present onshore outcrop being 

only an offshoot of a much l a r g e r b a s i n under the e a s t e r n 

I r i s h Sea. T r i b u t a r y to the northern margin of t h i s 

b a s i n are the Permo-Trias outcrops of S.W. S c o t l a n d 

and the Vale of Eden. T h e i r e v o l u t i o n i s i n many ways 

analogous to t h a t of the I r i s h Sea and Cheshire B a s i n s 

( s e e e.g. C o l t e r and Barr, 1975; Smith et a l . . 1974). 

C o l l e c t i v e l y , these areas form a s m a l l counterpart 

to the Northern and Southern Permian B a s i n s of the North 

Sea. Were i t not f o r the f a c t that most of the rocks 

l i e beneath waves or d r i f t the s e p a r a t e outcrops could 

no doubt be i n t e r p r e t e d i n a coherent r e g i o n a l p a t t e r n . 

The C o l l y h u r s t , Kinnerton and Bridgnorth Sandstones are 

almost c e r t a i n l y p a r t s of the same erg. In subsequent 

s e c t i o n s these three Sandstones w i l l be t r e a t e d as one, 

r e f e r r e d to as 'the Bridgnorth Sandstone' or simply 
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"the formation". I t i s not impossible that t h i s erg 

extended as f a r as the Vale of Eden and S.W. Scot land. 

The age and duration of the a e o l i a n i n t e r v a l are 

d i f f i c u l t to a s s e s s . The Manchester Marls s i g n a l a 

t r a n s g r e s s i o n which i s taken on faunal avidence to be 

of the same age as the f i r s t Z e c h s t e i n t r a n s g r e s s i o n 

east of the Pennines, i . e . e a r l i e s t Late Permian. 

T h i s terminated a e o l i a n d e p o s i t i o n i n L a n c a s h i r e , 

Greater Manchester, the I r i s h Sea b a s i n and probably 

the Vale of Eden too. Near Formby i n L a n c a s h i r e 715 m 

of a e o l i a n sandstone had accumulated p r i o r to t h i s 

event (Kent, 1947). Elsewhere the u n i t ( t y p i c a l l y 

150-300 m t h i c k ) i s terminated beneath the unconformity 

of the Lower T r i a s s i c Chester Pebble Beds/Kidderminster 

Conglomerate Formation/Bunter Pebble Beds. The 

unconformity does not mark any s t r u c t u r a l break, though 

the Pebble Beds overlap the a e o l i a n i n t e r v a l by up to 

30 km eastwards. 

The Bridgnorth Sandstone i s poorly exposed, out

crops being overwhelmingly concentrated i n the 

immediate v i c i n i t y of Bridgnorth and a l s o i n the Kinver 

and Bewdley areas (NE and W of Kidderminster 

r e s p e c t i v e l y ) . To the north and north-west of Bridgnorth, 

i n the Cheshire b a s i n , exposures are extremely s p a r s e . 

The only l i s t s of outcrops l i e i n the memoirs of the 

I n s t i t u t e of G e o l o g i c a l S c i e n c e s which range from 15 

to n e a r l y 100 years o l d . During f i e l d w o r k i t was 

f r e q u e n t l y found that exposures no longer e x i s t e d and 

in s e v e r a l i n s t a n c e s rocks r e f e r r e d by the survey to 
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the Lower Mottled Sandstone were found t o be w a t e r - l a i n 
r a t h e r than aeolian and thus best placed i n the Pebble 
Beds (such examples were always at or very near the 
mapped top of the f o r m a t i o n ) . 

SECTION 8.2 SEDIMENTARY STRUCTURES 

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

Scale diagrams of the cross-bedding i n the 19 
best, accessible exposures of the B r i d g n o r t h Sandstone 
are reproduced on Enclosures 9-14. These f o l l o w 
e x a c t l y the same format as those drawn f o r the Yellow 
Sands and are compiled from f i e l d sketches and 
photographs. Surveying was done by pacing, crude 
t r i a n g u l a t i o n and estimate. "Metres" on the scales 
should be read as "metres - 20%". 

A l l but one of the sections are from the B r i d g n o r t h , 
Kinver and Bewdley areas, r e f l e c t i n g the d e n s i t y of 
exposure of the forma t i o n . The exception i s a road 
s e c t i o n from near Preston Brockhurst, 40 km NNW of 
Br i d g n o r t h . A l l the sections have a s i g n i f i c a n t t e c t o n i c 
d i p , up t o about 10°, g e n e r a l l y t o the n o r t h or east. 
The exact value of the d i p i s impossible t o assess, 
the nearest r e l i a b l e markers of the o r i g i n a l h o r i z o n t a l 
being i n the o v e r l y i n g Pebble Beds. 

D e s c r i p t i o n and I n t e r p r e t a t i o n of the Cross-Bedding 
Shotton (1937) considered the cross-bedding of the 

formation as formed by m i g r a t i n g and c l i m b i n g barchan 
(meaning transverse) dunes and complicated by bounding 
surfaces developed by r e - o r i e n t a t i o n of the dunes i n 
changing winds. This i n t e r p r e t a t i o n was way ahead of 
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i t s time and i n curr e n t parlance allows f o r random 
bedform behaviour and the development of 3rd and 
4th order bounding surfaces. The r e s u l t a n t cross-
bedding d i p azimuth i s given by Shotton as 274°, 
i n t e r p r e t e d as i n d i c a t i n g an e a s t e r l y wind. 

A f i r s t d i v i s i o n of the outcrops can be made 
i n t o those p a r a l l e l t o and those normal t o 
palaeocurrent. I n the B r i d g n o r t h area most are 
normal t o the palaeowind, f o l l o w i n g the s t r i k e of 
the Severn V a l l e y . The exceptions t o t h i s r u l e are 
the Worfe Bridge, A454 and Dudmaston sections 
(Encls. 9, 11 and 13 r e s p e c t i v e l y ) . On Encl. 14 
the NE e l e v a t i o n of Holy Austin Rock, the south 
e l e v a t i o n of Drakelow Depot, and the Preston Brockhurst 
s e c t i o n are p a r a l l e l t o the wind. 

One important exposure not included amongst the 
diagrams i s Blackstone Rock (marked on the l o c a l i t y 
map on Enclosure 14) ov e r l o o k i n g the River Severn 
between St o u r p o r t and Bewdley. There i s about 200 m 
lengt h of exposure here i n a face up t o 25 m high 
(see f i g . 8.3). Though the eastern h a l f i s much 
cut up by f a u l t s the highest p a r t of the main face 
i s made up e n t i r e l y of the sandflow laminae of one 
set of cross-bedding, d i p p i n g at up t o 65° SW, of 
which at l e a s t 30° must be t e c t o n i c . The f a u l t i n g 
makes i t d i f f i c u l t t o gauge the exact thickness of the 
set but i t must be at l e a s t 30 m ( n e i t h e r top nor 
bottom are exposed). This i s p o s s i b l y the t h i c k e s t 
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set of cross-bedding exposed anywhere i n the U.K. 
Blackstone Rock represents one extreme of the 

v a r i a b i l i t y of cross-bedding s t y l e i n the f o r m a t i o n , 
being an enormous set l a c k i n g any i n t e r n a l bounding 
surfaces. The opposite end-member i s manifest f o r 
instance i n face C at The Hermitage, B r i d g n o r t h 
(Encl. 10) and the southern cut by the A442 at 
Quatford (Encl. 12). These have a complex and 
i n t r i c a t e arrangement of bounding surfaces d e f i n i n g 
sets t y p i c a l l y 1 - 3 m t h i c k . 

Thick, l a t e r a l l y extensive sets l a c k i n g 
i n t e r n a l surfaces may also be seen at B r i d g n o r t h 
Golf Club Car Park (Encl. 9) where a 60 m long s t r i k e 
s e c t i o n has been cut through a s i n g l e set showing l i t t l e 
v a r i a t i o n i n d i p . At High Rock, B r i d g n o r t h ( E n c l . 9) 
the sets are c o n s i s t e n t l y 6 - 10 m t h i c k and extend 
l a t e r a l l y f o r at l e a s t 80 m without t e r m i n a t i n g . The 
set occupying most of the A454 s e c t i o n at B r i d g n o r t h 
(Encl. 1-1) i s about 20 m t h i c k . I n the Dudmaston 
A442 s e c t i o n ( E n c l . 13) a s i n g l e set i s broken only • 
by 2 minor surfaces i n a distance of 150 m and may 
extend the whole l e n g t h of the s e c t i o n . Bewdley 
r a i l w a y c u t t i n g shows sets extending l a t e r a l l y w i t h 
l i t t l e change i n d i p d i r e c t i o n f o r 80 - 100 m. 

To i n t e r p r e t the cross-bedding i t i s convenient 
to consider f i r s t the two t a l l e s t exposures: High 
Rock (Encl. 9) and Quatford Rock (Encl. 11). The 
l a t t e r provides a f i n e example of l a r g e scale trough 
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cross-bedding cut transverse t o palaeocurrent. The 
sets are t y p i c a l l y 2 - 4 m t h i c k w i t h a l a t e r a l 
extent of 20 - 40 m. There are only 2 orders of bound
ing surface apparent. I n High Rock the sets are 
c o n s i s t e n t l y 3 times t h i c k e r and much more l a t e r a l l y 
extensive, s t r e t c h i n g f u r t h e r than the exposure. 

The cross-bedding i n Quatford Rock must be 
i n t e r p r e t e d as having been deposited by sinuous 
transverse dunes, e x a c t l y i n accordance w i t h Shotton's 
(1937) ideas, i f not h i s terminology. The next step 
then l o g i c a l l y becomes the a t t r i b u t i o n of the cross-
bedding i n High Rock t o s l i p f a c e d transverse draa, 
an i n t e r p r e t a t i o n which i s extended t o a l l the other 
t h i c k , l a t e r a l l y extensive sets mentioned above. 

This conclusion i s founded only on the systematic 
divergence i n scale of the two types of cross-oedding, 
not on any h i e r a r c h y of bounding surfaces, though 
the p a t t e r n of bounding surfaces i s c o n s i s t e n t w i t h 
t h i s i n t e r p r e t a t i o n . Indeed, given the 17 m height 
of Quatford Rock, compared w i t h the 6 - 10 m draa 
set thickness i n High Rock,the former should be 
expected t o c o n t a i n at l e a s t one f i r s t order bounding 
surface. No such f e a t u r e i s evident, presumably being 
a v i c t i m of the scouring of the f e e t of draa l e e -
sides by dunes as mooted i n Chapter 2. The basic 
argument i s t h a t t h e r e appear t o be two c o n t r a s t i n g 
s t y l e s of cross-bedding, d i f f e r i n g p r i n c i p a l l y i n 
scale, and i t i s l o g i c a l t o a t t r i b u t e these t o the 
two a v a i l a b l e orders of generating bedforms. The 
only a l t e r n a t i v e s would be t o a t t r i b u t e a l l the 
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cross-bedding e i t h e r to s l i p f a c e d draa or dunes. 
However, i t i s d i f f i c u l t t o envisage draa forming 
the trough sets only 40 m or less wide, v i s i b l e , 
f o r example, i n the Quatford s e c t i o n s . Likewise 
the d e p o s i t i o n by dunes of 20 and 30 m t h i c k sets 
i n the A454 s e c t i o n and at .Blackstone Rock, and 
repeated 6 - 10 m sets i n High Rock i s s i n g u l a r l y 
improbable. I t i s t h e r e f o r e suggested t h a t both 
s l i p f a c e d and s l i p f a c e l e s s draa c o n t r i b u t e d t o the 
d e p o s i t i o n of the B r i d g n o r t h Sandstone. 

D i s t i n c t i o n of the two cross-bedding s t y l e s 
i s o n l y p o s s i b l e i n those exposures where the super
p o s i t i o n or l a t e r a l extent of several sets i s 
evident. This i s r e f l e c t e d i n the question marks 
attached t o the i n t e r p r e t a t i o n s of bounding surface 
order on the enclosures. For example i n the A454 
se c t i o n (Enc. 11) the 4 1-2 m t h i c k sets occuring 
above the main 20 m t h i c k set could e i t h e r be dunes 
or draa, though the c o n t r a s t w i t h the main set tempts 
l a b e l l i n g as dunes. Since the s e c t i o n i s p a r a l l e l 
to palaeocurrent the t r u e thickness of the t h i n sets 
i s not known. 

I n l a b e l l i n g the bounding surfaces the g r e a t e s t 
problems a r i s e over the d i s t i n c t i o n of 1st order from 
3rd order ( t h e m i g r a t i o n surfaces ) and 2nd from 4 t h 
( t h e m o d i f i c a t i o n surfaces ). This can u s u a l l y only 
be done on an a r b i t r a r y judgement of the scale of the 
sets concerned. 1st and 2nd order surfaces, and 3rd an 
4th order i n p a i r s are more e a s i l y d i s t i n g u i s h a b l e , 
since they tend more o f t e n t o observe a h i e r a r c h y . 
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Also the m o d i f i c a t i o n surfaces g e n e r a l l y only 
i n v o l v e small angular discordances above and below, 
whereas m i g r a t i o n surfaces have sharp t r u n c a t i o n s 
below and asymptotic toesets above. P a r a l l e l t o 
palaeocurrent the former g e n e r a l l y d i p more st e e p l y 
than the s u b h o r i z o n t a l m i g r a t i o n surfaces. 

According t o the i n t e r p r e t a t i o n s given, 
m o d i f i c a t i o n surfaces (2nd and 4 t h order) are much 
less common than m i g r a t i o n surfaces, as was the case 
w i t h the Yellow Sands. 

Comparing Enclosures 9-14 w i t h McKee's (1966) 
diagrams of sec t i o n s through modern dunes h i g h l i g h t s 
the p a u c i t y of m o d i f i c a t i o n surfaces i n ' t h e B r i d g n o r t h 
Sandstone. A l l the dunes McKee excavated were 
densely cut by such surfaces though they are 
s i g n i f i c a n t l y concentrated i n the upper, l e a s t 
preservable p a r t s of the dunes. The d i m i n u t i v e 
p r o p o r t i o n s of the B r i d g n o r t h dune sets are also 
emphasised by examining McKee's diagrams, which i n 
the case o f h i s transverse dune ( i b i d . , f i g . 7) are 
of a s e c t i o n 70 m long and 12 m high. The c o n t r a s t s 
between McKee's sections and the B r i d g n o r t h Sandstone 
exposures should be seen as an i l l u s t r a t i o n of the 
i n f l u e n c e and a c t i o n of p r e s e r v a t i o n p o t e n t i a l . 

The B r i d g n o r t h Sandstone exposures are a r e g r e t t a b l y 
i n d i g e n t fount of enlightenment on the behaviour of 
transverse a e o l i a n bedforms during m i g r a t i o n . Exposures 
transverse t o palaeocurrent, of which there are many, 
record only a succession of d i s c r e t e frozen moments 
i n the h i s t o r y of the erg. These exposures (e.g. 
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Quatford Rock, Encl. 11) show a sometimes random, 
sometimes apparently systematic s t a c k i n g of trough-
shaped sets g e n e r a l l y c o n t a i n i n g r e l a t i v e l y few 
i n t e r n a l surfaces. The systematic s t a c k i n g i s evident 
at the 70 m mark on Quatford Rock where 3 sets are 
successively and v e r t i c a l l y superposed i n a manner 
t h a t suggests the r e g u l a r m i g r a t i o n of an array of 
sinuous transverse dunes i n a f i s h s c a l e arrangement. 

Only exposures p a r a l l e l t o palaeocurrent 
provide a continuous, analog record of bedform 
m i g r a t i o n and development. None of the sets so d i s 
played i s i n l e n g t h anywhere near the l i k e l y o r i g i n a l 
wavelength of the generating bedforms. 

Shotton (1937) gives two i l l u s t r a t i v e palaeo
cur r e n t roses f o r the f o r m a t i o n , one from the Quatfc~d, 
area and one from Kinver. Since these probably 
contain data from both draa and dune-generated 
sets r e c o n s t r u c t i o n of a composite bedform l e e s i d e 
shape would have even less a c t u a l i s t i c relevance 
than i t d i d f o r the Yellow Sands. The cross-bedding 
roses are however, unimodal, i n d i c a t i n g probably much 
less sinuous dunes than those suggested f o r the 
Yellow Sands. S i m i l a r caveats as f o r the Yellow 
Sands must be given on the i n f e r e n c e of a unimodal 
wind regime from the unimodal d i p azimuth p a t t e r n 
(pp. I3>6-13̂ ) . The d i p azimuth data can be used as 
a paradigm only f o r the sand d r i f t d i r e c t i o n i n the 
erg. According t o the ideas presented i n Chapter 2, 
a p a t t e r n of sinuous transverse bedforms i n an erg 
w i t h complete sand cover i s compatible w i t h a wide 
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v a r i e t y of wind regimes. The cross-bedding p a t t e r n 
merely denotes t h a t the o v e r a l l r e s u l t a n t of whatever 
regime p r e v a i l e d was t o present west (Permian WSW). 

From the exposure a v a i l a b l e i t i s not p o s s i b l e 
to draw any f i r m conclusions about the d i s t r i b u t i o n 
of s l i p f a c e d and s l i p f a c e l e s s draa deposits i n the 
format i o n . P a r t i c u l a r s t y l e s of cross-bedding do not 
seem t o be confined t o any p a r t i c u l a r area or 
s t r a t i g r a p h i c l e v e l , but c o r r e l a t i o n w i t h i n the 
formation i s impossible anyway. I t may be t h a t the 
dune sets represent the cross-bedding of the s l i p -
f a celess l i n g u o i d elements of otherwise s l i p f a c e d 
draa, though i t might then be expected t h a t some 
evidence of s l i p f a c e l e s s draa would be apparent i n 
High Rock f o r instance. Perhaps the c o n t r a s t i n g 
s t y l e s s i g n i f y the t r a n s f o r m a t i o n of draa over the 
whole erg t o and from s l i p f a c e d t o s l i p f a c e l e s s 
types. This would presumably have t o r e s u l t from 
some change i n flow c o n d i t i o n s . Though there i s 
almost no data t o consult on the issue i t i s l i k e l y 
t h a t s l i p f a c e l e s s draa s i g n i f y more v a r i a b l e winds 
than s l i p f a c e d ( i n f e r e n c e drawn from Fryberger, 1979a). 

Other S t r u c t u r e s 

At only 2 l o c a l i t i e s was anything other than 
sand seen i n the for m a t i o n . At Knowlesands (SO 719913), 
j u s t south of B r i d g n o r t h , t h e unconformity w i t h 
Carboniferous Keele Beds was t e m p o r a r i l y exposed i n 
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the summer of 1980. The top of the Carboniferous 
here c o n s i s t s of f i s s i l e , m i c a c e o u s maroon s i l t s t o n e s 
and f i n e sandstones. The base of the B r i d g n o r t h 
Sandstone i s made up of 0.3 m of a clayey and sandy 
f i n e conglomerate, pebbles being t y p i c a l l y 4-5 mm. 
This had t o be dug for and only a very small area was 
exposed r e v e a l i n g no l a m i n a t i o n or other s t r u c t u r e s . 
The pebbles are mostly of c h e r t , sandstone or durable 
f i n e - g r a i n e d igneous types. There are p o t e n t i a l 
primary or secondary sources f o r a l l these i n the 
l o c a l Upper Carboniferous sediments. 

Above t h i s comes sandstone bearing an ae o l i a n 
l a m i n a t i o n w i t h f i n e and very f i n e pebbles confined 
to the lowest 0.5 m of sand sheet m a t e r i a l , o v e r l y i n g 
which i s cross-bedded sand of^normal g r a i n s i z e . 
Thus there are no sediments i n the area r e c o r d i n g a 
gradual onset of ae o l i a n deposition: the for m a t i o n 
begins as a b r u p t l y as i t ends. 

By the River Severn at Eyton (SJ 569059) i s a 
s i n g l e exposure 10 m long of pale greenish grey 
(Munsell designation 5Y7/2: l i g h t gray), f i s s i l e , 
clayey and micaceous s i l t s t o n e only a few m i l l i m e t r e s 
t h i c k l y i n g j u s t above a m i g r a t i o n - t y p e bounding 
surface and conformable w i t h w i n d - r i p p l e laminae above 
and below. There are a b s o l u t e l y no sedimentary 
s t r u c t u r e s (e.g. d e s s i c a t i o n cracks, r o o t s , adhesion 
r i p p l e s , or current i n d i c a t o r s or f o s s i l s of any ki n d ) 
associated w i t h the l a y e r . I t s composition (mostly 
c l a s t i c quartz) r u l e s out a p y r o c l a s t i c o r i g i n and 
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since i t i s so d i f f e r e n t i n g r a i n s i z e , composition 
(being micaceous), l a m i n a t i o n , and colour from the 
r e s t of the formation i t was presumably deposited i n 
standing water. I t s i s o l a t i o n and p o s i t i o n s l i g h t l y 
above r a t h e r than at a bounding surface m i l i t a t e 
against an i n t e r d r a a sabkha o r i g i n , though the l a y e r 
might represent a temporary l a t e r a l extension of a 
nearby sabkha a short distance up the toesets of 
neighbouring bedforms. The bounding surface 
associated must be 1st order since standing water 
i s o n l y t o be expected i n the t o p o g r a p h i c a l l y lowest, 
and t h e r e f o r e i n t e r d r a a , r a t h e r than interdune areas. 

Preston Brockhurst road cut (Encl. 14) contains 
the only sand-sheet deposits seen w i t h i n the f o r m a t i o n . 
This occurs i n a 'set' about 2 m t h i c k and exposed 
over only 50 m of the s e c t i o n . The sand has a very 
strong coarse component and shows numerous examples 
of small-scale c r o s s - l a m i n a t i o n s i m i l a r t o those 
i l l u s t r a t e d i n modern deposits by Fryberger et a l . 
(1979). The sand-sheet m a t e r i a l . a l s o contains a 
b a c k - f i l l e d burrow 0.32 m long and 15 - 20 mm wide, 
s t r a i g h t and s l i g h t l y i n c l i n e d from normal t o the 
l a m i n a t i o n , w i t h a 50 mm diameter c i r c u l a r bulb of 
'white' sand at the lower end ( t h e sand i n the c u t t i n g 
i s m o t t l e d red and 'white', see f i g . 8.5). The burrow 
resembles a f u l g u r i t e i n morphology but f u l g u r i t e s 
g e n e r a l l y are formed of a tube of fused s i l i c a which 
i s not present i n t h i s case. The p e r f e c t i o n of the 
b a c k f i l l would also argue f o r a biogenic o r i g i n . The 
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burrow i s not p r e f e r e n t i a l l y cemented, but there are 
5 other v e r t i c a l or s u b v e r t i c a l rod-shaped (.2 - .5 m x 
10 - 30 mm) feat u r e s w i t h i n the set which are ( f i g . 8.6). 
These have no b a c k f i l l though they may be associated 
w i t h some d i s r u p t i o n of the laminae. To the author's 
knowledge no burrows have p r e v i o u s l y been described 
from any p r e - T e r t i a r y aeolian sandstone. 

The t r a c e i s most l i k e l y an arthropod d w e l l i n g 
burrow. The v e r t i c a l concretions present more of a 
problem since they lack any c l e a r i n t e r n a l s t r u c t u r e . 
They could be other burrows, or p o s s i b l y dikaka, but 
may be completely spurious. 

The sand-sheet m a t e r i a l i n which these f e a t u r e s 
are preserved probably represents an i n t e r d r a a area. 
This would be the most l i k e l y s i t e f o r the accumulation 
of coarse sand and the p o s s i b l e growth of v e g e t a t i o n . 
I t i s un f o r t u n a t e t h a t the sand sheet i s not more 
e x t e n s i v e l y exposed; t h i s hampers any assessment of 
i t s i m p l i c a t i o n s f o r the i n t e r n a l geography of the 
erg, e.g. whether i t i s indeed at a 1st order bounding 
surface and i s unique, or i s repeated elsewhere i n 

o 

the sequence and marks the f i r s t stage of a progression 
to i n t e r d r a a sabkhas i n the basin centre. 

SECTION 8.3 LAMINATION AND GRAIN SIZE 

Methods 

The l a m i n a t i o n of the formation was assessed by 
v i s u a l e s t i m a t i o n at outcrop i n the same manner as f o r 
the Yellow Sands. The data i s hamstrung by the same 

\ 
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possible misconception as the Yellow Sands: the 
c o n v i c t i o n t h a t g r a i n f a l l l a m i n a t i o n was i r r e l e v a n t 
i n the ancient. With t h i s borne i n mind the data 
acquired i s presented without f u r t h e r comment. 

Only ten samples were sieved, p a r t l y because 
t h i s aspect of the formation has already been 
i n v e s t i g a t e d by Shotton (19 37) and p a r t l y because 
the exercise was intended t o be merely complementary 
and comparitive t o the Yellow Sands data. 

Lamination 

On the basis of 201 estimates of l a m i n a t i o n 
p r o p o r t i o n the B r i d g n o r t h Sandstone i s made up 55% 
of w i n d - r i p p l e laminae, 44% of sandflow cross-
s t r a t i f i c a t i o n and 1% sand-sheet l a m i n a t i o n ( c f 71%, 
25% and 4% r e s p e c t i v e l y , f o r the Yellow Sands). One 
hundred and s i x t e e n measurements of maximum sandflow 
thickness give an average of 62 - 19 mm. Sandflows 
100 mm or more t h i c k were seen at Eyton (SJ 569060), 
Habberley Park (SO 800781), Bewdley r a i l w a y c u t t i n g 
(SO 798747) and Holy Austin Rock (SO 836835), w i t h 
the t h i c k e s t of a l l , 120 mm, at Blackstone Rock 
(SO 793740). 

Two f a c t o r s can be envisaged t o account f o r the 
increased importance of sandflows i n the B r i d g n o r t h 
Sandstone, as compared w i t h the Yellow Sands. I t may 
simply be the r e s u l t of the greater average set 
thickness i n the B r i d g n o r t h Sandstone r e s u l t i n g from 
the p r e s e r v a t i o n of s l i p f a c e d draa sets. This could 
enhance the p r o p o r t i o n of sandflow-laminated f o r e s e t s 
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r e l a t i v e t o the more g e n t l y i n c l i n e d w i n d - r i p p l e 
laminated toesets. A l t e r n a t i v e l y t h i s might be 
brought about by the lower s i n u o u s i t y of the generating 
bedforms averred i n the previous s e c t i o n , since more 
sinuous bedforms tend t o have more concave leesides 
and thus develop longer and t h i c k e r t o e s ets. Probably 
both mechanisms are v a l i d . 

With the cross-bedding of the formation i n t e r 
preted as developed from both dune and draa s l i p f a c e s , 
and a great deal of sandflow thickness data recorded, 
we have a l l the necessary i n g r e d i e n t s f o r assessing 
whether the two bedform types may be d i s t i n g u i s h e d 
s o l e l y on the basis of sandflow t h i c k n e s s . 

F i r s t l y , the obstacles t o t h i s attempt should 
be mentioned. P r i n c i p a l among these i s t h a t most 
exposures admit the examination of only a very small 
area of former s l i p f a c e . An exposure c u t t i n g the 
margin of a s l i p f a c e w i l l probably give a lower sand
flo w thickness than one through the centre. S i m i l a r l y 
sandflow thickness must vary up and down the s l i p f a c e . 
Also the i d e n t i f i c a t i o n of dune and draa sets i s 
s u b j e c t i v e and not c e r t a i n , though i t does seem 
reasonable and c o n s i s t e n t . 

Consideration w i l l be given only t o those 
exposures where the cross-bedding can be most c o n f i d e n t l 
i d e n t i f i e d . Sets deposited by s l i p f a c e d draa are 
exposed at Blackstone Rock, Eyton, High Rock (Encl. 9 ) , 

B r i d g n o r t h Golf Club ( E n c l . 9 ) , the A454 s e c t i o n 
(Encl. 11), Dudmaston A442 s e c t i o n (Encl. 13) and 
Bewdley Railway C u t t i n g ( E n c l . 14). Respectively, the 
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maximum sandflow thicknesses measured at these l o c a l 
i t i e s are 120, 100, 80, 70, 80, 85 and 100 mm from a 
t o t a l of 29 measurements (average 68 - 19 mm). The 
dune cross-bedding data s u f f e r s from i t s 'type' 
l o c a l i t y , Quatford Rock, being i n a c c e s s i b l e . However, 
the Worfe Bridge (Encl. 9 ) , Worfe Mouth (Encl. 9) and 
Quatford A442 n o r t h and south sections (Encl. 12) 
y i e l d maximum sandflow thicknesses of 80, 55, 60 and 
70 mm from a t o t a l of 22 measurements (average 54 - 14 mm). 

Thus, on t h i s l i m i t e d data, there does seem t o be 
some basis f o r d i s t i n g u i s h i n g dune from draa s l i p f a c e s 
by the measurement of maximum sandflow t h i c k n e s s . 
Sandflows t h i c k e r than about 80mm, and c e r t a i n l y those 
t h i c k e r than 100 mm must be taken as a suggestion t h a t 
the set concerned was deposited on a draa s l i p f a c e . 
This can only be a t e n t a t i v e conclusion: data i s needed 
from more and b e t t e r exposed formations, and more 
e s p e c i a l l y from modern bedforms. The only modern data 
a v a i l a b l e at present i s the graph Kocurek and Dott 
(1981) provide of a maximum sandflow thickness v. dune 
height from the L i t t l e Sahara dune f i e l d , Utah. 
E x t r a p o l a t i n g t h i s t o the B r i d g n o r t h Sandstone data 
i n d i c a t e s bedforms lOCOkm high f o r a 120 mm sandflow, 
200 m f o r a 60 mm flow . The e x t r a p o l a t i o n i s e v i d e n t l y 
an abuse of the a v a i l a b l e i n f o r m a t i o n . 

Fi g . 8.6 i l l u s t r a t e s an i n t e r e s t i n g f e a t u r e of 
the l a m i n a t i o n seen i n a few t h i n s e c t i o n s . A s i n g l e 
lamina 1 mm t h i c k c o n t a i n i n g much very f i n e sand i s 
v i s i b l e separating two laminae of medium sand. The 
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very f i n e sand may e i t h e r be the base of a sandflow 
or a s i n g l e w i n d - r i p p l e lamina. Some of the sand 
w i t h i n i t has f a l l e n through the gaps between the 
coarser g r a i n s below, i n d i c a t i n g the way up of the 
specimen. 

Grain Size C h a r a c t e r i s t i c s 

Shotton (1937) sieved 51 samples of B r i d g n o r t h 
Sandstone and summarized the g r a i n s i z e c h a r a c t e r i s t i c s 
of the fo r m a t i o n as a whole. He d i v i d e d h i s samples 
(most were from a s i n g l e borehole core at Kinver) i n t o 
uniform and laminated types, but these cannot be 
r e l a t e d t o the current c a t e g o r i s a t i o n of aeolian 
l a m i n a t i o n . Presumably though, the "laminated" 
samples w i l l i n c lude a high p r o p o r t i o n of wind-
r i p p l e m a t e r i a l . 

The r e s u l t s of the s i e v i n g c a r r i e d out i n the 
present study are shown g r a p h i c a l l y i n f i g s . 8.7-8.11, 
i n e x a c t l y the same format as the Yellow Sands data. 
Figs. 8.7-8.11 confirm the observations and 
deductions made from the Yellow Sands. The wind-
r i p p l e d i s t r i b u t i o n s are broad and f l a t - t o p p e d or 
bimodal, tending t o be only moderately s o r t e d , f i n e 
skewed and p l a t y k u r t i c . The sandflow samples are 
w e l l s o r t e d , f i n e skewed and meso- or l e p t o k u r t i c . 
The only c o n t r a s t w i t h the Yellow Sands i s t h a t the 
f o r m a t i o n . i s s l i g h t l y f i n e r i n g r a i n s i z e . Using 
Shotton's (1937) data the mean of the medians of 
27 samples i s 2.160, comparing w i t h 1.750 as the mean 
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of 39 Yellow Sands medians. This i s r e f l e c t e d i n 
the coarse and f i n e t a i l s of each formation: many 
Yellow Sands samples contain g r a i n s of 0 0 whereas 
only 3 of the B r i d g n o r t h curves extend beyond 0.50. 
The pan f r a c t i o n ( f i n e r than 40) i s more pronounced 
i n the B r i d g n o r t h Sandstone. 

Part of t h i s c o n t r a s t i s b e l i e v e d t o be due t o 
the d i f f e r e n c e i n erg and draa type: the Yellow Sands 
being l o n g i t u d i n a l draa i n an erg l a c k i n g complete 
sand cover, whereas the B r i d g n o r t h Sandstone i s a 
t h i c k erg body b u i l t up by transverse draa. I n the 
Br i d g n o r t h Sandstone coarse gr a i n s were e f f i c i e n t l y 
trapped and f i l t e r e d out as they entered the upwind 
pa r t of the erg. The lack of complete sand cover i n 
the Yellow Sands f a c i l i t a t e d the p e n e t r a t i o n of 
coarse g r a i n s . This confirms the i n f l u e n c e of bed-
form type on g r a i n s i z e suggested i n Chapter 3 
(p. 3( ) . The other p o s s i b l e c o n t r i b u t o r t o 
the d i f f e r e n c e i n g r a i n s i z e i s the i n f l u e n c e of the 
re s p e c t i v e sources of the 2 formations, but t h i s i s 
u n q u a n t i f i a b l e . 

The B r i d g n o r t h Sandstone curves pass an equivocal 
v e r d i c t on the ideas of Bagnold and Ba r n d o r f f - N i e l s o n 
(1980) discussed i n Chapter 3 (pp.?&-?? ) and 
supported i n Chapter 7- (p. J6( ) . Some limbs of 
the log-frequency curves are s t r a i g h t , suggesting 
conformity t o a l o g a r i t h m i c d i s t r i b u t i o n , some are 
c o n t r a r i l y convex-upwards, the most extreme examples 
being f i g s . 8.11a and 8.11b. 
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SECTION 8.4 PETROGRAPHY AND PIAGENESIS 

These a s p e c t s o f t h e f o r m a t i o n were i n v e s t i g a t e d 

by t h e same methods as used f o r t h e Y e l l o w Sands, 

w i t h t h e e x c e p t i o n o f X-ray f l u o r e s c e n c e and heavy 

m i n e r a l a n a l y s e s . The p e t r o g r a p h y and d i a g e n e s i s 

o f t h e B r i d g n o r t h Sandstone does not seem t o have 

r e c e i v e d any a t t e n t i o n p r e v i o u s l y . 

C o l o u r and General C h a r a c t e r i s t i c s 

I n terms o f d i a g e n e t i c e f f e c t s apparent at 

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

homogeneous. W i t h minor e x c e p t i o n , i t i s r e d 

t h r o u g h o u t , v a r y i n g l i t t l e i n hue, v a l u e o r chroma 

( c o l o u r d e t e r m i n a t i o n s ' m a d e on 46 hand specimens are 

p r e s e n t e d i n Ta b l e 8.1). I t i s u n i f o r m l y l a c k i n g i n 

hard cement, t h e many rock-houses o f t h e B r i d g n o r t h 

and K i n v e r areas b e i n g h e l d t o g e t h e r o n l y by a t h i n 

p o r e - l i n i n g mixed c l a y cement. The o n l y p o r e - f i l l i n g 

cements are minor amounts o f v e r m i c u l a r k a o l i n i t e and 

f e l d s p a r o v e r g r o w t h s . 

Framework G r a i n C o m p o s i t i o n 

P o i n t - c o u n t i n g o f t h i n s e c t i o n s shows t h e 

f o r m a t i o n t o be a s u b l i t h a r e n i t e ( P e t t i j o h n , 1975; see 

f i g . 8.12), c o n t a i n i n g g e n e r a l l y 10 - 20% r o c k f r a g m e n t s 

and 5 - 10% f e l d s p a r . The r o c k fragment s u i t e i s 

d i v e r s e , c o n s i s t i n g o f s e d i m e n t a r y , igneous and low-

grade metamorphic t y p e s , numbering about 2 t o 1 i n 
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f a v o u r o f s e d i m e n t a r y s p e c i e s ( a v e r a g i n g ~ 1 1 % s e d i 

mentary, ~ 5 % combined igneous and met a m o r p h i c ) . 

These are dominated by c h e r t ( o c c a s i o n a l l y f o s s i l i f e r o u s ) 

and f i n e sandstones and s i l t s t o n e s cemented by c h l o r i t e 

and o t h e r c l a y s . Shale, q u a r t z a r e n i t e and opaque-

cemented f i n e sandstone r o c k f r a g m e n t s are s u b o r d i n a t e . 

Igneous r o c k f r a g m e n t s comprise e v e r y t h i n g from 

r h y o l i t e , and s p h e r u l i t i c r h y o l i t e o f U r i c o n i a n 

a f f i n i t i e s t o g r a n i t e , g r a n o p h y r e , ? a n d e s i t e s o r 

a n d e s i t i c t u f f s and f i n e g r a i n e d b a s a l t . The a c i d 

t y p e s a r e most common. Metamorphic r o c k s are r e p 

r e s e n t e d by f o l i a t e d c h l o r i t i c sand- and s i l t - grade 

q u a r t z i t e s . The heavy m i n e r a l s u i t e o f t h e f o r m a t i o n 

i s dominated by opaque m i n e r a l s w i t h e x c e e d i n g l y r a r e 

g r e e n / y e l l o w t o u r m a l i n e , m u s c o v i t e and b i o t i t e . 

F e l d s p a r s (average 9.5 - 3.4% o f t h e c l a s t i c 

component) are e x c l u s i v e l y o f a l k a l i t y p e s , w i t h 

p l a g i o c l a s e e x t r e m e l y r a r e . Theyvary from f r e s h t o 

d u s t y t o s e r i c i t i z e d t o n e a r l y c o m p l e t e l y d i s s o l v e d , 

(see s u b s e c t i o n on p o r o s i t y ) ; f r e s h and s l i g h t l y 

a l t e r e d t y p e s b e i n g most common. 

G r a i n Shape and S u r f a c e T e x t u r e 

G r a i n r o u n d i n g v a r i e s w i t h s i z e , coarse g r a i n s 

b e i n g rounded o r w e l l rounded, medium g r a i n s subrounded 

t o rounded, f i n e and v e r y f i n e g r a i n s subangular t o 

a n g u l a r . The modal s i z e s (1.5 - 2.50) t h e r e f o r e t e n d 

t o be subrounded. S p h e r i c i t y i s g e n e r a l l y moderate t o 

h i g h . 
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Viewed i n hand specimen under t h e m i s c r o s c o p e a l l 

g r a i n s appear f r o s t e d over t h e i r e n t i r e s u r f a c e , i n 

h o l l o w s as w e l l as s a l i e n t s ( f i g . 8.13). SEM 

e x a m i n a t i o n ( f i g s . 8.14, 8.15) r e v e a l s a w i d e s p r e a d 

p r e s e r v a t i o n o f u p t u r n e d o r c l e a v age p l a t e s , an 

a e o l i a n s u r f a c e t e x t u r e . T h i s must be r e s p o n s i b l e f o r 

most o f t h e f r o s t i n g . H o l l o w s on t h e g r a i n s u r f a c e s 

must be p a r t l y s h e l t e r e d from t h e a b r a s i o n t h a t 

produces t h e f r o s t i n g but few a r e so deep as t o be 

i m p e n e t r a b l e t o t h e p r o c e s s . The e x t e n s i v e p r e s e r 

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

t h e r e ever h a v i n g been a w i d e s p r e a d h a r d cement i n 

t h e f o r m a t i o n ( M a r z o l f , 1976). 

P o r o s i t y and Compaction 

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

I t v a r i e s w i t h l a m i n a t i o n such t h a t t h e average minus-

cement p o r o s i t i e s ( s u b t r a c t i n g p o r e - f i l l i n g k a o l i n i t e 

and a u t h i g e n i c f e l d s p a r ; not i n c l u d i n g p i g m e n t ) o f 

s a n d f l o w and w i n d - r i p p l e samples are 28.0 - 3.2% and 

23.0 - 3.8% r e s p e c t i v e l y . 

P e r m e a b i l i t y must be s t r o n g l y a n i s o t r o p i c , t h e 

f i n e laminae w i t h i n w i n d - r i p p l e l a m i n a t e d samples and 

t h e f i n e bounding laminae o f s a n d f l o w samples 

markedly r e s t r i c t i n g any f l o w a cross t h e s t r a t i f i c a t i o n . 

Two s a n d f l o w specimens had s e c t i o n s c u t b o t h i n 

t h e p l a n e o f and normal t o t h e l a m i n a t i o n . The minus-

cement p o r o s i t i e s i n t h e p l a n e o f l a m i n a t i o n were 33.3% 

and 30.7%; normal t o t h e l a m i n a t i o n 24.3% and 23% 

r e s p e c t i v e l y , g i v i n g d i f f e r e n c e s o f 9% and 7.7%. T h i s 
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i s more th a n can be a t t r i b u t e d t o e r r o r though 2 p a i r s 

of samples i s no g r e a t d a t a base. I t suggests an 

a n i s o t r o p y of. p o r o s i t y developed d u r i n g t h e A 
d e p o s i t i o n o f s a n d f l o w s such t h a t t h e p a c k i n g o f 

g r a i n s p a r a l l e l t o s t r a t i f i c a t i o n i s much l o o s e r 

t h a n p a c k i n g normal t o s t r a t i f i c a t i o n . 

A s m a l l amount o f secondary p o r o s i t y has been 

developed i n t h e f o r m a t i o n by t h e d i s s o l u t i o n o f 

framework g r a i n s . T h i s i s p r i n c i p a l l y m a n i f e s t as 

h o l l o w f e l d s p a r s t h o u g h o t h e r r o c k f r a g m e n t s are 

a f f e c t e d ( f i g . 8.6). Such d i s s o l u t i o n p o r o s i t y 

averages 1.4% o f t h e r o c k , never making up more t h a n 

3% i n any s l i d e . 

S h o t t o n , (1937, p. 546) p r o v i d e s a f r e q u e n c y 

c u r v e o f t h e angle o f d i p o f t h e c r o s s - s t r a t i f i c a t i o n 

i n t h e f o r m a t i o n ( c o r r e c t e d f o r t e c t o n i c d i p ) , 

c o m p i l e d f r o m n e a r l y 800 measurements. T h i s peaks a t 

26°, f a l l i n g away a b r u p t l y t o 1/12 of t h e peak v a l u e at 

34°. Hunter ( 1 9 8 1 , p. 323) r e p o r t s t h a t t h e i n i t i a l 

d i p s o f s a n d f l o w c r o s s - s t r a t a c l u s t e r t i g h t l y around 

32° ( n o t e t h a t t h i s d i f f e r s f rom t h e much quoted v a l u e 

o f 34° as t h e angle o f repose o f d r y sand). Reducing 

32° t o 26° r e q u i r e s 22% compaction, assuming t h a t t h e 

s e l e c t i v e p r e s e r v a t i o n o f l o w e r , more g e n t l y d i p p i n g 

s l o p e s has not i n f l u e n c e d t h e a n g l e o f d i p f r e q u e n c y 

c u r v e . 

P r e s s u r e s o l u t i o n has had o n l y a v e r y minor 

e f f e c t on t h e f o r m a t i o n , l i m i t e d t o r a r e i n s t a n c e s o f 
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q u a r t z g r a i n s p e n e t r a t i n g r o c k f r a g m e n t s ; q u a r t z - q u a r t z 

s o l u t i o n was seen i n o n l y one s l i d e . T h i s b e i n g t h e 

case, t h e 22% compaction suggested must have come 

about m o s t l y by g r a i n r o t a t i o n w i t h an unknown 

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

Removing t h e compaction produces 50% i n i t i a l p o r o s i t y 

i n s a n d f l o w s , 45% i n w i n d - r i p p l e l a m i n a t i o n . These 

c o n t r a s t w i t h p o r o s i t i e s measured by Hunter (1977) on 

modern ( c o a s t a l ) dune sands. He f o und t h e average 

p o r o s i t y o f s a n d f l o w c r o s s - s t r a t a t o be 45%, and 39% 

i n w i n d — r i p p l e d e p o s i t s . T h i s would suggest t h a t 

e i t h e r t h e compaction f i g u r e i s t o o h i g h , t h a t t h e r e 

has been a g r e a t d e a l o f now u n d e t e c t a b l e g r a i n 

d i s s o l u t i o n o r t h a t i n l a n d and c o a s t a l a e o l i a n sands 

have d i f f e r e n t i n i t i a l p o r o s i t i e s . The f i r s t 

e x p l a n a t i o n i s t h o u g h t t o be most l i k e l y . I f t h i s i s 

t h e case, comparison of H u n t e r ' s p o r o s i t y f i g u r e s w i t h 

t h o s e f o r t h e B r i d g n o r t h Sandstone i n d i c a t e 17% 

compaction. T h i s would t r a n s f o r m an o r i g i n a l d i p o f 

32° t o a p o s t - c o m p a c t i o n 27.4° and s u ggests t h a t a 

s e l e c t i v e p r e s e r v a t i o n o f l o w e r , more g e n t l y s l o p i n g 

p a r t s o f bedforms has a f f e c t e d t h e d i p d i s t r i b u t i o n . 

Pigment and P o r e - L i n i n g Clays 

S e v e r a l d i f f e r e n t components c o n t r i b u t e t o t h e 

c o l o u r o f t h e f o r m a t i o n . P r i n c i p a l among th e s e i s a 

r e d s t a i n i n g w h i c h covers e v e r y g r a i n but cannot be 

removed by s c r a t c h i n g g r a i n s u r f a c e s w i t h a f i n e needle 

( f i g . 8.13). I t i s t r a n s l u c e n t and must be e x t r e m e l y 
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t h i n s i n c e i t i s o f t e n not d e t e c t a b l e i n t h i n s e c t i o n . 

Nor i s any m a t e r i a l o r i g i n o f t h e c o l o u r e v i d e n t under 

t h e SEM; o t h e r w i s e c l e a n g r a i n s u r f a c e s showing an 

a p p a r e n t l y unencumbered a e o l i a n q u a r t z s u r f a c e t e x t u r e 

( e . g . f i g s . 8.14, 8.15). Since t h e c o l o u r does not 

seem t o be m e c h a n i c a l l y removable i t i s u n l i k e l y t h a t 

t h e f i l t r a t e d e r i v e d from u l t r a s o n i c a g i t a t i o n o f t h e 

sand c o n c e n t r a t e s i t t o any g r e a t e x t e n t . The i d e n t i t y 

and o r i g i n o f t h i s r e d s t a i n must t h e r e f o r e be l e f t as 

an open q u e s t i o n . The employment o f a b e t t e r SEM, probe 

and EDAX methods, and e l e c t r o n m i c r o s c o p y o f s e c t i o n e d 

g r a i n s might produce an answer. 

T h i s s t a i n i n g c o m p l i c a t e s t h e assessment by 

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

i n t l i c f o r m a t i o n . I n t h i n s e c t i o n , an o b l i q u e c u t 

a c ross t h e m a r g i n o f a r e d - s t a i n e d g r a i n appears as a 

r e l a t i v e l y wide band o f c o l o u r - t h i s most i n s u b s t a n t i a l 

component o f t h e r o c k appears v o l u m e t r i c a l l y i m p o r t a n t 

when p r o j e c t e d i n t o t h e two dimensions o f a m i c r o s c o p e 

image. Any p o i n t - c o u n t measurement o f t h e pigment 

q u a n t i t y must t h e r e f o r e be an o v e r e s t i m a t e . The e r r o r 

i n c r e a s e s i n f i n e r g r a i n s i z e s because o f t h e i n c r e a s e d 

r a t i o o f ( r e d ) s u r f a c e area t o volume. 

More t a n g i b l e components o f t h e pigment comprise 

a c c u m u l a t i o n s o f r e d - s t a i n e d c l a y ( o f t e n a p p e a r i n g n e a r l y 

opaque i n t z ' a n s m i t t e d l i g h t ) i n h o l l o w s on g r a i n s , as 

p a r t i a l g r a i n c o a t s and pore l i n i n g s and i n masses 

a s s o c i a t e d w i t h t h e breakdown o f r o c k f r a g m e n t s . These 
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are p r e s e n t i n v a r y i n g q u a n t i t y t h r o u g h o u t t h e f o r m 

a t i o n . Where most abundant, e x c e l l e n t and unambiguous 

i n f i l t r a t i o n t e x t u r e s are common. These i n c l u d e t h e 

d r a p i n g o f m a t e r i a l a cross s e v e r a l g r a i n s , p r e f e r e n 

t i a l c o n c e n t r a t i o n s on t h e upper s u r f a c e s o f g r a i n s , 

c o n c e n t r a t i o n s t o one s i d e o f t i g h t l y packed w i n d -

r i p p l e laminae and m e n i s c u s - b r i d g i n g t e x t u r e s ( f i g s . 

8.16-8.20). The f i r s t t h r e e f e a t u r e s i n d i c a t e t h e 

way up o f t h e specimen and a l l are evidence f o r t h e 

a c c u m u l a t i o n o f t h e pigment f r o m i n f l u e n t seepage a t 

or above t h e w a t e r t a b l e . C o n c e n t r a t i o n o f t h e 

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

i l l u s t r a t e s t h e c o n t r i b u t i o n from i n t r a s t r a t a l s o u r c e s . 

T h i s i s a c l a s s i c p i c t u r e o f red-bed d i a g e n e s i s . 

Any o p t i c a l c l u e s t o t h e c o m p o s i t i o n . o f t h e s e 

v a r i e t i e s o f pigment a r e masked by t h e i r c o l o u r , 

though here and t h e r e t h e s u s p i c i o n i s aroused t h a t 

some of t h e m a t e r i a l has a r e l a t i v e l y h i g h b i r e f r i n g e n c e 

s u g g e s t i n g t h e presence o f i l l i t e o r m o n t m o r i l l o n i t e . 

A specimen o.f t h e ' c o l o u r l e s s ' sand i n t h e P r e s t o n 

B r o c k h u r s t r o a d c u t ( a c t u a l l y 10YR7/4; v e r y p a l e brown) 

has g r a i n c o a t s w i t h s i m i l a r h a b i t s t o t h o s e j u s t 

d e s c r i b e d , but c o l o u r l e s s . T h i s does inde e d have an 

i l l i t i c / m o n t m o r i l l o n i t i c b i r e f r i n g e n c e , w i t h e x t i n c t i o n 

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

o r i g i n . 

The c o m p o s i t i o n o f t h e s e phases i s b e l i e v e d t o 

be b e s t r e p r e s e n t e d by t h e XRD a n a l y s e s o f t h e 

f i l t r a t e from u l t r a s o n i c a g i t a t i o n o f samples, v i z . 

k a o l i n i t e , i l l i t e , mixed l a y e r i l l i t e / m o n t m o r i l l o n i t e 
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and h e m a t i t e , though at l e a s t p a r t o f t h e k a o l i n i t e 

must be d e r i v e d f r o m t h e p o r e - f i l l i n g , non-pigment 

h a b i t o f t h a t m i n e r a l . The heterogeneous s u i t e o f 

c l a y s i s t o be expected from t h e heterogeneous r o c k 

fragment s u i t e , and hence provenance, o f t h e f o r m a t i o n . 

I t i s at l e a s t c u r i o u s tha.t t h e o n l y non-red 

sand i n t h e f o r m a t i o n s h o u l d occur i n t h e P r e s t o n 

B r o c k h u r s t r o a d c u t , t h e o n l y l o c a l i t y t o p r e s e r v e any 

s i g n s o f b i o l o g i c a l a c t i v i t y i n t h e f o r m a t i o n . The 

ob v i o u s d e d u c t i o n i s t h a t some o r g a n i c m a t t e r was 

p r e s e r v e d i n t h e sediment e i t h e r t o reduce o r p r e v e n t 

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

No d a t a ( e . g . measurements o f t h e i r o n s t a t e s and 

q u a n t i t i e s i n r e d and non-red s e d i m e n t ) i s a v a i l a b l e 

t o j u s t i f y t h i s s t a t e m e n t . That t h e non-red sediment 

i s v e r y p a l e brown r a t h e r t h a n t h e u s u a l g r e e n i s h 

c o l o u r o f reduced red-beds ( e . g . t h e c l a y e y s i l t l a y e r 

at E y t o n ) might be h e l d a g a i n s t t h e t h e o r y , but t h i s 

i s s p e c u l a t i o n - t h e f a c t s r a n out 3 sentences ago. 

The l a s t p o r e - l i n i n g c l a y component t o be mentioned 

i s r e c o g n i s a b l e o n l y under SEM. T h i s i s a l i m i t e d 

development o f b o x w o r k - t e x t u r e d i l l i t e d i s t r i b u t e d 

over some g r a i n s u r f a c e s ( f i g s . 8.16, 8.20, 8.21). 

The c r y s t a l l i n i t y o f t h i s phase suggests t h a t i t i s o f 

a u t h i g e n i c r a t h e r t h a n i n f i l t r a t i o n o r i g i n . 

F e l d s p a r D i s s o l u t i o n and Overgrowths 

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

t o t h e average o f 1.4% r e c o g n i s a b l e secondary p o r o s i t y . 

F e l d s p a r s ( a l w a y s a l k a l i f e l d s p a r - no p l a g i o c l a s e i s 
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p r e s e n t ) are a l s o t h e o n l y g r a i n s i n t h e f o r m a t i o n t o 

bear a u t h i g e n i c o v e r g r o w t h s , amounting t o up t o 1.3% 

o f t h e r o c k ( a v e r a g e 0.22%). The o v e r g r o w t h s are not 

a f f e c t e d by any d i s s o l u t i o n and may be seen t o have 

developed on and w i t h i n t h e remnants o f p a r t i a l l y 

d e s t r o y e d g r a i n s ( f i g s . 8.22, 8.23). The overgrowths-

t h e r e f o r e p o s t - d a t e t h e d i s s o l u t i o n . They v a r y i n 

development, from b e i n g absent t o s c a r c e l y v i s i b l e 

h a c k s a w - l i k e p r o j e c t i o n s f r o m g r a i n s u r f a c e s t o complet 

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

o v e r g r o w t h s a v o i d t h i c k a c c u m u l a t i o n s o f pigment w h i c h 

may be p r e s e n t on t h e g r a i n s u r f a c e . The most complete 

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

o f what l i e s on t h e s u r f a c e . The o v e r g r o w t h s them

s e l v e s are always f r e e o f b o t h pigment and a u t h i g e n i c 

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

A u t h i g e n i c K - f e l d s p a r i n B r i t i s h P e r m o - T r i a s s i c 

sandstones, t h e B r i d g n o r t h sandstone i n c l u d e d , has 

been s t u d i e d by Waugh ( 1 9 7 8 ) . He found t h a t t h e 

o v e r g r o w t h s i n a number o f f o r m a t i o n s were a l l o f t h e 

same c h e m i c a l c o m p o s i t i o n ; s t o i c h i o m e t r i c K A l Si2 Og, 

and s t r u c t u r a l t y p e ; p o t a s s i a n i n t e r m e d i a t e s a n i d i n e . 

P o r e - F i l l i n g Clays 

V e r m i c u l a r k a o l i n i t e i s t h e major c o n s t i t u e n t 

under t h i s heading, though i t averages o n l y 0.4% o f 

t h e rock'. Each a c c u m u l a t i o n i s c o n f i n e d t o one or a 

few p o r e s . I t never shows any o b v i o u s a f f i n i t y f o r 

a p a r t i c u l a r t y p e o f c l a s t i c g r a i n , as f o r i n s t a n c e 

t h e a s s o c i a t i o n o f k a o l i n i t e w i t h d e g r a d i n g f e l d s p a r 
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i n t h e Y e l l o w Sands, and indeed i t s d i s t r i b u t i o n 

seems e n t i r e l y random. I t i s most abundant i n an 

exposure near t h e base o f t h e f o r m a t i o n a t SJ 286250, 

4 km s o u t h o f Oswestry. Here i t makes up 3% o f t h e 

r o c k , and here a l s o f e l d s p a r i s most abundant ( 1 9 . 4 % 

of t h e c l a s t i c g r a i n s i n one sample, average o f 3, 

14.3%), c o n f o u n d i n g t h e i r apparent independence i n 

t h i n s e c t i o n . 

Under t h e SEM t h e k a o l i n i t e i s c l e a r l y i d e n t i 

f i a b l e , and i t i s n o t i c e a b l e t h a t t h e p l a t e l e t s a r e 

not e u h e d r a l b u t t e n d t o be somewhat ragged round 

t h e edges ( f i g . 8.24) perhaps s u g g e s t i n g s l i g h t 

d i s s o l u t i o n a t some s t a g e . 

The t e x t u r e s observed under SEM and i n t h i n 

s e c t i o n admit o n l y t h e c o n c l u s i o n s t h a t t h e k a o l i n i t e 

i s p o s t - p i g m e n t . I t s r e l a t i o n s h i p t o t h e i l l i t e and 

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

A second p o r e - f i l l i n g phase, not n o t i c e d i n t h i n 

s e c t i o n b u t seen i n one SEM sample, i s f i b r o u s i l l i t e 

I t appears t o be a development o f t h e g r a i n - c o a t i n g 

a u t h i g e n i c i l l i t e ( f i g . 8.21). 

Other FUnerals. 

T h i s c a t e g o r y comprises 3 m i n e r a l s p e c i e s , each 

d e t e c t e d at o n l y one l o c a l i t y . A specimen from 

B l a c k s t o n e Rock (SO 794740) near S t o u r p o r t c o n t a i n e d 

2.7% c a l c i t e cement as i s o l a t e d and degraded 

p o i k i l o t o p i c rhombs o r r o s e t t e s up t o 0.5 mm a c r o s s , 

developed p o s t - p i g m e n t . X-ray d i f f r a c t i o n o f 2 

specimens from Hermitage Rock, B r i d g n o r t h (SO 728933) 
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gave q u i t e s t r o n g i n d i c a t i o n s o f gypsum, but t h i s was 

never seen i n t h i n s e c t i o n . F i n a l l y , P r e s t o n B r o c k h u s t 

r o a d c u t (SJ 542252) c o n t a i n s numerous r a d i a t i n g 

a ggregates 20-50 mm i n d i a m e t e r o f p o i k i l o t o p i c b a r y t e s . 

P a r a g e nesis 

There i s c l e a r evidence t h a t t h e pigment m i n e r a l s 

i n t h e r o c k were developed soon a f t e r d e p o s i t i o n by 

i n f i l t r a t i o n i n downward p e r c o l a t i n g w a t e r , t h e 

d i s s o l u t i o n , r eplacement and r e d i s t r i b u t i o n o f l a b i l e 

r o c k f r a g m e n t s , and t h e o x i d a t i o n o f a l l t h i s m a t e r i a l 

t o t r a n s f o r m i t s i r o n c o n t e n t t o t h e f e r r i c s t a t e . XRD 

r e s u l t s suggest however t h a t h e m a t i t e i s o n l y a minor 

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

i n f i l t r a t i o n - m u s t have been c a r r i e d o u t by r a i n w a t e r , 

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

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

Eyton (SJ 570059), and i t seems u n l i k e l y t h a t t h e 

i n f l u x o f w a t e r t h a t must have accompanied t h e Pebble 

Beds c o u l d have i n f i l t r a t e d c l a y i n t o sand e x t e n d i n g 

t o depths o f 300 m. I t i s d i f f i c u l t t o a s c e r t a i n 

t h e p r o p o r t i o n s o f t h e pigment due i n d i v i d u a l l y t o 

t h e i n t r a c t a b l e r e d s t a i n i n g o f a l l t h e g r a i n s , 

i n f i l t r a t i o n , and i n t r a s t r a t a l m o d i f i c a t i o n . P r o b a b l y 

t h e f i r s t and l a s t mechanisms are most i m p o r t a n t , 

u n i e q u i v o c a l i n f i l t r a t i o n t e x t u r e s b e i n g p r e s e n t i n 

o n l y one q u a r t e r o f t h e t h i n s e c t ions examined. 

There i s a c e r t a i n amount o f u n c e r t a i n t y about 

t h e e x p l a n a t i o n o f t h e remainder o f t h e d i a g e n e s i s o f 
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t h e f o r m a t i o n . Waugh (1978) l i n k s t h e development 

of i l l i t e and f e l d s p a r o v e r g r o w t h s t o t h e r e l e a s e 

of a l u m i n i u m , s i l i c a , p o t a s s i u m and b i c a r b o n a t e i o n s 

i n t o t h e groundwater by t h e h y d r o l y s i s and c a r b o n a t i o n 

of K - f e l d s p a r . The p o t a s s i u m , s i l i c a and al u m i n i u m 

i s t h e n used i n t h e p r e c i p i t a t i o n o f i l l i t e and f e l d 

spar o v e r g r o w t h s . Such processes a r e p r e s e n t l y a c t i v e 

i n T e r t i a r y f l u v i a l arkoses i n t h e S.W. .U.S.A., t h e 

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

b o t h above and below t h e w a t e r t a b l e (Waugh, op. c i t . ) . 

T h i s mechanism seems v a l i d b u t cannot be extended 

t o account f o r t h e a u t h i g e n i c k a o l i n i t e . The 

p r e c i p i t a t i o n o f k a o l i n i t e i s f a v o u r e d by " s l i g h t l y 

a c i d c o n d i t i o n s w h e r e t h e r e i s an excess o f s i l i c a 

but few K and Mg i o n s i n " s o l u t i o n s . I t forms d u r i n g 

e a r l y d i a g e n e s i s by t h e i n v a s i o n o f groundwater w i t h t h e 

above c o m p o s i t i o n , o r d u r i n g moderate b u r i a l depths 

(4,000-13,000 f e e t ) i n t h e presence o f f o r m a t i o n 

w a t e r o f s i m i l a r c o m p o s i t i o n " (Jonas and McBride, 

1977, p . 8 1 ) . The e a r l y d i a g e n e t i c g r o u n d w a t e r s i n 

th e B r i d g n o r t h Sandstone, b e i n g d e s e r t g r o u n d w a t e r s , 

are l i k e l y t o have been a l k a l i n e , d e v e l o p i n g t h e 

f e l d s p a r o v e r g r o w t h s and i l l i t e . There t h e r e f o r e 

seems no a l t e r n a t i v e t o a t t r i b u t i n g t h e k a o l i n i t e t o 

a l a t e r s t a g e p r o c e s s , perhaps t o w a t e r s r i s i n g f r o m 

the u n d e r l y i n g C a r b o n i f e r o u s . There i s , however, no 

ob v i o u s i n t r a f o r m a t i o n a l source f o r t h e necessary 

a l u m i n a and s i l i c a - t h e f e l d s p a r o v e r g r o w t h s are 

i n v i o l a t e . 



zy. 

S i m i l a r l y vague o r i g i n s must be g i v e n f o r the t i n y 

q u a n t i t i e s of b a r y t e s , c a l c i t e and gypsum pr e s e n t i n 

the f o r m a t i o n . The b a r y t e s i n P r e s t o n B r o c k h u r s t 

r o a d c u t i s thought t o be r e l a t e d to the l o c a l Cu-Ba 

m i n e r a l i s a t i o n , regarded by Poole and Whiteman (1966, 

pp.56-58) as of T e r t i a r y age. The c a l c i t e can on l y be 

s a i d to be post pigment and showing sig n s of 

d i s s o l u t i o n . The gypsum was never seen i n t h i n 

s e c t i o n . 

SECTION 8.5 CONTRASTS WITH THE YELLOW SANDS 

The B r i d g n o r t h Sandstone and Yellow Sands were 

l a i d down i n very d i f f e r e n t e r g s . The Y e l l o w Sands 

were d e p o s i t e d under a m e t a s a t u r a t e d s a n d - d r i f t on the 

margin of a l a r g e sedimentary b a s i n . The bedform 

p a t t e r n ( s i n u o u s t r a n s v e r s e dunes on l o n g i t u d i n a l draa) 

was very s e n s i t i v e t o wind regime, r e c o r d i n g a 

b i m o d a l i t y . The l o n g i t u d i n a l draa p r o b a b l y grew t o 

e q u i l i b r i u m r e l a t i v e l y q u i c k l y , t h e r e a f t e r r e m a i n i n g 

s t a b l e and r e t a i n i n g v ery l i t t l e of the passin g sand-

d r i f t . 

The B r i d g n o r t h Sandstone was d e p o s i t e d under a 

s a t u r a t e d s a n d - d r i f t i n a r e l a t i v e l y s m a l l s e d i m e n t a r y 

b a s i n . The erg had complete sand cover and t h i s 

p r o b a b l y c o n s t r a i n e d bedform shape, o b s c u r i n g the t r u e 

n a t u r e of the o r i g i n a l wind regime. The bedforms 

( t r a n s v e r s e dunes on t r a n s v e r s e d r a a ) were e f f i c i e n t 

s a n d - t r a p p e r s . They p r o b a b l y grew q u i t e q u i c k l y at the 

upwind margin of the e r g , s u b s e q u e n t l y m i g r a t i n g 

s t e a d i l y across i t i n e q u i l i b r i u m . A s i g n i f i c a n t 



p r o p o r t i o n of the s a n d - d r i f t was r e t a i n e d w i t h i n the 

e r g . I n t r a - b e d f o r m sand t r a n s p o r t was much more 

i m p o r t a n t than i n the Y e l l o w Sands. 

Being a sequence of p i l e d up draa, the B r i d g n o r t h 

Sandstone c o n t a i n s a l l 4 o r d e r s of bounding s u r f a c e . 

The Y e l l o w Sands are a s i n g l e l a y e r of draa and the 

o n l y f i r s t o r d e r s u r f a c e i s t h e r e f o r e the base of the 

f o r m a t i o n . 

The c o n t r a s t i n bedform shape and erg type has l e d 

t o a g r a i n s i z e c o n t r a s t between the f o r m a t i o n s as 

mentioned p r e v i o u s l y . The l a m i n a t i o n s of the 

f o r m a t i o n s a l s o c o n t r a s t , the B r i d g n o r t h c o n t a i n i n g 

more sa n d f l o w , l e s s w i n d - r i p p l e and almost no sand-

sheet. This i s caused by the lower s i n u o u s i t y of the 

B r i d g n o r t h dunes. 

Summary 

The B r i d g n o r t h Sandstone i s m o s t l y of E a r l y 

Permian age and, as exposed, e n t i r e l y a e o l i a n i n 

o r i g i n . Two s c a l e s of c r o s s - b e d d i n g are e v i d e n t , one 

w i t h trough-shaped s e t s 2-4 m t h i c k and 20-40 m wide, 

the o t h e r w i t h much more t a b u l a r sets 6-10 m t h i c k (up 

t o 30 m) and w i t h a l a t e r a l e x t e n t of p r o b a b l y 100 m; 

l a r g e r than most exposures. The former i s b e l i e v e d to 

have been d e p o s i t e d by dunes on the l e e s i d e of 

s l i p f a c e l e s s d r a a , the l a t t e r by s l i p f a c e d draa. The 

p a u c i t y of exposure and the l a c k of any s t r a t i g r a p h i c 

markers i n the f o r m a t i o n p r e c l u d e s the d e t e c t i o n of 

any s y s t e m a t i c o r d e r i n g of the two s t y l e s of c r o s s -

bedding. 



Net sand d r i f t i s shown by c r o s s - b e d d i n g d i p 

a z i muth data to have been unimodal and from east t o 

west. This does not u n i q u e l y d e f i n e the wind regime. 

55% of the f o r m a t i o n c o n s i s t s of w i n d - r i p p l e 

l a m i n a e , 44% of sandflows and 1% sand-sheet. G r a i n f a l l 

l a m i n a t i o n may have been o v e r l o o k e d . The c o n t r a s t w i t h 

the Y e l l o w Sands ( f i g u r e s 7 1 % , 24% and 4% r e s p e c t i v e l y ) 

i s a t t r i b u t e d to the lower s i n u o s i t y of the B r i d g n o r t h 

Sandstone dunes. 

I t i s p o s s i b l e t h a t t h e r e may be a s i g n i f i c a n t 

d i f f e r e n c e i n maximum t h i c k n e s s between sandflows on 

draa and dune s l i p f a c e s . The l i m i t of t h i c k n e s s of 

s andflows d e p o s i t e d on dunes i n the f o r m a t i o n i s 80 mm, 

whereas sets i n t e r p r e t e d as d e p o s i t e d by draa s l i p -

f aces c o n t a i n sandflows up t o 120 mm t h i c k . 

G r a i n s i z e a n a l y s i s of the B r i d g n o r t h Sandstone 

shows i t to be somewhat f i n e r than t h e Yellow Sands. 

T h i s i s b e l i e v e d to be r e l a t e d to the c o n t r a s t i n g 

a b i l i t i e s of t r a n s v e r s e and l o n g i t u d i n a l draa at 

t r a p p i n g sand, the t r a n s v e r s e bedforms i n complete sand 

cover h o l d i n g back coarse g r a i n s more e f f e c t i v e l y . The 

r e l a t i o n s h i p s of g r a i n s i z e c h a r a c t e r i s t i c s and 

l a m i n a t i o n observed i n the Y e l l o w Sands are c o n f i r m e d 

i n the B r i d g n o r t h Sandstone. 

The p r i n c i p a l cement of the f o r m a t i o n i s the 

p i g m e n t i n g c l a y which accumulated d u r i n g e a r l y 

d i a g e n e s i s by i n f i l t r a t i o n and the i n t r a s t r a t a l 

a l t e r a t i o n of l a b i l e rock f r a g m e n t s . The e f f e c t s of 

l a t e r d i a g e n e s i s are m i n i m a l . 
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CHAPTER 9 

THE PENRITH SANDSTONE 

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

The most complete p r e v i o u s s t u d y o f t h e P e n r i t h 

Sandstone i s t h a t o f Waugh (1967) who d w e l t p a r t i c u l a r l y 

on t h e p e t r o g r a p h y and d i a g e n e s i s o f t h e f o r m a t i o n . 

Through l a c k o f t i m e t h e p r e s e n t work i s n o t as d e t a i l e d 

as t h a t r e l a t e d i n t h e p r e v i o u s 4 c h a p t e r s . I t n e v e r t h e 

l e s s c o v e r s c r o s s - b e d d i n g , l a m i n a t i o n , p e t r o g r a p h y and 

d i a g e n e s i s , and s e r v e s t o supplement, modernise and 

d i s p u t e some o f Waugh's c o n c l u s i o n s . 

SECTION 9.1 STRATIGRAPHY AND LOCATION 

General 

The o u t c r o p o f t h e P e n r i t h Sandstone o c c u p i e s about 
2 

300km o f t h e county o f Cumbria and i s almost e n t i r e l y 

c o n f i n e d t o a s i n g l e r i v e r v a l l e y , t h e V a l e o f Eden. 

The o u t c r o p extends f r o m K i r k b y Stephen i n t h e s o u t h 

almost t o C a r l i s l e i n t h e n o r t h ( f i g . 9.1). The f o r m a t i o n 

reaches a maximum t h i c k n e s s o f 300-400m i n t h e c e n t r a l 

p a r t o f t h e o u t c r o p , f r o m P e n r i t h t o Appleby. I t i s 

known t o t h i n m a rkedly t o t h e e a s t , n o r t h , and s o u t h 

(Burgess & H o l l i d a y , 1979; A r t h u r t o n & Wadge, 1981). 

I t r e s t s u n c o n f o r m a b l y on C a r b o n i f e r o u s and i s o v e r l a i n 

by t h e L a t e Permian Eden Shales. 

Around Appleby and f u r t h e r s o u t h t h e P e n r i t h Sandstone 

i s i n t e r b e d d e d w i t h r u d i t e s known l o c a l l y as "brockrams". 

These comprise coarse a l l u v i a l d e p o s i t s g e n e r a l l y 

d i v i d e d i n t o a Lower and Upper Brockram. 
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Waugh (1967) defined the Lower Brockram as a s i n g l e 

massive u n i t up to 150m t h i c k without t h i c k interbedded 

sandstones, confined to an area w i t h i n a few k i l o m e t r e s 

north and south of Appleby. The Lower Brockram, on the 

b a s i s of i t s l a t e r a l t h i c k n e s s v a r i a t i o n s and i n t e r n a l 

s t r u c t u r e i s considered by Waugh to comprise a s i n g l e 

a l l u v i a l fan with the sediment source to the S or SW. 

The Upper Brockram occurs above the P e n r i t h Sandstone 

on the e a s t e r n s i d e of the V a l e and comprises wedges of 

r u d i t e up to 3m t h i c k separated by w a t e r - l a i n sandstones 

up to 9m t h i c k . I t i s a l t o g e t h e r about 75m t h i c k . 

Waugh a l s o d i s t i n g u i s h e d the P e n r i t h Brockrams i n t o 

which the P e n r i t h Sandstone passes l a t e r a l l y around 

Kirkby Stephen. I n t h i s a r e a brockram d e p o s i t i o n con

tinued in t o Eden S h a l e s times. 

Brockrams ( u s i n g the word as a f a c i e s term) a l s o 

occur i n the northernmost p a r t s of the outcrop, between 

Armathwaite and C a r l i s l e (Arthurton & Wadge, 1981). 

The information given i n Waugh (1967), h i s Ph.D. 

t h e s i s , concerning the Brockrams and many other a s p e c t s 

of the P e r m o - T r i a s s i c sequence of the V a l e of Eden has 

never been p u b l i s h e d elsewhere. Waugh did however 

p u b l i s h m a t e r i a l concerning the d i a g e n e s i s of the P e n r i t h 

Sandstone (Waugh, 1965, 1970a, 1970b). T h i s w i l l be 

d i s c u s s e d f u r t h e r i n S e c t i o n s 9.3 and 9.4. 

The P e n r i t h Sandstone i s f a i r l y w e l l exposed by 

B r i t i s h standards. There are many old q u a r r i e s i n the 

area north of C l i b u r n where the formation i s w e l l 

cemented. The only p r e s e n t l y a c t i v e quarry i s at 
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NY 533352 where the formation i s worked f o r rough 
cladding, s e l l i n g at £14.75 per square yard i n October 
1980. North of Kirkoswald ( s e e f i g . 9.1) the River 
Eden has cut a gorge up to 100m deep through the 
formation, producing numerous l a r g e (though g e n e r a l l y 
wooded) exposures. 

Palaeogeography 

The palaeogeography of the V a l e of Eden during the 

Permian to a l a r g e extent hinges on the i n t e r p r e t a t i o n 

of the s t r u c t u r a l h i s t o r y of the e a s t e r n margin of the 

V a l e , where the Carboniferous rocks of the Pennine 

escarpment are f a u l t e d a g a i n s t P e r m o - T r i a s s i c r o c k s . 

Waugh's work on the sediments and two re c e n t Memoirs 

of the I.G.S. (Burgess & H o l l i d a y , 1979, Brough-under-

Stainmore; and Arthurton & Wadge, 1981, P e n r i t h ) now 

admit f i r m e r c o n c l u s i o n s than have ever p r e v i o u s l y 

been p o s s i b l e . 

The presence of a l l u v i a l f a c i e s around the edges 

of the present outcrop demonstrates that the P e n r i t h 

Sandstone erg probably did not extend much beyond the 

present V a l e of Eden. The poorest d e f i n i t i o n of t h i s 

i s along the western l i m i t of the outcrop; here the 

erg may have extended 10 or 20km f u r t h e r . To the south 

and west l a y the Lake D i s t r i c t massif s o u r c i n g the Lower 

Broekram a l l u v i a l fan at Appleby. To the south and 

south east both the P e n r i t h Sandstone and Eden S h a l e s 

t h i n and pass i n t o marginal brockrams. To the eas t 

the Upper Brockrams are encountered and the P e n r i t h 

Sandstone t h i n s . T h i s l a s t f a c t - the l a c k of t h i c k 
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sediments along the l i n e of the Pennine F a u l t system -
suggests t h a t t h e r e was no a c t i v e f a u l t i n g on these 
f r a c t u r e s during the Permian (Arthurton & Wadge, 1981, 
p.107). The Pennines were however an e l e v a t e d area and 
the P e n r i t h Sandstone accumulated i n a topographic 
hollow. 

SECTION 9.2 SEDIMENTARY STRUCTURES 

Cross-Bedding 

The formation i s cross-bedded throughout. The 

maximum t h i c k n e s s of s e t s g e n e r a l l y v a r i e s from 2-6m. 

Where s u i t a b l e s e c t i o n s t r a n s v e r s e to p a l a e o c u r r e n t 

are a v a i l a b l e the s e t s may be seen to be trough-shaped 

and u s u a l l y 20-60m wide. Such s e c t i o n s may be seen at 

Appleby (NY 688200), i n Trough G i l l (NY 588240), by 

the R i v e r Eden at Baronwood (NY 520435) and i n 

Halfwaywell Quarry (NY 533352). T h i s l a s t l o c a l i t y 

i s shown i n f i g . 9.2. The whole quarry, some 40m 

square and 8m deep, i s excavated i n a s i n g l e s e t with 

i t s a x i s d i r e c t e d towards 310° and the limbs dipping to 

350° on the SW s i d e and 290° on the NE. The base of the 

s e t occurs i n the f l o o r of the quarry but the top i s not 

seen. At Cowraik Quarry (NY 542310) near P e n r i t h one 

se t a t t a i n s a t h i c k n e s s of 10m i n a s e c t i o n approximately 

p a r a l l e l to p a l a e o c u r r e n t ( f i g . 9.3). 

The l a r g e s t and l e a s t obscured exposure of the 

formation i s i n an i n t e r m i t t e n t c l i f f s e c t i o n 300m long 

and 25-30m high on the west bank of the Eden at NY 518442. 

The s e c t i o n i s more or l e s s p a r a l l e l to p a l a e o c u r r e n t and 
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a s u g g e s t i o n o f a b o u n d i n g s u r f a c e h i e r a r c h y i s 

e v i d e n t f r o m s i m p l e i n s p e c t i o n . L a t e r a l l y e x t e n s i v e 

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

o t h e r s and s p a c e d 6-10 m a p a r t . B e t w e e n t h e s e a r e 

s e t s of c r o s s - b e d d i n g 1-4 m t h i c k , bounded by s u r f a c e s 

w i t h a g e n e r a l w e s t w a r d s i n c l i n a t i o n . T h e s e s e t s h a v e 

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

At B o w s c a r Q u a r r y (NY 5 1 9 3 4 3 ) , Waugh ( 1 9 6 7 ) 

d e s c r i b e s a 140 m l o n g E-W f a c e of t h e q u a r r y a s b e i n g 

o c c u p i e d by a s i n g l e s e t w i t h a s w e e p i n g , c o n c a v e 

s h a p e i n p l a n . The f a c e i s n o w h e r e more t h a n 5 m h i g h 

and n e i t h e r t o p n o r b o t t o m o f t h e s e t a r e e x p o s e d . 

P a l a e o c u r r e n t d a t a f o r t h e f o r m a t i o n , d e r i v e d 

f r o m c r o s s - b e d d i n g d i p a z i m u t h s , i s g i v e n by Waugh 

( 1 9 6 7 , 1 9 7 0 a ) and A r t h u r t o n and Wadge ( 1 9 8 1 ) . A 

r e s u l t a n t t o WNW i s i n d i c a t e d , f r o m u n i m o d a l 

d i s t r i b u t i o n s . Waugh f o u n d t h a t to t h e s o u t h of 

A p p l e b y h i s r e s u l t a n t s w e r e t o 3 1 0 ° , f u r t h e r n o r t h 

b e t w e e n 270° and 2 9 0 ° . He a t t r i b u t e d t h i s d i v e r g e n c e 

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

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

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

The c r o s s - b e d d i n g p a t t e r n c o n f o r m s to t h e 

p r e d i c t i o n s s e t o u t i n C h a p t e r 2. I t s f o r m a s b r o a d , 

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

s i n u o u s t r a n s v e r s e b e d f o r m s . T h i s i s c o n f i r m e d by t h e 

u n i m o d a l c r o s s - b e d d i n g d i p a z i m u t h r e s u l t s . T h e r e i s 

no m a r k e d b i m o d a l i t y of s e t s i z e e v i d e n t a s was 

d i s c o v e r e d i n t h e B r i d g n o r t h S a n d s t o n e , t h o u g h c a r e f u l 
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s u r v e y i n g a n d s k e t c h i n g of a l l t h e a v a i l a b l e o u t c r o p s 

m i g h t r e v e a l s o m e t h i n g o f t h i s n a t u r e . The s i z e of 

most s e t s i s s u g g e s t i v e of a dune o r i g i n . F o r t h e 

t h i c k e r and more e x t e n s i v e s e t s , a s f o r e x a m p l e a t 

C o w r a i k and B o w s c a r , d e p o s i t i o n by s l i p f a c e d d r a a 

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

t h e f o r t u i t o u s p e r s e r v a t i o n of t h i c k dune s e t s . 

L a m i n a t i o n 

I n a l l t h e e x p o s u r e s of P e n r i t h S a n d s t o n e v i s i t e d 

t h e o b s e r v e d s a n d f l o w t h i c k n e s s n e v e r e x c e e d e d 80 mm, 

t h e maximum u s u a l l y b e i n g b e t w e e n 60 mm and 80 mm. 

D e s p i t e d i a g e n e s i s and w e a t h e r i n g w h i c h , i n t h e 

c e m e n t e d h o r i z o n s , commonly do n o t e n h a n c e t h e 

l a m i n a t i o n , t h e d i s t r i b u t i o n and v a r i e t y of l a m i n a t i o n 

w i t h i n t h e f o r m a t i o n seem n o r m a l . S a n d f l o w s d o m i n a t e 

a t h i g h a n g l e s of d i p , w i n d - r i p p l e l a m i n a e a t l o w . No 

s a n d - s h e e t m a t e r i a l was s e e n . Once a g a i n g r a i n f a l l 

l a m i n a t i o n may h a v e b e e n m i s s e d . 

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

made f r o m t h e c r o s s - b e d d i n g p a t t e r n : t h a t o n l y dune 

s l i p f a c e s a r e p r e s e r v e d and t h a t s l i p f a c e d d r a a 

p r o b a b l y d i d n o t c o n t r i b u t e to t h e P e n r i t h S a n d s t o n e . 

O t h e r S t r u c t u r e s 

C o n t o r t i o n s of t h e c r o s s - b e d d i n g o c c u r a t s e v e r a l 

l o c a l i t i e s i n t h e f o r m a t i o n . I t may be s e e n by t h e 

R i v e r E d e n a t NY 5 2 0 4 3 9 , and i n two e x p o s u r e s i n 

H i l t o n B e c k (NY 7 1 2 2 0 1 ) . A r t h u r t o n & Wadge ( 1 9 8 1 ) 
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m e n t i o n e d s u c h f e a t u r e s a s b e i n g p r e s e n t l o c a l l y a t 

N u n n e r y W a l k s (NY 5 3 6 4 2 2 ) n e a r K i r k o s w a l d . T h o s e 

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

f e a t u r e s o f Doe & D o t t ( 1 9 8 0 ) , t h o u g h n e v e r i n v o l v i n g 

more t h a n a few s q u a r e m e t r e s of t h e e x p o s u r e . T h e y 

p a s s g r a d a t i o n a l l y i n t o u n d i s t u r b e d s a n d . A l l t h e 

e x a m p l e s l i e f a i r l y c l o s e to t h e top of t h e 

f orma t i o n . 

Where t h e r o c k i s c e m e n t e d w e l l e n o ugh to g i v e 

b e d d i n g - p l a n e e x p o s u r e s , p a r t i n g l i n e a t i o n i s v e r y 

common. T h i s i s n o t p r i m a r y c u r r e n t l i n e a t i o n a s 

d e s c r i b e d by A l l e n ( 1 9 6 8 , pp. 2 9 - 3 4 ) - t h e r e i s no 

v i s i b l e s t r e a k i n g of t h e s e d i m e n t . The f e a t u r e i s 

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

r o c k i s s p l i t a l o n g t h i n l a m i n a e ( f i g . 9 . 5 ) . The 

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

o c c a s i o n a l l y a r e o n e - s i d e d - Where o n e - s i d e d ( i . e . a l l 

t h e s t e p s f a c e t h e same way, i n s t a i r c a s e f a s h i o n ) 

t h e y h a v e a c o n s i s t e n t w a v e l e n g t h , g e n e r a l l y of t h e 

o r d e r o f 0.1 m. Where t h e y a r e t w o - s i d e d t h e r e i s 

u s u s a l l y no c o n s i s t e n t w a v e l e n g t h . The p a r t i n g s t e p s 

a r e i n most e x a m p l e s o r i e n t e d p a r a l l e l t o t h e s l o p e o f 

t h e c r o s s b e d d i n g , b u t a r e o b l i q u e i n some a r e a s . The 

f e a t u r e i s o n l y d e v e l o p e d on w i n d - r i p p l e l a m i n a e . I t 

was a l s o n o t e d ( s e e A p p e n d i x ) i n t h e L o c h a r b r i g g s 

S a n d s t o n e ( f i g . 9 . 4 ) . The a s y m m e t r i c a l v a r i e t y was 

t e r m e d p s e u d o r i p p l e s by K o c u r e k and D o t t ( 1 9 8 1 ) and 

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

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

l a m i n a e . 
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The p e r s i s t e n t o r i e n t a t i o n o f t h e p a r t i n g s t e p s 

c o u l d be due e i t h e r t o a p r e f e r r e d o r i e n t a t i o n o f t h e 

g r a i n s , w i t h t h e s t e p s p a r a l l e l t o l o n g a x e s , o r to 

some o t h e r i n h o m o g e n e i t y i n g r a i n p a c k i n g or s i z e . 

The l a t t e r w o u l d be e n v i s a g e d a s b e i n g p a r a l l e l to t h e 

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

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

s p e e d . The s t a i r - s t e p , o n e - s i d e d p a r t i n g p a t t e r n o r 

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

r i p p l e f o r m s ; t h e i r w a v e l e n g t h s a r e c o m p a t i b l e ( 0 . 0 5 

to 0.15 m, t y p i c a l l y ) and t h e r e g u l a r i t y s u g g e s t i v e . 

Waugh ( 1 9 6 7 ) s t u d i e d g r a i n f a b r i c i n t h e P e n r i t h 

S a n d s t o n e , f i n d i n g a c o n s i s t e n t l o n g a x i s o r i e n t a t i o n 

p a r a l l e l t o c r o s s - b e d d i n g d i p and a l s o an u p w i n d 

i m b r i c a t i o n o f 0 . 5 - 1 2 . 5 ° . U n f o r t u n a t e l y t h e s e r e s u l t s 

w e r e n o t r e l a t e d to l a m i n a t i o n t y p e . 

Two b e d d i n g p l a n e s e c t i o n s of w i n d - r i p p l e 

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

p r e s e n t work showed no w e l l d e f i n e d g r a i n o r i e n t a t i o n . 

A s a n d f l o w s a m p l e h a d a w e l l d e f i n e d p r e f e r r e d l o n g 

a x i s o r i e n t a t i o n p a r a l l e l t o d i p , w i t h no i m b r i c a t i o n 

d e t e c t a b l e . 

T h e s e r e s u l t s , t h o u g h s p a r s e , s u g g e s t t h a t 

Waugh's m e a s u r e m e n t s ( 7 t h i n s e c t i o n s o f e a c h 

o r i e n t a t i o n ) w e r e made on s a n d f l o w s a m p l e s . The 

a p p a r e n t l a c k o f g r a i n o r i e n t a t i o n i n w i n d - r i p p l e 

l a m i n a e must i n d i c a t e t h a t t h e p a r t i n g l i n e a t i o n 

d e v e l o p s a l o n g i n h o m o g e n e i t i e s i n d u c e d by f l u c t u a t i o n s 

o f r i p p l e m i g r a t i o n . The l i n e a t i o n i s t h e r e f o r e 

p r o b a b l y a good m a r k e r o f r i p p l e o r i e n t a t i o n . How 

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

o r i g i n a l r i p p l e w a v e l e n g t h w i l l be e x t r e m e l y d i f f i c u l t 

t o d e t e r m i n e . 
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SECTION 9.3 PETROGRAPHY 

Previous Work 

The major f e a t u r e s of the d i a g e n e s i s of the formation 

are i t s red c o l o u r a t i o n , and cementation by s y n t a x i a l 

quartz overgrowths. Other d i a g e n e t i c phases i n c l u d e 

f e l d s p a r overgrowths, a u t h i g e n i c dolomite, a u t h i g e n i c 

i l l i t e i n a p o r e - l i n i n g h a b i t , and very r a r e gypsum 

cement and p o r e - f i l l i n g a u t h i g e n i c k a o l i n i t e . 

Waugh (1967) devoted c o n s i d e r a b l e a t t e n t i o n to the 

c o l o u r a t i o n and quartz overgrowths, f o l l o w i n g up the 

l a t t e r i n h i s 1970a and 1970b papers. Waugh 

a t t r i b u t e d the r e d colour of the formation as being 

the product of r e d - s t a i n e d c l a y s d e r ived from humid 

upland s o i l s developed i n the source areas of the 

P e n r i t h Sandstone during the Coal Measures to Z e c h s t e i n 

i n t e r v a l . T h i s i s e s s e n t i a l l y the view put forward by 

Anderson and Dunham (1953) and i s now outdated, having 

been proposed at a time when the formation of red beds 

was poorly and incompletely understood. The supposed 

humid upland s o i l s are most incompatible with the 

unremitting a r i d i t y of the time a t t e s t e d by the preserved 

sediments. That such s o i l s might have developed before 

the a r i d i t y was suggested by Waugh, but there i s then 

the problem of persuading these s o i l p r o f i l e s (which 

tend to be one-off j o b s ) to continuously provide red 

c l a y throughout the e n t i r e p e r i od of d e p o s i t i o n of the 

P e n r i t h Sandstone, a p e r i o d which might amount to 20Ma. 

Waugh (1965, 1967, 1970a, 1970b) gave p a i n s t a k i n g and 

d e t a i l e d d e s c r i p t i o n s of the d i s t r i b u t i o n , q u a n t i t y , 
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t e x t u r e s and development of the quartz overgrowths 

i n the formation. He showed that i n the southern p a r t 

of the outcrop, from Appleby to Kirkby Stephen, quartz 

overgrowths are completely absent. I t i s i n t h i s area 

that brockrams are developed. North of C l i b u r n and 

Kirkby Thore the rock i s s i l i c i f i e d and "there i s a 

general u n i f o r m i t y i n the degree of cementation" (1970a, 

p . 1 2 3 2 ) , though "even w i t h i n the area of dominant 

s i l i f i c a t i o n t h e re i s an i r r e g u l a r d i s t r i b u t i o n of 

uncemented or weakly cemented beds" ( i b i d . , p . 1 2 3 1 ) . 

Near Holmwrangle (NY 515489) brockrams appear again i n 

the formation and i n t h i s a r e a the surrounding a e o l i a n 

sandstones are u n s i l i c i f i e d . 

Arthurton & Wadge (1981, pp.72-73) considered that 

although the d i s t r i b u t i o n of s i l i c i f i c a t i o n i n the 

P e n r i t h d i s t r i c t i s v a r i a b l e , i t i s g e n e r a l l y concentrated 

i n the upper p a r t of the formation. The d i v i s i o n i s 

not c l e a r cut though; s i l i c i f i e d m a t e r i a l being present 

but very subordinate at lower l e v e l s w h i l e u n s i l i c i f i e d 

rock are found i n the top p a r t . 

Waugh d e s c r i b e s the source of the s i l i c a as being 

the d i s s o l u t i o n by d e s e r t groundwaters and dew of 

sub-50yu- quartz dust p a r t i c l e s d e r i v e d from the n a t u r a l 

abrasion of the sand during t r a n s p o r t . T h i s occurred 

penecontemporaneously with the d e p o s i t i o n of the 

formation. The very s m a l l s i z e of the p a r t i c l e s 

invoked as the source of the s i l i c a promoted r e l a t i v e l y 

high c o n c e n t r a t i o n s of s i l i c a i n the dew and groundwater. 
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A c c o r d i n g t o Waugh, t h e i n v e r s e r e l a t i o n s h i p of 
b r o c k r a m s and s i 1 i c i f i c a t i o n a r i s e s b e c a u s e i n t h e 
a r e a s of b r o c k r a m d e p o s i t i o n , g r o u n d w a t e r s w o u l d 
p r o b a b l y h a v e b e e n e n r i c h e d i n c a l c i u m b i c a r b o n a t e 
p r o d u c e d by t h e r e a c t i o n o f a t m o s p h e r i c CO2 and r a i n 
o r g r o u n d w a t e r w i t h t h e a b u n d a n t l i m e s t o n e c l a s t s . 
T h i s s o l u t i o n , i t i s s t a t e d , " i s c h e m i c a l l y a g g r e s s i v e 
and w o u l d p r e f e r e n t i a l l y d i s s o l v e , r a t h e r t h a n 
p r e c i p i t a t e , q u a r t z " . The u p w a r d movement of t h e s e 
g r o u n d w a t e r s and s u b s e q u e n t e v a p o r a t i o n w o u l d g i v e t h e 
CaCo3 c e m e n t f o u n d i n t h e b r o c k r a m s , b u t n o t q u a r t z 
f o r some u n e x p l a i n e d r e a s o n . Away f r o m t h e b r o c k r a m s 
t h e a l k a l i n e g r o u n d w a t e r s w e r e p r o b a b l y e n r i c h e d i n 
d i s s o l v e d s i l i c a , , a s d e s c r i b e d a b o v e , r a t h e r t h a n 
c a r b o n a t e . E v a p o r a t i o n t h e r e f o r e g a v e a q u a r t z c e m e n t 
(Waugh, 1 9 7 0 a , p. 1 2 3 9 ) . 

C o m p o s i t i o n 

I n t h i s s t u d y , t h e a v e r a g e c o m p o s i t i o n of t h e 

P e n r i t h S a n d s t o n e was f o u n d to be 88.2 _+ 3 . 3 % q u a r t z 

( r a n g e 8 2 - 9 6 % ) , 5.6 + 2 . 6 9 % f e l d s p a r ( r a n g e 1 - 1 1 % ) and 

6.1 _+ 2 . 1 % r o c k f r a g m e n t s ( r a n g e 2 - 1 0 % ) . Most 

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

s u b l i t h a r e n i t e s o r s u b a r k o s e s a c c o r d i n g to t h e sc h e m e 

u s e d f o r t h e Y e l l o w S a n d s and B r i d g n o r t h S a n d s t o n e . 
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One r o c k f r a g m e n t t y p e may be w o r t h y of n o t e . 

T h e s e a r e g r a i n s c o m p r i s i n g a n e t w o r k of a l t e r e d 

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

p r o b a b l y r e p r e s e n t i n g a f o r m e r f e r r o m a g n e s i a n m i n e r a l . 

T h e s e may be f r a g m e n t s of d o l e r i t e , and i f s o , 

d e r i v a t i o n f r o m t h e Whin S i l l c a n n o t be r u l e d o u t . 

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

B e c k , h a l f a d o z e n or so b e i n g s e e n i n one s l i d e . 

P i g m e n t and P o r e - L i n i n g C l a y s 

I n r e p e c t of t h e s e c o m p o n e n t s t h e P e n r i t h 

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

S a n d s t o n e . The v i s i b l e r e s u l t of t h i s , t h e c o l o u r of 

t h e f o r m a t i o n , i s a l s o s i m i l a r to t h e B r i d g n o r t h 

t h o u g h somewhat more v a r i a b l e ( T a b l e 9.1; m o s t l y r e d , 

r e d d i s h brown o r y e l l o w i s h r e d ) . T h i s i s m o s t l y due 

to t h e e f f e c t o f t h e q u a r t z o v e r g r o w t h s s m o t h e r i n g t h e 

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

A l l g r a i n s i n t h e f o r m a t i o n b e a r an e x t r e m e l y 

t h i n r e d s t a i n w h i c h c a n n o t be r e m o v e d w i t h a n e e d l e , 

l i k e t h a t i n t h e B r i d g n o r t h S a n d s t o n e (pp.Z2ff-iZ9 - ) . 
I t i s a t most o n l y 1 o r 2 ^ t h i c k and i s p r e s e n t a t 

many g r a i n c o n t a c t s t h o u g h a b s e n t f r o m some. Where 

p a r t of a g r a i n s u r f a c e l i e s i n t h e p l a n e of a t h i n 

s e c t i o n i t a p p e a r s s p e c k l e d c o l o u r l e s s and o r a n g e 

( f i g . 9 , 6 ) , t h e l a t t e r b e i n g t h e s t a i n i n g i n 

q u e s t i o n . 
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The g r a i n s a l s o b e a r a s p o r a d i c t h i c k e r ( u p t o 

lOyu. ) c o a t o f p i g m e n t w i t h a c c u m u l a t i o n s i n h o l l o w s 

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

b r e a k d o w n of l a b i l e r o c k f r a g m e n t s . I n a few s l i d e s 

t h i s shows good m e n i s c i and g e o p e t a l t e x t u r e s . I t may 

be p r e s e n t o r a b s e n t a t g r a i n c o n t a c t s . Where i t s 

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

h i g h , s u g g e s t i n g i l l i t e o r m o n t m o r i 1 l o n i t e , w i t h 

e x t i n c t i o n p a r a l l e l to g r a i n s u r f a c e . SEM e x a m i n a t i o n 

r e v e a l s t h e p r e s e n c e o f b o x w o r k j f e x t u r e d a u t h i g e n i c 

i l l i t e c o a t i n g many g r a i n s ( f i g . 9 . 7 ) . I t i s s t a i n e d 

r e d and i s a b s e n t f r o m t h e s c a r s o f g r a i n c o n t a c t s . 

S u g g e s t i o n s of i t s p r e s e n c e may be s e e n i n many t h i n 

s e c t i o n s . 

W.augh ( 1 967 , p. 1 3 1 ) f o u n d t h e v a r i o u s g r a i n 

c o a t i n g p h a s e s ( c o n c e n t r a t e d by u l t r a s o n i c c l e a n i n g ) 

to be composed o f i l l i t e and h e m a t i t e w i t h s u b o r d i n a t e 

k a o l i n i t e . T h i s f i n d i n g i s e n d o r s e d h e r e . T h i s 

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

may i n c l u d e t h e s u r f a c e s t a i n . A t t e m p t s w e r e made t o 

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

of s a m p l e s w h i c h i n t h i n s e c t i o n showed t h e s m a l l e s t 

q u a n t i t i e s of t h e o t h e r p i g m e n t t y p e s . XRD r e s u l t s 

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

c l a y s , d i s o r d e r e d k a o l i n i t e , and g e o t h i t e . 
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Q u a r t z O v e r g r o w t h s 
The d e s c r i p t i o n A r t h u r t o n & Wadge ( 1 9 8 1 ) g i v e of 

t h e d i s t r i b u t i o n of s i l i c i f i c a t i o n w i t h i n t h e 
f o r m a t i o n i s h e r e h e l d to be t h e most a c c u r a t e . T h e y 
d i f f e r f r o m Waugh i n l a y i n g more s t r e s s on t h e 
v a r i a b i l i t y of t h e c e m e n t a t i o n , h a v i n g no i l l u s i o n s 
a b o u t i t s u n i f o r m i t y or c o m p l e t e n e s s i n any p a r t i c u l a r 
a r e a . H o w e v e r , i t s c o n f i n e m e n t to t h e a r e a n o r t h of 
C l i b u r n i s u n d e n i a b l e . 

L i t t l e c a n be a d d e d h e r e to Waugh's d e s c r i p t i o n of 
t h e p e t r o g r a p h y of t h e o v e r g r o w t h s . Where b e s t 
d e v e l o p e d t h e y n u c l e a t e on e v e r y a v a i l a b l e c l a s t i c 
q u a r t z g r a i n and p l u g much o f t h e a v a i l a b l e p o r e 
s p a c e , t h o u g h r e s i d u a l i n t e r g r a n u l a r p o r o s i t y u s u a l l y 
a m o u n t s t o a b o u t 10%. 

A f e a t u r e m e n t i o n e d by Waugh i n h i s t h e s i s ( 1 9 6 7 , 
pp. 1 3 2 - 1 3 6 ) , b u t n o t i n any s u b s e q u e n t p u b l i c a t i o n , 
i s t h e i n v e r s e r e l a t i o n s h i p of t h e o v e r g r o w t h s and 
p i g m e n t i n g c l a y s . T h i s may be s e e n on one s c a l e i n 
s l i d e s w h e r e t h e o v e r g r o w t h s a r e n o t w e l l d e v e l o p e d ; 
t h e i n c h o a t e g r o w t h s a v o i d a r e a s o f t h i c k p i g m e n t , and 
more w i d e l y by t h e g r a p h of p i g m e n t q u a n t i t y v . p e r 
c e n t a u t h i g e n i c q u a r t z shown i n f i g . 9.9. T h i s shows 
t h a t s o u t h of C l i b u r n , w h e r e o v e r g r o w t h s a r e a b s e n t 
t h e p i g m e n t q u a n t i t y ( i n c l u d i n g t h e s u r f a c e s t a i n , 
i l l i t e and m a t e r i a l f r o m d e g r a d i n g r o c k f r a g m e n t s ) 
v a r i e s f r o m 5 t o 9%. N o r t h o f C l i b u r n , w h e r e 
s i l i c i f i c a t i o n h a s o c c u r r e d , t h e i n v e r s e r e l a t i o n s h i p i s 
v e r y w e l l m a r k e d , p i g m e n t q u a n t i t y v a r y i n g f r o m 1-8% 
and s e c o n d a r y q u a r t z f r o m 0 - 2 6 % . 

Any p e t r o g r a p h i c e v i d e n c e f o r t h e p l a c e o f t h e 
q u a r t z o v e r g r o w t h s i n t h e d i a g e n e t i c s e q u e n c e must be 
c r u c i a l i n f o r m u l a t i n g and e v a l u a t i n g h y p o t h e s e s f o r 
t h e i r o r i g i n . T h i n s e c t i o n s show t h a t t h e q u a r t z 
o v e r g r o w t h s p o s t - d a t e a l m o s t a l l of e a c h p i g m e n t t y p e , 
t h e a u t h i g e n i c f e l d s p a r and k a o l i n i t e , and t h e p r e 
c i p i t a t i o n of d o l o m i t e . T h e y may p r e - d a t e t h e 
d i s s o l u t i o n of t h e f e l d s p a r o v e r g r o w t h s , b u t t h e 
d i r e c t e v i d e n c e on t h i s p o i n t i s n o t c l e a r . 
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The o v e r g r o w t h s a r e a p o s t - c o m p a c t i o n f e a t u r e , 
m i n u s - c e m e n t p o r o s i t i e s i n d i c a t i n g 2 0 % c o m p a c t i o n 
b e f o r e s i 1 i c i f i c a t i o n . S p e c i m e n s w i t h w e l l d e v e l o p e d 
o v e r g r o w t h s g e n e r a l l y do n o t show p r e s s u r e s o l u t i o n . 
T h i s may be b e c a u s e t h e o v e r g r o w t h s p r e - d a t e t h e 
p r e s s u r e s o l u t i o n and p r e v e n t e d i t s d e v e l o p m e n t , o r 
m e r e l y a r e f l e c t i o n of t h e f a c t t h a t p r e s s u r e s o l u t i o n 
i s most common low i n t h e f o r m a t i o n , away f r o m t h e 
c e m e n t e d a r e a s . A l s o , p r e s s u r e s o l u t i o n i s known to be 
p r o m o t e d a t g r a i n c o n t a c t s b e a r i n g a c e r t a i n amount o f 
c l a y , t h e c l a y a p p e a r i n g to a c t as some k i n d of 
c a t a l y s t . 

O t h e r M i n e r a l s 
S y n t a x i a l o v e r g r o w t h s on f e l d s p a r g r a i n s a r e 

p r e s e n t t h r o u g h o u t t h e f o r m a t i o n , c o n s t i t u t i n g up t o 
1.3% ( a v e r a g e 0 . 2 5 % ) of t h e r o c k i n t h e s l i d e s s t u d i e d . 
The o v e r g r o w t h s , l i k e t h e i r h o s t s , a r e a l w a y s of a l k a l i 
f e l d s p a r and show a l l s t a g e s of g r o w t h f r o m b e i n g 
a b s e n t to c o m p l e t e e u h e d r a l r i m s , e x a c t l y as i s t h e 
c a s e i n t h e B r i d g n o r t h S a n d s t o n e . Waugh ( 1 9 7 8 ) f o u n d 
t h e o v e r g r o w t h s to be c o m p o s ed of s t o i c h i o m e t r i c 
K A l S i 2 0 g , s t r u c t u r a l l y a r r a n g e d as p o t a s s i a n 
i n t e r m e d i a t e s a n i d i n e . 

U n l i k e t h e B r i d g n o r t h S a n d s t o n e , a l l t h e 
o v e r g r o w t h s show much t h e same d e g r e e of d i s s o l u t i o n a s 
t h e i r h o s t g r a i n s and a l s o i n some c a s e s b e a r p i g m e n t . 
I n some e x a m p l e s t h i s a p p e a r s to be an i n f l u e n t c o a t of 
i l l i t i c m a t e r i a l o r i e n t e d p a r a l l e l to t h e g r a i n 
s u r f a c e s , i n o t h e r c a s e s i t may be a u t h i g e n i c b o x w o r k 
i l l i t e ; t h e d i s t i n c t i o n i s o f t e n d i f f i c u l t i n t h i n 
s e c t i o n . 

B o t h t h e o v e r g r o w t h s and some of t h e s u b s e q u e n t 
d i s s o l u t i o n d e v e l o p e d b e f o r e c o m p a c t i o n . T h i s i s shown 
w h e r e p a r t i a l l y d i s s o l v e d g r a i n s h a v e c o l l a p s e d u n d e r 
p r e s s u r e , and r a r e e x a m p l e s of f e l d s p a r s w i t h 
o v e r g r o w t h s p r e s s o l v i n g i n t o o t h e r g r a i n s . 

O n l y one s u r v i v i n g d o l o m i t e c r y s t a l was s e e n i n 
a l l t h e t h i n s e c t i o n s s t u d i e d . H o w e v e r , t h e r e i s 
e v i d e n c e t h a t i t was f o r m e r l y much more a b u n d a n t . T h i s 
i s m a n i f e s t as m o u l d s of e u h e d r a l 10-20y". r h o m b - s h a p e d 
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c r y s t a l s w i t h i n q u a r t z , a n d v e r y r a r e l y f e l d s p a r , 

o v e r g r o w t h s . I n s p e c i m e n s w h e r e o v e r g r o w t h s a r e 

p r e s e n t t h e s e m o u l d s a v e r a g e 0 . 3 % o f t h e r o c k , r a n g i n g 

f r o m z e r o t o 2%. T h e y a r e v i s i b l e i n f i g . 9.8. The 

m o u l d s o f t e n h a v e a l i n i n g of p i g m e n t w h i c h a p p e a r s t o 

be o f t h e g r a i n c o a t i n g t y p e , t h o u g h as i n t h e c a s e o f 

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

t h e b o x w o r k i l l i t e i s n o t e a s y i n t h i n s e c t i o n . At 

o n l y one l o c a l i t y w e r e t h e m o u l d s f o u n d to be a b s e n t 

f r o m a l l s p e c i m e n s o f s i l i c i f i e d s a n d s t o n e . T h i s was a 

q u a r r y a t NY 5 8 3 2 6 4 , 2 km n o r t h of C l i b u r n . 

P o r o s i t y and C o m p a c t i o n 

P r e s e n t p o r o s i t i e s r a n g e f r o m 1 5 - 2 5 % f o r 

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

1 0 % and l e s s w h e r e s i l i c i f i c a t i o n h a s o c c u r r e d . 

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

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

s p e c i m e n s and am o u n t s to an a v e r a g e a d d i t i o n a l p o r o s i t y 

of 1.4%, w i t h a maximum of 4 . 3 % i n one s p e c i m e n . 

M o u l d s o f d o l o m i t e c r y s t a l s a r e f o u n d i n q u a r t z 

o v e r g r o w t h s , t h e s e a c c o u n t f o r a f u r t h e r 0 . 3 % s e c o n d a r y 

p o r o s i t y on a v e r a g e . 

The m i n u s - c e m e n t p o r o s i t i e s of w i n d - r i p p l e 

l a m i n a t e d s a m p l e s a v e r a g e d 18%, t h o s e of s a n d f l o w 

s a m p l e s 2 5 % . The p o r o s i t i e s w e r e m e a s u r e d by p o i n t -

c o u n t i n g , c l a s s i n g q u a r t z and f e l d s p a r o v e r g r o w t h s a s 

c e m e n t . F o l l o w i n g t h e e x e r c i s e of C h a p t e r s 7 and 8 and 

c o m p a r i n g t h e s e w i t h H u n t e r ' s ( 1 9 7 7 ) f i g u r e s f o r modern 
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d u n e s i n d i c a t e s t h a t t h e P e n r i t h S a n d s t o n e h a s b e e n 

c o m p a c t e d by a b o u t 20%, somewhat more t h a n t h e Y e l l o w 

S a n d s and B r i d g n o r t h S a n d s t o n e . 

C o m m e n s u r a t e w i t h t h i s c o m p a c t i o n t h e r e i s good 

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

( 1 9 6 7 , pp. 1 2 5 - 1 3 1 ) d o c u m e n t e d t h i s p o i n t w i t h d e t a i l e d 

m e a s u r e m e n t s of g r a i n c o n t a c t n u m b e r s and t y p e s . As he 

s t a t e s , p r e s s u r e s o l u t i o n i s b e s t ( b u t n o t e x c l u s i v e l y ) 

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

e v e n t h e r e t h e e f f e c t s of t h e p r o c e s s a r e s l i g h t . 

S E C T I O N 9.4 I N T E R P R E T A T I O N OF THE D I A G E N E S I S 

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

f o r m a t i o n was i t s a c q u i s i t i o n of t h e p i g m e n t , by 

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

B r i d g n o r t h S a n d s t o n e : t h e i n f i l t r a t i o n of c l a y s i n r a i n 

and f l o o d w a t e r , and t h e i n t r a s t r a t a l b r e a k d o w n o f 

l a b i l e g r a i n s . Some of t h e p i g m e n t was p r o b a b l y 

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

u n c e r t a i n . 

W h i l e t h e p i g m e n t was s t i l l f o r m i n g , t h e d o l o m i t e 

was p r e c i p i t a t e d , p r o b a b l y by d e s e r t g r o u n d w a t e r s . 

The f e l d s p a r o v e r g r o w t h s i n t h e P e n r i t h S a n d s t o n e 

do n o t f i t i n t o Waugh's ( 1 9 7 8 ) h y p o t h e s i s , w h i c h was 

u s e d to e x p l a i n t h e o r i g i n of s u c h f e a t u r e s i n t h e 

B r i d g n o r t h S a n d s t o n e . Waugh e n v i s a g e d p a r t of t h e 

c o n s t i t u e n t s n e c e s s a r y f o r t h e p r e c i p i t a t i o n of 

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

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

l e a d to f r e s h o v e r g r o w t h s on c o r r o d e d h o s t s , as i s 

f o u n d i n t h e B r i d g n o r t h S a n d s t o n e . I n t h e P e n r i t h 
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S a n d s t o n e t h e o v e r g r o w t h s a r e j u s t a s f r e s h o r c o r r o d e d 
as t h e i r h o s t g r a i n s - e v i d e n t l y t h e d i s s o l u t i o n 
o c c u r r e d a f t e r t h e o v e r g r o w t h s had d e v e l o p e d . The 
n e c e s s a r y m a t e r i a l c o u l d , h o w e v e r , h a v e b e e n d e r i v e d 
f r o m t h e d i s s o l u t i o n of o t h e r l a b i l e m i n e r a l and r o c k 
f r a g m e n t s . The a u t h i g e n i c i l l i t e c o u l d be d e r i v e d f r o m 
s i m i l a r s o u r c e s , and b o t h p r o b a b l y f o r m e d r e l a t i v e l y 
s o o n a f t e r d e p o s i t i o n . 

Waugh's h y p o t h e s e s f o r t h e o r i g i n of t h e 

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

q u a r t z d u s t by dew or g r o u n d w a t e r , and d i f f e r i n g 

g r o u n d w a t e r c o m p o s i t i o n i n b r o c k r a m and b r o c k r a m - f r e e 

a r e a s - h a v e a number of w e a k n e s s e s . F i r s t l y , n o t e 

t h a t t h e p r o c e s s e s of s o l u t i o n and p r e c i p i t a t i o n o f 

a b r a s i o n - d e r i v e d q u a r t z d u s t a r e n o t s p e c i f i c to t h e 

P e n r i t h S a n d s t o n e . I f t h e s e e v e n t s c a n o c c u r i n t h e 

P e n r i t h S a n d s t o n e r e a s o n s n e e d to be o f f e r e d to e x p l a i n 

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

u n d e r t h e s u n , a n c i e n t and modern. Y e t t h e d e g r e e of 

s i 1 i c i f i c a t i o n s u f f e r e d by t h e P e n r i t h S a n d s t o n e i s 

u n i q u e among B r i t i s h a e o l i a n s a n d s t o n e s . S u r v e y i n g t h e 

l i t e r a t u r e , r e c o r d s o f modern s i l i c i f i e d a e o l i a n s a n d s 

a r e c o n s p i c u o u s o n l y by t h e i r a b s e n c e . Waugh o f f e r s 

t h e e x a m p l e o f W i l l i a m s o n ( 1 9 5 7 ) , whose s i l i c i f i e d 

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

on t h e b a s i s of t h e r o u n d i n g and s o r t i n g o f t h e g r a i n s ; 

no r e f e r e n c e i s made to f i e l d r e l a t i o n s . 

Waugh ( 1 9 7 0 a , p . 1 2 3 6 ) s u g g e s t s t h a t c e m e n t a t i o n 

was p e n e c o n t e m p o r a n e o u s w i t h d e p o s i t i o n , w i t h 

s i l i c i f i e d c r u s t s f o r m i n g a t t h e s u r f a c e . I f t h i s w e r e 
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t h e c a s e , t h e r e o u g h t to be some e v i d e n c e i n t h e 

s e d i m e n t s - t h e f o r m a t i o n of s u c h c r u s t s c o u l d f r e e z e 

t h e w h o l e e r g . T h e r e i s n o t h i n g w i t h i n t h e f o r m a t i o n 

to s u g g e s t t h a t t h i s t o o k p l a c e . The e x a m p l e s o f 

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

Modern s i l c r e t e s d e v e l o p v e r y s l o w l y i n a r e a s o f 

m i n i m a l e r o s i o n and dep os i t i o n • A c t i v e e r g s do n o t f i t 

i n t o t h i s c a t e g o r y . 

I f , as Waugh s u g g e s t s , s i l i c e o u s d u s t was b e i n g 

c o m p l e t e l y d i s s o l v e d by d e s e r t dews, one m i g h t e x p e c t 

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

f r a m e w o r k g r a i n s , b u t t h e r e i s n o n e . I f t h e c e m e n t 

w e r e p r e c i p i t a t e d e a r l y and f r o m e v a p o r a t i n g dew, 

c o m m e n s u r a t e t e x t u r e s s h o u l d be e v i d e n t ; f o r e x a m p l e , 

t h e c o n c e n t r a t i o n o f cement a t g r a i n c o n t a c t s t h r o u g h 

p r e c i p i t a t i o n f r o m m e n i s c i , and t h e p r e s e r v a t i o n of a 

v e r y h i g h m i n u s - c e m e n t p o r o s i t y , b u t t h i s i s n o t t h e 

c a s e . C o m p a c t i o n o f some 20% had o c c u r r e d b e f o r e 

c e m e n t a t i o n . T h i s i s h a r d e v i d e n c e t h a t t h e 

s i l i c i f i c a t i o n t o o k p l a c e a t d e p t h - t h e P e n r i t h 

S a n d s t o n e i s more c o m p a c t e d t h a n e i t h e r t h e Y e l l o w 

S a n d s o r B r i d g n o r t h S a n d s t o n e . 

W a u g h 1 s h y p o t h e s e s c a n t h e r e f o r e no l o n g e r be 

r e t a i n e d . The s i l i c e o u s d u s t i n v o k e d as t h e s o u r c e o f 

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

i t was j u s t p i c k e d up i n t o s u s p e n s i o n and blown a w a y . 

The q u a r t z o v e r g r o w t h s a r e a p r o d u c t of d i a g e n e s i s 

a t d e p t h . The v a r i a b i l i t y o f t h e cement w i t h i n t h e 

s i l i c i f i e d a r e a i s a t t r i b u t a b l e to t h e i n h i b i t i n g 

e f f e c t c l a y p e l l i c l e s a r o u n d g r a i n s h a v e on c e m e n t a t i o n 
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( e . g . H e a l d & L a r e s e , 1 9 7 4 ) , c l e a r l y shown by f i g . 9.9. 

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

and u n s i l i c i f i e d a r e a s ( n o r t h and s o u t h of C l i b u r n , 

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

t h a t t h e r e i s no s e c o n d a r y q u a r t z a t a l l i n t h e 

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

c o n d i t i o n s w h i c h b r o u g h t a b o u t t h e c e m e n t a t i o n d i d not 

p e r t a i n s o u t h of C l i b u r n . I t i s p o s s i b l e t h a t t h i s i s 
» 

due t o t h e i n f l u e n c e on t h e p o r e w a t e r c h e m i s t r y of t h e 

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

u n d o l o m i t i s e d l i m e s t o n e c l a s t s and c a l c i t e c e m e n t . 

The b r o c k r a m s may a c c o u n t f o r any i n c r e a s e i n t h e 

q u a n t i t y of p i g m e n t p r e s e n t i n t h e s o u t h e r n h a l f of t h e 

o u t c r o p . The p r e s e n c e of t h e b r o c k r a m s i m p l i e s 

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

s e e p a g e and t h i s must h a v e c a r r i e d c l a y s i n t o t h e 

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

l i k e l y to c o n t a i n m e c h a n i c a l l y and c h e m i c a l l y f r a g i l e 

r o c k and m i n e r a l f r a g m e n t s w h i c h m i g h t t h e n b r e a k down 

s u b s u r f a c e , r e l e a s i n g p i g m e n t i n g m a t e r i a l . T h u s b o t h 

m a i n p r o c e s s e s of p i g m e n t a t i o n a r e a i d e d by t h e 

p r e s e n c e of w a t e r - l a i n s e d i m e n t s . 

T h e r e i s no c r e d i b l e i n t r a f o r m a t i o n a 1 s o u r c e f o r 

t h e s i l i c a w h i c h i s now i n c o r p o r a t e d i n t h e q u a r t z 

o v e r g r o w t h s . Nor i s t h e r e any c o m p e l l i n g e x t r a f o r m -

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

B l e a c h e d and s i l i c i f i e d v e i n s a r e p r e s e n t i n most 

o u t c r o p s and l o c a l l y a b u n d a n t , b e i n g most a p p a r e n t i n 

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

by w e a t h e r i n g . S e c t i o n s c u t of t h e s e showed them to 
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c o n s i s t of c l a s t i c g r a i n s ( w i t h o u t o v e r g r o w t h s ) , some 

p o s s i b l y f r a c t u r e d , s e t i n a g r o u n d m a s s of c r y s t a l l i n e 

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

m e r g i n g i n t o t h e c o a r s e r g r o u n d m a s s c r y s t a l s . W h e t h e r 

t h e s e v e i n s h a v e a n y t h i n g to do w i t h t h e c e m e n t a t i o n i s 

u n c e r t a i n - n o t enough i s known of t h e i r f i e l d and 

t e x t u r a l r e l a t i o n s to t h e P e n r i t h S a n d s t o n e and 

o v e r l y i n g r o c k s . N e v e r t h e l e s s , t h e y m e r i t a m e n t i o n , 

i f o n l y f o r c o m p l e t e n e s s . 

O t h e r s t r a w s t h a t m i g h t be c l u t c h e d a t a r e c l a y 

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

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

H o w e v e r , t h e E d e n S h a l e s a r e o n l y ~ 1 5 0 m t h i c k a t 

maximum and t h e e f f e c t s of p r e s s u r e s o l u t i o n i n t h e 

P e n r i t h S a n d s t o n e a r e s l i g h t . N e i t h e r seems c a p a b l e of 

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

c e m e n t a t i o n o b s e r v e d . 
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Summary 

The P e n r i t h Sandstone i s a r e d a e o l i a n sa.ndstone o f 

E a r l y Permian age. F a c i e s and t h i c k n e s s p a t t e r n s 

suggest t h a t t h e o r i g i n a l e r g may not have been much 
2 

l a r g e r t h a n t h e p r e s e n t o u t c r o p area o f some 300km . 

The f o r m a t i o n i s cross-bedded t h r o u g h o u t , t h e s e t s 

g e n e r a l l y t a k i n g t h e fo r m o f t r o u g h s 2-6m t h i c k and 

20-60m wide. Sandflows r e a c h b u t do n o t exceed 80mm 

i n t h i c k n e s s . The c r o s s - b e d d i n g p a t t e r n and s a n d f l o w 

t h i c k n e s s d a t a suggest t h a t t h e f o r m a t i o n was d e p o s i t e d 

by s l i g h t l y s i n u o u s t r a n s v e r s e dunes on s l i p f a c e l e s s 

d raa. 

The major f e a t u r e s o f t h e d i a g e n e s i s o f t h e f o r m a t i o n 

are i t s r e d c o l o u r a t i o n and e x t e n s i v e c e m e n t a t i o n by 

a u t h i g e n i c q u a r t z . The r e d c o l o u r a t i o n developed by 

th e i n f i l t r a t i o n o f c l a y s b e a r i n g i r o n o x i d e s and t h e 

i n t r a s t r a t a l breakdown of l a b i l e g r a i n s . T e x t u r e s 

i n d i c a t i v e o f a c c u m u l a t i o n above t h e wa t e r t a b l e a r e 

e v i d e n t . 

The q u a r t z c e m e n t a t i o n i s p r e s e n t o n l y i n t h e 

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

i n t h e h i g h e r p a r t s o f t h e f o r m a t i o n , though i t s d i s 

t r i b u t i o n i s everywhere p a t c h y . T h i s unevenness o f 

s i l i c i f i c a t i o n i s d e t e r m i n e d by t h e q u a n t i t y o f p i g -

m e n t a t i n g c l a y s i n t h e r o c k , pigment and cement h a v i n g 

a c l e a r i n v e r s e r e l a t i o n s h i p . The q u a n t i t y o f pigment 

i s enhanced i n areas where contemporaneous w a t e r - l a i d 

sediments a r e p r e s e n t . The s i l i c i f i c a t i o n t o o k p l a c e 

a t d e p t h , a f t e r 20% compaction had been a c h i e v e d . 

P r e v i o u s i d e a s o f a t t r i b u t i n g t h e cement t o a syndep-



' o s i t i o n a l p r o c e s s o f d i s s o l u t i o n and r e p r e c i p i t a t i o n 

o f q u a r t z d u s t a r e r e j e c t e d . There are no o b v i o u s 

sources f o r t h e s i l i c a p r e s e n t i n t h e q u a r t z o v e r 

growths . 
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CHAPTER 10 

THE SIGNIFICANCE, CHARACTERISTICS AND IDENTIFICATION 

OF AEOLIAN SANDS 

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

The aim o f t h i s c h a p t e r i s t h r e e f o l d : f i r s t l y , 

t o summarise and assess t h e p a l a e o g e o g r a p h i c a l and 

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

c h a p t e r s ; s e c o n d l y t o d e s c r i b e and r e v i e w t h e 

se d i m e n t o l o g y o f a e o l i a n sandstones, as p r e s e n t e d 

i n t h e B r i t i s h g e o l o g i c a l r e c o r d ; and t h i r d l y , t o 

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

sandstones. 

SECTION 1Q.1 THE PAEEOGEOGRAPHIC AND STRATI GRAPHIC 

SIGNIFICANCE OF AEOLIAN SANDSTONES IN 

THE U.K. 

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

Much o f t h e B r i t i s h Permian r e c o r d c o n s i s t s o f 

u n f o s s i l i f e r o u s c o n t i n e n t a l s ediments, and c o n s e q u e n t l y 

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

However, t h e se d i m e n t a r y sequences, viewed on a l a r g e 

s c a l e , a r e b r o a d l y s i m i l a r i n many areas and an 

i m p o r t a n t aspect o f t h i s s i m i l a r i t y i s t h e widespread 

o c c u r r e n c e o f t h i c k a e o l i a n sandstones i n t h e lower 

p a r t o f t h e Permian. These f o r m a t i o n s a re r e g a r d e d as 

an i m p o r t a n t s t r a t i g r a p h i c marker ( S m i t h e t a l . , 1974). 

There are 6 such f o r m a t i o n s i n S.W. S c o t l a n d , t h e 
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P e n r i t h Sandstone i n Cumbria, t h e Y e l l o w Sands i n 

N.E. England, t h e C o l l y h u r s t / K i n n e r t o n / E r i d g n o r t h 

Sandstone u n i t i n t h e West Midlands and N.W. England, 

and t h e D a w l i s h Sands i n S.W. England. A l l t h e s e 

f o r m a t i o n s seem t o r e p r e s e n t t h e onshore m a r g i n s o f 

f o u r major s e d i m e n t a r y b a s i n s : t h e N o r t h e r n and 

Southern Permian Basins i n t h e N o r t h Sea, t h e East 

I r i s h Sea B a s i n , and a b a s i n under t h e p r e s e n t 

E n g l i s h Channel (palaeogeography on f i g . 5 . 2 b ) . The 

Y e l l o w Sands, t h e P e n r i t h Sandstone, t h e C o l l y h u r s t 

Sandstone and p a r t s o f t h e B r i d g n o r t h Sandstone a r e 

e f f e c t i v e l y b r a c k e t e d as Lower Permian by f o s s i l s 

i n c o n f o r m a b l y o v e r l y i n g s t r a t a . 

Most o f t h e f o r m a t i o n s a r e t h i c k , e x c e e d i n g 

200 m, though t h e c o n t r a s t between t h e L o c h a r b r i g g s 

Sandstone (1000 m) and t h e Y e l l o w Sands (mean spread 

out sand d e p t h ~ 15 m) s h o u l d be borne i n mind. 

Smith e t a l . , (1974) suggest t h a t a e o l i a n 

d e p o s i t i o n t o o k p l a c e at r o u g h l y t h e same t i m e i n 

each ar e a , t h e gross a s p e c t s o f s e d i m e n t a r y r e c o r d 

b e i n g d e t e r m i n e d by c l i m a t e and t h e o v e r a l l e v o l u t i o n 

o f t h e landscape. The i n c o m i n g o f t h e Z e c h s t e i n and 

B a k e v e l l i a Seas east and west of t h e Pennines i s 

t h o u g h t t o have been synchronous and g l a c i o -

e u s t a t i c a l l y prompted. T h i s t r a n s g r e s s i o n t e r m i n a t e d 

a e o l i a n d e p o s i t i o n i n t h e N o r t h and I r i s h Sea areas 

and a l s o i n t h e Vale o f Eden. The c l i m a t e over t h e 

B r i t i s h I s l e s i s t h e n s a i d t o have become somewhat 

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

d e p o s i t i o n i n t h e r e m a i n i n g l a n d areas. 
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These assumptions seem r e a s o n a b l e and produce a 

c o r r e l a t i o n which i s s a t i s f y i n g and on t h e whole 

c o n s i s t e n t . The o n l y problem would seem t o be t h e 

p o s s i b l e p e r s i s t e n c e of a e o l i a n s e d i m e n t a t i o n i n t o 

L a t e Permian t i m e s i n t h e C h e s h i r e B a s i n , where t h e 

m a r i n e , e a r l y L a t e Permian Manchester M a r l s a r e 

t h o u g h t t o pass l a t e r a l l y i n t o a e o l i a n sandstone of 

th e C o l l y h u r s t / K i n n e r t o n / B r i d g n o r t h u n i t . T h i s 

p e r s i s t s up t o t h e e r o s i v e base o f t h e B u n t e r Pebble 

Beds (= K i d d e r m i n s t e r Conglomerate F o r m a t i o n = Chester 

Pebble Beds), r e g a r d e d as Lower T r i a s s i c . T h i s 

boundary r e p r e s e n t s an e x c e e d i n g l y a b r u p t and complete 

change i n s e d i m e n t a r y e n v i r o n m e n t , and one t h a t 

o c c u r s over a v e r y wide area: from W o r c e s t e r s h i r e t o 

Merseyside and p r o b a b l y beyond. Any t i m e gap 

r e p r e s e n t e d by t h e boundary may never be q u a n t i f i e d , 

u n l e s s by some f o r t u i t o u s r e m i t t a n c e o f t h e problems 

s u r r o u n d i n g t h e measurement o f palaeomagnetism i n 

sediments. 

A f u r t h e r 4 u n i t s o f a e o l i a n sand are found i n t h e 

Lower T r i a s s i c : t h e Hopeman Sandstone, K i r k l i n t o n 

Sandstone, Frodsham Member and O t t e r Sandstone. 

These are c o n s i d e r a b l y t h i n n e r t h a n t h e i r Lower 

Permian c o u n t e r p a r t s , r a n g i n g from o n l y 45 m t o 

120 m. The Hopeman Sandstone i s p a r t o f o n l y a v e r y 

t h i n known sequence; t o o t h i n t o d e f i n e any o v e r a l l 

t r e n d s i n t h e r e c o r d , but seems t o be e a r l i e s t T r i a s 

by t h e r e p t i l i a n f a una (Peacock^ 1968). The 

K i r k l i n t o n Sandstone o c c u r s above a t h i c k f l u v i a l 

sequence ( t h e S t . Bees Sandstone) and below t h i c k 
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mudstones ( t h e Stanwix S h a l e s ) . The Frodsham Member 

a l s o o c c u r s above a t h i c k f l u v i a l sequence ( u n d e r l a i n 

s u c c e s s i v e l y by t h e r e s t o f t h e Helsby Sandstone, t h e 

Wilmslow Sandstone and t h e Chester Pebble Beds), but 

l i e s below t h e supposedly marine T a r p o r l e y S i l t s t o n e 

(= W a t e r s t o n e s ) , which i n t u r n a re succeeded by 

t h i c k mudstones ( t h e f o r m e r Keuper M a r l ) . The O t t e r 

Sandstone r e s t s on t h e f l u v i a l B u d l e i g h S a l t e r t o n 

Pebble Beds and u n d e r l i e s mudstones. 

Thus, a l l b u t t h e Hopeman Sandstone l i e i n 

b r o a d l y comparable sequences and i t may w e l l be t h a t 

t h e K i r k l i n t o n Sandstone, Frodsham Member and O t t e r 

Sandstone were b e i n g l a i d down a t t h e same t i m e . 

They are t e n t a t i v e l y shown so on t h e c o r r e l a t i o n c h a r t s 

of W a r r i n g t o n e t a l . ( 1 9 8 0 ) , a t around t h e S c y t h i a n -

A n i s i a n boundary, though no e x p l i c i t m e n t i o n i s made 

of r e a s o n i n g s i m i l a r t o t h a t o f Smith e t a l . ( 1 9 7 4 ) . 

Wind Regime and C l i m a t e 

U n i t s o f a e o l i a n sand a r e r a r e i n t h e U.K. Old 

Red Sandstone, s t r i k i n g l y so when compared t o t h e i r 

abundance i n t h e New Red Sandstone. Presumably t h i s 

must i n d i c a t e t h a t t h e c l i m a t e under which t h e O.R.S. 

was d e p o s i t e d was not d r y enough f o r f l u v i a l 

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

a e o l i a n sands t o accumulate. 

F i g . 4.3 shows 8 c r o s s - b e d d i n g d i p a z i m u t h 

r e s u l t a n t s from v a r i o u s Lower Permian a e o l i a n f o r m a t i o n s 

i n B r i t a i n . A l t h o u g h t h e r e i s an o v e r a l l u n i f o r m i t y , 

i n t h a t a l l t h e r e s u l t a n t s have a dominant w e s t e r l y 

component, t h e r e i s c o n s i d e r a b l e d i v e r g e n c e from 
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one f o r m a t i o n t o t h e n e x t . The C o r r i e Sandstone, 

L o c h a r b r i g g s Sandstone and Y e l l o w Sands d i r e c t i o n s 

l i e between SW and WSW, whereas t h e P e n r i t h Sand

s t o n e , s i t u a t e d midway between D u m f r i e s s h i r e and 

County Durham, g i v e s a r e s u l t t o t h e WNW. T h i s i s 

a d i v e r g e n c e o f 60° f r o m i t s n e a r e s t n e i g h b o u r s . 

The sandstones i n t h e Vale of Clwyd, i n s o u t h e r n N o r t h 

Sea gas w e l l s , and t h e B r i d g n o r t h Sandstone g i v e 

r e s u l t s t o due west. The D a w l i s h Sands c o n t r a s t 

s t r o n g l y , w i t h a r e s u l t a n t t o t h e NNW. 

Apa r t f r o m t h e D a w l i s h Sands, t h e main o d d b a l l 

i s t h e P e n r i t h Sandstone r e s u l t . The p e c u l i a r i t i e s 

o f t h e Y e l l o w Sands r e s u l t s must not be f o r g o t t e n -

i t s b i m o d a l i t y ( t o t h e WNW and S ) , and t h e p o s s i b i l i t y 

t h a t t h e i n c o m p l e t e sand cover may make t h e f o r m a t i o n 

more s e n s i t i v e t o t h e r e a l wind regime. I n d i s c u s s i o n 

of t h e Y e l l o w Sands wind regime i n Chapter b-, i t was 

suggested t h a t t h e b i m o d a l i t y r e f l e c t e d r e a l winds, 

e i t h e r a summer N ' l y and w i n t e r ESE'ly or a r e g i o n a l 

ESE'ly m o d i f i e d by a k a t a b a t i c N ' l y . The Y e l l o w 

Sands WNW mode p a r a l l e l s t h e P e n r i t h Sandstone 

r e s u l t a n t . 

Three q u e s t i o n s can be asked : 

( i ) i n n o r t h e r n B r i t a i n , was t h e r e g i o n a l wind 

unimodal or b i m o d a l , and i s t h e t r u e r e s u l t a n t 

t o t h e WNW or WSW? 

( i i ) Are t h e n o r t h e r n (1-4 on f i g . 4.3) and Midlands 

(5-7 on f i g . 4.3) r e s u l t s c o m p a t i b l e ? 

( i i i ) Why a r e t h e D a w l i s h sands so d i f f e r e n t ? 
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I n answer t o t h e f i r s t q u e s t i o n , i t c o u l d be argued that 

t h e t r u e r e s u l t a n t wind was ENE'ly ( p a r a l l e l t o t h e 

Y e l l o w Sands, L o c h a r b r i g g s and C o r r i e r e s u l t s ) and t h a t 

t h e P e n r i t h anomaly i s due t o l o c a l o r o g r a p h i c f l o w ; 

d e f l e c t i o n o f f t h e Lake D i s t r i c t M a s s i f f o r i n s t a n c e . 

F o l l o w i n g t h i s argument n e c e s s i t a t e s c o n s i d e r a t i o n o f 

whether t h e b i m o d a l i t y o f t h e Y e l l o w Sands i s v a l i d , 

whether i t s h o u l d a l s o a p p l y t o t h e L o c h a r b r i g g s and 

C o r r i e r e s u l t s , why o n l y one mode s h o u l d a p p l y t o t h e 

P e n r i t h Sandstone, and whether any l i g h t i s c o n s e q u e n t l y 

shed on t h e o r i g i n o f t h e b i m o d a l i t y . 

The a l t e r n a t i v e , t h a t t h e t r u e r e g i o n a l wind was 

WNW'ly i m p l i e s t h a t such l o c a l f o r c e s a l s o p r e v a i l e d a t 

L o c h a r b r i g g s and C o r r i e , but not i n t h e P e n r i t h Sandstone. 

I n t h e a u t h o r ' s o p i n i o n t h e i s s u e cannot be d e c i d e d -

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

e f f e c t s r e n d e r every o p t i o n c r e d i b l e . 

To t h e second q u e s t i o n - t h e c o m p a t i b i l i t y o f t h e 

n o r t h e r n and m i d l a n d s r e s u l t s - a s i m i l a r l y nebulous ( b u t 

h o n e s t ) answer must be g i v e n . A l l t h e a v a i l a b l e 

e vidence p o i n t s t o t h e c o n c u r r e n c e o f a e o l i a n 

d e p o s i t i o n i n t h e two a r e a s ; t h e r e f o r e t h e i r 

r e s p e c t i v e wind regimes must have been c o m p a t i b l e . 

Presumably t h e 170 km d i s t a n c e between t h e two areas 

was s u f f i c i e n t t o a l l o w a d i v e r g e n c e o f net sand-

d r i f t and a i r f l o w of 25°-30°, whatever t h e t r u e 

r e s u l t a n t i n t h e n o r t h i s s a i d t o be. O r o g r a p h i c 

e f f e c t s cannot be r u l e d out i n t h e m i d l a n d s area -

n e i t h e r t h e Vale o f Clwyd, B r i d g n o r t h or t h e s o u t h e r n 

N o r t h Sea gas f i e l d s are f a r removed from t h e presumed 

b a s i n margins and p o s s i b l e areas o f h i g h ground. 
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The winds i n Devon must a l s o be put down t o 

o r o g r a p h i c e f f e c t s - t h e r e seems l i t t l e o p t i o n when 

t h e r e s u l t d i v e r g e s from t h o s e o f t h e remainder o f 

t h e f o r m a t i o n s by 45° t o 105°. 

SECTION 10.2 THE CHARACTERISTICS OF AEOLIAN SANDSTONES 

Cross-Bedding 

The v a s t m a j o r i t y of modern erg s c o n t a i n b o t h 

dunes and d r a a , draa always b e a r i n g superimposed 

dunes. Draa ar e seldom absent, t y p i c a l l y i n areas 

o f low sand cover o r around t h e p e r i p h e r y o f an e r g , 

i n t h e t r a n s i t i o n f rom an environment o f a e o l i a n 

d e p o s i t i o n t o one where w a t e r - l a i n sediments a r e 

s l o w l y a c c u m u l a t i n g . 

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

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

bounding s u r f a c e s c o m p r i s i n g up t o 4 o r d e r s . F i r s t 

and 3 r d o r d e r bounding s u r f a c e s form by t h e m i g r a t i o n 

o f d r a a and dunes r e s p e c t i v e l y , and are c o n s e q u e n t l y 

termed m i g r a t i o n s u r f a c e s . Second and 4 t h o r d e r 

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

o f d r a a and dune shape caused by changes i n t h e a i r 

f l o w p a t t e r n . These ar e termed m o d i f i c a t i o n s u r f a c e s . 

Two s t y l e s of c r o s s - b e d d i n g s h o u l d be f o u n d . 

The f i r s t , showing o n l y 1 s t and 2nd o r d e r bounding 

s u r f a c e s , c o n s i s t s of t h i c k and l a t e r a l l y e x t e n s i v e 

s e t s d e p o s i t e d by s l i p f a c e d draa. The second t y p e 

d i s p l a y s a l l 4 o r d e r s of bounding s u r f a c e , though 2nd 

o r d e r may be r a r e . T h i r d o r d e r s u r f a c e s a r e s t r u n g 
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between 1st o r d e r s u r f a c e s , d i p p i n g g e n t l y down-

c u r r e n t . The t h i r d o r d e r s u r f a c e s bound s e t s o f 

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

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

dunes m i g r a t i n g down t h e l e e s i d e o f a m i g r a t i n g and 

c l i m b i n g s l i p f a c e l e s s d r a a . The c r o s s - b e d d i n g cannot 

be f u l l y u n d e r s t o o d u n l e s s a l l o w a n c e i s made f o r t h e 

random component of bedform b e h a v i o u r . 

Mechanical and t o p o l o g i c a l c o n s i d e r a t i o n s demand 

t h a t where an e r g i s a g g r a d i n g ( i . e . v i r t u a l l y a l l 

a n c i e n t U.K. examples), t h e c r o s s - b e d d i n g s h o u l d be 

formed o n l y by t r a n s v e r s e dunes and d r a a , though t h e 

s i n u o u s i t y o f t h e bedforms may v a r y . L o n g i t u d i n a l 

and s t a r - s h a p e d bedforms cannot f o r m t h i c k , c o n t i n u o u s 

sequences of a e o l i a n sand because t h e y l a c k c o n t i n u i t y 

i n t h e d i r e c t i o n normal t o m i g r a t i o n . 

The t h i c k n e s s o f i n d i v i d u a l s e t s depends on t h e 

m i g r a t i o n r a t e s o f t h e d e p o s i t i n g bedforms, t h e a n g l e 

o f c l i m b o f t h o s e bedforms, and f o r dunes, t h e a n g l e 

of s l o p e o f t h e draa l e e s i d e . Draa s e t s s h o u l d be 

t h i c k e r and more l a t e r a l l y e x t e n s i v e t h a n dune s e t s . 

These hypotheses a r e s e t out i n d e t a i l i n Chapter 2. 

Q u i n t e s s e n t i a l l y , t h e t h e o r y i s m e r e l y a reasoned 

g e o l o g i c a l judgement o f t h e demands and e f f e c t s o f 

p r e s e r v a t i o n p o t e n t i a l on a r e a l i s t i c p e r c e p t i o n o f 

t h e modern s i t u a t i o n . 

A l l o f t h e f o r m a t i o n s s t u d i e d a re cross-bedded 

t h r o u g h o u t , and t h i s c r o s s - b e d d i n g conforms t o t h e 

p a t t e r n s e t out above. When c u t t r a n s v e r s e t o p a l a e o -

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

c o n s i s t o f trou g h - s h a p e d s e t s o f v a r y i n g w i d t h and 
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d e p t h . The lower bounding s u r f a c e c u t s e r o s i v e l y i n t o 

m a t e r i a l below and i s concave upwards, as a r e t h e 

laminae w i t h i n t h e s e t , t h e s e a p p r o a c h i n g t h e l o w e r 

s u r f a c e a s y m p t o t i c a l l y . The t r o u g h s may be so broad 

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

as t a b u l a r - p l a n a r c r o s s - b e d d i n g i n some cases. 

When c u t p a r a l l e l t o p a l a e o c u r r e n t t h e bounding 

s u r f a c e s are g e n e r a l l y s u b h o r i z o n t a l and t h e laminae 

t a n g e n t i a l l y based. The s e t s have a f i n i t e l e n g t h , 

e i t h e r l e n s i n g out o r a p p a r e n t l y e r o s i v e l y removed 

by a successor. 

T h i s p a t t e r n i s i n d i c a t i v e o f s i n u o u s t r a n s v e r s e 

bedforms, c o n f i r m i n g tiie p o s t u l a t e d r e s t r i c t i o n on 

t h e shape of p e r s e r v a b l e bedforms. 

A n a l y s i s o f t h e p a t t e r n s o f s e t t h i c k n e s s and 

bounding s u r f a c e s r e q u i r e s l a r g e exposures. T y p i c a l l y 

t h e c r o s s - b e d d i n g i s d i s p o s e d i n s e t s 2-6 m t h i c k and 

20-60 m wide. These are b e l i e v e d t o be dune s e t s , 

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

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

b edding p a t t e r n i s due t o dunes on s l i p f a c e l e s s d r a a , 

and not s i m p l y t o dunes i n a d r a a - l e s s e r g , i s 

p o s s i b l e o n l y i n a few l a r g e exposures c u t p a r a l l e l 

t o p a l a e o c u r r e n t ( i n t h e P e n r i t h Sandstone by t h e 

R i v e r Eden at NY 518442, i n t h e L o c h a r b r i g g s Sand

st o n e a t t h e L o c h a r b r i g g s Q u a r r i e s , and i n t h e Yesnaby 

Sandstone i n sea c l i f f s a t HY 219153). 

Sets o f a s i z e and w i t h a bounding s u r f a c e system 

c o m p a t i b l e w i t h d e p o s i t i o n on s l i p f a c e d draa a r e 
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r e l a t i v e l y r a r e i n t h e B r i t i s h r e c o r d . The B r i d g n o r t h 

Sandstone i s most i n s t r u c t i v e i n t h i s r e s p e c t , s i n c e 

t h i s i s i n t e r p r e t e d as c o n t a i n i n g t h e d e p o s i t s o f 

b o t h s l i p f a c e d and s l i p f a c e l e s s draa (Chapter 8 ) . 

Dune s e t s i n t h e f o r m a t i o n are 2-4 m t h i c k and 20-40 m 

wide. Sets i n t e r p r e t e d as d e p o s i t e d by s l i p f a c e d d r a a 

are c o n s i s t e n t l y 6-10 m t h i c k and e x t e n d l a t e r a l l y f o r 

a t l e a s t 100 m. O c c a s i o n a l l y , examples exceed 20 m i n 

t h i c k n e s s . The bounding s u r f a c e p a t t e r n i s c o n s i s t e n t 

w i t h t h i s i n t e r p r e t a t i o n , b u t exposure i s not good 

enough f o r i t t o be p o s i t i v e l y c o n f i r m e d . 

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

C o r n c o c k l e Sandstone ( Appendix ) where a s e t 30-40 m 

t h i c k i s v i s i b l e i n one l o c a l i t y , and i n t h e Hopeman 

Sandstone ( A p p e n d * ) , where s i m i l a r d imensions a r e 

a t t a i n e d . 

One o f t h e major l e s s o n s g a i n e d f r o m t h e r e s e a r c h 

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

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

t y p e s . The concept and enactment o f t h e h i e r a r c h y i s 

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

s u r f a c e s . When one bounding s u r f a c e t r u n c a t e s a n o t h e r 

below, t h e e r o s i o n r e c o r d e d does not n e c e s s a r i l y 

r e f l e c t a h i e r a r c h i c a l r e l a t i o n s h i p . For i n s t a n c e , i t 

i s p o s s i b l e t o e n v i s age dunes m i g r a t i n g down a d r a a 

l e e s i d e , hence g e n e r a t i n g 3 r d o r d e r s u r f a c e s , c u t t i n g 

a c r oss and t r u n c a t i n g a p r e v i o u s l y developed 2nd o r d e r 

s u r f a c e . Only where one s u r f a c e approaches a n o t h e r 

from above and i s t r u n c a t e d i s a h i e r a r c h i c a l r e l a t i o n 

s h i p p roven. 
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Where t h e base of a draa l e e s i d e i s o c c u p i e d 

by dunes, d u n e - s i z e d s c o u r s are p r o b a b l y c u t i n t o 

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

m i g r a t i o n o f t h e dra a . Thus, when c u t t r a n s v e r s e t o 

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

w i l l show no ev i d e n c e o f r e l a t i v e l y f l a t , l a t e r a l l y 

e x t e n s i v e f i r s t o r d e r s u r f a c e s , a p p e a r i n g t o r e c o r d j u s t 

a s u c c e s s i o n o f s t a c k e d dune s e t s . The f i r s t o r d e r 

s u r f a c e s s h o u l d however, be d e t e c t a b l e i n s u i t a b l y 

l o n g s e c t i o n s p a r a l l e l t o p a l a e o c u r r e n t (see f i g . 2 . 1 6 ) . 

I t i s r e l a t i v e l y easy t o d i s t i n g u i s h m i g r a t i o n 

s u r f a c e s from m o d i f i c a t i o n s u r f a c e s , b u t t o s e p a r a t e 

these t y p e s i n t o t h e i r components can be e x c e e d i n g l y 

d i f f i c u l t . I n g e n e r a l , m i g r a t i o n s u r f a c e s a r e sub-

h o r i z o n t a l and t r u n c a t e t h e laminae below w i t h 

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

above meet t h e s u r f a c e t a n g e n t i a l l y o r a s y m p t o t i c a l l y , 

i n c r e a s i n g i n d i p away f r o m t h e s u r f a c e ( t h e s e 

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

p a l a e o c u r r e n t ) . M o d i f i c a t i o n s u r f a c e s o f t e n d i p a t an 

ang l e a p p r o a c h i n g t h a t o f t h e l a m i n a t i o n w i t h o n l y a 

g e n t l e d i s c o r d a n c e below. The laminae above t e n d t o 

approach t a n g e n t i a l l y and may show o n l y a s l i g h t 

i n c r e a s e i n d i p away fr o m t h e s u r f a c e . The m o d i f i c a t i o n 

t y p e i s a l s o m a n i f e s t as 'hanging' s u r f a c e s , t h a t i s , 

s u r f a c e s p r e s e n t i n t h e t o p p a r t o f a s e t , b u t whic h do 

not extend t o t h e bottom, a p p a r e n t l y b e i n g r e p l a c e d by 

concordant laminae. 

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

i n s p e c t e d i s dominated by dune m i g r a t i o n s u r f a c e s 
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( 3 r d o r d e r ) . F i r s t o r d e r s u r f a c e s are r e c o g n i z a b l e 

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

M o d i f i c a t i o n s u r f a c e s a r e p r e s e n t i n many s e t s , but 

are n o t n e a r l y so d e n s e l y developed as i n t h e a c t i v e 

dunes t r e n c h e d by McKee ( 1 9 6 6 ) . T h i s i s because 

o n l y t h e lowe r p a r t o f bedforms i s p r e s e r v e d , and 

the s e are areas l a s t and l e a s t a f f e c t e d by t h e 

f l u c t u a t i o n which cause 2nd and 4 t h o r d e r s u r f a c e s -

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

th e randomness o f bedform b e h a v i o u r . 

The r u l e t h a t o n l y t r a n s v e r s e bedforms a r e 

p r e s e r v e d has one n o t a b l e e x c e p t i o n . T h i s i s t h e 

Y e l l o w Sands o f N.E. England, where l o n g i t u d i n a l 

draa a r e p r e s e r v e d beneath a sus p e c t e d ' i n s t a n t ' 

t r a n s g r e s s i o n ( C h a p t e r s 5, 6, 7 ) . The Y e l l o w Sands 

e x i s t because o f t h i s u n u s u a l p r e s e r v a t i o n - t h e y 

had l i t t l e chance of s u r v i v i n g o t h e r w i s e . F i g . 5.4, 

th e t h i c k n e s s nap o f t h e Y e l l o w Sands, c o n s t i t u t e s 

t h e most e x p l i c i t e vidence y e t r e c o r d e d f o r t h e 

e x i s t e n c e o f draa i n t h e g e o l o g i c a l r e c o r d . A l l 

o t h e r examples, though o f t e n f a i r l y unambiguous, 

r e s t t o a c e r t a i n e x t e n t on s p e c u l a t i o n s and t h e o r i e s 

about bedform b e h a v i o u r . L i t t l e sand has been removed 

from t h e Y e l l o w Sands draa i n p r e s e r v a t i o n and t h e 

q u a r r i e s dug i n t h e f o r m a t i o n p r o b a b l y r e p r e s e n t t h e 

best s e c t i o n s t h r o u g h complete a e o l i a n bedforms 

a v a i l a b l e anywhere i n t h e w o r l d . 

An account o f t h e c r o s s - b e d d i n g o f a e o l i a n 

sandstones must t a k e n o t e o f t h e many a e o l i a n sand

stones m a g n i f i c e n t l y exposed i n t h e Colorado P l a t e a u 
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area ( e . g . l i s t s i n Walker and M i d d l e t o n , 1979, and 

McKee, 1979b, p. 190). E s p e c i a l l y n o t a b l e i s r e c e n t 

e x c e l l e n t work by Kocurek (1981<a,6 ) on t h e 

J u r a s s i c E n t r a d a Sandstone. The q u a l i t y o f exposure 

a v a i l a b l e i n t h e U.S. f o r m a t i o n s i s amply i l l u s t r a t e d 

by t h e two s e c t i o n s f e a t u r e d i n Kocurek ( ) . 

Combined, t h e s e two expose 10 t i m e s more r o c k t h a n i s 

drawn on t h e Y e l l o w Sands s e c t i o n s i n c l u d e d i n t h i s 

t h e s i s ( E n c l o s u r e s 1-8). B r o o k f i e l d ( p e r s . comm.) 

mentions an exposure o f t h e Navajo Sandstone 300 m 

h i g h and 240 km l o n g ! 

Stokes (1968) d e s c r i b e d m u l t i p l e - p a r a l l e l 

t r u n c a t i o n p l a n e s bounding v e r y t h i c k s e t s o f c r o s s -

bedding from s e v e r a l U.S. f o r m a t i o n s . Given t h e 

l a t e r a l e x t e n t o f t h e s e p l a n e s , t h e s i z e o f t h e s e t s 

between them ( a c t u a l t y p i c a l f i g u r e s a r e hard t o 

e x t r a c t f r o m t h e l i t e r a t u r e , but 15-30 m does not 

seem e x c e p t i o n a l ) , and t h e d i f f i c u l t i e s i n h e r e n t i n 

Stokes' i n t e r p r e t a t i o n ( t h a t t h e y mark d e f l a t i o n of 

t h e whole e r g t o t h e w a t e r t a b l e ) t h e s e p l a n e s a r e 

now r e g a r d e d as 1 s t o r d e r bounding s u r f a c e s and t h e 

c r o s s - b e d d i n g as d e p o s i t e d by s l i p f a c e d draa 

( B r o o k f i e l d , 1977; Kocurek, '98/£ ) . These s e t s 

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

t h a t p r o b a b l y drove McKee (197% p. 192) t o s t a t e 

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

t a b u l a r - p l a n a r or wedge-planar, w i t h t rough-shaped 

t y p e s r a r e . Such a c o n c l u s i o n c o u l d not p o s s i b l y be 

reached from t h e B r i t i s h r e c o r d . 
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A f u r t h e r c o n t r a s t w i t h the U.K. i s documented by 

Kocurek ( 1 9 8 1 a , b ) . I n the E n t r a d a Sandstone of 

Co l o r a d o and Utah, ' i n t e r d u n e ' d e p o s i t s a r e p r e s e r v e d 

a l o n g most of a l l the 1st o r d e r bounding s u r f a c e s 

p r e s e n t i n the s e c t i o n s p r e s e n t e d . These ' i n t e r d u n e ' 

d e p o s i t s a r e h o r i z o n t a l l y bedded, up to 4 m t h i c k and 

c o n t a i n such f e a t u r e s as w a t e r - l a i n c u r r e n t r i p p l e s , 

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

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

t h i n a e o l i a n dune ( s . s . ) s e t s ( K o c u r e k , 1 9 8 1 b ) . These 

s u r f a c e s a r e deduced by Kocurek ( 1 9 8 1 a , f i g . 10) to 

have been i n t e r d r a a p l a n e s some 400 m long ( p a r a l l e l to 

p a l a e o c u r r e n t ) and 1500 m wide. I n t e r b e d f o r m d e p o s i t s 

o c c u r i n s e v e r a l o t h e r U.S. f o r m a t i o n s ( K o c u r e k , 1981b) 

and i n the S o u t h e r n North Sea R o t l i e g e n d e s ( G l e n n i e , 

1 9 7 2 ) . The s i g n i f i c a n c e of t h e s e f e a t u r e s i s t h a t , i n 

the E n t r a d a a t l e a s t , the i n t e r d r a a a r e a s m i g r a t e and 

c l i m b w i t h the d r a a . These, t h e r e f o r e a r e examples of 

e r g s a g g r a d i n g w i t h i n c o m p l e t e sand c o v e r . These are 

accommodated i n the erg models d e r i v e d i n S e c t i o n 1.3 

( t h e accommodation being prompted by K o c u r e k ' s w o r k ) . 

The only i n t e r d r a a d e p o s i t s known to the au t h o r i n 

the onshore U.K. are those exposed i n the P r e s t o n 

B r o c k h u r s t road c u t (pp. 2-/?-£/* ; f i g s . 8.4, 8.5; 

E n c l o s u r e 1 4 ) , and the " p l a y a " s e d i m e n t s between draa 

s e t s i n the Hopeman Sandstone d e s c r i b e d by W i l l i a m s 

(1973; see a l s o the Appendix to t h i s t h e s i s ) . 

Many d i f f e r e n t a p proaches can be used i n the 

r e c o n s t r u c t i o n of bedform types i n a e o l i a n s a n d s t o n e s . 

I f the s a n d s t o n e i s more than a few metres t h i c k d r a a 

s h o u l d be r e c o r d e d ; t h i s may be v e r i f i e d and i d e n t i f i 

c a t i o n of s l i p f a c e d and s l i p f a c e l e s s t y p e s made by 

i n s p e c t i o n of the bounding s u r f a c e p a t t e r n , s e t and 

sa n d f l o w t h i c k n e s s e s , and the l a t e r a l e x t e n t of s e t s . 
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The s i n u o u s i t y of t h e bedforms may be observed i n 

h o r i z o n t a l exposures or i n f e r r e d from f o r e s e t d i p 

a z i m u t h p a t t e r n s . Kocurek (1981) e s t i m a t e d o r i g i n a l 

dune h e i g h t i n t h e E n t r a d a Sandstone by u t i l i z i n g 

F i n k e l ' s (1959) d a t a o f barchan dune morphology. 

F i n k e l g i v e s a h e i g h t t o w i d t h r a t i o o f about f o r 

barchans, and Kocurek t h e r e f o r e suggested t h a t 8 m 

h i g h dunes l a i d down h i s trough-shaped s e t s , which 

r e a c h a maximum w i d t h o f some 80 m. However, F i n k e l ' s 

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

an i n f i n i t e h e i g h t and use o f t h i s d a t a on s i n u o u s 

t r a n s v e r s e bedforms can b a r e l y be j u s t i f i e d . For 

t h e E n t r a d a draa, Kocurek (1981) e s t i m a t e s bedform 

w i d t h f r o m t h e e x t e n t o f i n t e r d r a a d e p o s i t s and 

c a l c u l a t e s draa l e n g t h by p r o j e c t i n g 2 s u c c e s s i v e 

1st o r d e r bounding s u r f a c e s o n t o a h o r i z o n t a l p l a n e 

and measuring t h e d i s t a n c e between them. Both t h e s e 

t e c h n i q u e s r e q u i r e U . S . - s t y l e exposure. By d r a a 

" l e n g t h " i s meant t h e d i s t a n c e from t h e f o o t o f t h e 

windward s i d e t o t h e f o o t o f t h e l e e w a r d s i d e . Draa 

w a v e l e n g t h e q u a l s t h i s p l u s t h e l e n g t h o f an i n t e r 

d r aa area. Kocurek seems t o be m i s t a k e n i n d e s c r i b i n g 

and t r e a t i n g t h e f i g u r e f o r d r a a l e n g t h as d r a a wave

l e n g t h - he r e s o r t s t o t h e d a t a of Breed and Grow 

(1979) t o d e r i v e a f a l s e d r a a l e n g t h from h i s "wave

l e n g t h " . 

The upshot i s t h a t he c i t e s 

W i l s o n (1972, 1973) as g i v i n g a r a t i o o f d r a a h e i g h t 

t o w a v e l e n g t h o f about ?~- and deduces an E n t r a d a 
15 

draa h i g h t o f about 110 m. Given h i s m i s t a k e , t h i s 
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must be an u n d e r e s t i m a t e . 

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

sa n d f l o w t h i c k n e s s t o bedform s i z e and t y p e i s 

d i s c u s s e d i n t h e next s u b s e c t i o n . 

A n c i e n t e r g s t y p i c a l l y a re l e n t i c u l a r o r h a l f -

l e n t i c u l a r b o d i e s o f sand showing c o n s i d e r a b l e t h i c k 

ness v a r i a t i o n s ( e . g . t h e P e n r i t h Sandstone, Chapter 

9, t h e B r i d g n o r t h Sandstone, f i g . 8.1; t h e s o u t h e r n 

N o r t h Sea R o t l i e g e n d e s , G l e n n i e , 1972). Depending 

on t h e manner i n which ergs aggrade, t h i s may have 

i m p l i c a t i o n s f o r t h e average s e t t h i c k n e s s o f c r o s s -

bedding d e p o s i t e d . 

An e r g i n an e n d o r e i c b a s i n w i t h a c e n t r a l 

p l a y a i s shown i n f i g . 10.2a. D e p o s i t i o n i n t h i s 

s i t u a t i o n may be c o n t r o l l e d by e i t h e r s u b s i d e n c e or 

sand s u p p l y . However, i f d e p o s i t i o n outpaces 

s u b s i d e n c e , t h e d r a i n a g e may e v e n t u a l l y be r e v e r s e d 

and t h e c e n t r a l p l a y a d e s t r o y e d . On t h e l e f t hand 

s i d e o f f i g . 10.2a t h e e r g margi n remains more or 

l e s s f i x e d and dr a a n u c l e a t e and grow a t t h i s 

m a r g i n b e f o r e m i g r a t i n g inwards ( t h e d r a a c o u l d 

e q u a l l y w e l l f o r m a t t h e c e n t r e and m i g r a t e o u t w a r d s ) . 

I n t h i s model ev e r y p a r t o f t h e e r g i s t r a v e r s e d by 

t h e same number o f draa and t h e r e f o r e t h e e r g body 

i s p o t e n t i a l l y composed o f t h e same number o f 1 s t 

o r d e r s e t s . S i n c e t h e e r g t h i c k n e s s decreases 

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

a l s o . On t h e r i g h t hand s i d e o f f i g . 10.2a a 

d i f f e r e n t p a t t e r n i s drawn. Here t h e e r g has expanded 

l a t e r a l l y as i t has grown i n t h i c k n e s s . T h i n n e r areas 



2 

are t h e r e f o r e made up of fewer s e t s and s e t t h i c k n e s s 

need not v a r y . T h i s i m p l i e s t h a t t h e area where sand-

d r i f t decreases w i t h d i s t a n c e has i n c r e a s e d g r a d u a l l y 

w i t h t i m e and p o s s i b l y more l i k e l y i n d i c a t e s c o n t r o l 

by subsidence. 

Analogous s i t u a t i o n s a r e drawn i n f i g . 10.2b f o r 

t h e case of an e r g a c c u m u l a t i n g as a p r i s m above t h e 

s u r r o u n d i n g ground s u r f a c e . On t h e l e f t hand s i d e t h e 
to be to fce, 

er g m a r g i n i s assumed^fixed and^the s i t e o f bedform 

generation ( o r d i s s i p a t i o n ) . Again s e t t h i c k n e s s 

decreases t o w a r d t h e ma r g i n . On t h e r i g h t hand s i d e 

t h e e r g i s drawn as expanding w i t h a g g r a d a t i o n , 

p r o d u c i n g s e t s t h a t do n ot n e c e s s a r i l y v a r y i n t h i c k 

ness. Again t h i s may more l i k e l y i n d i c a t e s u b s i d e n c e , 

though on a s c a l e much l a r g e r t h a n t h a t o f t h e e r g . 

U n f o r t u n a t e l y none o f t h e U.K. f o r m a t i o n s 

s t u d i e d a re w e l l enough exposed t o t e s t t h e s e 

p o s s i b i l i t i e s , nor i s t h e r e s u f f i c i e n t d a t a on 

o t h e r areas i n t h e l i t e r a t u r e t o make any c o n s t r u c t i v e 

comments. The v a l i d i t y o f t h e s u g g e s t i o n s t h e r e f o r e 

remains u n c o n f i r m e d . 

L a m i n a t i o n 

Two t y p e s o f l a m i n a t i o n make up most o f t h e 

(U.K.) f o r m a t i o n s s t u d i e d . These a r e s a n d f l o w 

c r o s s - s t r a t i f i c a t i o n and w i n d - r i p p l e l a m i n a t i o n . An 

a d d i t i o n a l , r a r e t y p e i s sand—sheet l a m i n a t i o n . These 

are d e s c r i b e d and i l l u s t r a t e d i n Chapter 3. The 

g r a i n f a l l and planebed l a m i n a t i o n t y p e s d e s c r i b e d by 

Hunter (1977, 1981) have not been r e c o g n i s e d ; t h e 
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former p o s s i b l y by r e m i s s i o n , t h e l a t t e r because o f 

n o n - p r e s e r v a t i o n . I f p r e s e n t , g r a i n f a l l l a m i n a t i o n 

i s p r o b a b l y r a r e and may have been passed over as a 

f i n e and f a i n t w i n d — r i p p l e l a m i n a t i o n . Kocurek 

( p e r s . comm.) r e p o r t s h a v i n g a " d e v i l o f a t i m e " 

d i s t i n g u i s h i n g them i n t h e f i e l d . 

Sandflows a r e f o und o n l y a t a n g l e s o f d i p 

g r e a t e r t h a n about 20°. They ar e formed by t h e 

c o h e s i o n l e s s a v a l a n c h i n g o f g r a i n s i n i t i a t e d on 

o v e r s teepened l e e s i d e s . The r e l a t i v e l y low a n g l e s 

o f d i p a t w h i c h t h e y may be f o und a r e p a r t l y an 

e f f e c t o f compaction and p a r t l y may be an i l l u s 

t r a t i o n o f t h e momentum such f l o w s can b u i l d up on 

l a r g e bedforms.' 

W i n d — r i p p l e laminae are formed by m i g r a t i n g 

and c l i m b i n g wind r i p p l e s . They may be f o u n d a t any 

a n g l e o f d i p and are t h e dominant s t r a t i f i c a t i o n 

t y p e a t d i p s l o w e r t h a n 20°. 

Sand—sheet m a t e r i a l i s an i n t e r b e d f o r m o r 

m a r g i n a l e r g d e p o s i t . I t i s found a t low a n g l e s 

of d i p and i s d i s t i n g u i s h e d from w i n d — r i p p l e 

l a m i n a t i o n by t h e presence o f s m a l l s c a l e c r o s s -

l a m i n a t i o n b e l i e v e d t o be d e p o s i t e d by m e g a r i p p l e s , 

t h e g r e a t e r i r r e g u l a r i t y o f t h e l a m i n a t i o n , t h e 

presence o f d i s c r e t e l e n s e s o f c oarse sand, and i t s 

s t r i k i n g l y b i m o d a l g r a i n s i z e d i s t r i b u t i o n . 

The p r o p o r t i o n s o f t h e - v a r i o u s l a m i n a t i o n t y p e s 

p r e s e n t w i t h i n a f o r m a t i o n are governed by t h e t y p e s 

o f bedform p r e s e n t i n t h e o r i g i n a l e r g . Sand—sheet 

m a t e r i a l i s r a r e or absent i n f o r m a t i o n s d e p o s i t e d 
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from t r a n s v e r s e - bedforms i n an e r g w i t h complete 

sand cover. I t i s however p r e s e n t i n t h e Y e l l o w 

Sands ( l o n g i t u d i n a l d r a a , i n c o m p l e t e sand c o v e r ) and 

i n f o r m a t i o n s o f t r a n s v e r s e draa w i t h i n c o m p l e t e 

cover ( e . g . Kocurek, 1981). I n t h e f o r m e r i n s t a n c e 

i t s presence i s a t t r i b u t e d t o t h e ease o f p e n e t r a t i o n 

of a l o n g i t u d i n a l d r a a e r g by coarse sand and t h e 

p r o x i m i t y o f p o t e n t i a l sand sources. I n t h e l a t t e r 

case i t may r e c o r d p r o l o n g e d and r e p e a t e d d e f l a t i o n 

o f t h e i n t e r b e d f o r m areas removing t h e medium sand 

t o l e a v e a bimodal l a g . 

The r e l a t i v e p r o p o r t i o n s o f w i n d - r i p p l e and 

s a n d f l o w l a m i n a t i o n depends t o a l a r g e e x t e n t on 

t h e s i n u o u s i t y o f t h e f o r m a t i v e ( t r a n s v e r s e ) bedform. 

More sinuous bedforms t e n d t o have l o n g e r t o e s e t s 

( A l l e n , 1968; H u n t e r , 1981), which are made up o f 

w i n d — r i p p l e laminae. Thus i n t h e Y e l l o w Sands, 

d e p o s i t e d from s t r o n g l y s i n u o u s bedforms, t h e 

p r o p o r t i o n s ^ w i n d - r i p p l e to s a n d f l o w t o sand-sheet a r e 

71:25:4 (C h a p t e r 7 ) . I n t h e B r i d g n o r t h Sandstone, 

d e p o s i t e d by much l e s s s i n u o u s bedforms t h e s e r a t i o s 

a r e 55:44:1 ( C h a p t e r 8 ) . S l i p f a c e d draa s e t s 

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

e q u a l t h i c k n e s s o f dune s e t s : t h u s bedform o r d e r may 

a f f e c t t h e l a m i n a t i o n p r o p o r t i o n . A l s o , i n a s l o w l y 

a g g r a d i n g e r g where o n l y r e l a t i v e l y t h i n s e t s a r e 

p r e s e r v e d , t h e p r o p o r t i o n of t o e s e t s , and hence w i n d -

r i p p l e l a m i n a e , w i l l be enhanced. 

The maximum s a n d f l o w t h i c k n e s s found on any 

s l i p f a c e i s found t o i n c r e a s e w i t h t h e h e i g h t o f t h a t 

s l i p f a c e (Kocurek and D o t t , 1981). I n t h e f o r m a t i o n s 
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s t u d i e d , s e t s i n t e r p r e t e d as d e p o s i t e d by dunes 

c o n t a i n s a n d f l o w s up t o 80 mm t h i c k . Those i n f e r r e d 

t o be t h e d e p o s i t s o f s l i p f a c e d draa c o n t a i n sand-

f l o w s up t o 120 mm t h i c k . I f c o n f i r m e d t h i s may be 

a u s e f u l method o f d i s t i n g u i s h i n g d r a a and dune s e t s 

i n r e s t r i c t e d exposures. 

F i g . lO.3 i s a p l o t o f t h e maximum exposed s e t 

t h i c k n e s s v. maximum r e c o r d e d s a n d f l o w t h i c k n e s s f o r 

t h e 9 f o r m a t i o n s f o r which d a t a a/-*, a v a i l a b l e . The 

p l o t shows a b i m o d a l g r o u p i n g i n t o t h o s e where o n l y 

dune s e t s ( i . e . dunes on s l i p f a c e l e s s d r a a ) a r e 

p r e s e r v e d and t h o s e b e l i e v e d t o p r e s e r v e s l i p f a c e l e s s 

draa. The E n t r a d a Sandstone, though c o n t a i n i n g 

s l i p f a c e d draa d e p o s i t s and h a v i n g a maximum a v a l a n c h 

t h i c k n e s s o f 90 mm (Kocurek and D o t t , 1981) i s some

what removed fr o m t h e b i m o d a l i t y s i n c e i t has a 

maximum s e t t h i c k n e s s o f o n l y 8 m. The g e n e r a l 

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

among t h e f o r m a t i o n s p r e s e r v i n g dunes may be a 

s p u r i o u s e f f e c t o f t h e s m a l l d a t a base. I f n o t , 2 

f a c t o r s c o n t r i b u t i n g t o i t s o c c u r r e n c e can be 

envisaged. S i n c e s a n d f l o w s l e n s o u t downslope, 

b e i n g r e p l a c e d by w i n d — r i p p l e laminae, t h e t h i c k e s t 

p a r t s o f i n d i v i d u a l f l o w s are found p a r t way up t h e 

s l i p f a c e . I n c r e a s i n g t r u n c a t i o n below t h i s p o i n t 

w i l l l e a d t o lowe r p r e s e r v e d s a n d f l o w t h i c k n e s s e s . 

Thus i f a 15 m h i g h dune were t r u n c a t e d t o fo r m 7 m 

and 2 m t h i c k s e t s , t h e 7 m se t would most p r o b a b l y 

g i v e t h e g r e a t e s t s a n d f l o w t h i c k n e s s . The second 

f a c t o r a r i s e s because of t h e broad c o r r e l a t i o n which 

must e x i s t between bedform h e i g h t and p r e s e r v e d s e t 
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t h i c k n e s s . T a l l e r bedforms c o n t a i n g r e a t e r volumes 

of sand and t h e r e f o r e i n a g i v e n s a n d - d r i f t must 

m i g r a t e more s l o w l y t h a n s m a l l bedforms - t h i s i s 

why a dr a a can never o v e r t a k e a r i p p l e . The s l o w e r 

t h e bedform, t h e t h i c k e r t h e p r e s e r v e d s e t , whether 

i t be a dune o r a draa (see Chapter 2 f o r d e t a i l s o f 

th e t h e o r y ) . 

Hunter (1977) r e p o r t s t h e i n i t i a l p o r o s i t i e s o f 

sa n d f l o w s and w i n d - r i p p l e laminae as a v e r a g i n g 45% 

and 39% r e s p e c t i v e l y . T h i s knowledge can be used t o 

gauge t h e amount o f compaction a n c i e n t a e o l i a n 

f o r m a t i o n s have undergone - s i m p l y by measuring m i n u s -

cement p o r o s i t i e s i n t h i n s e c t i o n s and s u b t r a c t i n g 

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

l a m i n a t i o n t y p e . Such e x e r c i s e s y i e l d e d compaction 

f i g u r e s o f about 13% f o r t h e Y e l l o w Sands, 17% f o r 

th e B r i d g n o r t h Sandstone, 20% f o r t h e P e n r i t h Sandstone 

and 25% f o r t h e L o c h a r b r i g g s Sandstone. 

Compaction f i g u r e s can a l s o be d e r i v e d f r o m t h e 

d i p f r e q u e n c y d i s t r i b u t i o n o f f o r e s e t l a minae. 

T h i s i n v a r i a b l y peaks a t a v a l u e some way below 34°, 

th e a n g l e o f repose o f d r y sand, or 32°, a t y p i c a l 

i n i t i a l s a n d f l o w d i p ( H u n t e r , 1 9 8 1 ) ; t y p i c a l l y a t a 

v a l u e between 25° and 28°. T h i s can be a t t r i b u t e d 

t o a m i x t u r e o f compaction and t h e s e l e c t i v e 

p r e s e r v a t i o n o f l o w e r , more g e n t l y d i p p i n g s l o p e s . 

Comparison o f compaction f i g u r e s d e r i v e d from d i p 

angl e s w i t h t hose from p o r o s i t y was made f o r t h e 

Y e l l o w Sands and B r i d g n o r t h Sandstone. These 

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

g e n t l y d i p p i n g s l o p e s does indeed o c c u r . 
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G r a i n S i z e C h a r a c t e r i s t i c s 

Each t y p e o f l a m i n a t i o n r e s u l t s f r o m a p a r t i c u l a r 

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

r e s u l t o f a p a r t i c u l a r s i z e - s o r t i n g p r o c e s s . G r a i n 

s i z e a n a l y s i s o f a e o l i a n sands i s c o n s i d e r a b l y 

devalued i f i t i s not r e l a t e d t o t h e l a m i n a t i o n . 

The g r a i n s i z e o f s a n d f l o w s i s found t o be 

un i m o d a l , v e r y w e l l t o m o d e r a t e l y w e l l s o r t e d , 

p o s i t i v e l y skewed, and meso- o r l e p t o k u r t i c . Wind-

r i p p l e samples a r e unimodal or b i m o d a l , m o d e r a t e l y 

or m o d e r a t e l y w e l l s o r t e d , t e n d t o be p o s i t i v e l y 

skewed, and a r e p l a t y k u r t i c . Sand—sheet samples a r e 

markedly b i m o d a l ( t h e modes b e i n g s e p a r a t e d by 

2-3 0), m o d e r a t e l y s o r t e d , v a r i a b l y skewed and 

p l a t y k u r t i c . 

The range o f g r a i n s i z e s p r e s e n t f a l l s almost 

e n t i r e l y i n t o t h e sand c a t e g o r y (-1 t o 40) w i t h o n l y 

m i n i m a l o v e r l a p i n t o v e r y f i n e p e bbles o r coarse 

s i l t . Mean s i z e s t y p i c a l l y range from 1.5 t o 2.5 0 

(350/u t o 17 5 ^ ) ; t h e v a s t m a j o r i t y o f g r a i n s a r e 

coarse, medium o r f i n e sand grade. 

S o r t i n g p r o c e s s p a r t i c u l a r t o each l a m i n a t i o n 

t y p e may be deduced f r o m t h e s e d a t a . The a c t i o n o f 

d e p o s i t i o n f r o m c l i m b i n g w i n d — r i p p l e s t e n d s t o 

develop a bim o d a l g r a i n s i z e d i s t r i b u t i o n , though 

t h e exact reasons and means by which t h i s i n f l u e n c e 

a c t s are not u n d e r s t o o d . I t o c c u r s d u r i n g t h e 

r e w o r k i n g o f g r a i n f a l l and s a n d f l o w d e p o s i t s on t h e 

bedform l e e s i d e and d u r i n g t r a n s p o r t f r o m t h e l e e s i d e 

of one bedform t o t h e b r i n k o f t h e n e x t . At t h i s 
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p o i n t any f u r t h e r movement i s by g r a i n f a l l . T h i s 

i s a p o t e n t i a l l y v e r y e f f i c i e n t s o r t i n g p rocess but 

t h e t h i n n e s s o f t h e l a m i n a t i o n i t produces w i l l 

p r o b a b l y obscure t h i s f e a t u r e i n a n a l y s i s by s i e v i n g . 

No g r a i n f a l l d e p o s i t s were a n a l y s e d . M a t e r i a l 

d e p o s i t e d by g r a i n f a l l i s l i k e l y t o be reworked i n 

s a n d f l o w s . These s o r t t h e sand f u r t h e r , c o arse 

g r a i n s t e n d i n g t o outpace and t r a v e l a g r e a t e r 

d i s t a n c e t h a n f i n e s i n any f l o w . Thus p r e s e r v e d 

lower l e e s i d e s may s e l e c t i v e l y d i s p l a y o n l y t h e 

c o a r s e s t p a r t s o f i n d i v i d u a l s a n d f l o w s . Some 

c o n f i r m a t i o n o f t h i s i n f l u e n c e was o b t a i n e d ; sand

f l o w s t e n d i n g t o be c o a r s e r t h a n t h e average i n t h e 

two f o r m a t i o n s a n a l y s e d ( t h e Y e l l o w Sands and t h e 

B r i d g n o r t h Sandstone). 

Sand s h e e t s may r e p r e s e n t t h e u l t i m a t e r e s u l t 

of w i n d - r i p p l e s o r t i n g , whereby most medium g r a i n s 

have been removed, l e a v i n g a c oarse p l u s f i n e 

b i m o d a l i t y . The gap i n t h e sand—sheet d i s t r i b u t i o n 

c o r r e s p o n d s t o t h e mode o f t h e 'bedform d i s t r i b u t i o n ' , 

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

o r i g i n . An a l t e r n a t i v e e x p l a n a t i o n i s t h a t sand 

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

t h a t i s t h e f i l t e r i n g o f f i n e g r a i n s i n t o t h e gaps 

between t h e g r a i n s i n a c o a r s e s u r f a c e c a r p e t . 

An o v e r a l l c o n t r a s t i n g r a i n s i z e between t h e 

Y e l l o w Sands and B r i d g n o r t h Sandstone was f o u n d , t h e 

l a t t e r a v e r a g i n g 0.4 (f> f i n e r . T h i s may be a f e a t u r e 

of provenance, but i s a l s o b e l i e v e d t o be due t o t h e 

c o n t r a s t i n g bedform shape and e r g t y p e . The Y e l l o w 

Sands a r e l o n g i t u d i n a l d raa on a bedrock s u r f a c e ; t h e 
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B r i d g n o r t h Sandstone was an erg of t r a n s v e r s e draa 

w i t h complete and deep sand cover. The Y e l l o w Sands 

s i t u a t i o n e x p e d i t e d t h e p e n e t r a t i o n of c o a r s e 

g r a i n s i n t o t h e f o r m a t i o n . 

No s y s t e m a t i c l a t e r a l and v e r t i c a l v a r i a t i o n s 

i n g r a i n s i z e were d e t e c t e d , e i t h e r by eye o r by 

s i e v i n g , i n any o f t h e f o r m a t i o n s s t u d i e d , except t h a 

th e l o w e s t few metres o f t h e Y e l l o w Sands c o n t a i n e d 

f i n e p ebbles and more coarse sand t h a n normal. 

The P e n r i t h Sandstone a t some l o c a l i t i e s con

t a i n s a c o n s i d e r a b l e q u a n t i t y o f c o a r s e or v e r y 

coarse and v e r y w e l l rounded sand ( e . g . a t Cowraik 

Quarry, NY 541310; and Bowscar Quarry, NY 519343). 

T h i s was i n i t i a l l y r e g a r d e d as an e f f e c t o f t h e 

s m a l l s i z e of t h e P e n r i t h e r g and t h e p r o x i m i t y o f 

t h e area t o p o t e n t i a l sand sources. However, such 

p r o m i n e n t q u a n t i t i e s o f coarse sand were not seen i n 

t h e L o c h a r b r i g g s or T h o r n h i l l Sandstones, whic h were 

b o t h once s m a l l ergs c l o s e t o p o t e n t i a l s o u r c e s . 

Thus t h e coarse sand i n t h e P e n r i t h Sandstone may 

a l s o r e f l e c t t h e a v a i l a b i l i t y o f such m a t e r i a l - i t 

may be an i l l u s t r a t i o n o f t h e e f f e c t o f provenance. 

The g r a i n s i z e a n a l y s e s c a r r i e d o u t i n t h e 

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

Bagnold and B a r n d o r f f - N i e l s e n (1980) t h a t n a t u r a l 

g r a i n s i z e d i s t r i b u t i o n s conform t o a l o g - h y p e r b o l i c , 

r a t h e r t h a n a l o g - n o r m a l , or Gaussian for m . T h i s i s 

m a n i f e s t as a h y p e r b o l i c r a t h e r t h a n p a r a b o l i c shape 

t o t h e l o g - f r e q u e n c y c u r v e . Whatever t h e f o r m of t h e 

d i s t r i b u t i o n , i t i s f e l t t h a t l o g - f r e q u e n c y c u r v e s 
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and f r e q u e n c y h i s t o g r a m s a r e by f a r t h e best methods 

of p o r t r a y i n g g r a i n s i z e d a t a . C u m u l a t i v e c u r v e s 

c o n c e a l s i g n i f i c a n t t r e n d s and t e n d e n c i e s , a n d can be 

c o m p l e t e l y m i s l e a d i n g . 

G r a i n Shape and S u r f a c e T e x t u r e 

I n t h e p a s t much has been made o f t h e w e l l 

rounded shape o f a e o l i a n sand g r a i n s . T h i n s e c t i o n s 

of t h e f o r m a t i o n s examined i n t h i s t h e s i s showed 

g r a i n shape t o v a r y f r o m s u b - a n g u l a r or a n g u l a r i n 

v e r y f i n e sand g r a i n s t o w e l l rounded i n c o a r s e and 

v e r y coarse g r a i n s . The modal s i z e s , medium and 

f i n e g r a i n s , t e n d t o be subrounded t o rounded. 

These c o n c l u s i o n s a r e based on v i s u a l e s t i m a t e s o f 

shape; no measurements were made. 

There seem t o be a number o f d i f f e r e n t causes o f 

t h e famed f r o s t i n g o f a e o l i a n sand g r a i n s . When an 

a e o l i a n sandstone i s examined under t h e m i c r o s c r o p e i n 

hand specimen t h e e n t i r e s u r f a c e o f every g r a i n may 

be seen t o be f r o s t e d . The f r o s t i n g i s v i s i b l e even 

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

g r a i n s . G r a i n s i n w a t e r - l a i d sandstones a s s o c i a t e d 

w i t h t h e a e o l i a n f o r m a t i o n s a r e f r o s t e d t o t h e same 

degree. T h i s b e i n g t h e case, t h e f r o s t i n g cannot be 

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

t e x t u r e . I t seems t o occur wherever a s u r f a c e i s 

m i n u t e l y i r r e g u l a r , r e f l e c t i n g and r e f r a c t i n g i n c i d e n t 

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

a e o l i a n sand g r a i n s cannot be d e n i e d ( i . g . i l l u s 

t r a t i o n s i n G l e n n i e , 1970, pp. 164-171) and i t 

c e r t a i n l y seems t o be a d i s t i n c t i v e f e a t u r e o f such 
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g r a i n s . However, i n t h e a n c i e n t so many t e x t u r e s 

and f e a t u r e s appear t o be a b l e t o produce f r o s t i n g 

t h a t i t s presence i n u n t r e a t e d specimens s h o u l d n o t 

be r e g a r d e d as r e m a r k a b l e . 

Under t h e S.E.M. u p t u r n e d o r c l e a v a g e p l a t e s have 

been i d e n t i f i e d as an a e o l i a n a b r a s i o n t e x t u r e and 

the s e f e a t u r e s have been found i n t h e f o r m a t i o n s 

s t u d i e d . T h e i r f r e q u e n c y decreases as t h e s e v e r i t y 

o f d i a g e n e s i s i n c r e a s e s . 

D i a g e n e s i s 

I n t h e U.K. t h e o n l y non-red a e o l i a n sandstone 

f o r m a t i o n s a r e t h e Yesnaby Sandstone, much o f t h e 

Hopeman Sandstone, t h e Y e l l o w Sands, and p a r t s o f 

t h e Frodsham Member. 

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

produced by c o a t i n g s on most g r a i n s o f r e d - s t a i n e d 

c l a y s and minor i r o n - o x i d e s . X-ray d i f f r a c t i o n 

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

i l l i t e , mixed l a y e r i l l i t e - m o n t m o r i l l o n i t e , p o s s i b l y 

k a o l i n i t e , and h e m a t i t e . I t i s p r e s e n t i n s e v e r a l 

d i s t i n c t h a b i t s : as v e r y t h i n l a y e r s o r s t a i n s 

c o v e r i n g most o f t h e s u r f a c e o f every g r a i n ; as 

c o n c e n t r a t i o n s i n h o l l o w s on g r a i n s u r f a c e s ; as 

l a y e r s and p a r t i a l c o a t s on g r a i n s u r f a c e s , o f t e n 

g e o p e t a l l y a r r a n g e d or showing m e n i s c u s - b r i d g e 

t e x t u r e s ; i n a c c u m u l a t i o n s a s s o c i a t e d w i t h , o r 

o b v i o u s l y d e r i v e d f r o m , a degraded r o c k f r a g m e n t ; 

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

T h i s m a t e r i a l was emplaced by t h e processes o f c l a y 

i n f i l t r a t i o n by r a i n or f l o o d w a t e r s and i n t r a s t a t a l 
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a l t e r a t i o n o f l a b i l e r o c k f r a g m e n t s d e s c r i b e d by-

Walker (1975, 1979). These a r e e a r l y d i a g e n e t i c 

p r o c e s s , o c c u r r i n g i n t h e d e s e r t , and p r o b a b l y art-

completed w i t h i n one o r a few m i l l i o n y e a r s a f t e r 

d e p o s i t i o n . Most o f t h e sand had p r o b a b l y a c q u i r e d 

some pigment and was r e d b e f o r e f i n a l d e p o s i t i o n . 

I n t r a s t r a t a l a l t e r a t i o n and d i s s o l u t i o n has 

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

a f u r t h e r common f e a t u r e i s t h e presence o f a u t h i g e n i c 

K - f e l d s p a r o v e r g r o w t h s . These a l s o a re b e l i e v e d t o 

have formed d u r i n g e a r l y d i a g e n e s i s . 

The end r e s u l t o f t h e p i g m e n t a t i o n i s t o produce 

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

or r e d d i s h brown i n M u n s e l l t e r m s , w i t h 2.5 YR 4/6 

a t y p i c a l f i g u r e . 

F l u v i a l sandstones i n t e r b e d d e d w i t h t h e a e o l i a n 

f o r m a t i o n s s t u d i e d commonly c o n t a i n more pigment 

and may be more s t r o n g l y c o l o u r e d ( e . g . P i p e r , 1970). 

T h i s i s b e l i e v e d t o be because such sediments may 

have o r i g i n a l l y c o n t a i n e d more l a b i l e , i r o n - r i c h 

m i n e r a l and r o c k f r a g m e n t s t h a n t h e i r a e o l i a n 

n e i g h b o u r s . Such g r a i n s a r e o f t e n m e c h a n i c a l l y weak 

as w e l l as c h e m i c a l l y u n s t a b l e and a r e more l i k e l y 

t o be d e s t r o y e d by t h e r i g o u r s o f a e o l i a n t r a n s p o r t 

t h a n i n subaqueous movement. The presence o f f l o w i n g 

water a l s o s i g n i f i e s i n f l u e n t seepage and i s t h u s 

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

as a f u r t h e r source and medium of p i g m e n t a t i o n . 

There i s no ev i d e n c e o f any e a r l y d i a g e n e t i c hard 

cement i n any onshore f o r m a t i o n , though t h i s i s a 
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common f e a t u r e o f i n t e r b e d d e d f l u v i a l m a t e r i a l . The 

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

c a l c i t e ( e . g . i n t h e Brockrams (Chapter 9 ) , and t h e 

R o t l i e g e n d e s o f t h e s o u t h e r n N o r t h Sea ( G l e n n i e e t 

a l . , 1978)) and i s common i n modern d e s e r t s where 

l i m e s t o n e bedrock o c c u r s ( G l e n n i e , 1970, pp. 33-36). 

G l e n n i e e t a l . (1978) r e p o r t gypsum ( c o n v e r t i n g t o 

a n h y d r i t e w i t h b u r i a l ) as an e a r l y cement i n some 

a e o l i a n sandstones under t h e s o u t h e r n N o r t h Sea. 

T h i s g e n e r a l l a c k o f any e a r l y hard cement must 

come about p a r t l y because o f t h e l a c k o f any 

i n t r a s t r a t a l s o urce f o r such a cement i n most 

h o r i z o n s and p a r t l y because o f a l a c k o f groundwater 

t o t r a n s p o r t and p r e c i p i t a t e t h e m a t e r i a l . Only a t 

t h e c e n t r e s o f t h e I r i s h Sea and N o r t h Sea Bas i n s i s 

t h e r e any e v i d e n c e t h a t t h e wa t e r t a b l e was a t o r near 

t h e s u r f a c e d u r i n g t h e E a r l y Permian. There i s l i t t l e 

chance o f a c h i e v i n g upward e v a p o r a t i v e pumping o f 

groundwater, w i t h p o s s i b l e consequent m i n e r a l 

p r e c i p i t a t i o n , t h r o u g h a n y t h i n g more t h a n a few metres 

of blown sand. I t can be no a c c i d e n t t h a t t h e o n l y 

r e c o r d e d e a r l y hard cement i n B r i t i s h a e o l i a n sand

stones o c c u r s i n t h e s o u t h e r n N o r t h Sea, where i n t e r -

bedform sabkha d e p o s i t s a re common and t h e e r g 

e v i d e n t l y l a c k e d complete sand c o v e r . 

U n f o r t u n a t e l y , l i t t l e i n f o r m a t i o n i s a v a i l a b l e 

on t h e d i a g e n e s i s o f t h e Colorado P l a t e a u a e o l i a n 

sandstones f o r an e x t e n s i o n o f any o f the s e processes 

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

f o r m a t i o n s where e a r l y p o s t - d e p o s i t i o n a l d e f o r m a t i o n 
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by l i q u e f a c t i o n has o c c u r r e d t h e presence o f an 

e a r l y cement would seem t o be r u l e d o u t . 

Most o f t h e f o r m a t i o n s s t u d i e d a l s o show a 

l a c k o f any cement due t o l a t e r d i a g e n e s i s . Most 

o f t h e a e o l i a n sandstone i n t h e U.K. i s h e l d t o g e t h e r 

o n l y by t h e p i g m e n t i n g c l a y s . T h i s must a g a i n be 

p a r t l y due t o t h e l a c k o f any i n t r a s t r a t a l s o u r c e s , 

o t h e r t h a n p r e s s u r e s o l u t i o n , f o r such a cement. 

The c o m p o s i t i o n a l m a t u r i t y o f a e o l i a n sandstones 

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

by t h e wind i s f u r t h e r enhanced by t h e e a r l y d i s s o l 

u t i o n o f l a b i l e g r a i n s i n h e r e n t i n d e s e r t d i a g e n e s i s . 

Once t h i s has o c c u r r e d , t h e r e i s l i t t l e l e f t t o 

d i s s o l v e and r e - p r e c i p i t a t e as cement. The e a r l y 

g r a i n - c o a t i n g phases must i n h i b i t c e m e n t a t i o n by 

q u a r t z by p a r t i a l l y o r c o m p l e t e l y i s o l a t i n g g r a i n 

s u r f a c e s from t h e pore w a t e r . W i t h t h e pigment i n 

p l a c e t h e r e are few s i t e s , or seed c r y s t a l s , on 

which s i l i c a i n s o l u t i o n can n u c l e a t e . 

E x p l a n a t i o n s can be found f o r t h e 4 e x c e p t i o n s 

t o t h e r u l e o f redness. The Yesnaby Sandstone and 

t h e Y e l l o w Sands a r e b o t h t h i n and t r a p p e d by one 

impermeable boundary a g a i n s t t h i c k sequences r i c h i n 

o r g a n i c m a t e r i a l and l i k e l y t o bear r e d u c i n g g r o u nd

w a t e r s . The Yesnaby Sandstone r e s t s on c r y s t a l l i n e 

basement and i s o v e r l a i n by s e v e r a l k i l o m e t r e s o f 

l a c u s t r i n e sediments. The Y e l l o w Sands ar e o v e r l a i n 

by t i g h t c a r b o n a t e s and e v a p o r i t e s and r e s t on Coal 

Measures. The b l e a c h i n g o f p a r t s o f t h e Frodsham 

Member i s b e l i e v e d t o be due t o m i n e r a l i s a t i o n a l o n g 
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nearby f a u l t s ( Rppendi*- ) , and i t i s i n t e r e s t i n g 

t o n o t e t h a t t h e Hoperaan Sandstone i s a l s o l o c a l l y 

m i n e r a l i s e d (Peacock,J^1968) . I t must be s t r e s s e d 

t h a t t h i s l a s t sentence i s rampant s p e c u l a t i o n - no 

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

f o r m a t i o n has been made. 

Fac i e s R e l a t i o n s 

The e x t e r n a l f a c i e s a s s o c i a t i o n s of ergs were 

d i s c u s s e d i n Chapter 1 and t h e r e i s l i t t l e t o add 

here. However, a l i t t l e can be s a i d about f a c i e s 

d i f f e r e n t i a t i o n s w i t h i n e r g s . 

I n t h e onshore U.K. t h e o n l y c o n c e i v a b l e f a c i e s 

d i s t i n c t i o n t h a t c o u l d be made i n a e o l i a n sandstones 

i s between sand—sheet d e p o s i t s and l a r g e - s c a l e 

cross-bedded d e p o s i t s . There may be some j u s t i f i c a t i o n 

i n t h i s , i n t h a t sand sheets do r e p r e s e n t d i s t i n c t 

s u b-environments w i t h i n e r g s . They ar e most l i k e l y 

t o be f o u n d on l o n g i t u d i n a l draa ( t o j u d g e by t h e 

Y e l l o w Sands), around t h e margins o f e r g s w i t h 

complete sand co v e r , or i n i n t e r b e d f o r m areas. I n 

t h e l a t t e r case, sand sheet d e p o s i t s would be a 

s u b - f a c i e s o f an i n t e r b e d f o r m f a c i e s w h i c h c o u l d 

i n c l u d e such t h i n g s as f r e s h w a t e r t o h y p e r s a l i n e 

c a r b o n a t e s , a d h e s i o n — r i p p l e d sand, a l g a l mats, 

s m a l l d e l t a s and channel sands, e v a p o r i t e s and sabkhas, 

p l a y a sediments, s m a l l dune s e t s , e t c . , e t c . ( e . g . 

Kocurek, rtSlb ) . 

Kocurek notes t h a t t h e i n t e r b e d f o r m sediments i n 

t h e E n t r a d a Sandstone become ' w e t t e r ' ( i . e . show more 
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i n f l u e n c e o f s t a n d i n g or f l o w i n g w a t e r ) towards t h e 

p a l a e o - s h o r e l i n e . T h i s c o u l d be a u s e f u l p a l a e o -

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

need not be r e s t r i c t e d t o c o a s t a l e r g s . I n t h e 

B r i d g n o r t h / K i n n e r t o n / C o l l y h u r s t Sandstone such 

sediments seem t o d e v e l o p and i n c r e a s e towards t h e 

c e n t r e o f t h e o r i g i n a l d r a i n a g e b a s i n ( C h a p t e r 8 ) , 

l i k e w i s e i n t h e R o t l i e g e n d e s under t h e s o u t h e r n N o r t h 

Sea ( G l e n n i e , 1972). 

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

p o s s i b l e i n s u i t a b l y w e l l exposed a e o l i a n sandstones 

i s p r o v i d e d by Kocurek (1983a). He d i v i d e s t h e 

E n t r a d a Sandstone i n t o a c e n t r a l e r g f a c i e s , a 

c o a s t a l e r g f a c i e s , and i n l a n d m a r g i n e r g f a c i e s and 

a l o c a l sheet-sand f a c i e s . The c e n t r a l e r g f a c i e s 

i s c h a r a c t e r i s e d by s l i p f a c e l e s s d r a a s e t s w i t h w e l l 

d eveloped i n t e r b e d f o r m areas and d e p o s i t s . I n t h e 

c o a s t a l e r g f a c i e s , d u n e s seem t o have been s m a l l e r 

( i t i s n ot c l e a r whether t h e y were on s l i p f a c e l e s s 

d r a a o r n o t ) , t h e p a l a e o c u r r e n t p a t t e r n more v a r i a b l e 

( a t t r i b u t e d t o sea b r e e z e s ) and mar i n e sediments a r e 

i n t e r b e d d e d w i t h t h e a e o l i a n . The i n l a n d m a r g i n e r g 

f a c i e s comprises s m a l l s e t s o f a e o l i a n c r o s s - b e d d i n g 

and beds o f w i n d - r i p p l e d e p o s i t s i n t e r b e d d e d w i t h sandy 

wadi d e p o s i t s . Draa a r e b e l i e v e d t o have been absent. 

The sheet-sand f a c i e s c o n s i s t s o f what a r e termed 

sand—sheet d e p o s i t s i n t h i s t h e s i s and make up as much 

as 40 t o 50% o f t h e sequence a t 3 l o c a l i t i e s w i t h i n 

t h e c e n t r a l e r g area. 
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R e s e r v o i r P r o p e r t i e s 

As shown by t h e f o r m a t i o n s d e s c r i b e d i n t h i s 

t h e s i s , a e o l i a n sandstones are t y p i c a l l y h i g h l y 

porous and permeable, p o r o s i t i e s commonly exceeding 

20%. T h i s i s due t o an i n h e r e n t r e s i s t a n c e t o 

e x t e n s i v e d i a g e n e t i c m o d i f i c a t i o n and c e m e n t a t i o n . 

Many a e o l i a n f o r m a t i o n s a r e a l s o homogeneous b o d i e s 

o f sand, u n i n t e r r u p t e d by i n t e r b e d d i n g w i t h t h e 

d e p o s i t s of o t h e r s e d i m e n t a r y e n v i r o n m e n t s , and a r e 

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

However, o t h e r i n h e r e n t f e a t u r e s o f a e o l i a n sand-

stones a r e a remoteness f r o m ^ p o t e n t i a l h y d r o c a r b o n 

source r o c k s and a tendency t o be o v e r l a i n by porous 

arenaceous or rudaceous r o c k s . 

P e r m e a b i l i t y i n a e o l i a n sandstones must be 

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

p a r a l l e l t o p a l a e o w i n d . I n i n d i v i d u a l cross-bedded 

s e t s poroperms s h o u l d be h i g h e r i n t h e s a n d f l o w 

l a m i n a t e d f o r e s e t s t h a n i n t h e w i n d — r i p p l e l a m i n a t e d 

t o e s e t s . Since s i n u o u s bedforms t e n d t o have more 

t o e s e t s , s t r a i g h t e r - c r e s t e d beforms s h o u l d produce 

b e t t e r r e s e r v o i r p r o p e r t i e s . S i m i l a r l y , t h e p r o p o r 

t i o n o f s a n d f l o w laminae i s enhanced i n t h e t h i c k 

s e t s d e p o s i t e d by s l i p f a c e d draa. 

I f o r i g i n a l t o p o g r a p h i c i n c l i n a t i o n s a r e 

p r e s e r v e d , s u b s u r f a c e a e o l i a n sandstones may be found 

t o f i n g e r out up d i p i n t o f r i n g i n g a l l u v i a l f a n s . 

I f t h e s e are s u i t a b l y t i g h t a p o t e n t i a l s t r a t i g r a p h i c 

t r a p may r e s u l t . Such t r a p s are f o u n d i n t h e Rangely 

o i l f i e l d , C o lorado, ( F r y b e r g e r , 1979b). B a s i n - c e n t r e 
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i n t e r f i n g e r i n g w i t h p l a y a sediments o f f e r s s i m i l a r 

o p p o r t u n i t i e s , though t h e d i p i s l e s s l i k e l y t o be 

f a v o u r a b l e and c e m e n t a t i o n by e v a p o r i t e m i n e r a l s 

p r o b a b l e . 

The i n t e r b e d f o r m d e p o s i t s of some a e o l i a n f o r m 

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

m i g r a t i o n . I f such h o r i z o n s a r e l a t e r a l l y e x t e n s i v e , 

and merge and s e p a r a t e a c r o s s a f o r m a t i o n , p o t e n t i a l 

s t r a t i g r a p h i c t r a p s may be g e n e r a t e d . 

A e o l i a n sandstones o f c o a s t a l ergs a r e p r o b a b l y 

more f a v o u r e d f o r t h e entrapment o f hy d r o c a r b o n s t h a n 

t h e i r i n l a n d c o u n t e r p a r t s . They a r e l i k e l y t o i n t e r -

f i n g e r basinwards w i t h m a r i n e sediments and t h u s may 

be i n communication w i t h h y d r o c a r b o n source r o c k s . 

I f o v e r l a i n by t r a n s g r e s s i v e marine s h a l e s o r o t h e r 

t i g h t f o r m a t i o n s , s t r a t i g r a p h i c or s t r u c t u r a l t r a p s w i t h 

v e r y g r e a t p o t e n t i a l may be formed. 

SECTION 10.3 THE IDENTIFICATION OF AEOLIAN SANDSTONES 

General 

Seen as one o f a v a s t a r r a y o f n a t u r a l s e d i m e n t a r y 

e n v i r o n m e n t s , a e o l i a n sandstones a r e v e r y easy t o 

d i s t i n g u i s h . Seen as t h e r e s u l t s o f one o f 3 sediment 

d e p o s i t i n g media, t h e i r i d e n t i f i c a t i o n i s more 

d i f f i c u l t . 

I n t h e past a e o l i a n sandstone f o r m a t i o n s have 

g e n e r a l l y been i d e n t i f i e d as such by t h e l a r g e s c a l e 

of t h e c r o s s - b e d d i n g , t h e e x c e l l e n c e o f s o r t i n g and 

absence of p e b b l e s , t h e w e l l rounded and f r o s t e d 

n a t u r e o f t h e sand g r a i n s , and t h e absence o f any 
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f o s s i l s o t h e r t h a n t h o s e o f l a n d p l a n t s and a n i m a l s . 

A e o l i a n v. Shal l o w Marine Sands 

I n t h e 1960s and 70s a number of f o r m a t i o n s , 

p r e v i o u s l y accepted as b e i n g a e o l i a n , were r e -

i n t e r p r e t e d , g e n e r a l l y as^some s h a l l o w m a r i n e 

env i r o n m e n t . The f o r m a t i o n s r e c e i v i n g t h i s t r e a t m e n t 

were t h e Cedar Mesa Sandstone (Permian, w e s t e r n 

U.S.A.), from Baars ( 1 9 6 2 ) , t h e White Rim Sandstone 

(Permian, w e s t e r n U.S.A.) f r o m Baars and Seager 

( 1 9 7 0 ) , t h e Y e l l o w Sands and t h e i r c o r r e l a t e s i n 

Germany, t h e W e i s s l i e g e r i d e s ( P r y o r , 1971b, 1971a 

r e s p e c t i v e l y ) , and t h e Navajo Sandstone ( J u r a s s i c , 

w e s t e r n U.S.A.) fro m Freeman and V i s h e r ( 1 9 7 5 ) . 

The r o o t o f t h e s e r e - i n t e r p r e t a t i o n s was a 

s u s p i c i o n t h a t t h e presence o f l a r g e - s c a l e c r o s s -

bedding was not uni q u e t o a e o l i a n sands. P r y o r 

(1971b) mentions 8 m t h i c k p l a n a r c r o s s - b e d d i n g i n 

t h e Brazos R i v e r i n Texas. The d i s c o v e r y of l a r g e , 

submarine bedforms known as sand waves o r t i d a l sand 

r i d g e s on t h e c o n t i n e n t a l s h e l f o f many oceans a l s o 

seemed t o o f f e r an environment where l a r g e - s c a l e 

c r o s s - b e d d i n g m i g h t f o r m . T i d a l sand r i d g e s , 

d e s c r i b e d f o r i n s t a n c e by Houboult (1968) f r o m t h e 

s o u t h e r n N o r t h Sea, occur i n wa t e r depths o f 40-60 m 

and may be 30-40 m h i g h , 1-3 km wide and 20-60 km 

l o n g . H o u b o u l t ' s s p a r k e r p r o f i l e s t h r o u g h two o f 

th e s e r i d g e s appear t o show h i g h - a n g l e c r o s s - b e d d i n g 

i n s e t s up t o more t h a n 40 m t h i c k . T h i s f e a t u r e was 
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used by P r y o r (1971 a, b) as j u s t i f i c a t i o n f o r h i s 

i n t e r p r e t a t i o n o f t h e Y e l l o w Sands and W e i s s l i e g e n d e s 

as such b o d i e s . However, as Walker and M i d d l e t o n 

(1979) have p o i n t e d o u t , H o u b o u l t ' s s p a r k e r p r o f i l e s 

a re c o n s i d e r a b l y v e r t i c a l l y e x a g gerated ( a b o u t 13 

t i m e s ) . The " s t e e p " f a c e s and i n t e r n a l c r o s s - b e d d i n g 

i n f a c t d i p a t o n l y 5°. 

Sand waves a r e l a r g e , a s y m m e t r i c a l , t r a n s v e r s e 

b e d f o r m s , t y p i c a l l y h a v i n g wavelengths o f a few hundred 

metres and h e i g h t s up t o 10 m, e x c e p t i o n a l l y 20 m. 

They have been d e s c r i b e d f r o m t h e North- Sea by 

T e r w i n d t (1971) and McCave ( 1 9 7 1 ) , f r o m t h e 

c o n t i n e n t a l s h e l f o f t h e n o r t h - e a s t e r n U.S.A. ( J o r d a n , 

1962), and f r o m o f f t h e east c o a s t o f South A f r i c a 

by Flemming ( 1 9 8 0 ) . A l l e n (1980, p. 285) g i v e s an 

e x h a u s t i v e l i s t o f r e f e r e n c e s . Walker and M i d d l e t o n 

(1979) show t h a t many o f t h e s e f e a t u r e s have " s t e e p " 

f a c e s w i t h maximum s l o p e s r a n g i n g from ll°-20°, 

though some o f th o s e d e p i c t e d by Flemming (1980) may 

have l e e s l o p e s a t t h e a n g l e o f repose. 

I t i s a l s o e v i d e n t f r o m p u b l i s h e d s p a r k e r p r o f i l e s 

t h a t most, i f not a l l , t h e s e bedforms bear s u p e r 

imposed m e g a r i p p l e s on b o t h s t o s s and l e e s l o p e s . 

Q u o t i n g Walker and M i d d l e t o n ( 1 9 7 9 ) , " t h e i r m i g r a t i o n 

would produce c r o s s - b e d d i n g o f a s c a l e up t o about a 

metre and t h e p r o b a b l e i n t e r n a l s t r u c t u r e o f t h e sand 

waves and t i d a l r i d g e s would be complex, medium s c a l e 

c r o s s - b e d d i n g ( w i t h s e t s l e s s t h a n 1 m t h i c k ) " T h i s 

s i t u a t i o n i s analogous t o t h a t o f dunes on s l i p f a c e l e s s 

draa. S i m i l a r s t y l e s o f c r o s s - b e d d i n g m i g h t be 
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produced, though w i t h t h e s c a l e l a r g e r by a t l e a s t a 

f a c t o r o f 5 i n t h e a e o l i a n case. 

A l l e n (1980) g i v e s an e l e g a n t and comprehensive 

account o f t h e t h e o r y , o r i g i n , development and 

i n t e r n a l s t r u c t u r e s o f sand waves. He r e s t r i c t e d t h e 

use o f t h e t e r m sand waves t o t h o s e b o d i e s formed i n 

r e v e r s i n g ( i . e . t i d a l ) f l o w s . Bodies o f s i m i l a r s i z e 

formed i n one-way f l o w s may be dunes. A l l e n drew up 

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

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

Where t h e unsteady component o f t h e v e l o c i t y - t i m e 

regime i s such t h a t p e r i o d s o f s l a c k w a ter do not 

occur, a s y m m e t r i c a l bedforms w i t h l e e s i d e s e p a r a t i o n 

bubbles d e v e l o p , g i v i n g s l o p e s a t t h e a n g l e o f repose 

and w i t h d e p o s i t i o n dominated by a v a l a n c h i n g . H i gh 

f l o w s t r e n g t h s l e a d t o l o n g b o t t o m s e t s w i t h b a c k f l o w 

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

d i r e c t e d up s l o p e . Lower f l o w s t r e n g t h s r e s u l t i n 

t h e avalanche laminae m e e t i n g t h e b a s a l bounding 

s u r f a c e a b r u p t l y and a c u t e l y . As t h e i n f l u e n c e o f 

t h e unsteady component i n c r e a s e s , p e r i o d s o f s l a c k 

water d e v e l o p . Mud drapes, m u d - p e l l e t b r e c c i a s , and 

b i o t u r b a t i o n o f t h e f o r e s e t s a r e g e n e r a t e d . Super

imposed s m a l l e r dunes ( m e g a r i p p l e s ) a r e common. As 

v e l o c i t y symmetry i n c r e a s e s , t h e sand wave becomes 

more s y m m e t r i c a l and l a r g e - s c a l e f l o w s e p a r a t i o n i s 

l o s t . I n t e r n a l s t r u c t u r e s a r e t h e n dominated by 

medium-scale c r o s s - b e d d i n g w i t h abundant mud drapes 

and m u d - p e l l e t b r e c c i a s . I f t h e v e l o c i t y regime i s 

s t i l l more s y m m e t r i c a l , h e r r i n g b o n e c r o s s - b e d d i n g i s 
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formed. A l l e n (1980) shows t h a t t h e v a l i d i t y o f 

h i s model i s c o n f i r m e d i n t h e s t r a t i g r a p h i c r e c o r d . 

The abundant presence o f r i p p l e c r o s s - l a m i n a t i o n , 

b i o t u r b a t i o n o f t h e f o r e s e t s , medium-scale c r o s s -

bedding, h e r r i n g b o n e c r o s s - b e d d i n g , mud drapes and 

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

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

A l l e n ' s (1980) c l a s s e s IB and I I B show t h e most 

a e o l i a n - l i k e f e a t u r e s . These are dunes r a t h e r t h a n 

sand waves, b e i n g formed i n u n i d i r e c t i o n a l f l o w s . 

Flow s t r e n g t h i s not s u f f i c i e n t t o d e v e l o p t o e s e t s 

and r i p p l e c r o s s - l a m i n a t i o n i s absent. T h i s i m m e d i a t e l y 

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

does a e o l i a n c r o s s - b e d d i n g l a c k t o e s e t s . 

Numerous a n c i e n t s h a l l o w marine sand wave and 

dune b o d i e s have been i d e n t i f i e d . R.G. Walker 

(1979) g i v e s a l i s t o f t h o s e i n t h e Mesozoic o f t h e 

w e s t e r n U.S.A. The Eocene Roda Sandstone o f t h e 

Pyrenees i s a l s o b e l i e v e d t o be of t h i s t y p e ( N i o , 1976). 

T h i s f o r m a t i o n i s n o t a b l e f o r c o n t a i n i n g a s e t o f 

c r o s s - b e d d i n g 20 m t h i c k , " t h e l a r g e s t d e m o n s t r a b l y 

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

d e s c r i b e d , " (R.G. Walker, 1979, p. 8 1 ) . I n t h e U.K. 

Lower Greensand Group ( A p t i a n - A l b i a n ) , t h e F o l k e s t o n e 

Beds i n S u r r e y and West Sussex and t h e Woburn Sands i n 

B e d f o r d s h i r e a r e a l s o of t h i s t y p e ( A l l e n and 

Narayan, 1964; N i o , 1976; De Raaf and Beorsma, 1971). 

These sediments a r e w e l l exposed i n numerous 

l a r g e sand p i t s around t h e town o f L e i g h t o n Buzzard. 

The sands are c o m p l e t e l y u n c o n s o l i d a t e d and a r e dug 

f o r g l a s s sand, aggre g a t e s and b u i l d i n g sand, e.g. a t 
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SP 940287, SP 929290, SP 928287, SP 929241 and 

SP 920233. Q u a r r i e s i n t h e Surrey-Sussex o u t c r o p 

may be found f o r i n s t a n c e a t SU 964188, TQ 125237, 

SU 889202, SU 864473 and SU 785228. 

A number o f f e a t u r e s a r e apparent which p r e c l u d e 

t h e c o n f u s i o n o f sand wave d e p o s i t s (even t h o s e o f 

A l l e n ' s (1980) Classes IB and I I B ) w i t h a e o l i a n 

sandstones. 

G r a i n s i z e , shape and f r o s t i n g a re somewhat 

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

s e d i m e n t a r y e n v i r o n m e n t . However, t h e Lower 

Greensand g r a i n s are d i s t i n c t i v e i n l a c k i n g f r o s t i n g 

and a r e a l s o o f t e n q u i t e a n g u l a r . Very f i n e t o medium 

pebbles a r e common, e s p e c i a l l y a t t h e base o f , but 

a l s o w i t h i n s e t s . Phosphate, or phosphate-coated 

g r a i n s a r e abundant f o r example i n A r n o l d ' s Quarry 

s o u t h o f L e i g h t o n Buzzard. 

Avalanche laminae i n t h e Lower Greensand a r e 

s i m i l a r t o a e o l i a n s a n d f l o w s , b e i n g l a t e r a l l y 

e x t e n s i v e , t a b u l a r , homogeneous ( l a c k i n g any 

p e r c e p t i b l e g r a d i n g ) , t y p i c a l l y a few c e n t i m e t r e s 

t h i c k and bounded by t h i n f i n e r - g r a i n e d l a m inae ( f i g s . 

10.5-10.7). P u r e l y i n terms o f t h e l a m i n a t i o n t h e 

o n l y d i f f e r e n c e between t h e s e subaqueous avalanches 

and s u b a e r i a l s a n d f l o w s seems t o be t h a t t h e upper 

and lower s u r f a c e s o f t h e f o r m e r a r e s l i g h t l y more 

d i f f u s e . However, subaqueous avalanches do not pass 

i n t o o r a r e i n t e r b e d d e d w i t h w i n d - r i p p l e l a m i n a e , 

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

a r e e a s i l y d i s t i n g u i s h a b l e . The subaqueous laminae 
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are a l s o o f t e n b i o t u r b a t e d ( e . g . f i g . 10.4). 

F u r t h e r d i s t i n c t i o n s between s h a l l o w m a r i n e and 

a e o l i a n sand b o d i e s can be made. Any p r e s e r v e d 

fauna a r e l i k e l y t o be i n s t a n t l y d e c i s i v e . The 

s t r a t i g r a p h i c c o n t e x t and o v e r a l l sand body shape o f 

t h e two en v i r o n m e n t s i s e n t i r e l y d i f f e r e n t . None o f 

t h e s h a l l o w m a r i n e f o r m a t i o n s l i s t e d by R.G. Walker 

(1979, p. 84) exceeds 40 m i n t h i c k n e s s , and o n l y 

one i s an e x t e n s i v e sheet sand (more t h a n 100 km by 

100 km). S h a l l o w marine sands t e n d t o occur 

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

t r a n s g r e s s i v e sequence. S h a l l o w m a r i n e sands a r e 

not c h a r a c t e r i s e d by t h i c k , unbroken sequences o f 

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

sand. iNor, i n d e e d , a r e t h e d e p o s i t s o f any o t h e r 

s e d i m e n t a r y environment. 

I d e n t i f y i n g C r i t e r i a and t h e i r P i t f a l l s 

There s h o u l d be no problem i n i d e n t i f y i n g 

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

a r i s e on t h e s c a l e o f beds - f o r i n s t a n c e i n p i c k i n g 

out t h i n a e o l i a n i n t e r v a l s i n d e s e r t f l u v i a l sequences, 

( i n c l u d i n g a r c t i c d e s e r t s ) o r i n i d e n t i f y i n g a e o l i a n 

dune d e p o s i t s i n b a r r i e r i s l a n d and o t h e r c o a s t a l 

sequences. No competent s e d i m e n t o l o g i s t s h o u l d be 

a b l e t o w a l k p a s t o r d r i l l t h r o u g h a whole f o s s i l i z e d 

e r g w i t h o u t knowing i t . 

When c o n s i d e r i n g a whole f o r m a t i o n , p r o b a b l y t h e 
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most o b v i o u s f e a t u r e of a e o l i a n sandstones i s t h e 

u b i q u i t o u s l a r g e - s c a l e c r o s s - b e d d i n g , dune s e t s b e i n g 

2-6 m t h i c k , s l i p f a c e d draa s e t s 8-40 m. T h i s must 

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

The l a m i n a t i o n o f a e o l i a n sandstones i s v e r y 

c h a r a c t e r i s t i c . I t s r e c o g n i t i o n i s o f enormous 

s i g n i f i c a n c e where a s i n g l e bed o r o u t c r o p , o r a 

b o r e h o l e c o r e i s under e x a m i n a t i o n . Where w e l l 

shown, t h e l a m i n a t i o n can c o n f i r m o r deny an a e o l i a n 

o r i g i n on i t s own. The l a m i n a t i o n s h o u l d be 

dominated by w i n d - r i p p l e ( f i g . 3.1) and s a n d f l o w 

( f i g . 3.2) t y p e s , w i t h g r a i n f a l l and sand—sheet 

( f i g . 3.3) r a r e . However, avalanches on t h e l e e s i d e s 

of l a r g e subaqueous bedforms can make a v e r y p a s s a b l e 

i m i t a t i o n o f a e o l i a n s a n d f l o w s . W i n d — r i p p l e 

l a m i n a t i o n i s s i m i l a r t o beach l a m i n a t i o n ( e . g . 

C l i f t o n , 1969) and t o v a r i o u s t y p e s o f subaqueous 

planebed laminae ( P i c a r d and H i g h , 1973; N.D. S m i t h , 

1971; McBride et a l . , 1975). However, beach 

l a m i n a t i o n commonly c o n t a i n s heavy m i n e r a l s t r a t 

i f i c a t i o n and low a n g l e t r u n c a t i o n s o f l a m i n a e , w h i l e 

t h e w a t e r - l a i n planebed laminae a r e almost always 

h o r i z o n t a l and i n d i v i d u a l u n i t s seldom exceed a few 

d e c i m e t r e s i n t h i c k n e s s . None o f t h e s e f e a t u r e s a r e 

c h a r a c t e r i s t i c o f w i n d - r i p p l e l a minae. A l s o , w i n d -

r i p p l e l a m inae show o n l y p a r t i n g l i n e a t i o n , w h i l s t 

w a t e r - l a i n planebed laminae commonly show b o t h 

p a r t i n g and s t r e a m i n g l i n e a t i o n . One-sided, s t a i r s t e p 

p a r t i n g l i n e a t i o n may be e x c l u s i v e t o w i n d - r i p p l e 

l a m i n a t i o n . 
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W i n d - r i p p l e f o r m - s e t s may be p r e s e r v e d beneath 

n o n - e r o s i v e s a n d f l o w s or g r a i n f a l l l a m inae. These -

s t r a i g h t c r e s t e d , v e r y low a m p l i t u d e ( t y p i c a l l y 1-3 mm) 

and w i t h wavelengths o f t h e o r d e r o f 0.1 m - a r e h i g h l y 

d i s t i n c t i v e . 

The o n l y d i v e r g e n c e s from t h e s e b a s i c t y p e s o f 

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

i n t e r b e d f o r m d e p o s i t s . These s h o u l d be r e l a t i v e l y 

t h i n (a few m e t r e s ) , l a t e r a l l y e x t e n s i v e and c o n t a i n 

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

m e n t a t i o n i n wet, damp and d r y c o n d i t i o n s . T h e i r 

presence r e i n f o r c e s r a t h e r t h a n weakens t h e p r o b a b i l i t y 

t h a t any s u r r o u n d i n g sands are a e o l i a n ( c . f . Freeman 

and V i s h e r , 1975). 

A e o l i a n sandstones a r e f r e e of any g r a i n s f i n e r 

t h a n coarse s i l t and c o a r s e r t h a n v e r y f i n e p e b b l e s . 

S i l t s and c l a y s may be found i n i n t e r b e d f o r m a r e a s , 

pebbles o n l y near t h e margins or base o f a f o r m a t i o n . 

No o t h e r s e d i m e n t a r y environment i s so e x c l u s i v e i n 

c o n t a i n i n g o n l y sand. 

Any g r a i n s c o a r s e r t h a n f i n e sand i n an a e o l i a n 

f o r m a t i o n t e n d t o be subrounded, rounded or w e l l 

rounded. Coarse and v e r y c o a r s e sand g r a i n s a r e 

almost e x c l u s i v e l y w e l l rounded, even near t h e 

m argins o f a f o r m a t i o n . The g r a i n s a r e a l s o always 

f r o s t e d , though t h i s does not n e c e s s a r i l y i n d i c a t e an 

a e o l i a n a b r a s i o n t e x t u r e : t h e presence o f t h i s 

f e a t u r e can o n l y be a s c e r t a i n e d by e l e c t r o n m i c r o s c o p y . 

The drawback o f g r a i n - r e l a t e d p arameters i s t h a t 

g r a i n s can be reworked. 
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The e a r l y d i a g e n e s i s o f d e s e r t sediments i s 

p r o b a b l y d i s t i n c t i v e enough f o r i t t o be used as a 

c r i t e r i o n f o r t h e i d e n t i f i c a t i o n o f such r o c k s . I t s 

c h a r a c t e r i s t i c s are r e d g r a i n c o a t s , c o n c e n t r a t i o n s 

o f pigment i n h o l l o w s on g r a i n s , t h e c o n c e n t r a t i o n o f 

pigment around d e g r a d i n g r o c k f r a g m e n t s , g e o p e t a l 

arrangement o f t h e pigment, meniscus b r i d g i n g 

t e x t u r e s and i n f i l t r a t i o n t e x t u r e s . 

F a c i e s a s s o c i a t i o n i s i m p o r t a n t - always remember 

W a l t h e r ' s Law. For i n s t a n c e 10 m o f l a r g e - s c a l e 

cross-bedded sand i s more l i k e l y t o be a e o l i a n i f 

i n c l u d e d i n a f l u v i a l red-bed sequence, t h a n i f 

c o n f o r m a b l y under- and o v e r l a i n by m a r i n e s h a l e s . 

Other r a r e f e a t u r e s can c o n t r i b u t e i m p o r t a n t 

e v i d ence. These i n c l u d e f u l g u r i t e s , r a i n d r o p 

i m p r e s s i o n s , g r a n u l e — l a g monolayers of e v e n l y spaced 

f i n e p e b b l e s , d-inosaur f o o t p r i n t s and o t h e r 

t e r r e s t r i a l t r a c e s , dead d i n o s a u r s and such, and 

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

laminae. 

N e g a t i v e c r i t e r i a must be l i s t e d : - t h e l a c k o f 

mud ( e x c e p t i n i n t e r b e d f o r m d e p o s i t s ) , t h e near 

absence o f p e b b l e s , no m a r i n e o r o t h e r aqueous 

f o s s i l s ( t h o u g h Goudie and S p e r l i n g (1977) r e p o r t 

F o r a m i n i f e r a b e i n g blown 800 km i n l a n d i n t o t h e dunes 

of t h e Thar De s e r t i n I n d i a ) , no e x t e n s i v e b i o t u r b a t i o 

except p o s s i b l y i n i n t e r b e d f o r m a r e a s , no g l a u c o n i t e , 

no mica, e t c . , e t c . 
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Summary 

There appear to be two d i s t i n c t p eriods during 

the P e r m o - T r i a s s i c when c o n d i t i o n s of c l i m a t e and 

geomorphology favoured the widespread d e p o s i t i o n of 

a e o l i a n sand i n the B r i t i s h area. These are i n 

the E a r l y Permian and E a r l y T r i a s s i c . The presence 

of a e o l i a n sandstone i n any given area may be used 

as an a i d i n c o r r e l a t i n g rocks i n that area with 

those elsewhere. Palaeowind r e s u l t a n t s for B r i t i s h 

Lower Permian a e o l i a n sandstones show some divergence. 

I t i s not a l t o g e t h e r c l e a r to e x a c t l y which d i r e c t i o n 

the t r u e wind r e s u l t a n t l a y . Much of the c o n t r a 

d i c t i o n must be a t t r i b u t e d to l o c a l orographic 

e f f e c t s . 

The cross-bedding model presented i n Chapter 2 

i s endorsed, by onshore U.K. a e o l i a n formations. 

Evidence from the U.S.A. shows that ergs do not need 

complete sand cover to aggrade: interbedform areas can 

a l s o migrate and climb. T h i s can be accommodated by 

the cross-bedding model and explained i n terms of the 

erg model presented i n Chapter 1. 

The i d e n t i f i c a t i o n of any sedimentary environment 

must always r e s t on a balance of p r o b a b i l i t i e s - t h e r e 

i s no black and white i n geology, j u s t l o t s of grey 

a r e a s . The philosophy must be to obtain a l l the 

information p o s s i b l e and then go back f o r some more. 

Aeolian sandstones can now be more c o n f i d e n t l y 

i d e n t i f i e d than ever before, even to the extent of 

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

formations. T h i s progress i s l a r g e l y a r e s u l t of 
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Hunter's (1977, 1981) e l u c i d a t i o n of the lamination 

of a e o l i a n sandstones. Ambiguity only a r i s e s where 

the exposure i s poor, the rock badly weathered, or 

the lamination not w e l l shown. 
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APPENDIX 

OTHER AEOLIAN SANDSTONES IN THE U.K. 

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

T h i s a p p e n d i x c o m p r i s e s a l i s t of t h e r e m a i n i n g 

a e o l i a n s a n d s t o n e s i n t h e U.K., w i t h b r i e f d e s c r i p t i v e 

n o t e s . T h e s e l a t t e r a r e c o m p i l e d f r o m v a r y i n g a mounts 

o f f i e l d w ork and p e t r o g r a p h y u n d e r t a k e n d u r i n g t h e 

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

a r e a s o f t h e s e f o r m a t i o n s or members i s shown on 

f i g . A.1. F o r want of a b e t t e r s y s t e m , t h e f o r m a t i o n s 

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

1. Y e s n a b y S a n d s t o n e F o r m a t i o n 

E x p o s u r e s : S p e c t a c u l a r s e a c l i f f s on W. s i d e of 

O r k n e y M a i n l a n d . 

S t r a t i g r a p h y : ? L o w e r O l d Red S a n d s t o n e ( H o u s e e_t 

a l . , 1 977 ) . R e s t s on b a s e m e n t ; o v e r l a i n by w a t e r - l a i n 

s a n d s t o n e s and t h i c k , l a c u s t r i n e , m i d d l e O.R.S. 

( M y k u r a , 1 9 7 6 ) . c . 1 0 0 m t h i c k a r o u n d HY 2 1 9 1 5 3 

( f i g s . A.2, A . 3 ) . 

S t r u c t u r e s : C r o s s - b e d d i n g i n s e t s up to 3 m 

t h i c k ( a v g e . 1.5 m) m a r k e d by m a j o r b e d d i n g p l a n e s 

d i p p i n g N.W. ( s t r u c t u r a l ) a t 5 - 6 m i n t e r v a l s . 140 

s p r e a d of d i p d i r e c t i o n s ( d a t a f r o m F a n n i n , 1 9 7 0 ) . 

T h e r e f o r e v e r y l i k e l y s i n u o u s t r a n s v e r s e d u n e s on 

s l i p f a c e l e s s d r a a . 
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D i a g e n e s i s : F o r m a t i o n i s g r e y a t o u t c r o p . No 

c l a y p e l l i c l e s , c e m ent by q u a r t z o v e r g r o w t h s p l u s m i n o r 
f e r r o a n c a l c i t e and d o l o m i t e . C a r b o n a t e r e p l a c e s 
f e l d s p a r s and r o c k f r a g m e n t s and i s i t s e l f c o r r o d e d . 
T h i s s e c o n d a r y p o r o s i t y f i l l e d o r l i n e d by t a r r y 
h y d r o c a r b o n . 

2. Hopeman S a n d s t o n e 

E x p o s u r e s : E x c e l l e n t c l i f f s e c t i o n s f o r s e v e r a l 

km a r o u n d Hopeman ( N J 1 4 6 9 ) on S. s h o r e of Moray F i r t h . 

A l s o s m a l l i n l a n d e x p o s u r e s . 

S t r a t i g r a p h y : P r o b a b l y s t r a d d l e s P e r m i a n - T r i a s s i c 

b o u n d a r y ( W a r r i n g t o n ejt^ a _ l . , 1 9 8 0 ) . R e s t s on O.R.S. 

and o v e r l a i n by l a t e r T r i a s s i c J t r a t a . c . 6 0 m t h i c k . 

S t r u c t u r e s : N o t a b l e f o r enormous s e t s and 

s p e c t a c u l a r c o n t o r t i o n s ( f i g s . A.4 - A.7; W i l l i a m s , 

1 9 7 3 ; P e a c o c k , 1 9 6 6 ) . L a r g e s e t s must r e c o r d s l i p f a c e d 

t r a n s v e r s e d r a a . A l s o h a s w a t e r - l a i n i n t e r d r a a 

d e p o s i t s ( W i l l i a m s , 1 9 7 3 ) . D e f o r m a t i o n due t o 

l i q u e f a c t i o n b e l o w w a t e r t a b l e , i n manner d e s c r i b e d by 

Doe & D o t t ( 1 9 8 0 ) . C o n t a i n s r e p t i l i a n f o o t p r i n t s a nd 

o t h e r p o s s i b l e t r a c e f o s s i l s ( f i g s . A.8, A . 9 ) . 

3. L o s s i e m o u t h S a n d s t o n e 

E x p o s u r e s : V e r y p o o r : r a r e o l d q u a r r i e s and 

c o a s t a l e x p o s u r e s a r o u n d L o s s i e m o u t h , G r a m p i a n 

( N J 2 3 7 0 ) . 

S t r a t i g r a p h y : P r o b a b l y l a t e T r i a s s . i c ( r e p t i l i a n 

f a u n a ) . P a r t o f same s e q u e n c e a s Hopeman S a n d s t o n e , 

c . 3 0 m t h i c k . 
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S t r u c t u r e s : " B a r c h a n " - t y p e c r o s s - b e d d i n g , s e t s 

to 15 m t h i c k . P a l a e o c u r r e n t t o N.E. 

D a t a f r o m W i l l i a m s ( 1 9 7 3 ) . 

4 „ O l d Red S a n d s t o n e , S c o t t i s h M i d l a n d V a l l e y 

D e t a i l s : 2 p o s s i b l e a e o l i a n s a n d s t o n e s i n 

Upper O.R.S. m e n t i o n e d by B l u c k , ( 1 9 8 0 ) , one i n l o w e s t 

p a r t of s e q u e n c e , one i n h i g h e s t . B o t h w i t h i n f l u v i a l 

s e q u e n c e s . 

5. New Red S a n d s t o n e , S o u t h - W e s t S c o t l a n d 

E x p o s u r e s : 6 o u t o f 7 a r e a s of o u t c r o p c o n t a i n 

a e o l i a n s a n d s t o n e s ; A r r a n ( C o r r i e S s t . ) , M a u c h l i n e 

( M a u c h l i n e S s t . ) , T h o r n h i l l ( T h o r n h i l l S s t . ) , M o f f a t 

( C o r e h e a d S s t . ) , D u m f r i e s ( L o c h a r b r i g g s S s t . ) , 

L o c h m a b e n ( C o r n c o c k l e S s t . ) . E x p o s u r e s - g e n e r a l l y p o o r , 

t h o u g h some good q u a r r i e s ( e . g . C o r n c o c k l e , L o c h m a b e n 

(NY 0 8 6 8 7 0 ; f i g . A.10); L o c h a r b r i g g s a r e a , D u m f r i e s 

(NX 9 9 8 0 , 2 s t i l l w o r k i n g ) ) , and good c o a s t a l e x p o s u r e s 

i n A r r a n . 

S t r a t i g r a p h y : A l l a e o l i a n s a n d s t o n e s b e l i e v e d 

L o w e r P e r m i a n ( S m i t h e_t a _ l . , 1 9 7 4 ) . O u t c r o p a r e a s mark 

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

o r i g i n a l l y . May h a v e b e e n c o n t i g u o u s w i t h I r i s h S e a 

B a s i n and t h u s a l s o t h e P e n r i t h and B r i d g n o r t h 

S a n d s t o n e s . Some of t h e b a s i n s had 

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

g e n e r a l l y a t b a s e o f , or low i n s e q u e n c e , 

i n t e r f i n g e r i n g w i t h , and. p a s s i n g i n t o m a r g i n a l a l l u v i a l 

f a n r u d i t e s . 



T h i c k n e s s : L o c h a r b r i g g s S a n d s t o n e , 1000 m; 

C o r n c o c k l e S a n d s t o n e , 900 m; M a u c h l i n e S a n d s t o n e , 

450 m; C o r r i e S a n d s t o n e , 300 m; T h o r n h i l l S a n d s t o n e , c l O O 

C o r e h e a d S a n d s t o n e , a t l e a s t 30 m. Most of a b o v e d a t a 

f r o m e x c e l l e n t d o c u m e n t a t i o n by B r o o k f i e l d ( 1 9 7 7 , 1 9 7 8 , 

1 9 7 9 , 1 9 8 0 ) and P i p e r ( 1 9 7 0 ) . 

S t r u c t u r e s : M o s t l y t r o u g h c r o s s - b e d d i n g i n s e t s 

a few m e t r e s t h i c k d e p o s i t e d by s i n u o u s t r a n s v e r s e 

d u n e s on s l i p f a c e l e s s d r a a . S l i p f a c e d d r a a a t t y p e 

l o c a l i t y o f C o r n c o c k l e S a n d s t o n e (NY 0 8 6 8 7 0 ) . 

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

d e s c r i b e d f r o m t h e L o c h a r b r i g g s S a n d s t o n e ( B r o o k f i e l d , 

1 9 7 7 ) . L a m i n a t i o n d o m i n a t e d i n most c a s e s by 

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

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

n o t e x c e e d 60 mm e x c e p t i n r o c k s t h o u g h t to be f r o m t h e 

s l i p f a c e d d r a a s e t s a t C o r n c o c k l e ( t h e s e up to 

100 mm). 

D i a g e n e s i s : C o l o u r and p i g m e n t i n g p h a s e s as f o r 

B r i d g n o r t h and P e n r i t h S a n d s t o n e s ; c o l o u r of a l l 

f o r m a t i o n s r e m a r k a b l y s i m i l a r . P r i n c i p a l l i t h i f y i n g 

c e m e nt i s q u a r t z . 2 5 % c o m p a c t i o n d e d u c e d f o r 

L o c h a r b r i g g s S a n d s t o n e ( o n l y t h a t , C o r n c o c k l e and 

T h o r n h i l l S a n d s e x a m i n e d p e t r o g r a p h i c a l l y ) . 

6. K i r k l i n t o n S a n d s t o n e 

E x p o s u r e s : 

NY 4 1 3 6 6 2 . 

V e r y few. B e s t a t NY 4 9 2 6 0 3 , 
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S t r a t i g r a p h y : B e l i e v e d L o w e r T r i a s s i c , p a r t of 

same s e q u e n c e a s P e n r i t h S a n d s t o n e . P a s s e s by 

i n t e r b e d d i n g t o f l u v i a l S t . B e e s S a n d s t o n e b e l o w and 

S t a n w i x S h a l e s a b o v e . M e n t i o n e d i n W a r r i n g t o n e t a l . , 

( 1 9 8 0 ) , T r o t t e r and H o l l i n g w o r t h ( 1 9 3 2 ) , D i x o n e t a l . , 

( 1 9 2 6 ) . Maximum t h i c k n e s s , c . 1 0 0 m a r o u n d C a r l i s l e . 

C o l o u r and c e m e n t a t i o n : Red ( v e r y s i m i l a r t o B r i d g n o r t h 

S s t ) . M o s t l y u n c e m e n t e d a t o u t c r o p e x c e p t f o r 

p i g m e n t i n g c l a y s . 

7. F r o d s h a m Member 

E x p o s u r e s : Good i n r a i l w a y c u t t i n g s a t 

F r o d s h a m , C h e s h i r e ( S J 5 1 7 7 ) . Many o l d q u a r r i e s , one 

w o r k i n g q u a r r y , r o a d and n a t u r a l s e c t i o n s n e a r v i l l a g e s 

o f N e s s c l i f f e , R u y t o n - X I - Towns, M y d d l e , G r i n s h i l l and 

W e s t o n , n o r t h e r n S h r o p s h i r e . The two o u t c r o p s a r e 

p r o b a b l y c o r r e l a t a b l e , b u t a r e s e p a r a t e d by an a r e a o f 

t h i c k d r i f t w i t h no e x p o s u r e : c o n t i n u i t y c a n n o t be 

c o n f i rmed. 

S t r a t i g r a p h y : L o w e r T r i a s s i c ; f o r m s p a r t of t h e 

H e l s b y S a n d s t o n e F o r m a t i o n i n t h e F r o d s h a m a r e a . 

O v e r l i e s t h e W i l m s l o w S a n d s t o n e ( e x - L o w e r M o t t l e d 

S a n d s t o n e ) ; o v e r l a i n by t h e T a r p o r l e y S i l t s t o n e 

( e x - K e u p e r W a t e r s t o n e s ; W a r r i n g t o n e_t a _ l . , 1 9 8 0 ) . 

Maximum t h i c k n e s s c . 4 5 m. 

S t r u c t u r e s : M o s t l y s t r u c t u r e l e s s i n t h e s o u t h e r n 

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

c r o s s - b e d d i n g ( f i g . A . 1 1 ) and a e o l i a n l a m i n a t i o n . 

C r o s s b e d d i n g w e l l p r e s e r v e d i n n o r t h e r n a r e a ; 
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i n t e r p r e t e d as d o m e - s h a p e d d u n e s by Thompson ( 1 9 6 9 ) but 

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

C o l o u r and c e m e n t : Red ( v e r y s i m i l a r to B r i d g n o r t h 

S s t ) i n n o r t h e r n and p a r t of s o u t h e r n o u t c r o p . Upper 

p a r t s y e l l o w to b u f f i n s o u t h e r n o u t c r o p . Cement 

g e n e r a l l y o n l y p i g m e n t i n g c l a y s , b u t a l s o b a r y t e s i n 

s o u t h ; t h i s and t h e y e l l o w c o l o u r l i n k e d to T e r t i a r y 

m i n e r a l i z a t i o n ( T h o m p s o n , 1970; P o o l e and W h i t e m a n , 

1 9 6 6 ) . 

8 . S o u t h - W e s t E n g l a n d 

( a ) 6 m t h i c k u n i t w i t h i n T o r Bay B r e c c i a s ( E a r l y 

P e r m i a n ) , v i s i b l e i n c o a s t a l s e c t i o n a t P a i g n t o n . 

T e n t a t i v e p a l a e o c u r r e n t r e s u l t to S.S.W. ( L a m i n g , 

1 9 6 6 ) . 

( b ) D a w l i s h S a n d s ( 3 5 0 m t h i c k ; l o w e s t 230 m 

a e o l i a n ) . P r o b a b l y E a r l y P e r m i a n . C r o s s - b e d d i n g i n 

s e t s up to 9 m t h i c k and 60 m w i d e , d e p o s i t e d by 

" b a r c h a n s " . P a l a e o c u r r e n t s . t o N.N.W. ( L a m i n g , 1 9 6 6 ; 

S m i t h e_t a _ l . , 1 974 ) . W e l l e x p o s e d i n c o a s t a l s e c t i o n 

a t D a w l i s h . 

( c ) O t t e r S a n d s t o n e ( c . 1 2 0 m t h i c k ) , E a r l y 

T r i a s s i c ( W a r r i n g t o n e_t a l _ . , 1 9 8 0 ) . E x p o s e d i n c o a s t a l 

s e c t i o n a t B u d l e i g h S a l t e r t o n o v e r l y i n g t h e B u d l e i g h 

S a l t e r t o n P e b b l e B e d s . 
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