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ABSTRACT 

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

d i a g e n e s i s of the Ueogene s a n d s t o n e s and s h a l e s in a 

p r o g r a d i n g d e l t a i c s e q u e n c e i n the B e n g a l B a s i n of 

Bangladesh . The Surma group, c o n s i s t i n g of marine s h a l e s 

at the base overlain "by deltaic to paralic sandstones and 

s h a l e s , is succeeded by the Tipam group - a s a n d s t o n e 

dominated un it of the t e r r e s t r i a l f l u v i a t i l e o r i g i n . The 

sequence appears to be devoid of s i g n i f i c a n t p e t r o l e u m 

source rocks. 

P e t r o g r a p h i c a 1 1 y , the s a n d s t o n e s of the Surma group are 

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

s a n d s t o n e s of the Tipam group are subarkoses . There are 

two depth-related diagenetic zones in the sandstones : from 

surface to 2000 m no c e m e n t a t i o n has occurred in e i t h e r 

the Tipam group or the top of the Surma group; from 2000 m 

to 4 4 9 1 m+ s i g n i f i c a n t c e m e n t a t i o n has a f f e c t e d the 

potential reservoir properties of many of the s a n d s t o n e s 

of the Surma group. The paragenetic sequence of diagenetic 

events in the Neogene sandstones indicates two phases . The 

f i r s t phase r e p r e s e n t s an a lkal ine condition of the pore 

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

c r y s t a l l i z a t i o n , e a r l y p o i k i l o t o p i c F e - c a l c i t e 

cementation, i l l i t e coating , quartz overgrowth cementation 

and late Fe-calcite cementation took place s e q u e n t i a l l y . 

The second phase marks the change from alkal ine to acidic 

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

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

c r y s t a l l i z a t i o n o f k a o l i n i t e t o o k p l a c e . E a r l y 

p o i k i l o t o p i c F e - c a l c i t e , l a t e F e - c a l c i t e and q u a r t z 

o v e r g r o w t h s are the most i m p o r t a n t p o r o s i t y r e d u c i n g 

c e m e n t s . C h l o r i t e r ims on d e t r i t a l q u a r t z , h o w e v e r , 

e f f e c t i v e l y r e t a r d or i n h i b i t q u a r t z o v e r g r o w t h 
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d e v e l o p m e n t , thus preserving porosity . Secondary porosity 

was c r e a t e d by 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 

c e m e n t s , detr i ta l feldspars and some l i th ic grains in the 

deeper zone. 

The predominant minerals in the Neogene shales are i l l i t e , 

k a o l i n i t e , ch lor ite , i 1 1 i t e / s m e c t i t e , quartz and f e l d s p a r , 

whilst c a l c i t e , dolomite and s i d e r i t e occur in minor to 

t r a c e amounts . The most important diagenetic change with 

depth of "burial i s the g r a d u a l l o s s of the s m e c t i t e 

components in the i 1 1 i t e / s m e c t i t e mixed layer clays due to 

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

t r a n s f o r m a t i o n of s m e c t i t e to i l l i t e has not l e d to 

c o m p l e t e i l l i t i z a t i o n of the mixed l a y e r c lays at the 

total depth s t u d i e d . D e c r e a s e of k a o l i n i t e at and below 

4 5 3 0 m could be d i a g e n e t i c , hut it could also he due to 

d i f f e r e n t i a l settlement of clay part icles due to change in 

deposit ional environment . The d e c r e a s e in c a l c i t e below 

about 3 5 0 0 m r e p r e s e n t s d i a g e n e t i c d i s s o l u t i o n of this 

mineral with b u r i a l d e p t h . The d i a g e n e s i s of s h a l e has 

taken p lace w i t h o u t respect to formation boundaries and 

mainly depends on temperature. Diagenesis of the shales is 

b e l i e v e d to h a v e i n f l u e n c e d the c e m e n t a t i o n i n the 

a d j a c e n t s a n d s t o n e s . The Si4+ released from the smectite 

to i l l i t e t r a n s f o r m a t i o n may have p r o v i d e d a source of 

s i l i c a cement , and the d i s s o l u t i o n of calc ite in shales 

could be a source for the l a t e c a l c i t e s in the a d j a c e n t 

sandstones . 
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CHAPTER 1 

INTRODUCTION 

1.1 AIM AND SCOPE OF PRESENT WORK 

The aim of the p r e s e n t r e s e a r c h work was to study the 

diagenesis in response to burial that has occurred in the 

Neogene c last ic rocks of the Bengal Basin , Bangladesh . 

The Bengal Bas in , most of which is occupied by Bangladesh , 

i s l o c a t e d i n the z o n e where three l arge g e o t e c t o n i c 

features of the E a r t h ' s crust come t o g e t h e r , i . e . , the 

H i m a l a y a n mega-anticlinorium, the Arakan Yoma g e a n t i c l i n e 

and the P r e - C a m b r i a n I n d i a n S h i e l d ( F i g . 1 . 1 ) , and 

c o n t a i n s the l a r g e s t d e l t a i c d e p o s i t i o n a l system of the 

present world . Yet the geology of the Bengal B a s i n is not 

adequately known. Geological concepts here su f fer from too 

much g e n e r a l i z a t i o n (Khan, 1 9 8 0 ) . The stratigraphy now in 

use is not well established and the various rock units are 

rather l o o s e l y d e f i n e d . Current e f f o r t s to e s t a b l i s h a 

b e t t e r d e f i n e d s t r a t i g r a p h y are at an e a r l y s t a g e 

(Brunschwei l ler , 1980 ; Le itz and Kabir , 1 9 8 2 ) . No work has 

been r e p o r t e d on the d i a g e n e s i s of the s e d i m e n t s , and 

t h e i r p e t r o g r a p h y i s a l s o p o o r l y d e s c r i b e d . No 

c l a s s i f i c a t i o n ( n o m e n c l a t u r e ) of the Neogene s a n d s t o n e s 

h a s b e e n a t t e m p t e d , n e i t h e r has the m i n e r a l o g y of the 

shales been r e p o r t e d . G e o l o g i c a l s t u d i e s in the Bengal 

B a s i n w e r e d o n e a l m o s t e x c l u s i v e l y in the p a s t i n 

connection with economic mineral explorat ions , e s p e c i a l l y 

petroleum e x p l o r a t i o n . S i n c e the f i r s t d r i l l i n g in 1910 

( 760 m ) , 39 e x p l o r a t o r y w e l l s h a v e b e e n d r i l l e d i n 

B a n g l a d e s h r e s u l t i n g in 12 gas d i s c o v e r i e s . The Bengal 

Basin , one of the largest g e o s y n c l i n e s in the w o r l d , has 

not r e c e i v e d the a t t e n t i o n it d e s e r v e s from r e s e a r c h 

workers. The present work on the d iagenesis of the Neogene 

clastic sediments may be an important, although small , 
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c o n t r i b u t i o n to t h i s o t h e r w i s e u n k n o w n a s p e c t of the 

geology of the Bengal Bas in . 

I t was o r i g i n a l l y i n t e n d e d to i n c l u d e a study of the 

d iagenesis of the organic matter in the Neogene shales and 

to compare the maturat ion l e v e l s of th is o r g a n i c m a t t e r 

w i t h t h e d i a g e n e s i s of t h e c l a y m i n e r a l s and the 

s a n d s t o n e s . The o r g a n i c carbon p e r c e n t a g e s of a l l the 

s h a l e samples studied , however, were found to be very low 

and, a fter macerating several s a m p l e s , it was found that 

the o r g a n i c m a t t e r was i n s u f f i c i e n t to make a d e q u a t e 

d e t e r m i n a t i o n of m a t u r a t i o n l e v e l s . T h i s led to the 

d e c i s i o n to c o n c e n t r a t e on the inorganic d iagenesis that 

h a s o c c u r r e d in the s a n d and s h a l e of t h e N e o g e n e 

sequence . 

1 . 2 DIAGENESIS - A REVIEW 

The term " d i a g e n e s i s " was f i r s t i n t r o d u c e d more than a 

hundred years ago by Von Guembel ( 1 8 6 8 ) as a d e s i g n a t i o n 

for p r o c e s s e s which act on s e d i m e n t s a f t e r d e p o s i t i o n . 

Since then the term has been a p p l i e d in v a r y i n g ways to 

the p o s t - d e p o s i t i o n a 1 , pr e-me t am o r ph i c changes which 

a f fect a sediment. It has been used , for example , for ( a ) 

a l l p h y s i c a l and c h e m i c a l changes that occur within the 

sediment after depos it ion ; (b) reactions which take p l a c e 

w i t h i n a s e d i m e n t b e t w e e n one m i n e r a l and a n o t h e r or 

between one or several other minerals and the i n t e r s t i t i a l 

f l u i d s , thus r e s t r i c t i n g the d e f i n i t i o n to e s s e n t i a l l y 

c h e m i c a l rather than physical processes after d e p o s i t i o n ; 

( c ) processes that result in l i t h i f i c a t i o n or c e m e n t a t i o n 

of the sediments a fter depos it ion . An extensive review of 

the history and development of the study of d i a g e n e s i s is 

given by Dunoyer de Segonzac ( 1 9 6 8 ) . 

I n the p r e s e n t s t u d y , the term d i a g e n e s i s is used to 

include a l l those processes , chemical and p h y s i c a l , which 
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a f f e c t the sediment a f t e r d e p o s i t i o n , up to the lowest 

grade of metamorphism, the greenschist facies ( P e t t i j o h n , 

Potter and Se iver , 1973 )* 

It is recognised that one can only a r b i t r a r i l y delimit the 

processes one calls d iagenetic from those of metamorphism, 

since d iagenesis and me tamorphism represent a continuum in 

the g e o l o g i c v a r i a b l e s , p r e s s u r e and temperature. Blatt 

( 1 9 7 9 ) indicated that generally the range of p h y s i c a l and 

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

temperatures of 0° C to 200° C, pressure of 1 to 2000 kg /cm. 

and water s a l i n i t i e s from f r e s h to h y p e r s a l i n e . W i n k l e r 

( 1 9 6 5 ) considered that the c r i t i c a l transit ion temperature 
o 

b e t w e e n d i a g e n e s i s and metamorphism was 3 0 0 C and was 

almost independent of pressure . During burial under normal 

geothermal gradients (30° C/km) , this temperature would be 

reached at depths of about 1 0 , 0 0 0 m (Muller 1 9 6 7 ) . 

D i a g e n e s i s is one of the most important events in the 

geological history of a sediment. Knowledge of d i a g e n e t i c 

processes in sediments is becoming more and more important 

i n a p p l i e d geology and part icularly in petroleum geology. 

T h i s h a s l e d to an i n c r e a s e d i n t e r e s t a n d r a p i d 

m u l t i p l i c a t i o n of the l i terature on d iagenesis during the 

last decade. These studies have been recently f a c i l i t a t e d 

by the i n t r o d u c t i o n of a d v a n c e d t e c h n i q u e s s u c h as 

scanning electron microscopy and Cathodoluminescence. 

1 . 3 SAMPLING 

For the purpose of the present study, 40 sandstone and 50 

s h a l e s a m p l e s were s e l e c t e d from f i v e onshore and one 

offshore petroleum explorat ion w e l l s ( T a b l e 1 . 1 and F i g . 

1 . 2 ) . A l l the samples from onshore wells were taken from 

conventional cores , while most of those from the o f f s h o r e 

w e l l are from rock c u t t i n g s . These samples range in depth 

from 500 m to 4550 m below surface and belong to the Tipam 
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TABLE 1 . 1 : PARTICULARS OF WELLS AND SAMPLES USED IN THE 

PRESENT STUDY 

Well 

Muladi-1 

(onshore 

dry hole) 

Muladi-2 

(onshore 

dry hole) 

Begumganj-1 
(onsho re 
gas d i s c . ) 

Begumganj-2 

(onshore 

dry hole) 

Ti tas-2 

(onshore 

gas wel l ) 

BODC-2 

(o f fshore 

dry hole) 

Location Depth range Total 

of samples no. of 
(meter) samples 

Lat . 22° 56 ' 24"N 500-4530 33 
Long. 90° 29 ' 1 6 "E 

L a t . 2 2° 5 5 ' 2 0 " N 4491 -4550 2 

Long.90° 28 ' 29 "E 

Lat. 22° 59 ' 1 7"N 1203-3656 1 5 
Long. 91° 1 0 ' 03"E 

Lat . 23° 01 ' 00 "N 3028-3567 6 
Long. 91° 08 ' 50 "E 

Lat .24° 0 0 ' 20 "N 2646-2978 22 

Long. 91° 07 ' 1 4 "E 

Lat. 20° 35 ' 43"N 31 10-4420 12 
Long. 91° 47 ' 55"E 
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FIG. 1.3 S A M P L E LOCATIONS IN THE W E L L S . 
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FIG 1.3. (Continued.) 
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and the S u r m a G r o u p s of N e o g e n e a g e ( F i g . 1 « 3 ) « No 

e q u i v a l e n t s t r a t i g r a p h y h a s b e e n e s t a b l i s h e d i n the 

of fshore well and the samples can only be r e f e r r e d to as 

" N e o g e n e " . S t u d y of the Surma Group has been emphasised 

because of the greater a v a i l a b i l i t y of s a m p l e s from t h a t 

uni t . 

The s a m p l e s were c o l l e c t e d as a r e s u l t of an agreement 

with P e t r o b a n g l a , the N a t i o n a l O i l Company of B a n g l a d e s h , 

a c c o r d i n g to w h i c h the a u t h o r went to Dhaka ( f o r m e r l y 

spel led Dacca) at the beginning of t h i s r e s e a r c h p r o j e c t 

(December 1 9 7 9 ) • S e l e c t i o n of the wel ls from which samples 

c o u l d be c o l l e c t e d , d e p e n d e d on the m a t e r i a l t h a t the 

company would agree to r e l e a s e . The sampling was made with 

the aim of covering as much of the depth range as p o s s i b l e 

in a p a r t i c u l a r w e l l . However, the d i s t r i b u t i o n of samples 

was dependent on the depths of the c o r e s / r o c k c u t t i n g s , as 

well as the ir a v a i l a b i l i t y for the present study . For this 

r e a s o n , f o r e x a m p l e , only a very smal l d e p t h i n t e r v a l 

c o u l d be s a m p l e d f r o m the T i t a s - 2 w e l l ( F i g . 1 . 3 ) « A 

d e t a i l e d d e s c r i p t i o n of each of t h e s a m p l e s h a s b e e n 

i n c l u d e d i n the a p p e n d i x . No w i r e l i n e logs were a v a i l a b l e 

for this study and l i t h o l o g i c logs of the w e l l s were made 

a v a i l a b l e for c o n s u l t a t i o n only in the Dhaka o f f i c e of the 

oil company provid ing the samples . 

T h e a u t h o r a l s o m a d e a f i e l d t r i p w i t h a t e a m of 

g e o l o g i s t s from P e t r o b a n g l a to the n o r t h e a s t e r n S y l h e t 

d i s t r i c t of B a n g l a d e s h , in o r d e r to c o l l e c t a d d i t i o n a l 

samples of Neogene rocks , exposed along the a n t i c l i n e s of 

the folded b e l t . But the ir use was l a t e r abandoned because 

the intense weathering has made the rocks u n s u i t a b l e for a 

s t u d y of d i a g e n e s i s . The author also made a short t r i p to 

the headquarters of the O i l and Natural Gas C o m m i s s i o n of 

I n d i a at D e h r a D u n , I n d i a , to explore the p o s s i b i l i t y of 

o b t a i n i n g i n f o r m a t i o n on r e l e v a n t r e s e a r c h works in the 

I n d i a n part of the Bengal B a s i n . 
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CHAPTER 2 

GENERAL GEOLOGY OF BENGAL BASIN 

2.1 INTRODUCTION 

The Bengal B a s i n is s i t u a t e d at the northeastern part of 

the I n d i a n s u b c o n t i n e n t w i t h most of i t o c c u p i e d by 

Bangladesh , whilst the rest of it l ies in the Indian state 

of West B e n g a l to the west and Tr ipura and Assam to the 

east ( F i g . 2 .1 and 2 . 2 ) . The Basin is bordered to the west 

by the P e n i n s u l a r S h i e l d of I n d i a c o n s i s t i n g of an 

A r c h a e a n basement complex w ith small a r e a s of Gondwana 

sediments in intracratonic basins plus a few e x p o s u r e s of 

Upper M e s o z o i c v o l c a n i c s ( F i g . 2 . 2 ) . To the n o r t h , the 

Basin is b o r d e r e d by the S h i l l o n g M a s s i f , a p p a r e n t l y a 

northeasterly continuation of the Archaean basement of the 

Peninsular Shield through the so-called Garo-Rajmahal Gap. 

The eastern boundary is marked by the Naga-Lushai orogenic 

b e l t which c o n s i s t s c h i e f l y of a zone of h i g h l y folded 

Tertiary and possibly Cretaceous deposits , bordered to the 

northwest by a complex zone of thrust f a u l t s . Although the 

southern boundary has not been d e l i n e a t e d , the b a s i n is 

b e l i e v e d to be open to the Bay of Bengal (Sengupta 1 9 6 6 ) . 

The t o t a l t h i c k n e s s of s e d i m e n t s in the B e n g a l B a s i n 

exceeds 1 6 , 0 0 0 m with the Neogene exceeding 5 »000 m around 

the c e n t e r of the b a s i n ( P a u l and L ian 1975)- The Basin 

represents a unique combination of a labi le environment in 

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

c o n c u r r e n t development of a megadelta p a r a l l e l to the 

north south axis of the trough (Brunschweil ler 1 9 8 0 ) . 
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FIG 2.2 BENGAL BASIN AND ADJACENT AREAS 
t After Sengupta '66) 
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2 . 2 PHYSIOGRAPHIC FEATURES 

Except for the Tertiary h i l l ranges in the eastern part of 

the basin and a few Ple istocene terraces , almost the whole 

of the Bengal Basin is occupied by the recent a l l u v i a l and 

d e l t a i c f l o o d p l a i n of the Ganges - B r a h m a p u t r a r i v e r 

system ( F i g . 2 . 3 ) . The Ganges and the Brahmaputra r i v e r s , 

d r a i n i n g the south and the north s i d e of the H i m a l a y a 

respect ive ly , together have the highest suspended sediment 

l o a d c a r r i e d to the sea of a l l modern r i v e r systems 

(Curray and Moore 1 9 7 1 ) . This r iver system t o g e t h e r with 

i t s numerous t r i b u t a r i e s and d i s t r i b u t a r i e s has built up 

the l a r g e s t d e l t a complex in the world - the G a n g e s -

Brahmaputra delta (Coleman 1 9 6 9 ) . Part of the sedimentary 

load arrived to the sea by the Ganges - Brahmaputra r i v e r 

s y s t e m passed via the " S w a t c h of no g r o u n d " submarine 

canyon into the deeper part of the Bay of Bengal where it 

f o r m s a v a s t d e e p sea f a n c o m p l e x . Both the d e l t a i c 

p l a t f o r m and the d e e p sea f a n c o m p l e x r e p r e s e n t the 

l a r g e s t such d e p o s i t i o n a l f e a t u r e s of t h e i r kind today 

(Graham et a l , 1 9 7 5 ) . 

2 . 2 . 1 Recent f l u v i a l and de lta ic plain ( F i g . 2 . 3 ) : 

The combined recent a l l u v i a l and d e l t a i c f l o o d p l a i n of 

the G a n g e s - B r a h m a p u t r a r i v e r system covers more than 

1 2 9 , 5 0 0 sq. km and is the l a r g e s t s u r f a c e p h y s i o g r a p h i c 

u n i t in the Bengal Bas in . The braided a l l u v i a l valleys of 

the Ganges and the B r a h m a p u t r a , f l a n k e d by Recent f l o o d 

p l a i n s on e i t h e r s i d e , merge southward with the complex 

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

c h a n n e l s and stream s c a r s . Numerous low , swampy a r e a s 

occur in the topographic depressions of the d e l t a i c f l o o d 

plain area . A high t idal range in the Bay of Bengal (10 ft 

as c o m p a r e d to 2 ft in M i s s i s s i p p i d e l t a ) r e s u l t s in 

s t r o n g t i d a l c u r r e n t s and c r e a t e s a network of d e e p l y 

scoured interconnecting channels and a broad tidal p la in 

1 0 
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in the c o a s t a l area (Morgan 1 9 7 0 ) . The t i d a l p l a i n is 

characterised by an extensive dense mangrove forest cover. 

The Ganges - Brahmaputra deltaic region is a c o n t i n u o u s l y 

r a p i d l y s u b s i d i n g a r e a and many i n s t a n c e s of r a p i d 

subsidence in the Recent deltaic plain deposits have been 

recorded in the l i terature (Morgan and Mclntire 1 9 5 9 ) . 

2 . 2 . 2 Pleistocene terraces ( F i g . 2 . 3 ) : 

A few P l e i s t o c e n e t e r r a c e s , readily d i st ingu ishable from 

the adjacent Recent flood plain by their h igher e l e v a t i o n 

(6 m to maximum of 30 m above sea level ) are present . The 

sediments composing the terraces are believed to have been 

d e p o s i t e d as f lood p l a i n d e p o s i t s of e a r l i e r G a n g e s -

B r a h m a p u t r a r i v e r systems and were l a t e r t e c t o n i c a l l y 

upl i f ted (Morgan and Mclntire 1 9 5 9 ) . 

2 . 2 . 3 The Eastern Tertiary H i l l range ( F i g . 2 . 3 ) : 

To the east of the Bengal d e l t a i c p l a i n and e x t e n d i n g 

s o u t h i n t o the C h i t t a g o n g and C h i t t a g o n g H i l l t r a c t 

d i s t r i c t s rises the h i l l ranges regarded as the f r o n t a l 

p a r t of the f o l d e d b e l t of the Bengal B a s i n . The h i l l 

ranges are long, narrow, subparallel with a subme r i d i o n a 1 

trend, are separated by low v a l l e y s ; they consist of Upper 

T e r t i a r y rocks which have been f o l d e d into a s e r i e s of 

a n t i c l i n e s and s y n c l i n e s in an en e c h e l o n p a t t e r n . The 

e l e v a t i o n of the h i l l ranges generally increases towards 

the east with i n c r e a s i n g i n t e n s i t y of the f o l d i n g , the 

maximum elevation being almost 1 , 0 0 0 m in Bangladesh . 

2 . 2 . 4 Bengal deep sea fan ( F i g . 2 . 4 ) : 

The Bengal deep sea fan extends south about 3 , 0 0 0 km from 

the c o n t i n e n t a l s h e l f break and has a w idth e x c e e d i n g 

1 , 0 0 0 km ; the thickness of sediments over most of the fan 

exceeds 3000 m with a maximum of over 1 5 , 0 0 0 m beneath the 
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Fig. 2 .4 Present topography and channel system of 
Bengal deep sea fan in the Bay of Bengal. 
Fan valleys are indicated by dotted lines. 
(After Curray and Moore 1971) . 
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d e l t a - f a n inter face (Curray and Moore 1974 ; Graham et a l . 

1 9 7 5 ) . The surface of the fan is controlled by a system of 

turbidity current submarine channels spreading mostly from 

the "Swatch of No Ground" submarine canyon at the head of 

B a y of B e n g a l . The s u r f a c e m o r p h o l o g y , g e o l o g i c a l 

s t r u c t u r e s , s t r a t i g r a p h y and g e o l o g i c a l h i s t o r y of the 

Bengal deep sea fan complex have been studied since 1968 

and are w e l l documented in the l i t e r a t u r e ( C u r r a y and 

Moore 1 9 7 1 ; Curray and Moore 1 9 7 4 ; Graham et a l . 1975 ; 

Moore et a l . 1974 ; Curray et a l . 1 9 8 2 ) . 

2 . 3 TECTONIC FRAMEWORK 

2 . 3 . 1 INTRODUCTION 

T e c t o n i c a l l y , the Bengal Basin can be broadly divided into 

two parts ( F i g . 2 . 5 ) . These are ( l ) The s t a b l e s h e l f in 

the n o r t h and n o r t h w e s t , c h a r a c t e r i s e d by c o m p a r a t i v e 

tectonic s t a b i l i t y and reduced s e d i m e n t a r y s e c t i o n s and 

( 2 ) The B e n g a l f o r e d e e p i n the s o u t h and s o u t h e a s t , 

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

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

s e p a r a t e d by a " h i n g e z o n e " r u n n i n g in a n o r t h e a s t -

southwest d i r e c t i o n through the middle of the bas in . The 

structural and tectonic conf igurat ion of the Bengal B a s i n 

a r e a h a v e been d e s c r i b e d by B a k h t i n e ( 1 9 6 6 ) , S e n g u p t a 

( 1 9 6 6 ) , Raju ( 1 9 6 8 ) , and Alam ( 1 9 7 2 ) . 

2 . 3 . 2 STABLE SHELF 

Bordered to the west by the Pre—Cambrian I n d i a n S h i e l d , 

the s t a b l e shelf occupies most of West Bengal ( I n d i a ) and 

the northwestern part of Bangladesh and is c h a r a c t e r i s e d 

by a s h a l l o w basement surface which dips gently southeast 

under the increasingly thick cover of sediments . S e n g u p t a 

( 1 9 6 6 ) recorded an uniform increase of sediment thickness 
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FIG 2.5 MAJOR TECTONIC ELEMENTS IN THE BENGAL BASIN 

FIG 2.6 BASEMENT CONFIGURATION OF THE BENGAL BASIN 

Depths in feet (After Sengupta, 1966) 
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from 915 m ( 3 , 0 0 0 f t ) at the n o r t h w e s t e r n end to about 

8 , 2 3 5 m ( 2 7 , 0 0 0 f t ) at the southeastern edge of the s h e l f 

where it meets the hinge zone ( F i g . 2 . 6 ) . Except for a few 

normal f a u l t s the s h e l f area is s t r u c t u r a l l y r e l a t i v e l y 

u n d i s t u r b e d . A very g e n t l e d i p , about 1 d e g r e e in the 

w e s t , i n c r e a s i n g to a b o u t 3-5 d e g r e e s t o w a r d s the 

southeast , is indicated by the ' D ' re f lector , i . e . the top 

of S y l h e t l i m e s t o n e un it of E o c e n e age w h i c h f o r m s a 

s e i s m i c marker h o r i z o n throughout the s h e l f a r e a . The 

southeastern boundary of the stable shelf is marked at the 

hinge zone by a sudden flexure of the 'D ' r e f l e c t o r ( F i g . 

2 . 7 ) . In the Bangladesh part of the Bengal Bas in , the area 

n o r t h w e s t of the hinge zone is regarded as a Pre-Cambrian 

platform and is divided into three parts ( B a k h t i n e 1 9 6 6 ) . 

A s h a l l o w e s t c e n t r a l part , the Rangpur saddle is flanked 

to the n o r t h w e s t and s o u t h e a s t by the Ruhea s l o p e and 

Bogra slope respectively ( F i g . 2 . 8 ) . The Bogra slope lying 

i m m e d i a t e l y northwest of hinge zone represents the stable 

shelf area in Bangladesh and is essent ial ly a northeastern 

continuation of the West Bengal s h e l f . The Rangpur s a d d l e 

i s , in f a c t , a s h a l l o w l y b u r i e d basement ridge which is 

contiguous with the S h i l l o n g S h i e l d to the east and the 

I n d i a n P e n i n s u l a r S h i e l d to the w e s t ; the s e d i m e n t a r y 

cover of the basement is only about 122 - 1 50 m t h i c k in 

p l a c e s . The Ruhea s lope represents the area northwest of 

the Rangpur S a d d l e and is c h a r a c t e r i z e d by g e n t l e NW 

plunge of the basement towards the Sub-Himalayan foredeep . 

2 . 3 . 3 HINGE ZONE 

The southeastern limit of Bengal shelf is marked by a zone 

of f l e x u r e of the ° D ' r e f l e c t o r h o r i z o n ( t o p of Eocene 

S y l h e t L i m e s t o n e u n i t , F i g . 2 . 7 ) . T h i s t r e n d s 
o 

a p p r o x i m a t e l y N 30 E and coincide with the NE-SW trending 

Calcutta-Myumensigh gravity high - an important t e c t o n i c 

l i n e a m e n t i n the B e n g a l B a s i n . The f l e x u r e in the 

sediments is believed to be the shallower expression of a 
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FIG. 2.7 GEOPHYSICAL CROSS SECTION SHOWING THE 'D' REFLECTOR 
(Sylhet Lst fm) .BENGAL BASIN. For line of cross section (A-Alsee fig.2.5 

(Based on Sengupta 1966) 
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deep zone of basement adjustment, possibly the result of a 

deep seated basement f a u l t , between the s t a b l e s h e l f to 

the northwest and the geosynclinal trough to the southeast 

( R a j u 1 9 6 8 ) . In the s h a l l o w e r subsurface levels of this 

hinge zone, Sengupta ( 1966 ) reported an i n c r e a s e d dip in 

the D r e f l e c t o r , which is 14 times the dip in the shelf 

area in West B e n g a l . S i m i l a r l y a 30 km w i d e z o n e of 

i n c r e a s e d b a s i n w a r d dip is r e p o r t e d in the ' D ' seismic 

ref lector in Bangladesh ( B r u n s c h w e i 1 1 e r and Khan 1 9 7 8 ) . 

R e g i o n a l l y the h i n g e z o n e i s s e e n to c o n t i n u e from 

Calcutta in a n o r t h e a s t e r l y d i r e c t i o n to Mymensingh and 

according to Evans ( 1 9 6 4 ) extends further northeast across 

the Dauki fault to Naga thrust in Assam ( F i g . 2 . 5 ) . 

2 . 3 . 4 BENGAL FOREDEEP 

The area to the east and s o u t h e a s t of the hinge zone is 

the deeper part of the b a s i n and is r e f e r r e d to as the 

f o r e d e e p or the g e o s y n c l i n a l part of Bengal B a s i n . The 

area is c h a r a c t e r i s e d by a g r e a t e r rate of s u b s i d e n c e 

result ing in greater thicknesses of sediment ( i n excess of 

8 , 2 3 5 m ) . The maximum sediment thickness in the foredeep 

area is more than 1 6 , 0 0 0 m beneath the c o n t i n e n t a l s h e l f 

of Bangladesh (Moore et a l . 1 9 7 4 ) . The eastern boundary of 

the Bengal foredeep with the Naga-Lushai orogenic belt is 

beyond the eastern border of Bangladesh . A t h i c k sequence 

of T e r t i a r y s a n d y - a r g i 1 1 a c e o u s sediments constitutes the 

major part of the sedimentary i n f i l l in the foredeep area . 

Structural ly the Bengal foredeep is divided into two parts 

( F i g . 2 . 8 ) as ( a ) Western platform f lank and ( b ) E a s t e r n 

folded flank (Bakhtine 1 9 6 6 ) . 

( a ) Platform flank of the foredeep 

The W e s t e r n part of the Bengal foredeep constitutes the 

platform flank and is c h a r a c t e r i z e d by s imple s t r u c t u r e s 

of platform types . It d i f f e r s sharply from the eastern 
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f o l d e d f l a n k of the foredeep. The di f ference is ref lected 

in g r a v i t y anomaly v a l u e s : small a m p l i t u d e i s o m e t r i c 

a n o m a l i e s c h a r a c t e r i z e the platform flank , whereas large 

a m p l i t u d e and 1 i n e a r - e 1 o n g a t e d a n o m a l i e s d o m i n a t e the 

f o l d e d f l a n k . The s t r u c t u r e on the p l a t f o r m f l a n k are 

broad , gentle and simple, and are mostly concealed beneath 

the f l a t s u r f a c e p l a i n s . G e o p h y s i c a l s t u d i e s in the 

platform flank indicate a basement topography with several 

h i g h s and l o w s ; it can a c c o r d i n g l y be s u b d i v i d e d into 

several subunits i . e . , the F a r i d p u r t r o u g h , the B a r i s a l 

h i g h , the S y l h e t trough (Surma B a s i n ) , the Hatiya trough 

e t c . (Bakhtine 1966 ) ( F i g . 2 . 8 ) . The troughs correspond to 

the g r a v i t y m i n i m a and h a v e c o m p a r a t i v e l y g r e a t e r 

t h i c k n e s s of s e d i m e n t . The maximum sediment i n f i l l of 

B e n g a l B a s i n is recorded in the H a t i y a t r o u g h and i s 

mainly a sand-shale sequence of Tertiary age . 

( b ) Folded flank of the foredeep: 

The eastern part of the foredeep comprises the folded belt 

of the B a s i n . Here the Upper Tertiary sandy-argillaceous 

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

s u bm e r i d i o n a l a n t i c l i n e s and synclines represented in the 

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

i n t e r v e n i n g valleys r e s p e c t i v e l y . Most of the hydrocarbon 

d i scover ies in Bengal Basin are situated in this b e l t . The 

f o l d e d s t r u c t u r e s a r e c h a r a c t e r i z e d by e n - e c h e l o n 

o r i e n t a t i o n s w i t h an i n c r e a s i n g degree of intens ity and 

complexity toward the east . Accordingly , the f o l d e d f l a n k 

i s d i v i d e d from w e s t to east into three p a r a l l e l N-S 

t r e n d i n g z o n e s as f o l l o w s : ( a ) The W e s t e r n Z o n e 

c h a r a c t e r i z e d by s i m p l e b o x - l i k e or s i m i l a r s h a p e d 

a n t i c l i n e s with steep flanks and g e n t l e c r e s t s s e p a r a t e d 

by g e n t l e s y n c l i n e s . ( b ) The M i d d l e Zone - w i t h more 

compressed s t r u c t u r e s w i t h r i d g e l i k e and a s y m m e t r i c 

a n t i c l i n e s frequently associated with faults and separated 

by narrow s y n c l i n e s . ( c ) The E a s t e r n zone - with highly 

22 



disturbed narrow a n t i c l i n e s with steep d i p p i n g f l a n k s and 

mostly a s s o c i a t e d with thrust f a u l t s . 

2 . 4 STRATIGRAPHY 

2 . 4 . 1 INTRODUCTION 

The B e n g a l B a s i n i s c h a r a c t e r i s e d by the presence of one 

of the t h i c k e s t s e d i m e n t a r y s e q u e n c e s i n t h e w o r l d , 

e x c e e d i n g 1 6 , 0 0 0 m in the deepest part of the foredeep or 

g e o s y n c l i n a l a r e a . The isopach map ( F i g . 2 . 1 ) shows t h a t 

t h e g r e a t e s t t h i c k n e s s , e x c e e d i n g 1 0 , 0 0 0 m , t r e n d s 

northeast from northern end of Bay of B e n g a l t o w a r d s the 

Assam v a l l e y . This trend is approximately p a r a l l e l to the 

paleo-continental s l o p e , represented by the h i n g e l i n e of 

Evans (Curray et a l . 1 9 8 2 ) . To the northwest of this hinge 

l i n e the r e l a t i v e l y t h i n sedimentary cover of the stable 

s h e l f is u n d e r l a i n by c o n t i n e n t a l c r u s t , w h e r e a s to the 

s o u t h e a s t , the huge sedimentary i n f i l l of the g e o s y n c l i n a l 

a r e a i s b e l i e v e d to be u n d e r l a i n by oceanic crust (Paul 

and Lian 1 9 7 5 ; Curray et a l . 1 9 8 2 ) ( F i g . 2 . 1 1 ) . The h i n g e 

zone or pa 1 e o c 0 n t i n e n t a 1 slope presumably represents the 

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

northwest and the oceanic crust to the s o u t h e a s t . 

E x c e p t f o r the e a s t e r n f o l d e d b e l t w h e r e t h e U p p e r 

T e r t i a r y sediments are e x p r e s s e d in the long a n t i c l i n a l 

h i l l ranges and the few exposures of Cretaceous - T e r t i a r y 

rock along the narrow s h e l f f r i n g i n g the Southern S h i l l o n g 

p l a t e a u , the w h o l e of B e n g a l B a s i n is concealed beneath 

Q u a t e r n a r y a l l u v i u m ( F i g . 2 . 9 ) . As a r e s u l t , t h e 

s t r a t i g r a p h i c s u b d i v i s i o n of t h e r o c k s e q u e n c e are 

p r i m a r i l y based on the in formation gained from s u b s u r f a c e 

d r i l l i n g . I n the s t a b l e s h e l f a r e a , sediments ranging in 

age from Permian to Recent are found above the 
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TABLE 2.1 : STRATIGRAPHIC SUCCESSION IN BANGLADESH. 

S T A B L E S H E L F G E O S Y N C L I N E L I T H O L O G Y E N V . O F 
D E P O S I T . 

R 
E 
C 
E 
N 
T 

T 
0 

0 
L 
I 
G 
0 
C 
E 
N 
E 

B e n g a l A l l u v i u m 

D i h i n g g r o u p 
(2 0 0 ) 

11 m r n w 

S a n d , s i 1 1 & g r v l 

P e b b l y s s t , c l a y . 

F l u v i a l . 

F l u v i a l 

R 
E 
C 
E 
N 
T 

T 
0 

0 
L 
I 
G 
0 
C 
E 
N 
E 

, . , . . , . U IN L U IN 
T D u p i t i l a s s t f m 
i 
P 
a G i r u j a n c l a y fm 
m 

T i p a m g r . 
( 3 0 0 ) S T 1 p a m s s t f m 

r 
( 2 5 0 0 ) 

s 
u B o k a b i l f m 
r ( 1 3 0 0 ) 

S u r m a g r . m 
( 4 0 0 ) a B h u b a n f m 

g r . ( 4 0 0 0 ) 
( 5 3 0 0 ) 

C r s . f e r r g . s s t . 
w i t h t h i n p e b l . b e d 

M o t t l . c l a y w i t h 
s u b . s s t . & s i l t 

C r s . , f e r r g . s s t . 
s u b . s h a l e . 

S s t , s h & s i l t . 

Ss t , s h , & s i l t . 

F l u v i a l 

L a c u s t . 

F l u v i a l 

D e l t a i c 

D e l t a i c 

R 
E 
C 
E 
N 
T 

T 
0 

0 
L 
I 
G 
0 
C 
E 
N 
E 

UNCON 
B a r a i l g r B a r a i l g r 

( 1 6 0 ) ( 3 3 5 0 ) 
M ki r n m 

S h . s s t , s i l t . D e l t a i c 
- m a r i n e 

E 
0 
C 
E 
N 
E 

UNLUN 

K o p i l i f m Disang 
J a i n t i a g r . S y l h e t 1 s t f m Sh. 

( 7 2 0 ) T u r a s s t f m eqv. 

^ i no r n n 

S h . m i n o r s s t . 
L s t . m i n o r s s t . 
S s t , m i n o r c o a l 

M a r i n e 
M a r i n e 
Ma r i n e 

C.RET 

JUR 

U IN L U N 

S i b g a n j t r a p w a s h f m 

* 2 3 0 ) UMCON 

C r s . S s t , v o l e , c l a y . L a c u s t . C.RET 

JUR 
R a i m a h a l t r a p f m 

(610) 
B a s a l t , a n d e s i t e & 
s e r p e n t i n i z e d s h . 

F i s s . 
e r u p t . 

P 
E 
R 
M 
I 
A 
N 

• UNLUN 

G o n d w a n a g r . 
(1023) 

UMrnM 

S s t w i t h s h & c o a l 

S s t , w i t h s h & c o a l 
F l u v i a 1— 
L a c u s t . 

P 
R 
E~ 
C 
A 
M 

A r c h a e a n B a s e m e n t . G n e i s s <5 S c h i s t . 

UNCON = Unconformity. ( THICKNESS) in meter. 
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Pre-Cambrian basement . H o w e v e r , in the Bengal f o r e d e e p , 

deep d r i l l i n g has reached no sediments older than latest 

Ol igocene : in the c e n t r a l part of the f o r e d e e p area the 

deepest well dr i l led so far (Muladi-1 4732 m ) bottomed in 

the Upper Miocene. 

Lack of co-ordination between the geological i n s t i t u t i o n s 

of B a n g l a d e s h and West Bengal ( I n d i a ) has led to there 

b e i n g no u n i f i e d s t r a t i g r a p h i c a 1 c l a s s i f i c a t i o n for the 

whole of the Bengal Basin . The following d e s c r i p t i o n s are 

based on the nomenclature adopted in Bangladesh (Table 1 ) . 

2 . 4 . 2 PRE-TERTIARY STRATIGRAPHY 

( a ) Gondwana Group: ( Permian ) : 

Th ick c o n t i n e n t a l Gondwana sediments of Permian age were 

deposited in isolated grabens on the Archaean c r y s t a l l i n e 

basement in the s t a b l e s h e l f a r e a . They are the oldest 

s e d i m e n t s in B a n g l a d e s h , and c o n s i s t of c r o s s - b e d d e d 

a r k o s i c s a n d s t o n e , conglomerates and carbonaceous shales 

which are l o c a l l y coal b e a r i n g . T h e s e s e d i m e n t s w e r e 

d e p o s i t e d e s s e n t i a l l y under t e r r e s t r i a l , f l u v i a t i l e to 

lacustrine environments in a humid c l i m a t e (Khan 1 9 8 0 ) . 

Two formations are d i s t i n g u i s h e d : a lower Kuchma formation 

main ly of c o a r s e s a n d s t o n e with t h i c k coal seams and an 

Upper Paharpur format ion which c o n s i s t s of f a l s e bedded 

f e l d s p a t h i c s a n d s t o n e , c o n g l o m e r a t e , carbonaceous shale 

and coal . I n i t i a l l y the Gondwana b a s i n s might have been 

l a r g e r and o n l y the p a r t s down thrown by s u b s e q u e n t 

fault ing have been preserved . 

(b ) Rajmahal Trap : (Upper Jurassic - Lower Cretaceous ) : 

A thick sequence of basic to intermediate lavas i n c l u d i n g 

b a s a l t , do ler i te and andesite accumulated unconformably on 

the Gondwana s e d i m e n t s or on the A r c h a e a n c r y s t a l l i n e 
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b a s e m e n t . Th is is the Rajmahal T r a p , named a f t e r the 

Rajmahal H i l l s of West Bengal ( I n d i a ) where 550 m of these 

v o l c a n i c rocks are exposed . On the Bangladesh s h e l f , the 

Ra jmahal Trap is r e p r e s e n t e d by 610 m of a m y g d a l o i d a l 

b a s a l t , a n d e s i t e , s e r p e n t i n i z e d shale and agglomerate in 

the subsurface (Khan 1 9 8 0 ) . The Rajmahal trap r e p r e s e n t s 

subaqueous f issure eruptions through faulted and fractured 

zones in the basement. ( B a n e r j i , 1 9 8 1 ) . 

( c ) Sibganj Trapwash Formation (Mid-Upper Cretaceous) 

T h i s f o r m a t i o n , c o n s i s t i n g of c o a r s e , y e l l o w brown 

s a n d s t o n e , v o l c a n i c s and w h i t e c l a y , u n c o n f o r m a b 1 y 

o v e r l i e s the e r o s i o n a l s u r f a c e of the Rajmahal Trap. It 

represents trapwash sediments laid down sporadically under 

continental fresh water and lacustrine environment. 

2 . 4 . 3 TERTIARY TO RECENT STRATIGRAPHY 

The Tertiary deposits of the Bengal Basin probably exceed 

1 6 , 0 0 0 m with the Neogene more than 5 , 0 0 0 m thick along 

the center of the Bengal f o r e d e e p ( P a u l and L i a n 1 9 7 5 ) , 

( F i g . 2 . 1 0 and 2 . 1 1 ) . Except for the Eocene shelf facies 

( J a i n t i a g r o u p ) which r e p r e s e n t s the l a s t p h a s e of a 

t o t a l l y marine regime in the Bengal Bas in , the Tertiary 

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

( e x c l u d i n g p o l l e n and s p o r e s ) which could he used for 

s t r a t i g r a p h i c s u b - d i v i s i o n and r e c o g n i t i o n . The t h i c k 

a r e n a c e o u s and a r g i l l a c e o u s s e q u e n c e , r e p r e s e n t s a 

predominantly regressive marine deltaic ep isode . 

S t r a t i g r a p h i c a l l y the huge post-Eocene sedimentary i n f i l l 

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

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

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

c o n t i n u i t y . F r e q u e n t f a c i e s changes are the rule rather 

than the exception . Also the sequence suf fers from being a 
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r e p e t i t i o n of a l i m i t e d number of rock types - s h a l e , 

s a n d s t o n e and s i l t s t o n e with few conglomerates , totally 

lacking any marker horizon . Stratigraphic s u b - d i v i s i o n of 

s u c h a s e q u e n c e i s u n l i k e l y to be s i m p l e , but in 

Bangladesh, the T e r t i a r y s t r a t i g r a p h y has s u f f e r e d from 

o v e r s i m p l i f i c a t i o n and too much g e n e r a l i z a t i o n (Khan 

1 9 8 0 ) . T r a d i t i o n a l l y , the s u b - d i v i s i o n and n o m e n c l a t u r e 

used here are a straight transcript of the Assam Tertiary 

that was establ ished by Evans ( 1 9 3 2 ) and later modified by 

Mathur and Evans ( 1 9 6 4 ) . The c l a s s i f i c a t i o n in Assam is 

based purely on l ithology because of the lack of f o s s i l s ; 

and has proved to be d i f f i c u l t to extend l a t e r a l l y due to 

l a c k of l i t h o l o g i c a l c o n t i n u i t y , and the monotonous 

repet i t ion of l imited rock types that is s a n d s t o n e , s h a l e 

and s i l t s t o n e (Mathur and Evans 1 9 6 4 ) . The appl icat ion of 

this stratigraphy to the n o r t h e a s t e r n part of B a n g l a d e s h 

( S y l h e t trough and s u r r o u n d i n g s ) is probably reasonable 

but its extension into the c o a s t a l reg ion of the Bengal 

B a s i n is u n r e l i a b l e , a l t h o u g h w i d e l y used (Khan 1 9 8 0 ) . 

A lso the d i a c h r o n o u s n a t u r e of the same l i t h o l o g i e s 

between Assam and the Bangladesh was not recognized in the 

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

( F i g . 2 . 1 2 A ) . In the West Bengal ( I n d i a ) part of B e n g a l 

B a s i n , a s e p a r a t e s t r a t i g r a p h i c c l a s s i f i c a t i o n of the 

Tertiary has been established (Biswas 1959 , 1 9 6 3 ) . 

B r un s c h w e i 1 1 e r ( 1 9 8 0 ) r e i n t e r p r e t e d the t r a d i t i o n a l 

s t r a t i g r a p h y i n B a n g l a d e s h and e s t a b l i s h e d the new 

c h r o n o - 1 i t h o s t r a t i g r a p h i c s u b d i v i s i o n s c o r r e l a t e d from 

A s s a m to the B e n g a l B a s i n ( F i g . 2 . 1 2 B ) . A sequence of 

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

t h e 0 1 i g o - M i o c e n e in Assam and e x t e n d up i n t o the 

Q u a t e r n a r y in the Bay of B e n g a l . Th is is a r e g r e s s i v e 

s e q u e n c e r e s u l t i n g from a delta prograding from northeast 

to southwest . I t c o n s i s t s of a s a n d - s h a l e a s s o c i a t i o n 

( B a r a i l gr. and Surma g r . ) of deltaic-coastal marine 
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Fig. 2.12A Traditional interpretation of Assam-Bengal Basin Stratigraphy 
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Fig. 2.12B Reinterpretation of traditional stratigraphy of Assam-Bengal 
Basin (Post Eocene) . (After Brunschweiler 1980). 
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FIG2.12C LOCATION MAP FOR FIG 2.12A & 2.12B 
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e n v i r o n m e n t at t h e b o t t o m , p a s s i n g u p w a r d to a 

p r e d o m i n a n t l y sandy f a c i e s (T ipam g r . ) of t e r r e s t r i a l 

environment at the top. 

2 . 4 . 3 . 1 . PALEOGENE. 

( a ) J a int ia Group/Disang Group (Eocene) 

D u r i n g the Eocene two d i s t i n c t f a c i e s were deposited on 

the shelf and in the geosynclinal part of Bengal B a s i n . On 

the foreland s h e l f , represented by Ja int ia group, there is 

a s a n d s t o n e - l i m e s t o n e - s h a l e s e q u e n c e , w h i c h is 

e n c o u n t e r e d in the s u b s u r f a c e throughout the shelf area 

( F i g . 2 . 1 1 ) . Although no rocks of equivalent age have been 

r e a c h e d in the s u b s u r f a c e of B e n g a l f o r e d e e p , s e i s m i c 

evidence suggests that t h i s sequence changes a c r o s s the 

h i n g e zone into a p r e d o m i n a n t l y sha ly f a c i e s (Sengupta 

1966 ) r e f e r r e d to as the D i s a n g Group e q u i v a l e n t ( F i g . 

2 . 1 1 ) . The Ja int ia group can be divided from bottom upward 

i n t o t h r e e f o r m a t i o n s : Tura s a n d s t o n e f o r m a t i o n , the 

Sylhet limestone formation and the Kopi l l i formation. 

The Tura sandstone formation is of early Eocene a g e . Th is 

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

subordinate shale and marl . The sandstones are r e l a t i v e l y 

c lean , mature, well sorted and medium to fine g r a i n e d . The 

formation was deposited in shallow marine condit ions . 

The Sylhet limestone formation is of Middle Eocene age . It 

c o n s i s t s e s s e n t i a l l y of n u m m u l i t i c l i m e s t o n e w i t h 

s u b o r d i n a t e s h a l e and t h i n l a y e r s of s a n d s t o n e . The 

limestone is highly f o s s i l i f e r o u s , grey, massive and hard . 

The s h a l e s a r e c a l c a r e o u s , m o d e r a t e l y h a r d , and the 

sandstones are f i n e to very f i n e g r a i n e d , g l a u c o n i t i c , 

c a l c a r e o u s a r e n i t e s . The Sylhet limestone formation forms 

a marker h o r i z o n in the s u b s u r f a c e through the B e n g a l 

s h e l f and i t s top is i d e n t i f i e d with the ' D ' r e f l e c t o r 
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horizon in the seismic section ( F i g . 2 . 7 ) . The f o r m a t i o n 

was d e p o s i t e d in a s h a l l o w , open m a r i n e warm w a t e r 

envi ronraent. 

The K o p i l l i formation is of late Eocene age . The formation 

is composed of p r e d o m i n a n t l y of shale with s u b o r d i n a t e 

s a n d s t o n e and a few marl streaks . The shales are grey to 

d a r k g r e y , f o s s i 1 i f e r o u s , s l i g h t l y c a l c a r e o u s a n d 

m o d e r a t e l y h a r d . The s a n d s t o n e s are calcareous , f ine to 

very fine grained a r e n i t e s . The formation was deposited in 

a marine environment and the top marks the end of the 

w h o l l y marine phase of sedimentation on the Bengal shelf 

(Bane rj i 1 9 8 1 ) . 

( b ) Barail group: (O l igocene ) 

The name of the group was taken from the B a r a i l Range in 

A s s a m , s k i r t i n g the s o u t h e a s t e r n margin of S h i l l o n g 

plateau and formed p r e d o m i n a n t l y of a r e n a c e o u s rocks to 

which Evans ( 1 9 3 2 ) a p p l i e d the term " B a r a i l S e r i e s " . In 

the type local i ty in Assam the group is divided into upper 

and lower predominantly sandy units separated by a m a i n l y 

s h a l y u n i t . The d e p o s i t i o n a l e n v i r o n m e n t is l a r g e l y 

coastal to d e l t a i c . 

In the geosynclinal part in Bangladesh the Barail has been 

reached in the subsurface in only one of the w e l l s in the 

n o r t h e a s t e r n d i s t r i c t of S y l h e t , s o u t h w e s t of the type 

l o c a l i t y . Only the top of the f o r m a t i o n was d r i l l e d , but 

i t c o m p o s e d of more s h a l y f a c i e s with a marine fauna 

(Holtrop and K e i z e r 1 9 7 0 ) . In the S y l h e t trough (Surma 

b a s i n ) the t h i c k n e s s of Barail group is assumed to range 

from 2380 m to 3355 m ( H o l t r o p and K e i z e r 1 9 7 0 ) . In the 

stable shelf area of Bangladesh Barail is represented by a 

reduced t h i c k of about 160 m of s i l t s t o n e , sandstone and 

carbonaceous shale . The age of B a r a i l group in the type 

local i ty and in northeastern Bangladesh is O l igocene . 
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The B a r a i l group is the most important oil producing unit 

in Assam, India,' its continuation into the s u b s u r f a c e of 

Bangladesh has yet to be explored . 

2 . 4 . 3 . 2 . NEOGENE. 

( a ) Surma Group (Lower Miocene - Quaternary) 

The Surma g r o u p e s s e n t i a l l y c o n s i s t s of a monotonous 

succession of a lternating sandstone , shale , s i l t s t o n e and 

sandy s h a l e with o c c a s i o n a l t h i n conglomerate beds . The 

name of the unit was o r i g i n a l l y proposed by Evans ( 1 9 3 2 ) 

as the "Surma S e r i e s " for a thick ( 3 » 5 0 0 m ) sequence of 

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

unconformably overlying the Barail group (Bara i l Series of 

E v a n s , 1 9 3 2 ) i n t h e S u r m a v a l l e y s i t u a t e d in the 

n o r t h e a s t e r n part of B a n g l a d e s h and a d j a c e n t I n d i a n 

t e r r i t o r y of Assam. The Surma group is a diachronous unit 

which was d e p o s i t e d in the e a r l y Miocene in A s s a m and 

c o n t i n u e d through to the Quaternary in the present Bay of 

Bengal (Brunschweiller 1 9 8 0 ) . 

The group is well exposed over l a r g e areas of the f o l d e d 

belt extending from the Surma valley in the north into the 

T r i p u r a and C h i t t a g o n g h i l l s to the south and continuing 

into the Arakan, Bu r ma ( F i g . 2 . 1 1 ) . I t was r e a c h e d in a l l 

the w e l l s d r i l l e d in the a l l u v i a l covered p l a i n to the 

west of the folded b e l t . 

The Surma group is d i v i d e d i n t o two f o r m a t i o n s - the 

Bhuban and the Bokabil formations , based on d i f f e r e n c e s in 

g r o s s l i t h o l o g y . Because of f r e q u e n t h o r i z o n t a l facies 

v a r i a t i o n s , scarcity of f o s s i l s and the r e p e t i t i v e nature 

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

correlat ion of these sub-units from the type area in the 

S u r m a v a l l e y w ith those of the T r i p u r a and C h i t t a g o n g 
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folded belts and the a l l u v i a l covered area of southern and 

western Bangladesh are speculat ive . 

The B h u b a n f o r m a t i o n c o n s i s t s of s h a l e , c l a y s t o n e , 

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

conglomerates . The s a n d s t o n e s are g r e y i s h to y e l l o w i s h , 

mostly f ine to very fine grained , well sorted to very well 

s o r t e d , micaceous , well cemented and hard . The shales are 

dark grey, hard, f i s s i l e , l a m i n a t e d to cross l a m i n a t e d , 

and o f t e n s i l t y . In the Surma v a l l e y t h i s f o r m a t i o n is 

f u r t h e r s u b - d i v i d e d i n t o two s a n d s t o n e d o m i n a t e d 

u n i t s ( w i t h minor sha le and s i l t s t o n e ) s e p a r a t e d by an 

p r e d o m i n a n t l y a r g i l l a c e o u s u n i t in the m i d d l e . T h i s 

d i s t i n c t i o n disappears in the western part of Surma valley 

and the w h o l e B h u b a n f o r m a t i o n becomes a monotonous 

s u c c e s s i o n of s h a l e , sandy s h a l e , and s i l t s t o n e w i t h 

interbeds of sandstone (Mathur and Evans 1 9 6 4 ) . 

The Bokabil formation is l i t h o l o g i c a l l y a passage into the 

o v e r l y i n g a r e n a c e o u s Tipam Group ( see next section) and 

consists of shale , s i l tstone and thick l e n t i c u l a r beds of 

sandstone . The sandstones are greyish to ye l lowish , mostly 

m e d i u m to f i n e g r a i n e d , m i c a c e o u s , w e l l s o r t e d , and 

moderately to poorly c o n s o l i d a t e d . The s h a l e s are b l u i s h 

grey, frequently s i l ty and moderately hard to rather s o f t . 

I t is d i s t i n g u i s h e d from the Bhuban formation by absence 

of well bedded s a n d s t o n e s in it and from the o v e r l y i n g 

Tipam group by a g r e a t e r proportion of shale (Mathur and 

Evans 1 9 6 4 ) . In the Surma bas in , the top of the f o r m a t i o n 

is marked by a marine shale unit named the "Upper marine 

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

T o w a r d s the w e s t , the l i t h o l o g y c o n t r a s t between the 

predominantly sandy Bokabil and Upper Marine shale becomes 

vague and undetectable (Holtrop and Keizer 1 9 7 0 ) . There is 

much v a r i a t i o n in the amount of s a n d s t o n e in the B o k a b i l 

formation (Mathur and Evans 1964 ) * 
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The s e d i m e n t s of the Surma group are i n d i c a t i v e of the 

repet i t ive deposition of prodelta , delta front and paralic 

facies with minor wholly marine f a c i e s . Holtrop and Keizer 

( 1 9 7 0 ) recognized several cycles of the f o l l o w i n g upward 

s e q u e n c e in the lower part of the Surma g r o u p : d i s t a l 

f l u v i o m a r i n e , p r o x i m a l f luvioraar i n e , "barrier "bar s a n d , 

lagoonal clay and multiple channel deposits . The sediments 

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

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

t r a n s g r e s s i o n . The "Upper Marine Shale marking the top of 

the Bokabil formation in the Surma basin ( S y l h e t t r o u g h ) , 

r e p r e s e n t s the l a s t of such marine t r a n s g r e s s i o n s over 

that part icular area . The th ickness of Surma group is up 

to 5 , 5 0 0 m at the Surma valley in Assam. The age here is 

Lower M i o c e n e . In the s u b s u r f a c e of B a n g l a d e s h i t i s 

represented by about 2 , 8 0 0 m in the Rashidpur-2 well where 

it is Lower - Middle Miocene. Further south about 2 , 8 0 0 m 

(Lower - M i d d l e M i o c e n e ) , 2 , 1 5 6 m (Upper Miocene -

P l i o c e n e ) and 3 , 5 0 0 m (Upper Miocene - Quaternary) of the 

Surma sediments were dr i l led in T i t a s - 2 , Begumganj-1 and 

M u l a d i - 1 w e l l s r e s p e c t i v e l y a l t h o u g h the base was not 

reached . In the s t a b l e s h e l f area to the n o r t h w e s t , the 

Surma group is u n d i f f e r e n t i a t e d and is represented by a 

r e d u c e d t h i c k n e s s of a b o u t 4 0 0 m . The Surma g r o u p 

r e p r e s e n t the o n l y p r o v e d h y d r o c a r b o n ( g a s ) b e a r i n g 

sequence in the Bengal Bas in . 

(b ) Tipam Group (Middle Miocene - Quaternary ) : 

The Tipam group is a sequence of predominantly a r e n a c e o u s 

sediments of continental origin overlying the Surma group. 

The name of the u n i t o r i g i n a t e d from the Tipam h i l l s of 

Assam where a thick sequence of sandstones is e x p o s e d . It 

i s a l s o exposed over l a r g e areas in the fo ld b e l t s of 

Bangladesh and is encountered in all the wel ls d r i l l e d in 

the a l l u v i a l covered pla in to the west . The Tipam group is 
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a diachronous unit whose age ranges from Middle Miocene in 

Assam to Quaternary in Southern Bangladesh. 

The Tipam group is d i v i d e d from the bottom upwards into 

the following three formations: Tipam Sandstone formation, 

Girujan clay formation and D u p i t i l a S a n d s t o n e f o r m a t i o n . 

The Tipam sandstone formation is made up of thick , massive 

to c r o ss-bedded , medium to coarse grained sandstones with 

subordinate ( 1 0 $ -20$ ) shale interbeds . The sandstone are 

y e l l o w b r o w n to red b r o w n in c o l o u r , f e r r u g i n o u s , 

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

pebbles of s h a l e , g r a n i t e , q u a r t z i t e e t c . The s h a l e s are 

bluish grey, soft and s i l t y . The Girujan clay formation is 

e s s e n t i a l l y an a r g i l l a c e o u s facies consisting of mottled 

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

s a n d s t o n e s . T h i s u n i t is of very l o c a l extent and is 

m i s s i n g from l a r g e areas i n c l u d i n g the c e n t r a l Surma 

v a l l e y , C h i t t a g o n g H i l l t r a c t s and Tripura H i l l s . Where 

the Girujan clay formation is absent, the Tipam sandstones 

cannot be d i s t i n g u i s h e d from the D u p i t i l a s a n d s t o n e 

formation above. The Dupit i la sandstone formation consists 

of coarse, ferruginous sandstone with occasional layers of 

q u a r t z p e b b l e s and a few c l a y i n t e r c a l a t i o n s . The 

sandstones are cross b e d d e d , non-cemented , f r i a b l e and 

occasionally contain large fragments of p e t r i f i e d wood. 

The c u m u l a t i v e t h i c k n e s s of Tipam group is about 2 , 5 0 0 m 

onshore and about 5 ,000m o f f s h o r e . In b o r e h o l e s e c t i o n s , 

it is r e p r e s e n t e d by 2 , 1 0 0 m in K a i l a s h t i l a well (Sylhet 

t r o u g h ) , 1 , 4 0 0 m in B e g u m g a n j - 1 w e l l and 1 , 1 2 0 m i n 

Muladi-1 w e l l . In the Bengal shelf area to the northwest 

the Tipam Group i s r e p r e s e n t e d o n l y by the D u p i t i l a 

sandstone and has a reduced thickness of about 500 m . 

T h e T i p a m g r o u p w a s d e p o s i t e d i n a t e r r e s t r i a l 

environment. The conditions were f l u v i a t i l e for the Tipam 

s a n d s t o n e formation , possibly lacustrine for Girujan clay 
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f o r m a t i o n and a g a i n f l u v i a t i l e for D u p i t i l a s a n d s t o n e 

formation (Holtrop and Keizer 1 9 7 0 ) . It represents a broad 

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

f o l l o w i n g the r e t r e a t of the Surma Group e n v i r o n m e n t s 

towards the South. 

( c ) Dihing Group (P l io-Pleistocene ) 

The D i h i n g G r o u p c o n s i s t s of p e b b l y s a n d s t o n e s and 

sandstones unconformably overlying the Tipam group. It has 

a v e r y r e s t r i c t e d a r e a l e x t e n t . T h e s a n d s t o n e i s 

c o a r s e - g r a i n e d , f e r r u g i n o u s and u n c o n s o l i d a t e d . In the 

entire Surma v a l l e y , T r i p u r a and C h i t t a g o n g r e g i o n , the 

D i h i n g Group has been r e c o g n i z e d only in few i s o l a t e d 

outcrops . 

2 . 4 « 3 » 3 » The Bengal Alluvium (Holocene— Pre Holocene ) 

This unit consists of s a n d , s i l t and g r a v e l and 

o c c u p i e s e x t e n s i v e t r a c t s of the modern Bengal p l a i n , 

including the deltaic plain of B a n g l a d e s h . The t h i c k n e s s 

var ies from 30 to 300 m . The Bengal alluvium conceals al l 

older rock units in the vast plain area west of the folded 

b e l t . 

2 . 5 EVOLUTION AND SEDIMENTATION HISTORY OF BENGAL BASIN 

The e v o l u t i o n of B e n g a l B a s i n is a s s o c i a t e d with the 

c o l l i s i o n of two continental plates - the Indian plate and 

the E u r a s i a n p l a t e . The b a s i n a c q u i r e d i t s p r e s e n t 

conf igurat ion during Neogene. 

The I n d i a n s u b c o n t i n e n t was o r i g i n a l l y attached to what 

are now Antarct ica , Australia and A f r i c a , forming part of 

the S u p e r c 0 n t i n e n t G o n d w a n a l a n d . I n i t i a l r i f t i n g of the 

Ind ian block within the Gondwanaland is e v i d e n c e d by the 

d e v e l o p m e n t of l a t e Mesozoic grabens , within which Upper 
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Carboni ferous to J u r a s s i c sed iments have been p r e s e r v e d . 

T h e v o l c a n i c a c t i v i t y r e p r e s e n t e d by R a j m a h a l t r a p of 

J u r a s s i c to early Cretaceous age is bel ieved to be r e l a t e d 

to t e n s i o n a l f r a c t u r e s formed d u r i n g the c o n t i n e n t a l 

b r e a k - u p s t a g e : radiometric ages of Rajmahal trap b a s a l t s 

a r e 1 0 0 - 1 0 5 m . y . w h i c h i s a b o u t t h e t i m e s e a - f l o o r 

s p r e a d i n g d a t a i n d i c a t e t h a t I n d i a b r o k e a w a y from 

A n t a r c t i c a ( S c l a t e r and F i s h e r 1 9 7 4 ) . F o l l o w i n g t h e 

s e p a r a t i o n , the I n d i a n c o n t i n e n t d r i f t e d north and made 

the l o n g e s t m i g r a t i o n of a l l the c o n t i n e n t a l m a s s e s , 

a p p r o x i m a t e l y 9 , 0 0 0 km ( D e s i k a c h e r 1 9 7 4 ) . The d r i f t i n g 

stage came to an end with the c o l l i s i o n of I n d i a w i t h the 

E u r a s i a n c o n t i n e n t a l margin and the u p l i f t of the w o r l d ' s 

h i g h e s t mountain r a n g e , the H i m a l a y a s . The e x i s t e n c e of 

the B e n g a l B a s i n as we know it today d e r i v e s from t h i s 

c o l l i s i o n ( F i g . 2 . 1 4 ) . 

The sed imentat ion h i story of the Bengal Bas in area can be 

d i v i d e d i n t o two p h a s e s . The f i r s t one - a m a r i n e 

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

e a r l y C r e t a c e o u s lasted u n t i l the end of the Eocene . This 

phase preceeded the c o l l i s i o n of I n d i a w i t h E u r a s i a . I t 

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

t r a n s g r e s s i o n s ) from the O l igocene onwards . 

( a ) Phase One : Marine t r a n s g r e s s i o n : P r e - c o 1 1 i s i o n s t a g e 

( Late Cretaceous to Late Eocene ) 

W h i l e the I n d i a n plate d r i f t e d north from late Cretaceous 

to late Eocene t imes , wedges of m i o g e o s y n c l i n a l s e d i m e n t s 

b u i l t o u t w a r d along i t s e a s t e r n s h e l f . The Eocene J a i n t i a 

group of sediments i s the most d i s t r i b u t e d rock u n i t of 

t h i s p h a s e . The Tura s a n d s t o n e f o r m a t i o n r e p r e s e n t s an 

early Eocene c o a s t a l m a r i n e to e s t u a r i n e e n v i r o n m e n t . A 

f u r t h e r i n c r e a s e d t r a n s g r e s s i o n in the m i d d l e E o c e n e 

resulted in calm, open marine c o n d i t i o n s u n d e r w h i c h the 

S y l h e t L i m e s t o n e was w i d e l y d e p o s i t e d . D u r i n g the late 
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Eocene Bengal s h e l f r e c e i v e d e x t e n s i v e f i n e c l a s t i c s , 

p o s s i b l y due to u p l i f t in a d i s t a n c e c r a t o n i c a r e a , 

result ing in the deposition of the Kopi l l i formation. Open 

m a r i n e c o n d i t i o n was r e p l a c e d by more b r a c k i s h and 

e s t u a r i n e environments. This marked the end of the wholly 

marine regime of deposition in Bengal s h e l f . 

At t h i s t ime , the " E o c e n e h i n g e " came into e x i s t e n c e , 

e x t e n d i n g from p r e s e n t day Calcutta northeast across the 

whole of the Basin (Desikacher 1 9 7 4 ) . A large thickness of 

arg i l laceous sediment (Disang g r . e q u i v . ) a c c u m u l a t e d to 

the east of the h i n g e zone, in which d irection the shelf 

was open to the o c e a n . Through most of t h i s t i m e , the 

I n d i a n p late was moving north at an average rate of 11 

cm/year (Desikacher 1 9 7 4 ) . 

( b ) Phase Two: Regressive Phase : Post c o l l i s i o n stage : 

(Ol igocene - Recent) 

I n d i a c o l l i d e d w i t h the E u r a s i a n p l a t e in the e a r l y 

O l i g o c e n e , c a u s i n g the u p l i f t of the Indoburman range to 

the east and ancestral Himalaya to the n o r t h . The motion 

of the I n d i a n p l a t e slowed markedly from the Late Eocene 

to t h e e a r l y O l i g o c e n e a n d t h e n r e s u m e d i n a 

n o r t h - n o r t h e a s t e r l y d i r e c t i o n . It was during this latter 

period that the Bengal Basin came into existence (Paul and 

Lian 1 9 7 5 ) . Upl i ft of the Indoburman range caused a marine 

regression to the south and the new river system produced 

a delta in the northeast corner of the newly formed bas in : 

the c a l c a r e o u s J a i n t i a and s h a l y Disang sediments grade 

u p w a r d s i n t o the s a n d y and c o a l y B a r a i l i n A s s a m 

i n d i c a t i n g l a g o o n a l , d e l t a i c and f l u v i a t i l e condit ions . 

I n t e r m i t t e n t p e r i o d s of p a r t i a l emergence produced the 

e n v i r o n m e n t s in which coals d e v e l o p e d , p r i n c i p a l l y in 

upper Assam (Raju 1 9 6 8 ) . To the s o u t h w e s t , in the Surma 

v a l l e y , t h e B a r a i l g r o u p i s more s h a l y i n d i c a t i n g 

continued marine sedimentation in this deeper basinal part 
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in O l i g o c e n e t i m e s . The p r e s e n t day d e l t a s y s t e m was 

i n i t i a t e d in A s s a m , n o r t h e a s t of B a n g l a d e s h , in the 

O l igocene with a r e g i o n a l p a l e o s l o p e from n o r t h e a s t to 

southwest• 

In the early and middle Miocene, major phases of u p l i f t in 

the Himalaya took place due to continued c o l l i s i o n between 

the I n d i a n and E u r a s i a n p l a t e s . T h i s r e s u l t e d in a 

widespread unconformity between the Oligocene and M i o c e n e 

s e d i m e n t s . As a r e s u l t of th is orogenic u p l i f t , a large 

volume of coarse to fine clastic sediment was s u p p l i e d to 

the b a s i n . The southwest - northeast trending hinge zone 

became reactivated with rapid s u b s i d e n c e of the f o r e d e e p 

a d j o i n i n g the platform. A thick deltaic lap sequence of 

a l t e r n a t i n g c o a r s e and f i n e c l a s t i c s ( S u r m a g r o u p ) 

p r o g r e s s i v e l y i n f i l l e d a vast basinal area, including the 

Surma V a l l e y , Tripura and the Chittagong h i l l s . The Surma 

g r o u p r e p r e s e n t s a complex i n t e r f i n g e r i n g of d e l t a i c 

sub-environments with minor marine facies and i n d i c a t e s a 

major phase of marine regression with minor intermittent 

t r a n s g r e s s i o n . Some of the s e d i m e n t s were t r a n s p o r t e d 

further south into the deeper part of the ancestral Bay of 

Bengal , possibly by turbidity currents , to form the Bengal 

d e e p sea fan c o m p l e x . A second phase of major orogeny 

a f f e c t i n g the H i m a l a y a in the l a t e s t P l i o c e n e a n d 

Pleistocene is believed to have supplied a large amount of 

sediment to the fan c o m p l e x . The Neogene of the Bengal 

Basin is thus marked by a major delta progradat ion toward 

the s o u t h w e s t and s o u t h , the apex of the delta lying to 

the n o r t h e a s t . A s the d e l t a p r o g r a d e d the Surma g r o u p 

e n v i r o n m e n t s r e t r e a t e d south along a broad front to make 

room for a d v a n c i n g f l u v i a t i l e s e d i m e n t a t i o n , w h i c h i s 

r e p r e s e n t e d by the Tipam g r o u p . The p r e s e n t Ganges -

Brahmaputra river system evolved into Holocene and covered 

the older sediments with a blanket of f l u v i a t i l e and delta 

plain d e p o s i t s . The p r o g r a d a t i o n of the d e l t a i s s t i l l 

c o n t i n u i n g and the present Ganges - Brahmaputra delta is 
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s e e n as an a c t i v e c o n t i n u a t i o n o f t h e s y s t e m t h a t 

o r i g i n a t e d at the b e g i n n i n g of the Neogene . 
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FIG.2.14 BREAKUP AND MIGRATION OF INDIA FROM GONDWANALAND 

( After G raham ef al '75 ) 



CHAPTER 3 

PETROGRAPHY OF SANDSTONE I - DETRITAL PHASES 

3 .1 INTRODUCTION 

The p r i m a r y m i n e r a 1 o g i c a 1 and t e x t u r a l p r o p e r t i e s of 

s a n d s t o n e s are f a c t o r s , in a d d i t i o n to the p r e s s u r e , 

t e m p e r a t u r e and p o r e w a t e r c h e m i s t r y , on w h i c h the 

s u b s e q u e n t course of b u r i a l d i a g e n e s i s may s t r o n g l y 

depend . 

P e t r o g r a p h i c analyses were carried out o: forty sandstone 

samples, thirty six from the Surma Group and the remaining 

four from the Tipam Group of the Neogene s e q e u n c e s . These 

samples are from f i v e onshore w e l l s , Muladi-1, Muladi-2, 

Begumganj-1, Begumganj-2 and Titas-2 ( F i g . 1 . 3 ) , and range 

i n d e p t h from 5 0 0 m to 4 4 9 1 m b e l o w t h e s u r f a c e . 

C o m p o s i t i o n a l and t e x t u r a l p r o p e r t i e s of the d e t r i t a l 

phases of the s a n d s t o n e s , as observed in this study are 

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

diagenetic phases is d i s c u s s e d in the f o l l o w i n g c h a p t e r 

(Chapter 4 ) . 

3 . 2 ANALYTICAL TECHNIQUES: 

( a ) Standard thin section technique : 

The b a s i c d a t a f o r m i n e r a 1 o g i c a 1 , c o m p o s i t i o n a l and 

textural properties of the sandstones were c o l l e c t e d from 

s t a n d a r d t h i n s e c t i o n s . The s t a n d a r d thin sections were 

prepared from conventional core samples after impregnating 

the rock with a r a l d i t e . All the s l i d e s were s t a i n e d with 

A l i z a r i n Red S and P o t a s s i u m f e r r y c i a n i d e for carbonate 

determination according to the table 3*1* ( D i c k s o n 1 9 6 6 ) . 

The p r o p o r t i o n s of var ious rock components in each sl ide 

were estimated by p o i n t c o u n t i n g , with 600 counts b e i n g 
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made per s l i d e . 

For the e s t i m a t i o n of primary and secondary p o r o s i t y 

(under thin s e c t i o n ) , a second set of thin s e c t i o n s was 

prepared after impregnating the rock with arald ite stained 

with red dye to f a c i l i t a t e the i d e n t i f i c a t i o n of primary 

and s e c o n d a r y p o r o s i t y . The p o r o s i t y was e s t i m a t e d by 

point counting with 2000 counts being made per s l i d e . 

Table 5 .1 S T A I N I N G F O R C A R B O N A T E M I N E R A L S 

( After Dickson '6 6 ) 

S ta in ing Calci te Ferroan Dolomite Ferroan 

Agents Calci te Dolomite 

A l i z a r i n Pink to Pink to _ 

Red S red red 

Potassium _ Pale to - Pale to 

ferr icyanide deep deep 

turquo i s e 
• 

turquoise 

(b ) Scanning electron microscopy: 

The s a n d s t o n e s were examined u s i n g a S c a n n i n g e lectron 

m i c r o s c o p e ( S E M ) , JEOL JSM 3 5 , f i t t e d w i t h an e n e r g y 

d i s p e r s i v e x-ray a n a l y s e r ( F i g . 5 « 1 ) . This technique was 

most u s e f u l in the s t u d y of the d i a g e n e t i c p h a s e s 

e s p e c i a l l y the a u t h i g e n i c clay minerals . For the purpose 
2 

of sample preparation , a small cube measuring about 1 cm. 

was cut from the c o r e , dried and mounted on an aluminium 

stub with Duraflex g lue . A fresh s u r f a c e of the cube was 

exposed by s p l i t t i n g the upper hal f of the cube from the 

part attached to the stub . The sides of the specimen were 
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F i g . 3 . 1 . S c a n n i n g electron m i c r o s c o p e . (A) Controll panel 
(B) Specimen chamber. 

48 



p a i n t e d with c o n d u c t i v e s i l v e r p a i n t . The top e x p o s e d 

s u r f a c e of the specimen was coated with gold under vacuum 

u s i n g a s p u t t e r c o a t e r . The sample was then r e a d y f o r 

e x a m i n a t i o n under the SEM. E l e m e n t a l analyses of any 

phase to a id t h e i r i d e n t i f i c a t i o n were c a r r i e d o u t , i f 

r e q u i r e d , by the use of the e n e r g y d i s p e r s i v e x-ray 

analyzer attached to the microscope. 

( c ) Cathodoluminescence technique : 

This technique was used s p e c i f i c a l l y to d i st inguish quartz 

o v e r g r o w t h s f r o m d e t r i t a l q u a r t z g r a i n s . T h e 

C a t h o d o 1 u m i n e s c e n c e d e t e c t o r was f i t t e d onto the SEM 

d e s c r i b e d a b o v e . The sample p r e p a r a t i o n t e c h n i q u e is 

i d e n t i c a l to that for the SEM analysis with the exception 

that the sample was coated with carbon instead of gold . 

(d ) X-ray d i f f r a c t i o n technique : 

X-ray d i f f r a c t i o n analyses of powdered whole rock samples 

were carried out to examine variations in the bulk mineral 

c o m p o s i t i o n of the s a n d s t o n e s . For the purpose of sample 

preparation , the s a n d s t o n e was broken into small p i e c e s 

( 0 . 5 - 1 . 0 cm) and crushed to a fine powder using a Tenia 

M i l l . The powder was then loaded into the c a v i t y of an 

a l u m i n i u m h o l d e r and the s u r f a c e smoothed w ith a glass 
o o 

s i d e . The spec imens were scanned from 2 to 75 in. the 

d i f fractometer using a CoK^ r a d i a t i o n . 

3 . 3 TEXTURE 

The t e x t u r a l properties of sandstones can be expressed in 

terms of their grain s i z e , sorting , shape ( s p h e r i c i t y ) and 

roundness ( a n g u l a r i t y ) parameters . Exact measurements of 

these p a r a m e t e r s such as g r a i n s i z e (grain diameter for 

example) e t c . are complex and time consuming from t h i n 

s e c t i o n s , but estimations of these parameters from visual 
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comparators are u s u a l l y a d e q u a t e and can be done f a i r l y 

r a p i d l y from t h i n s e c t i o n s us ing a b inocular microscope 

(Beard and Weyl 1 9 7 3 ) . 

The Wentworths grain size scale (Wentworth 1 9 2 2 ) was used 

as the r e f e r e n c e s c a l e for g r a i n s i z e d e t e r m i n a t i o n s . 

G r a i n s i z e e s t i m a t i o n s from t h i n s e c t i o n s by v i s u a l 

comparison with r e f e r e n c e s l i d e s ind icated that , of the 

total number of samples s tud ied , 48 $ are f ine grained , 13$ 

are very f ine grained , and 39$ are medium to f i n e g r a i n e d 

(Table 3 . 2 ) . 

R e f e r e n c e p h o t o g r a p h s for e s t i m a t i n g s o r t i n g from thin 

section as provided by Beard and Weyl ( 1 9 7 3 ) were used as 

v i s u a l c o m p a r a t o r s . A c c o r d i n g to th is s tudy 65$ of the 

total number of samples are well sorted, 30$ are very well 

sorted and 5$ are moderately well sorted . 

G r a i n s h a p e ( s p h e r i c i t y ) and r o u n d e s s ( a n g u l a r i t y ) 

r e f e r e n c e p h o t o g r a p h s a v a i l a b l e from Beard and Weyle 

( 1 9 7 3 , a fter Powler 1953) were used as visual comparators. 

The s t u d y s h o w e d most of the g r a i n s to he of h i g h 

sphericity and subangular to subrounded. 

3 . 4 POROSITY 

Thin s e c t i o n p o r o s i t y was measured by point counting for 

each sample and was used for a c o m p a r a t i v e study of the 

p o r o s i t y of the s a m p l e s . Stanton ( 1 977 ) has show , from 

the study of the U . S . Gulf Coast Eocene s a n d s t o n e s , that 

t h i n s e c t i o n p o r o s i t y is c o n s i s t e n t l y lower than the 

p o r o s i t y d e t e r m i n e d by p o r o s i m e t e r , w i t h an a v e r a g e 

d i f f e r e n c e of 1 3 * 5 p e r c e n t . In the present study, three 

porosity values were calculated from each thin section and 

the mean t a k e n . The r e s u l t s are t a b u l a t e d in T a b l e 3 * 2 

which shows that the thin section porosity of the studied 

samples ranges from 0$ to 2 2 $ . 
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TABLE 3 . 2 . GRAIN SIZE AND POROSITY OF THE STUDIED NEOGENE 

SANDSTONES FROM THE BENGAL BASIN. 

(Legends : M-F = Medium to f i n e ; F = Fine 

VF = V e ry f ine 

Sample Depth Grai n Thin Sample Depth Grai n Thin 

Unit no. (m) s ize section no. (m) s i ze section 

(Gr ) po ro s i t y po ros i ty 

T Muladi wells 

I M1 -3 500 M-F 2 2% 

P M1 -4 602 M-F 21 % 

A M1 -7 878 M-F 20% 

M M1 -1 1 1 1 37 M-F 20% 

M1 -20 1 700 VF 1 6% Ti tas -2 well 

M1 -27 2212 M-F 0% T -1 2646 F 1 5% 

M1 -28 221 6 VF 1 1 % T-2 2660 F 9% 

S M1-29A 2290 F 0% S T-3 2668 M-F 9% 

U M1-34B 2865 M-F 1 2% U T-4 2673 M-F B% 

R M1 -36 31 14 F 9% R T-5 2678 F , 1 0% 

M Ml-37B 3216 F 8% M T-7 2690 M-F 1 1 % 

A M1 -38 3294 F 1 1% A T-10 2706 F 9% 

M1 -39 3420 VF 0% T-1 1 271 2 F 

M1-49A 4458 F 6% T -1 2 2718 F 

M2-3 4491 M-F 4% T-1 3 2725 VF 8% 

T-1 5 2753 M-F 9% 

Begumganj wells T-1 6 2761 M-F 

B1 -1 4 2139 M-F 1 5% T-1 8 2927 F 

S B1 -1 6 2680 F 4% T-1 9 2935 F 7% 

U B1 -1 7 2758 F 8% T-2 1 2967 F 7% 

R B1 -19 2999 F 7% 

M B2-1 3028 M-F 3% 

A B2-3 • 3325 F 7% 

B2-4 3476 VF 5% 

B1-26A 3642 M-F 9% 
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5 . 5 . DETRITAL COMPOSITION : 

From the t h i n s e c t i o n p e t r o g r a p h i c study the d e t r i t a l 

c o m p o s i t i o n s of the studied sandstones can be subdivided 

as follows : 

( 1 ) Framework grains : 

Maj o rs 

Mino rs 

Minor Accessories 

Ouartz 

Feldspars 

Lithic fragments 

Chlorite 

Micas 

Heavy minerals 

Organic matter 

Fossils 

( 2 ) Matrix 

5 . 5 . 1 FRAMEWORK GRAINS: 

( a ) QUARTZ: 

Q u a r t z i s the most a b u n d a n t of t h e d e t r i t a l r o c k 

c o m p o n e n t s . P e r c e n t a g e e s t i m a t i o n s by p o i n t c o u n t i n g 

indicate that quartz constitutes 51$ to 7 6 $ of the t o t a l 

r o c k c o m p o n e n t s in the s t u d i e d samples ( T a b l e 3 » 3 ) « 

H o w e v e r , some of the q u a r t z p e r c e n t a g e e s t i m a t e s , 

e s p e c i a l l y those towards the higher end ( 7 0 $ - 7 6 $ ) , are 

believed to have included important amounts of a u t h i g e n i c 

q u a r t z cement , due to not being able to always adequately 

d i s t i n g u i s h authigenic quartz from detr ita l q u a r t z g r a i n s 

under the o r d i n a r y p e t r o g r a p h i c microscope (see section 

4 . 3 . 1 ) . 
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Table 3 . 3 . QUANTITATIVE ESTIMATION OF ROCK COMPONENTS IN 

NEOGENE SANDSTONES, BENGAL BASIN . 

Gr Sampl Qtz Feld Li th Chlor Mica Ma tx Calc Sid Kao 

no . cemt cemt cemt 

T • M1 -3 52 1 1 10 8 1 0 5 - - -

1 
P M1 -4 57 21 9 5 1 4 - - -

A M1 -7 57 9 9 7 3 1 1 - 0 . 1 -

M 
M1 -1 1 54 1 5 14 3 4 8 - 0 . 3 -

M1 -20 51 4 8 7 6 13 7 - -

M1-27* 50 3 1 2 2 1 - 30 - -

M1 -28 55 3 1 0 3 1 5 7 3 0 . 2 -

S M1-29A* 31 0 . 5 5 2 3 - 58 - -

u M1-34B 59 10 20 6 3 2 1 - -

R M1 -36 61 8 19 6 5 3 0 . 8 0 . 3 -

M M1-37B 61 8 1 1 5 5 3 5 1 0 . 1 

A M1 -38 63 8 20 3 2 3 - 0 . 6 0 . 1 

M1-39* 40 - 7 0 . 5 2 - 50 - -

M1-49A 68 5 16 5 1 1 2 0 . 3 -

M2-3 55 5 18 2 2 0 . 4 1 6 - -

B1 -1 4 55 1 1 21 3 3 4 0 . 3 - -

B1-16* 49 7 8 1 4 2 25 0 . 3 -

S B1 -1 7 60 6 14 4 6 7 1 0 . 6 -

U B1 -1 9 64 4 1 1 6 3 8 2 0 . 3 0 . 1 

R B2-1 * 42 2 14 4 1 - 35 - -

M B2-3 65 5 17 2 1 7 0 . 6 0 . 8 -

A B2-4 56 3 16 3 1 3 17 0 . 4 -

B1-26A 54 1 1 18 5 2 5 - - 2 

T -1 65 1 0 14 4 2 3 0 . 3 0 . 4 1 . 3 

T-2 60 14 16 3 3 4 - - 0 . 4 

T-3 57 1 0 21 6 1 2 1 - 1 

T-4 63 6 16 1 2 8 1 0 . 6 1 
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T-5 67 6 16 4 3 3 0 . 3 - 0 . 3 

s T-7 59 1 0 20 2 2 3 - 0 . 6 2 

u T-9 67 1 0 13 4 2 5 0 . 1 - 0 . 4 

R T-1 0 73 7 1 5 2 1 3 0 . 2 - 0 . 2 

M T-1 1 60 1 5 17 2 0 . 3 3 - 1 -

A T-1 2 64 7 18 4 1 5 0 . 3 - 0 .1 

T-1 3 67 5 17 2 4 3 0 . 8 - -

T-1 5 60 9 22 2 0 . 9 5 0 . 3 1 0 . 5 

T-1 8 70 4 1 1 5 4 4 0 . 3 0 . 6 -

T-1 9 76 3 1 2 1 1 1 0 . 4 0 . 3 -

T-21 73 3 1 1 1 0 . 5 - 2 1 -

( * Estimated detrital grain percentages 

are not representative in these samples 

because of high calc ite cements) 
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T h e d e t r i t a l q u a r t z g r a i n s a r e p r e d o m i n a n t l y 

mo n o c ry sta 1 1 i n e , but polycrystal1ine quartz constitutes a 

small proportion in each s a m p l e , be ing more abundant in 

the c o a r s e r g r a i n e d than the f i n e r g r a i n e d s a n d s t o n e s . 

Typical percentages of p o l y c r y s t a l l i n e q u a r t z range from 

1 5 $ of t h e t o t a l q u a r t z in medium to f i n e g r a i n e d 

s a n d s t o n e to a b o u t 9$ i n f i n e to v e r y f i n e g r a i n e d 

s a n d s t o n e . Normal e x t i n c t i o n is shown by the majority of 

the quartz grains although undulose e x t i n c t i o n is common. 

The u n d u l o s e e x t i n c t i o n is indicative of strained quartz 

crystals which might have been s u b j e c t e d to d e f o r m a t i o n 

e ither in the course of c r y s t a l l i s a t i o n or a fter formation 

(Blatt and Chr ist ie 1 9 6 3 ) . Inclusions in the quartz grains 

i n c l u d e b i o t i t e but these are r a r e . A few quartz grains 

have a b u n d a n t v a c u l e s as i n d i c a t e d by t h e i r c l o u d y 

a p p e a r a n c e . Vacule-rich quartz appears to be derived from 

hydrothermal v e i n s o u r c e s ( S c h o l l e 1 9 7 9 ) . The d e t r i t a l 

quartz grains are medium to f ine grained sand size and are 

s u b a n g u l a r to s u b r o u n d e d with occassionally well rounded 

g r a i n s . 

(b ) LITHIC GRAINS 

L i t h i c g r a i n s are the second most abundant g r a i n t y p e 

among the rock components. L i th ic fragments make up 8$ to 

22$ of the t o t a l rock components in the samples with a 

mean value of 14$ ( T a b l e 3 . 3 ) . The l i t h i c grains include 

metamorphic, sedimentary, igneous and volcanic rock types 

but are dominated by metamorphic and sedimentary rocks . 

The terms used by Ingersol l and Suczek ( 1 9 7 9 ) and Graham, 

I n g e r s o l l and D i c k i n s o n ( 1 9 7 6 ) have been found most 

c o n v e n i e n t in d e s c r i b i n g the l i t h i c f r a g m e n t s . T h e s e 

d e s c r i p t i o n s a l s o he lp in comparing the present results 

with those of the petrological study of the Neogene sands 

of the Bengal deep sea fan , south of the presently studied 

a r e a by I n g e r s o l l and S u c z e c k ( 1 9 7 9 ) . The r e l a t i v e 

abundances of the v a r i o u s types of l i t h i c g r a i n s in 10 
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r e p r e s e n t a t i v e s a m p l e s have been d e t e r m i n e d by p o i n t 

c o u n t i n g . They show t h a t the q u a r t z - m i c a t e c t o n i t e , 

q u a r t z - m i c a - a g g r e g a t e , a r g i l l i t e shale and chert are the 

four most abundant (Table 3 » 4 ) . 

The quart z-mica-tec tonites are metamorphic l i t h i c g r a i n s 

c o m p o s e d of q u a r t z and m i c a w i t h a p r e f e r r e d p l a n a r 

f a b r i c . This group of l i t h i c s is one of the most abundant 

t y p e , c o n s i s t i n g of 2 2 $ to 3 0 % of the t o t a l l i t h i c 

fragments in the rperesentative samples. 

The quartz-mica-graphite tectonites are metamorphic l i th ic 

g r a i n s s i m i l a r to the q u a r t z - m i c a - t e c t o n i t e s b u t 

c o n t a i n i n g black-opaque graphit ic material in addit ion to 

quartz and mica. The constituent components have preferred 

planar f a b r i c . This group is common in the samples and 

constitutes 3% to 13% of the total l i thic g r a i n s . 

The mica-tectonites ( P o l y c r y s t a l l i n e mica) are metamorphic 

l i t h i c g r a i n s c o n s i s t i n g of mica a g g r e g a t e s which have 

schistose f a b r i c s . These are a re lat ively minor component 

consisting of 1% to 9% of the total l i th ic fragments. 

The F o l i a t e d m e t a q u a r t z i t e s are metamorphic l i t h i c s with 

polycrystal l ine quartz having a planar f a b r i c . They occur 

as very minor components representing only 1% to 9% of the 

total l i th ic g r a i n s . 

The A r g i 1 1 i t e - s h a 1 e s a r e f i n e g r a i n e d , a r g i l l a c e o u s 

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

raudstone and a r g i l l i t e fragments with occasional enclosed 

d e t r i t a l s i l t c l a s t s . They are one of the most abundant 

types of l i t h i c f ragments c o m p r i s i n g 22$ to 2 9 $ of the 

total l i th ic grains in the r e p r e s e n t a t i v e s a m p l e s . T h e i r 

murky appearance and frequent plast ic deformation help to 

d i s t i n g u i s h them from other l i t h i c s . 
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TABLE 3 . 4 . RELATIVE ABUNDANCE OF LITHIC GRAIN TYPES IN 

REPRESENTATIVE NEOGENE SANDSTONES (SURMA GR) 

OF THE BENGAL BASIN 

SAMPLE M1 

NO. 34B 

Qtz-mi-tec 22$ 

A rgll-sh 23$ 

Chert 14$ 

Qtz-mi-gra- 13$ 

tec • 

Qtz-mi-aggr. 8 $ 

Mica-tec . 2$ 

Fol i-metaqtz . 1$ 

V o l c a n i c s 1 $ 

I ndeterminate 16$ 

M1 M1 B1 B2 

36 38 14 3 

24$ 23$ 29$ 23$ 

25$ 24$ 23$ 25$ 

9$ 11$ 10$ 12$ 

6$ 7$ 11$ 10$ 

10$ 9$ 9$ 11$ 

5$ 6$ 2$ 5$ 

2$ ' 2$ 4$ 1$ 

0$ 1$ 0$ 1$ 

19$ 16$ 11$ 10$ 

B1 T- T- T-

26A 1 12 15 

26$ 24$ 30$ 23$ 

26$ 22$ 29$ 29$ 

17$ 14$ 10$ 15$ 

5$ 11$ 6$ 5$ 

12$ 12$ 9$ 8$ 

1$ 9$ 4$ 1$ 

2$ 1$ 0$ 5$ 

1 $ 1 $ 0$ 4$ 

10$ 6$ 11$ 10$ 
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The quartz-mica-aggregates are l i t h i c g r a i n s of p o s s i b l e 

i gneous o r i g i n , composed of quartz and mica but without a 

preferred planar f a b r i c . They constitute 8$ to 12$ of the 

total l i t h i c g r a i n s . 

The qua r t z-mi ca - f e 1 d spa r aggregates are l i t h i c grains of 

p o s s i b l e i g n e o u s o r i g i n , composed of q u a r t z , mica and 

f e l d s p a r but without a preferred planar f a b r i c . This is a 

rare component among the l i t h i c s . 

V o l c a n c i s - F i n e g r a i n e d l i t h i c g r a i n s r e c o g n i s e d as 

v o l c a n i c by the p r e s e n c e of f e l s i t i c , m i c r o l i t i c or 

lathwork texture . These are very minor components of the 

l i t h i c g r a i n s . 

I n d e t e r m i n a t e - L i t h i c f r a g m e n t s of unknown and obscure 

nature , not f a l l i n g into any of the above c a t e g o r i e s . 

( c ) FELDSPAR 

The feldspars are the third most abundant type of m i n e r a l 

grain in the sandstones , comprising 3$ to 15$ of the total 

rock c o m p o n e n t s , the mean value being 8 $ , except for one 

sample where feldspars const i tute 21$ of the t o t a l r o c k . 

F e l d s p a r s are in general more abundant in the Tipam Group 

of s a n d s t o n e s than the Surma Group . Both p o t a s s i u m and 

p l a g i o c l a s e feldspars are present but the former are more 

abundant than the l a t t e r . The potassium f e l d s p a r s i n c l u d e 

o r t h o c l a s e and microcl ine . It was found by point counting 

that the m i c r o c l i n e with c h a r a c t e r i s t i c c r o s s - h a t c h e d 

twinning constitutes 2$ - 7 $ , orthoclase constitutes 65$ -

7 5 $ , and p l a g i o c l a s e 20$- 3 2 $ of the total feldspars in 

the representative samples. Both potassium and p lagioclase 

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

o c c a s i o n a l l y e x t e n s i v e . However both f r e s h and altered 

f e l d s p a r s occur in the same s a m p l e . K r y n i n e ( 1 9 5 0 ) and 

F o l k ( 1 9 5 9 ) s u g g e s t e d t h a t a s s o c i a t i o n of f r e s h and 
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altered feldspars in same samples was i n d i c a t i v e of humid 

weathering conditions and high r e l i e f . James et a l . ( 1 9 8 1 ) 

considered this notion misleading because of i n s i g n i f i c a n t 

d i f f e r e n c e in the degree of a l t e r a t i o n from climate to 

c l imate . James et a l . (1981 ) also suggested that , although 

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

p r o f i l e it could also r e s u l t from d i a g e n e t i c react ions 

a fter deposition and it is very d i f f i c u l t to d i s t i n g u i s h 

between the two in most cases . Two kinds of a l terat ion are 

e x t e n s i v e l y f o u n d i n t h e s a m p l e s . T h e s e a r e ( 1 ) 

Vacul i zat ion ( F i g . 3 * 2 ) and ( 2 ) S e r i c i t i z a t i o n ( F i g . 3 . 3 ) . 

Vacul izat ion refers to a l terat ion whereby feldspars atta in 

a grayish turbid or cloudy appearance. James et a l . (1981 ) 

assumed that the v a c u l e s were voids or pores p r o d u c e d 

during weathering . S e r i c i t i z a t i o n describes the a lterat ion 

of f e l d s p a r to s e r i c i t e , very f i n e g r a i n e d white micas 

which appear as moderately b irefr ingent f lakes w i t h i n the 

f e l d s p a r s . The p r e s e n c e of v a c u l e s and s e r i c i t e in 

feldspars throughout the sequence irrespective of depth of 

bur ial suggests that they were produced b e f o r e b u r i a l . A 

t h i r d k i n d of a l t e r a t i o n of f e l d s p a r - t h a t i s to 

k a o l i n i t e - is considered to be diagenetic b e c a u s e of i t s 

r e s t r i c t e d o c c u r r e n c e below c e r t a i n depths where pore 

f i l l i n g k a o l i n i t e is also common. F e l d s p a r g r a i n s a l s o 

show e x t e n s i v e d i s s o l u t i o n below depths of about 2 0 0 0 

me ters . 

( d ) CHLORITE: 

D e t r i t a l c h l o r i t e is the f o u r t h most abundant m i n e r a l 

amongst the framework gra ins , constituting 1$ to Q% of the 

t o t a l rock c o m p o n e n t s , w i t h a mean v a l u e of 4 $ . The 

chlorite occurs as l arge ( 0 . 2 - 0 . 5 mm) d e t r i t a l f l a k e s 

which often have splayed out ends, and is characterised by 

i t s g r e e n c o l o u r and strong p l e o c h r o i s m . The c h l o r i t e 

f lakes are often concentrated along p a r t i n g s , laminae or 

bedding planes . 
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X140 

F i g . 3 . 2 . Photomicrograph of feldspar with vacule 

a lterat ion .Pla 1ight.Begumganj-1 well 

2139m. Bokabil fm. 

F i g . 3 . 3 . Photomicrograph of ser ic ite alteration on 

f e l d s p a r . Crossed nico1s.Mu1 adi-1 wel l . 2216m 

Bokabil fm. 
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( e ) MICA: 

Both muscovite and b iot ite occur as detr i ta l f l akes , often 

with s p l a y e d out e n d s . T o g e t h e r , they constitute 0 . 3 $ -

6 . 0 $ of the total rock components with a mean value of 2$ 

except for two samples where they constitute 15$ and 10 $ . 

The micas are often concentrated along p a r t i n g s , l a m i n a e 

or b e d d i n g p l a n e s and f r e q u e n t l y show b e n d i n g due to 

compaction. The m u s c o v i t e , c o l o u r l e s s and u n a l t e r e d , is 

g e n e r a l l y more abundant than the b i o t i t e . The b i o t i t e s , 

brown and s t r o n g l y p l e o c h r o i c , commonly show v a r y i n g 

d e g r e e s of a l terat ion to c h l o r i t e , although fresh b i o t i t e 

also occurs. 

( f ) HEAVY MINERALS: 

A wide variety of heavy minerals occur as minor a c c e s s o r y 

detr ital phases , and together constitute 1$ or less of the 

t o t a l f r a m e w o r k g r a i n s . They i n c l u d e g a r n e t , z i r c o n , 

t o u r m a l i n e , e p i d o t e , r u t i l e , k y a n i t e , s i l l i m a n i t e , 

h o r n b l e n d e , pyroxene and opaque heavy minerals . Garnet is 

the most common of the non-opaque heavies and occurs most 

p e r s i s t e n t l y t h r o u g h o u t the s e q u e n c e . H o r n b l e n d e and 

pyroxene are common in the shallower samples of the Tipam 

group hut are rare in the underlying Surma group. Opaque 

heavy m i n e r a l s are a lso common and t h e i r p r e s e n c e was 

noted in every s a m p l e . The principal opaque heavies that 

were recognized are magnetite and hematite . 

( g ) ORGANIC MATTER: 

Detr ita l organic matter is p r e s e n t as a minor a c c e s s o r y 

component in many s a m p l e s . These occur as dark reddish 

brown to b l a c k m a t e r i a l w i t h brown t r a n s l u c e n t e d g e s , 

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

occasionally coalesced into thin laminae ( F i g . 3 » 4 ) . The 
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F i g . 3 . 4 . Photomicrograph of organic matter in coaly 

seam in sandstone .P la , l i g h t . Muladi-1 well 

2216m. Bokabil fm. 

F i g . 3 . 5 . Photomicrograph of foraminifera fossil in 

sandstone. Pla. l i g h t . Titas-2 w e l l . 2 7 1 8 m . 

Bhuban fm. 
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d e t r i t a l o r g a n i c m a t t e r i s b e l i e v e d to be d e r i v e d 

pr inc ipa l ly from terrestr ia l woody sources. 

(h ) FOSSILS : 

Fragments or whole foraminifera were found in many of the 

samples of the Bhu ban f o r m a t i o n . The f o s s i l s h e l l s are 

0 . 5 to 1 . 0 mm in d i a m e t e r , have a c i r c u l a r shape w ith 

chambers ( F i g . 3 - 5 ) . A u t h i g e n i c p y r i t e s o f t e n f i l l the 

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

condit ions . 

3 . 5 . 2 MATRIX 

The matrix refers to the medium s i l t to c lay s i z e grade 

( W e n t w o r t h ' s s c a l e ) a l l o g e n i c m a t e r i a l s in the studied 

sandstones . The selection of 30 microns as the upper limit 

for matr ix m a t e r i a l is adopted from P e t t i j o h n et a l . 

( 1 9 7 2 , p . 1 5 9 ) . Po int c o u n t i n g showed that the matrix 

content is low for most of the samples and ranges from 1$ 

to 8$ of the t o t a l rock components with an average value 

of 3 . 9 $ . Only two samples have s i g n i f i c a n t l y higher matrix 

content than this average value ( 1 1 $ and 1 3 $ ) . S q u a s h i n g 

and c r u s h i n g of so ft l i t h i c gra ins , especia l ly shale and 

mudstone, often produces an i n t e r s t i t i a l " paste " v i rtual ly 

i n d i s t i n g u i s h a b l e from matrix materials ; they are however, 

d ist inguished as ps domatrix f o l l o w i n g the c r i t e r i a used 

by D i c k i n s o n ( 1 9 7 0 ) . The very fine grained nature of the 

matrix materials did not a l l o w t h e i r c o m p o s i t i o n s to be 

f u l l y deduced from thin section examination. However, the 

combination of p e t r o g r a p h i c , x-ray d i f f r a c t i o n and SEM 

a n a l y s e s s u g g e s t e d that the major c ons t i tutents include 

quartz , k a o l i n i t e , i l l i t e and c h l o r i t e . 
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3 . 6 SANDSTONE C L A S S I F I C A T I O N : 

The sandstone c l a s s i f i c a t i o n scheme proposed by P e t t i j o h n , 

Potter and S i e v e r ( 1 9 7 2 ) has been adopted for the p r e s e n t 

s t u d y ( F i g . 3 . 6 ) . A l l the s a m p l e s can be c l a s s i f i e d as 

a r e n i t e s as they a l l c o n t a i n l e s s t h a n 1 5 $ m a t r i x . The 

p r o p o r t i o n s of q u a r t z , f e l d s p a r and l i t h i c g r a i n s were 

r e - c a l c u l a t e d as a p e r c e n t a g e and p l o t t e d on a s t a n d a r d 

QFL ( Qua r t z - F e l d s p a r - L i t h i e s ) t r i a n g u l a r d iagram . Two QFL 

t r i a n g u l a r p lots are p r e s e n t e d for s a n d s t o n e s of the Surma 

G r o u p and the T ipam G r o u p r e s p e c t i v e l y ( F i g . 3 » 7 A a n d 

3 « 7 B ) . From the plots it can be seen that sandstones from 

Surma G r o u p can he c l a s s i f i e d as sub 1 i t h a r e n i t e w h i l e 

t h o s e from Tipam Group are c l a s s i f i e d as s u b a r k o s e . I t i s 

however i m p o r t a n t to n o t e t h a t no s a n d s t o n e from T i p a m 

G r o u p was a v a i l a b l e f o r t h i s study except for those from 

Muladi-1 w e l l 
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Quartz . /s 
c A, Quartz arenite /<q 

SubarkoseNy/'..\5_ ..... M 
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'^Nls 

Volcanic 
Âvolcanic arenite 

So/Air/"^50 

...JWlloarenite 
S "50 M 

Sedimentary Metamorphic 

FIG . 3.6 SANDSTONE CLASSIFICATION SCHEME. 
(After Pettijohn et.al.1972) 
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FIG.3.7A QUARTZ FELDSPAR-LITHICS TRIANGULAR PLOT FOR SURMA GROUP 
SANDSTONES FROM BENGAL BASIN. 

QTZ 

QTZ 

FIG. 3.7B QUARTZ FELDSPAR-LITHICS TRIANGULAR PLOT FOR TIPAM GROUP 
SANDSTONES FROM BENGAL BASIN. 
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3 . 7 . DISCUSSION 

The Neogene s a n d s t o n e s of the Bengal B a s i n c o n s i s t of 

medium g r a i n e d to very f i n e g r a i n e d , w e l l to very well 

s o r t e d a r e n i t e s . The s a n d s t o n e s of the Surma g r o u p , 

d e p o s i t e d in shal low marine to deltaic environments, are 

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

c l a s s i f i e d as s u b l i t h a r e n i t e . The s a n d s t o n e s from the 

Tipam G r o u p , d e p o s i t e d in a t e r r e s t r i a l f l u v i a t i l e 

environment, are medium to f ine grained and are c l a s s i f i e d 

as s u b a r k o s e . The N e o g e n e s a n d s t o n e s a r e , t e x t u r a l l y 

mature; however their relat ive mineralogical immaturity is 

i n d i c a t e d by the r e l a t i v e l y lower r a t i o of quartz plus 

c h e r t / f e l d s p a r plus l i th ic grains (Blatt et a l . 1 9 7 2 ) . 

L i t t l e has been published on the petrography of the sands 

of the Ganges - Brahmaputra d e l t a a r e a . S i d d i q u e ( 1 9 6 7 ) 

s t u d i e d the m i n e r a l o g y of the recent sediments from the 

Bay of Bengal sea f l o o r and reported q u a r t z , f e l d s p a r , 

mica, rock fragments, volcanic glass and heavy minerals in 

the a s s e m b l a g e s . M a l l i k ( 1 976 ) in his work on the Recent 

marine sedimepts from the shelf area of the Bay of Bengal 

c o n c l u d e d that the s e d i m e n t s of th is area show general 

compositional s i m i l a r i t i e s with those of the Bengal deep 

sea f a n c o m p l e x s u g g e s t i n g t h a t the s e d i m e n t s were 

transported f u r t h e r to the s o u t h . I n g e r s o l l and S u c z e k 

( 1 9 7 9 ) r e p o r t e d the p e t r o l o g y of the Neogene sands from 

the DSDP site 211 and 218 s ituated at the southern edge of 

the Bengal deep sea complex ( F i g . 2 . 4 ) . They estimated the 

percentages of the major rock components of the Neogene 

sands from these two w e l l s . The data on the recalculated 

QFL percentages of these sands are compared with those of 

the presently studied Neogene sandstones in table 3 «5 , and 

the s t a n d a r d QFL diagram for these two groups of sands is 

shown in F i g . 3 » 8 . It is shown in th is f i g u r e that the 

Neogene sands of the deep sea fan complex ( i ngersol l and 

S u c z e k 1 9 7 9 ) f a l l in the s u b a r k o s e and a r k o s e g r o u p s . 
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T h e s e s a n d s t o n e s h a v e , t h e r e f o r e , c o r r e l a t a b l e r e l a t i o n s 

with the Neogene Tipam Group sandstones ( s u b a r k o s e ) of the 

present s t u d y . The N e o g e n e sands from the deep sea f a n 

complex a l s o plot in close proximity to the Neogene Surma 

sandstones ( s u b l i t h a r e n i t e ) of the present study , a lthough 

they b e l o n g to a d i f f e r e n t group from the l a t t e r ( F i g . 

3 « 8 ) . T h e r e i s , h o w e v e r , no mention in the I n g e r s o l l and 

S u c z e k ' s ( 1 9 7 9 ) p u b l i c a t i o n as to the depth or the h o r i z o n 

from w h i c h the samples were taken and the s t u d y of the 

Tipam Group sandstone in the present study was l imited to 

one w e l l , because of the lack of samples . It is i m p o r t a n t 

to c o m p a r e the c o m p o s i t i o n a l p r o p e r t i e s of more Tipam 

Group sandstones with those of the N e o g e n e of the B e n g a l 

deep sea f an complex ( i n g e r s o l l and S u c z e k 1 9 7 9 ) for a 

better c o r r e l a t i o n between the two. 

The l i t h i c gra in c o m p o s i t i o n s of the N e o g e n e s a n d s from 

B e n g a l f a n ( i n g e r s o l l and Suczek 1979) are compared with 

those of the r e p r e s e n t a t i v e s a n d s t o n e s from the o n s h o r e 

N e o g e n e s a n d s of the B e n g a l B a s i n in t a b l e 3 * 6 . The 

dominant t y p e s of l i t h i c g r a i n s in both g r o u p s are the 

q u a r t - m i c a - a g g r e g a t e , m i c a - q u a r t z - t e c t o n i t e , , chert and 

a r g i 1 1 i t e - s h a 1 e s . E m p h a s i s i n g the r o l e of l i t h i c g r a i n 

c o m p o s i t i o n i n the s t u d y of p r o v e n a n c e , I n g e r s o l l and 

S u c z e k ( 1 9 7 9 ) c o n c l u d e d t h a t t h e s o u r c e o f t h e 

B e n g a 1 - N i c o b a r d e e p sea f a n complex s e d i m e n t s is the 

u p l i f t e d g n e i s s i c , sedimentary and metamorphic terranes of 

the H imalayas . The c o m p o s i t i o n of the p r e s e n t l y s t u d i e d 

N e o g e n e sand from the onshore Bengal Basin also suggests 

the metasediraentary, sedimentary and c r y s t a l l i n e p l u t o n i c 

and g n e i s s i c b a s e m e n t of the u p l i f t e d H i m a l a y a s as the 

provenance . That the sediments of the Ganges - Brahmaputra 

d e l t a a r e a and the B e n g a l d e e p s e a f a n h a v e s i m i l a r 

p r o v e n a n c e s could also be i n f e r r e d from the fact that the 

delta i s a l o n g the d i s p e r s a l route for much of the f a n 

s e d i m e n t s . One r e a s o n f o r the l e s s e r a b u n d a n c e of the 

a r g i l l i t e - s h a l e group of l i t h i c s in the N e o g e n e s a n d s of 
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the Bengal deep sea fan complex as compared to those from 

the onshore Bengal B a s i n may be the l o n g e r d i s t a n c e of 

transportation to the former site (Table 3 - 6 ) . 

69 



o 
c— 

TABLE 3 . 5 : COMPARISON OF THE RECALCULATED QUARTZ-FELDSPAR-LITHIC PERCENTAGES OF THE BENGAL 
DEEP SEA FAN NEOGENE SANDSTONES WITH THOSE OF THE ONSHORE BENGAL BASIN NEOGENE SANDSTONES 

BENGAL DEEP SEA FAN NEOGENE SANDSTONE (INGERSOLL & SUCZEK 1979) 

Sample 1 2 3 4 5 6 7 8 9 10 1 1 1 2 1 3 14 1 5 1 6 1 7 18 19 20 21 22 Mean 
no . 

Qtz . 54 56 71 49 63 51 61 49 56 55 54 59 58 64 58 56 56 66 51 52 61 63 57 

Feld . 28 26 22 24 23 35 25 38 35 33 33 27 24 18 19 28 31 25 40 26 23 30 28 

L i t h . 18 18 7 27 1 3 14 14 13 9 12 1 2 14 17 1 7 23 1 5 1 3 9 9 21 1 6 7 1 4 

ONSHORE BENGAL BASIN NEOGENE SANDSTONE (PRESENT STUDY) 

Sample M1 M1 M1 M1 M1 M1 M1 M1 M1 M1 M2 B1 B1 B1 B1 B1 B2 B2 T- T- T- T- T- T- T- T- T- T- Mean 

no. 3 4 7 11 28 34 36 37 38 49 3 14 16 17 19 26 3 4 1 3 4 7 9 11 12 13 15 

Qtz . 71 65 75 65 82 65 68 76 69 76 70 63 76 75 80 66 75 74 72 64 74 75 66 74 65 71 75 66 71 

Feld . 15 24 12 18 3 12 9 1 1 9 6 7 13 11 7 5 14 5 4 11 11 7 7 11 11 16 8 6 10 10 

L i th . 14 10 12 17 15 23 22 13 22 18 23 24 13 18 14 21 19 22 16 24 19 18 22 15 18 20 19 24 18 



• N E O G E N E SST FROM 
ONSHORE BENGAL B A S I N 

•V NEOGENE SST FROM 
BENGAL DEEP S E A FAN 

FIG. 3.8 QUARTZ-FELDSPAR-LITHICS TRIANGULAR PLOT FOR THE NEOGENE 

SANDSTONES FROM THE ONSHORE BENGAL BASIN AND THE 

BENGAL DEEP SEA FAN COMPLEX 
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TABLE 3 . 6 : COMPARISON OP THE LITHIC GRAIN TYPES IN THE ONSHORE BENGAL BASIN NEOGENE 
SANDSTONES WITH THOSE OF THE BENGAL DEEP SEA FAN NEOGENE SANDSONES 

BENGAL DEEP SEA FAN NEOGENE SANDSTONES (INGERSOLL <5 SUCZEK 1979) 

Sample no. 1 2 3 4 5 6 7 8 9 1 0 1 1 1 2 13 14 1 5 16 17 18 19 20 21 22 

Volcani cs . 4 2 1 4 4 3 4 4 4 4 4 2 2 1 1 3 6 3 3 6 6 7 
Mica-tec. 14 1 0 8 1 1 4 8 8 1 4 8 14 1 1 1 0 7 9 8 10 14 1 1 8 8 1 2 1 1 

Q t z-mi c a -1 e c . 31 38 27 35 24 30 28 36 23 30 32 27 28 22 34 37 27 32 35 26 33 35 
Qtz-mica-aggr. 25 25 38 27 37 18 29 20 18 25 23 38 32 48 27 26 28 28 27 33 27 24 

Qtz-mica-feld-aggr. 5 6 7 4 13 14 9 6 10 7 6 13 9 4 7 6 9 9 1 2 7 2 6 

Chert 5 6 6 3 5 14 1 1 7 9 8 7 2 3 2 2 4 5 5 4 4 3 4 
A rgi11-shale . 9 9 5 8 5 7 6 7 8 6 10 2 10 5 1 1 1 1 8 8 4 9 13 9 
Ind e t e rmi na t e. 7 4 7 8 7 6 4 6 20 6 6 7 10 8 10 5 4 4 6 7 4 6 

ONSHORE BENGAL BASIN NEOGENE SANDSTONES (PRESENT STUDY) 

Sample no. M1-34B M1 -36 M1 -38 B1 -1 4 B1-2 6A B2-3 T-1 T-1 2 T-1 5 

V o l c a n i c s . 1 _ 1 _ 1 1 1 _ 4 

Mi ca-1ec. 2 5 6 2 1 5 9 4 1 
Qtz-mica-tec.* 35 30 30 40 31 33 35 36 28 

Q t z-mi ca-aggr. 8 1 0 9 9 1 2 1 1 1 2 9 8 

Chert . 1 4 9 1 1 10 17 1 2 14 1 0 1 5 

A rgi11-shale . 23 25 24 23 26 25 22 29 29 
Indeterminate 1 6 19 1 6 1 1 1 0 1 0 6 1 1 1 0 

( * Including Qtz-mica-graph-tec.) 



B E N G A L B A S I N AND BENGAL DEEP S E A FAN 
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CHAPTER 4 

PETROGRAPHY OF SANDSTONE I I - DIAGENETIC PHASES 

4 .1 INTRODUCTION 

The d i a g e n e t i c phases of the Neogene s a n d s t o n e s of the 

B e n g a l B a s i n i n c l u d e a u t h i g e n i c c l a y a n d n o n c l a y 

m i n e r a l s . The c lay m i n e r a l s i n c l u d e chlorite , k a o l i n i t e 

and i l l i t e ; they occur mainly as pore f i l l i n g and pore 

l i n i n g agents but a lso r e p l a c e g r a i n s in few instances . 

The n o n - c l a y m i n e r a l s i n c l u d e q u a r t z , F e - c a l c i t e , 

d o l o m i t e , s i d e r i t e , feldspar and pyrite and occur as pore 

f i l l i n g and g r a i n r e p l a c i n g a g e n t s . I d e n t i f i c a t i o n s of 

these a u t h i g e n i c m i n e r a l s , and study of t h e i r textural 

r e l a t i o n s h i p s with each other and to a d j a c e n t pores or 

g r a i n s , were made. Q u a n t i t a t i v e estimations of the major 

authigenic components were also attempted. The a n a l y t i c a l 

techniques used for the study of diagenetic phases include 

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

microscopy and cathodoluminescence technique as d e s c r i b e d 

in Chapte r 3• 

4 . 2 AUTHIGENIC CLAY MINERALS: 

4 . 2 . 1 CHLORITE: 

A u t h i g e n i c c h l o r i t e is a very common diagenetic mineral 

over the entire depth range s t u d i e d . It occurs in three 

d i f f e r e n t f o r m s : ( a ) as r a d i a l r ims around d e t r i t a l 

g r a i n s , ( b ) as p o r e f i l l i n g m a t e r i a l s and ( c ) as a 

replacement of detr i ta l grains. , 
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( a ) Chlorite Rims 

C h l o r i t e rims around d e t r i t a l grains are the most common 

of the three forms of a u t h i g e n i c c h l o r i t e . They a r e 

p r e s e n t , i f only around a few detr ital gra ins , in all the 

samples studied , and are common in most of them with one 

to two t h i r d s of a l l the c l a s t i c grains having chlorite 

rims. In thin section , the chlorite rims are l i g h t g r e e n , 

n o n - p i e o c h r o i c to weakly pleochroic under plane polarized 

l i g h t and show f i r s t order weak b i r e f r i n g e n c e c o l o u r s 

under cross n i c o l s . The c h l o r i t e rims around grains are 

commonly t h i n and d i s c o n t i n u o u s , a l t h o u g h t h i c k and 

c o n t i n u o u s rims were a l so o b s e r v e d in many g r a i n s . The 

latter totally conceal the d e t r i t a l g r a i n s u r f a c e s ( F i g . 

4 . 1 ) and are up to 0 . 0 1 mm thick . The chlorite rims line 

the pores and are absent where the g r a i n s t o u c h e a c h 

o t h e r , i n d i c a t i n g format ion after deposition ( F i g . 4 . 2 ) . 

However, later compaction has brought some coated g r a i n s 

into tight contact leaving some chlorite between them. The 

r ims on c l o s e l y a d j a c e n t g r a i n s have sometimes grown 

together to atta in greater th ickness . 

The d e l i c a t e nature of the a u t h i g e n i c c h l o r i t e rims is 

r e v e a l e d from SEM s t u d i e s . They are seen to c o n s i s t of 

small irregular to h e x a g o n a l p l a t e l e t s a t t a c h e d more or 

l e s s p e r p e n d i c u l a r l y to the s u r f a c e of the g r a i n . The 

individual chlor ite p l a t e l e t s , which are 2 - 3 microns in 

length , are more or less r a d i a l l y arranged with respect to 

each other in a two d imensional house of cards structure 

( F i g . 4 . 1 A ) . T h i s d e l i c a t e morphology is i n d i c a t i v e of 

t h e i r a u t h i g e n i c or ig in . Elemental analysis by the energy 

d ispersive x-ray a n a l y z e r a t t a c h e d to the SEM i n d i c a t e d 

that the chlorites are iron r i c h . 

(b ) Pore f i l l i n g ch lor i te : 

Chlorite i n f i l l i n g pore spaces is the second most common 

75 



F i g . 4 . 1 „ S E M m i c r o g r a p h of chlorite rims around detrital 
grains. Muladi-1 well. 3114m. Bhuban fm. Scale 
bar = 12 m i c r o n s . 

Fig.4. 1 A.Magnified view of the chlorite rim shown in 
fig.4.1. Scale bar = 1 m i c r o n . 
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F i g . 4 . 2 . P h o t o m i c r o g r a p h of chlorite rims around detrital 
quartz grains. Pla light. Muladi-1 well. 3223m. 
Bhuban fm. 
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type of a u t h i g e n i c c h l o r i t e . It shows more than one type 

of morphology which are most c o n v e n i e n t l y s t u d i e d in the 

s c a n n i n g e l e c t r o n m i c r o s c o p e . The most common morphology 

is the cluster of bladed or platy chlorite crystals . Often 

these clusters take the form of r o s e t t e s ( F i g . 4 . 3 ) . In 

one e x a m p l e , the c l u s t e r of c h l o r i t e plates was seen to 

grow into a long c h a i n c u r v i n g through the pores ( F i g . 

4 . 4 ) . A second form of c h l o r i t e , though much less common, 

has a cabbage h e a d - l i k e growth which is a lso d e v e l o p e d 

w i t h i n the pore s p a c e s . Though these d i f ferent forms of 

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

i n t i m a t e a s s o c i a t i o n s of t h e s e c h l o r i t e masses w ith 

chlorite rims were frequently observed. The c h l o r i t e pore 

f i l l s are usually most common where the chlorite rims are 

also abundant. The p o r e f i l l i n g c h l o r i t e masses are o f t e n 

found r e s t i n g on top of the c h l o r i t e rims and sometimes 

these were seen to have grown out into the p o r e s from 

t h i c k c h l o r i t e r ims ( F i g . 4 . 5 ) . A l s o o b s e r v e d were 

chlorite masses i n f i l l i n g individual pore spaces which are 

thickly lined by chlorite rims on all s i d e s . 

( c ) Grain replacing c h l o r i t e : 

Partial replacement of d e t r i t a l grains by c h l o r i t e is the 

least common of the authigenic chlorite types and was only 

r a r e l y o b s e r v e d . C h l o r i t e s e l e c t i v e l y r e p l a c e s l a b i l e 

grains such as feldspars and l i t h i c f r a g m e n t s . F e l d s p a r s 

have been p a r t i a l l y r e p l a c e d a long the c l e a v a g e traces 

( F i g . 4 . 6 ) . Among the rock fragments, partial replacements 

were noted in mica-schist , metaquartzite and chert c l a s t s . 
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F i g.4.3.SEM micrograph of chlorite rosettes filling pore 
space. Muladi-l well. 2871m. Bhuban fm. Scale 
bar = 2 m i c r o n s . 

F i g . 4 . 4 . S E M m i c r o g r a p h of chlorite rosettes extending 
into the pore space. Muladi-l well. 2871m. 
Bhuban fm. Scale bar = 3 m i c r o n s . 
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F i g . A . 5 . S E M m i c r o g r a p h of chlorite growing into pore space 
from thick chlorite rim.Muladi-1 we 1 1 . 287 1m.Bhuban 

= 6 m i c r o n s . fm. Scale bar 

F i g . A . 6 . P b o t o m i c r o g r a p b of 
replacing detrital 
3223m. Bbuban fm. 

chlorite (green, a r r o w e d ) 
feldspar. Muladi-1 well. 
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4 . 2 . 2 . KAOLINITE: 

Authigenic kaolinite is a common cement in the s a n d s t o n e s 

of the Bhuban format ion in the Titas-2 w e l l . It was also 

observed in some sandstones of the Bhuban Formation in the 

Muladi-1 and Begumganj-1 w e l l s , hut it is either absent or 

rare in most of the samples t h e r e . P o i n t c o u n t i n g data 

i n d i c a t e s that a u t h i g e n i c k a o l i n i t e constitutes 0 . 1 $ to 

2 . 0 $ of the total rock components in the studied s a m p l e s . 

Two modes of occurrence have been observed. These are ( a ) 

as pore f i l l i n g materials , and (b ) as in situ a l t e r a t i o n s 

of f e ldspar . 

( a ) Pore f i l l i n g k a o l i n i t e : 

T h i s is not a s s o c i a t e d with any p r e c u r s o r m i n e r a l s and 

f i l l s i n d i v i d u a l i s o l a t e d pore s p a c e s in w e l l s o r t e d 

s a n d s t o n e s . The pore f i l l i n g k a o l i n i t e s are believed to 

have been precipitated from i n t e r s t i t i a l solutions and are 

the more common of the two modes of occurrence . 

In thin section the kaol in i te is i d e n t i f i e d as colourless , 

low b i r e f r i n g e n c e i n t e r s t i t i a l m a s s e s of g r a n u l a r 

m i c r o c r y s ta 11 ine a g g r e g a t e s . The aggregates are composed 

of k a o l i n i t e particles averaging several microns in s i z e . 

The nature of k a o l i n i t e was more c l e a r l y shown from the 

SEM s t u d i e s where i t w a s s e e n as h o o k s f o r m e d of 

p s e ud o h e x a g o n a 1 p l a t e l e t s stacked paral le l to the c-axis 

( F i g . 4 . 7 ) . These hooks of k a o l i n i t e p l a t e l e t s occur in 

random arrangements i n f i l l i n g the pore spaces part ia l ly or 

c o m p l e t e l y ( F i g . 4 . 8 A a n d 4 • 8 B ) . I n a few c a s e s , 

occurrences of kaol in ite as a d e l i c a t e v e r m i c u l a r growth 

w e r e o b s e r v e d i n w h i c h a s e q u e n c e o f s t a c k e d 

pseudohexagonal p l a t e l e t s of k a o l i n i t e e x t e n d s for some 

d i s t a n c e into the pores ( F i g . 4 . 9 ) . I nd iv idual plates of 

k a o l i n i t e c r y s t a l measures up to 1 micron in t h i c k n e s s 

while the composite lengths of ind iv idual books are 
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Fig.A.7.SEM m i c r o g r a p h of stacked platelets of K a o l -
linite in pore space. T i t a s - 2 well. 26A6m. 
Bbuban fm. Scale bar = 1 m i c r o n . 

F i g . A . 8 A . S E M micrograph of books of kaolinite p l a t e l e t s 
filling pore spaces. Titas-2 we 11 .26A 6m . Bhuban 
fm. Scale bar = 8 microns. 

82 



F i g.4 . 8B . SEM m i c r o g r a p h of kaolinite books chocking pore 
space. T i t a s - 2 well. 2690m. Bhuban fm. Scale 
bar = 11 m i c r o n s . 

F i g . 4 . 9 . S E M m i c r o g r a p h of the vermicular growth of 
kaolinite into the pore space. B e g u m g a n j - 1 
well. 3 642m.Bhuban fm. Scale bar = 4 m i c r o n s 
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F i g . 4 . 1 0 . P h o t o m i c r o g r a p h of insitu alteration of feldspar 
to k a o l i n i t e . Crossed n i c o 1 s . T i t a s - 2 w e l l . 2 6 6 8 m . 
Bhuban fm. 

F i g . 4 . 1 1 . P h o t o m i c r o g r a p h 
coating on detri 
B e g u m g a n j - 2 well 

of high b i r e f r i n g e n t illite 
tal grain. Crossed n i c o l s . 

3325m. Bhuban fm. 
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g e n e r a l l y 10 microns to 30 m i c r o n s . The most important 

c r i t e r i a fordefining the authigenic or secondary origin of 

the p o r e f i l l i n g k a o l i n i t e a r e : ( i ) I t s e u h e d r a l 

c r y s t a l l i n e h a b i t and d e l i c a t e f o r m . E x t e n s i v e 

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

d e l i c a t e h a b i t s , ( i i ) I t s o c c u r r e n c e in i s o l a t e d and 

scattered pore spaces. A d e t r i t a l o r i g i n would have been 

e x p e c t e d to d i s t r i b u t e the c lay evenly t h r o u g h o u t the 

s a n d s t o n e , and ( i i i ) The m o n o m i n e r a 1 i c n a t u r e of the 

k a o l i n i t e aggregates . 

(b ) In situ alteration of f e l d s p a r s : 

This type of occurrence is represented by k a o l i n i t e masses 

e n c l o s i n g r e l i c f e l d s p a r g r a i n ( F i g . 4 . 1 0 ) or by 

k a o l i n i t e s a l o n g the e d g e s of p a r t i a l l y d e c o m p o s e d 

fe ldspar , both directly implying its origin as the in situ 

a l t e r a t i o n product of f e l d s p a r s . These were less commonly 

observed than the p o r e f i l l i n g k a o l i n i t e s , but show 

s i m i l a r o p t i c a l and m o r p h o l o g i c a l c h a r a c t e r i s t i c s under 

the petrographic and scanning electron microscopes. 

4 . 2 . 3 ILLITE 

Authigenic i l l i t e is a common but minor d i a g e n e t i c clay 

m i n e r a l in the Neogene sandstones of the Bengal Basin . It 

occurs as thin coatings on d e t r i t a l grains over the entire 

depth range s a m p l e d . I n t h i n s e c t i o n , i t i s r e a d i l y 

r e c o g n i z e d by i ts h i g h b i r e f r i n g e n c e ( F i g . 4 . 1 1 ) . The 

i l l i t e c o a t i n g s are g e n e r a l l y d i s c o n t i n u o u s o v e r the 

d e t r i t a l g r a i n s . Under the SEM, the a u t h i g e n i c i l l i t e 

a p p e a r s as t a n g e n t i a l s h e e t s or l a r g e f l a k y c r y s t a l s 

d r a p e d over the g r a i n s u r f a c e s or c h l o r i t e rims ( F i g . 

4 . 1 2 ) . The thread l i k e or h a i r y growths of i l l i t e l aths 

that have o f t e n been described in the l i terature to form 

meshworks and bridge the gap between d e t r i t a l g r a i n s and 

d e s t r o y p e r m e a b i l i t y ( G u v e n et a l . 1 9 8 0 , W i l s o n and 
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P i t t m a n , 1 9 7 7 , Hancock, 1978 ), have not been seen in any 
of the studied samples. 

Fig.4. 12.Tangentia 1 sheet of authigenic illite draping 
over chlorite rim.Be gumganj-2 we 1 1 . 3325m.Bhuban 
f m . Scale bar = 6 microns. 



4 . 3 AUTHIGENIC NON-CLAY MINERALS: 

4 . 3 . 1 QUARTZ 

Authigenic quartz , in the form of quartz overgrowths, is a 

common d i a g e n e t i c m i n e r a l in the more d e e p l y b u r i e d 

s a n d s t o n e s . It is absent or very rare in samples of the 

Tipam group and the Bokabil f o r m a t i o n . In the u n d e r l y i n g 

Bhuban f o r m a t i o n quartz overgrowth is common in most of 

the sandstones and is abundant to very abundant in many of 

them w h e r e i t r e d u c e s p o r o s i t y s i g n i f i c a n t l y . A 

c o m p r e h e n s i v e study of the q u a r t z overgrowths was made 

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

microscopy and cathodoluminescence techniques . 

The r e c o g n i t i o n of quartz overgrowths in thin section is 

dependent on the p r e s e n c e of a " d u s t l i n e " between the 

d e t r i t a l g r a i n n u c l e i and the o v e r g r o w t h s , or by the 

presence of d i s t i n c t i v e well defined crystal f a c e s on the 

overgrowth. The "dust l ines " are commonly formed by a thin 

f i l m of i l l i t e c l a y which could be r e c o g n i z e d by i ts 

d i s t i n c t i v e h i g h b i r e f r i n g e n c e ( F i g . 4 . 1 3 ) • Apart from 

clay f i lms or c o a t i n g s , v a r i o u s i m p u r i t i e s between the 

overgrowths and the n u c l e i o f t e n form the " d u s t l i n e s " . 

Occasionally d ist inct euhedral crystal faces , growing into 

the pore s p a c e s , present unmistakeable evidence of quartz 

overgrowth ( F i g . 4 . 1 4 ) . These growths of e u h e d r a l q u a r t z 

could only be formed when s u f f i c i e n t space was available 

for the c r y s t a l to develop f r e e l y into the p o r e . When 

n e i t h e r of t h e s e two c r i t e r i a i s p r e s e n t , it is not 

possible to d i s t i n g u i s h the overgrowth from the d e t r i t a l 

g r a i n u s i n g s t a n d a r d petrographic thin section a n a l y s i s . 

For this reason many of the overgrowths remained unnoticed 

when examined in th in s e c t i o n . As a r e s u l t , e s t i m a t e of 

the p e r c e n t a g e of q u a r t z overgrowth could not be made by 

p o i n t c o u n t i n g w h e r e a s most of the o t h e r i m p o r t a n t 

cementing materials of the sandstones have been quantif ied 
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Fig . 4 . 1 3.Photomicrograpb of dust line of illite clay ( a r r o w ) 
between detrital grain and quartz o v e r g r o w t h . 
Crossed nicols. Begumganj-1 w e l l . 2758m. Bbuban fm. 

Fig . 4 . 14.Pbotomicrograph of eubedral quartz o v e r g r o w t h 
crystal faces enveloped by late calcite cement 
Crossed nico1s.Mu1 a d i - 2 w e l l . 44 9 1m. Bbuban fm 
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by t h i s m e t h o d . M o d a l a n a l y s e s i n d i c a t e t h a t the 

percentages of d e t r i t a l q u a r t z in samples where q u a r t z 

overgrowths are absent or not s i g n i f i c a n t (as seen in the 

SEM) range from about 51$ to 66$ with a mean value of 6 0 $ . 

However s i g n i f i c a n t variations from this average are found 

(up to 7 6 $ ) in samples where quartz overgrowths are very 

a b u n d a n t (as seen in SEM). These high values are possibly 

due to i n a b i l i t y to a d e q u a t e l y d i s t i n g u i s h o v e r g r o w t h s 

from d e t r i t a l q u a r t z , and i n c o r p o r a t i n g the overgrowths 

into the estimates of detr i ta l quartz gra ins . Assuming the 

d e t r i t a l quartz content of these samples to be s i m i l a r to 

the h i g h e s t o b t a i n e d for the p r e v i o u s ones ( 6 6 $ ) , the 

overgrowths may account for as much as 10$ of the t o t a l 

quartz in these samples. 

S c a n n i n g e l e c t r o n microscopy gives the clearest evidence 

of the nature of the quartz overgrowths. Under the SEM two 

t y p e s of q u a r t z o v e r g r o w t h s can be d i s t i n g u i s h e d : 

i n c i p i e n t and t e r m i n a t e d . I nc ip ient overgrowths describe 

the small isolated and incomplete growth of quartz crystal 

faces on detr ital quartz grains ( F i g . 4 . 1 5 ) . These are the 

result of o v e r l a p p i n g and merging of s m a l l e r i r r e g u l a r 

o v e r g r o w t h s u b - u n i t s ( P i t t m a n 1 9 7 2 ) . The o v e r l a p p i n g 

n a t u r e is i n d i c a t e d where i n c o m p l e t e c r y s t a l m e r g i n g 

r e s u l t s in holes in the crystal faces of the overgrowths 

( F i g . 4 . 1 6 ) . I f the growth of the a u t h i g e n i c q u a r t z had 

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

eventual ly . There often remains an unf i l led space between 

the a d v a n c i n g inc ip ient overgrowths and the quartz grains 

( F i g . 4 . 1 7 ) . These v o i d s may r e p r e s e n t the " d u s t l i n e " 

w i th or w i thout b e i n g i n f i l l e d with impurities (Pittman 

1972 ) . 

A more common and advanced growth of authigenic q u a r t z is 

r e p r e s e n t e d by the t e r m i n a t e d type of overgrowths. Here 

the overgrowths have developed complete and well developed 

crystal faces ( F i g . 4 . 1 8 - 4 . 2 2 ) . They can commonly 
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Fig.4. 15.SEM micrograph of isolated and incmplete 
incipient quartz o v e r g r o w t h . M u l a d i - 1 well. 
2216m. Bokabil fm. Scale bar= 20 m i c r o n s . 

Fig.4. 16.SEM micrograph of holes in the quartz o v e r g r o w t h 
crystal faces resulting from incomplete m e r g e n c e 
of incipient quartz o v e r g r o w t h s . M u l a d i - 1 well. 
3294m. Bhuban fm. Scale bar = 15 m i c r o n s . 
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Fig.4. 17.SEM micrograph of incipient quartz o v e r g r o w t h . N o t e 
the gap hetwwen overgrowth and the detrital grain. 
Muladi-l w e l l . 3 2 2 3 m . Bhuban fm.Scale bar=8 m i c r o n s . 

euhedral crystal faces of 
overgrowth. T i t a s - 2 well. 
Scale har = 5 m i c r o n s . 

Fig.4.18.SEM micrograph of 
terminated quartz 
2967m. Bhuban fm. 
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F i g . 4 . 1 9 . S E M m i c r o g r a p h of terminated quartz overgrowths 
with euhedral crystal f a c e s . T i t a s - 2 w e l l . 2 6 4 6 m . 
Bhuban fm. Scale bar = 8 m i c r o n s . 

F i g . 4 . 2 0 . S E M micrograph of terminated quartz o v e r g r o w t h s 
Muladi-1 w e l l . 3294m. Bhuban fm. Scale bar = 14 
microns. 
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F i g . 4 . 2 1 . S E M miccograph of interlocking quartz over-
growths. Begumganj-1 well. 2758m. Bhuban fm 
Scale bar = 9 m i c r o n s . 

F i g . 4 . 2 2 . S E M micrograph of i n t e r l o c k i n g quartz over-
growths. Begumganq-1 w e l l . 2680m. Bhuban fm. 
Scale bar = 8 m i c r o n s . 
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envelope the detr ital grain surfaces completely. Depending 

upon the a v a i l a b i l i t y of space d u r i n g g r o w t h , t e r m i n a t e d 

o v e r g r o w t h c r y s t a l s can take the form of perfect euhedra . 

Such euhedra grow into the open pore space and o f t e n form 

h e x a g o n a l prisms with rhombohedral p i n a c o i d s . However, 

more commonly, due to the lack of avai lable space required 

for such free growth, the crystal faces i n t e r a c t with one 

a n o t h e r to form compromise boundaries . This results in an 

i n t e r l o c k i n g t e x t u r e of the q u a r t z and in s u c h c a s e s 

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

boundaries between quartz overgrowths are i l l u s t r a t e d in 

F i g . 4 . 2 1 and 4 . 2 2 . T h e s e t y p e s of b o u n d a r i e s o f t e n 

resemble s u t u r e d c o n t a c t s and in the a b s e n c e of " d u s t 

l i n e s " c o u l d be m i s t a k e n as g r a i n to g r a i n p r e s s u r e 

solution in thin section . This problem, however , could be 

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

Cathodoluminescence technique was useful in d i s t i n g u i s h i n g 

between quartz overgrowth and detr ital quartz , b e c a u s e of 

the d i f ferent luminescent character ist ics of the two. This 

e n a b l e s one to d i s t i n g u i s h between i n t e r l o c k i n g quartz 

overgrowth and p r e s s u r e s o l u t i o n , both of which can be 

r e p r e s e n t e d by sutured contacts . In Figure 4 . 2 3 and 4 . 2 4 , 

interpenetrat ing grain contact which result from p r e s s u r e 

s o l u t i o n , a r e m a r k e d ' P ' and those which r e s u l t from 

interlocking quartz overgrowth on compromise b o u n d a r i e s 

between o v e r g r o w t h s and d e t r i t a l gra ins are marked ' 0 ' . 

Such d i s t i n c t i o n is possible because of the darker tone of 

the quartz overgrowth in the p r i n t due to i t s d i f f e r i n g 

l u m i n e s c e n c e c h a r a c t e r compared to the d e t r i t a l quartz 

gra in . 

Pittman ( 1 9 7 2 ) c r i t i c a l l y reviewed the development of the 

quartz overgrowths and indicated that development proceeds 

from i n i t i a l i s o l a t e d i n c i p i e n t types to the advanced 

terminated types by the gradual overlapping and merging of 

former smaller units into s ingle large c r y s t a l s , p r o v i d e d 

suitable physico-chemical conditions p r e v a i l e d . In the 
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Fig . 4 . 2 3 . L u m i n e s c e n c e view of sutured and c o n c a v o - c o n v e x 
grain c o n t a c t s . Q u a r t z overgrowths are distictly 
darker than the detrital quartz. 0 = o v e r g r o w t h , 
P=Pressure s o 1 u t i o n . M u 1 adi-1 w e l l . B h u b a n fm. 

F i g . 4 . 2 4 . L u m i n e s c e n c e view of sutured and c o n c a v o - c o v v e x 
grain c o n t a c t s . 0 = 0 v e r g r o w t h . P=Pressure solution. 
Muladi-1 w e l l . Bhuban fm. 
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p r e s e n t s t u d y a l s o s u c h gradual development is i n d i c a t e d 

by the presence of d i f f e r e n t s t a g e s of c r y s t a l g r o w t h s , 

r a n g i n g from i n c i p i e n t c r y s t a l f a c e s c o v e r i n g i s o l a t e d 

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

t h e s e s m a l l e r u n i t s , to the t e r m i n a t e d o v e r g r o w t h s 

c o m p l e t e l y e n v e l o p i n g the d e t r i t a l g r a i n s . An i n v e r s e 

r e l a t i o n s h i p h a s b e e n o b s e r v e d b e t w e e n the g r o w t h of 

q u a r t z o v e r g r o w t h and t h a t of the c h l o r i t e rims ( T a b l e 

4 . 1 ) . T h i c k c h l o r i t e r i m s t e n d to i n h i b i t q u a r t z 

o v e r g r o w t h s . Advanced , terminated and i n t e r l o c k i n g q u a r t z 

o v e r g r o w t h s are o n l y d e v e l o p e d w h e r e c h l o r i t e rims are 

absent or very sparse ( sample B 1 - 1 6 , B 1 - 1 7 f o r e x a m p l e ) . 

T h i n a n d d i s c o n t i n u o u s c h l o r i t e rims g e n e r a l l y a l l o w 

incomplete and i n c i p i e n t quartz overgrowth to d e v e l o p . I n 

d i s c o n t i n u o u s . l y rimmed g r a i n s , q u a r t z o v e r g r o w t h could 

n u c l e a t e in the g a p s , or the e x p o s e d p a r t of the g r a i n , 

and could then e n g u l f those parts of the g r a i n s covered by 

the t h i n c h l o r i t e r ims . Thick and cont inuous c h l o r i t e rims 

t o t a l l y i n h i b i t q u a r t z o v e r g r o w t h d e v e l o p m e n t ( s a m p l e 

M1-34Band M 1 - 3 6 ) . S i m i l a r r e l a t i o n s h i p s b e t w e e n q u a r t z 

o v e r g r o w t h and c h l o r i t e rim d e v e l o p m e n t h a v e a l s o been 

reported by others ( P i t t m a n and L u m s d e n 1 9 6 8 ; H e a l d and 

L a r e s e 1 9 7 4 ; Thomson 1979 ) . 
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TABLE 4 . 1 . : RELATIONSHIPS BETWEEN THE DEVELOPMENT OF QUARTZ 

OVERGROWTH AND CHLORITE RIMS IN NEOGENE 

SANDSTONES OF THE BENGAL BASIN . 

Sample Depth 

no (m) 

Unit Quartz 

overgrowth 

C h l o r i t e rims 

M1 -3 

M1 -4 

M1 -1 1 

M1 -20 

B1 -14 

M1 -28 

B1 -1 6 

B1 -17 

M1 -34B 

B1 -1 9 

M1 -36 

M1-37B 

M1 -38 

B1-26A 

M1 -49 

M2-3 

500 
602 

1 1 37 

1 700 

21 39 

2216 

T 
I 
P 
A 
M 

N i l 

N i l 

N i l 

N i l 

Very rare 

Rare 

2680 
2758 

2871 

2 999 

31 14 

3223 

3294 

3642 

4 4 5 8 

4491 

Abundant 

Abundant 

N i l 

Abundant 

N i l 

Very common 

Very common 

Common 

Abundant 

Very common 

z 
o 
I-< 
t-z 
LU 
5 
UJ 
o 

w 

Thin & d i s c o n t i n u o u s 

Thin & d i s c o n t i n u o u s 

Thin & d i s c o n t i n u o u s 

Sparse 

G e n e r a l l y th ick and 

cont inuous 

Thin & d i s c o n t i n u o u s 

Very sparse 

Very sparse 

G e n e r a l l y th ick and 

cont inuous 

Very sparse 

G e n e r a l l y th ick and 

cont inuous 

Thin & d i s c o n t i n u o u s 

Thin & d i s c o n t i n u o u s 

Thin & d i s c o n t i n u o u s 

Spars e 

Thin & d i s c o n t i n u o u s 
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4 . 3 . 2 FERROAN CALCITE : 

Ferroan c a l c i t e is a very common d i a g e n e t i c mineral in the 

s a n d s t o n e s o f t h e B o k a b i l and B h u b a n F o r m a t i o n s . The 

f e r r o a n n a t u r e of the c a l c i t e is i n d i c a t e d by s t a i n i n g 

with potassium f e r r i c y a n i d e with which it s t a i n s b l u e . The 

c a l c i t e s t a i n s p i n k w i t h A l i z a r i n r e d S . U n d e r the 

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

and is c h a r a c t e r i z e d by r h o m b o h e d r a l c l e a v a g e , v a r i a b l e 

r e l i e f with r o t a t i o n of the s t a g e , and high order p ink and 

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

The f e r r o a n c a l c i t e o c c u r s in t h e f o l l o w i n g t e x t u r a l 

v a r i e t i e s in the s t u d i e d s a n d s t o n e s : 

( i ) I s o l a t e d pore f i l l i n g and r e p l a c i v e cements 

( i l ) P o i k i l o t o p i c cements 

( i ) I s o l a t e d pore f i l l i n g and r e p l a c i v e F e - c a l c i t e cement : 

F e - c a l c i t e cements i n f i l l i n g i s o l a t e d pore spaces and a l s o 

r e p l a c i n g d e t r i t a l g r a i n s are the most common types of 

carbonate cements in the s a n d s t o n e s t u d i e d ( F i g . 4 . 2 5 ) . 

The f i r s t o c c u r r e n c e s of t h e s e c e m e n t s were observed in 

samples from depths below about 1700m and t h e i r p r e s e n c e 

c o n t i n u e down to the d e e p e s t samples s t u d i e d from 4491 m 

Point c o u n t i n g data i n d i c a t e that the c e m e n t s i n g e n e r a l 

c o n s t i t u t e a b o u t 0 . 3 $ to 7 . 0 $ o f t h e r o c k v o l u m e s 

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

r e p l a c i n g few d e t r i t a l g r a i n s . In some samples , h o w e v e r , 

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

i n c r e a s i n g the amount of F e - c a l c i t e in the s a m p l e s to 

1 7 $ - 3 5 $ of the t o t a l r o c k c o m p o n e n t s . I n s u c h c a s e s , 

a l m o s t t o t a l r e p l a c e m e n t of g r a i n s by F e - c a l c i t e is 

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

( F i g . 4 . 2 6 ) . , F e - c a l c i t e r e p l a c e s q u a r t z g r a i n s most 

e x t e n s i v e l y but replacement of f e l d s p a r s and rock 
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F i g . 4 . 2 5 . P h o t o m i c r o g r a p h of late calcite (c) and dolomite (d) 
filling pore and replacing grains.Samp1e stained with 
Alizarin red S . B e g u m g a n j - 2 we 1 1 . 34 7 6m.Bhuban fm. 

Fig . 4 . 26.Photomicrograph of advance stage of grain replacement 
by calcite leaving relic quartz grain within replac-
ing calcite. M u l a d i - 2 well. 4 49 1m. Bhuban fm . 
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fragments is also common. R e p l a c i v e c a l c i t e o c c a s i o n a l l y -

cross cuts g r a i n c o n t a c t s , i n c l u d i n g sutured c o n t a c t s in a 

few samples . 

( I I ) P o i k i l o t o p i c f e r r o a n c a l c i t e : 

P o i k i l o t o p i c ferroan c a l c i t e is present only in a very few 

s a m p l e s - o n l y 5 $ o f t h e t o t a l n u m b e r of s a n d s t o n e s 

s t u d i e d . However , where it o c c u r s , i t o c c u p i e s the t o t a l 

pore space reducing the p o r o s i t y and p e r m e a b i l i t y to z e r o . 

P o i n t c o u n t i n g d a t a i n d i c a t e t h a t p o i k i l o t o p i c c a l c i t e 

cement c o n s t i t u t e 3 5 $ - 5 0 $ of the t o t a l rock c o m p o n e n t s . 

T h e s e c e m e n t s are composed of i n t e r l o c k i n g m o s a i c s of 

i n d i v i d u a l euhedral c a l c i t e c r y s t a l s ranging in s i z e from 

0 . 5 cm to more t h a n 1 . 0 cm. The i n d i v i d u a l nature of the 

f e r r o a n c a l c i t e c r y s t a l s could be n o t e d by the d i f f e r e n t 

p o s i t i o n s of t h e i r e x t i n c t i o n w i t h r e s p e c t to a d j a c e n t 

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

d e t r i t a l g r a i n s a r e e m b e d d e d w i t h f e w or no g r a i n 

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

f l o a t i n g g r a i n s in the c a l c i t e cement and are separated 

beyond the normal g r a i n s u p p o r t e d f r a m e w o r k w h i c h w o u l d 

h a v e b e e n e s t a b l i s h e d d u r i n g d e p o s i t i o n ( F i g . 4 » 2 7 ) . I t 

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

p o i k i l o t o p i c c e m e n t s i n v o l v e s e x p a n s i o n of i n t e r g r a n u l a r 

space and consequent rearrangements in the p a c k i n g of the 

d e t r i t a l g r a i n s , i n c r e a s i n g the s e p a r a t i o n between them 

( D a p p l e s 1 9 7 1 ) . There is e v i d e n c e of minor c o r r o s i o n along 

the outer margins of some d e t r i t a l g r a i n s . 
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F i g . 4 . 2 7 . P h o t o m i c r o g r a p h of early p o i k i l o t o p i c calcite 
cement with "floating" grains. Sample stained 
with Alizarin red S. Plain light. M u l a d i - 1 
well. 2212m. Bokabil fm. 
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4 . 3 . 3 DOLOMITE 

Dolomite occurs as a v e r y m i n o r a u t h i g e n i c c o m p o n e n t in 

some s a m p l e s and is mostly a s s o c i a t e d with i s o l a t e d pore 

f i l l i n g F e - c a l c i t e cement. It was d i s t i n g u i s h e d from the 

l a t t e r in the s t u d i e d s a m p l e s by s t a i n i n g with A l i z a r i n 

Red S . , which s t a i n c a l c i t e p i n k / r e d but d o e s not a f f e c t 

d o l o m i t e . D o l o m i t e commonly occurs along the outer edges 

of the c a l c i t e pore f i l l i n g cement , i n d i c a t i n g a r e p l a c i v e 

o r i g i n . H o w e v e r , i n d i v i d u a l p o r e s f i l l e d o n l y w i t h 

d o l o m i t e have a l s o b e e n found ( F i g . 4 . 2 5 ) ; t h i s could be 

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

d o l o m i t e , or it could be due to 

d i r e c t p r e c i p i t a t i o n of dolomite in the pore s p a c e s . The 

l a t t e r seems u n l i k e l y as the m a j o r i t y of the d o l o m i t e 

appears to be r e p l a c i v e a f t e r F e - c a l c i t e . 

4 . 3 . 4 S IDERITE 

A u t h i g e n i c s i d e r i t e is a commonly o c c u r i n g d i a g e n e t i c 

mineral in the Neogene sandstones of the B e n g a l B a s i n . I t 

i s present in almost a l l of the samples examined , a l t h o u g h 

only in very minor amounts in most of them. Point count ing 

d a t a i n d i c a t e s t h a t i t c o n s t i t u t e s o n l y t r a c e to about 

1 . 0 $ of the total rock components in the s t u d i e d s a m p l e s , 

w i t h a mean v a l u e of 0 . 4 $ . The s i d e r i t e occurs as minute 

euhedral to s u b h e d r a l rhombic c r y s t a l s , e i t h e r s i n g l y or 

more commonly as a g g r e g a t e s , p a r t i a l l y f i l l i n g pores ( F i g . 

4 . 2 8 ) . L e s s c o m m o n l y , s i d e r i t e r e p l a c e s g r a i n s v a r y i n g 

from only m a r g i n a l l y to almost t o t a l r e p l a c e m e n t in r a r e 

c a s e s . The m i n e r a l i s c o l o u r l e s s to p a l e brown and i s 

c h a r a c t e r i z e d by h i g h r e l i e f and e x t r e m e b i r e f r i n g e n c e . 

The s i d e r i t e is o f t e n masked by yel low brown to dark brown 

s t a i n i n g due to p a r t i a l a l t e r a t i o n to iron o x i d e . 
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F i g . 4 . 2 8 . P h o t o m i c r o g r a p h of euhedral and subhedral 
authigenic siderite crystals filling pore 
space. Titas-2 w e l l . 2753m. Bhuban fm. 
w e l l . 2212m. Bokabil fm. 
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4 . 3 . 5 . FELDSPAR 

A u t h i g e n i c f e l d s p a r in the form of overgrowth occurs r a r e l y 

in the Neogene sandstone of the Bengal B a s i n . An i n i t i a l 

s tage of formation of f e l d s p a r overgrowth is r e p r e s e n t e d by 

small or iented rhombohedral c r y s t a l s on d e t r i t a l f e l d s p a r 

( F i g . 4 . 2 9 ) . The term " A d u l a r i a h a b i t " has been used to 

d e s c r i b e the morphology of such i n c i p i e n t f e l d s p a r overgrowth 

( A l i and Turner 1 9 8 2 ) . Merging and growing of these rhombic 

c r y s t a l s may lead to the format ion of l arger overgrowth 

c r y s t a l s ( A l i and Turner 1 9 8 2 ) . Fe ldspar overgrowth p a r t i a l l y 

e n v e l o p i n g d e t r i t a l grain r e p r e s e n t s a more advanced stage 

of development and was seen on very few o c c a s s i o n in the 

s t u d i e d s a n d s t o n e s . 

4 . 3 . 6 . PYRITE 

Trace amount of p y r i t e are present in few samples as 

s c a t t e r e d cubes and masses . P y r i t e was also observed in 

rare cases w i t h i n the chambers of f o s s i l f o r a m i n i f e r a . T h e 

mode of occurrence of pyr ite i n d i c a t e s an a u t h i g e n i c o r i g i n . 
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F i g . 4 . 2 9 . S E M micrograph of incipient feldspar o v e r g r o w t h . 
Begumganj-1 well. Bhuban fm. 3325 m. Scale 
bar= 5 m i c r o n s . 
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CHAPTER 5 

DIAGENETIC PROCESSES IN SANDSTONE 

5 .1 INTRODUCTION 

P h y s i c a l , physico-chemical and chemical p r o c e s s e s have a l l 

b e e n i n v o l v e d in the d i a g e n e s i s of the Neogene s a n d s t o n e s 

in the Bengal B a s i n . The N e o g e n e s e q u e n c e s , r e p r e s e n t a 

huge t h i c k n e s s of d e l t a i c c l a s t i c sediments d e p o s i t e d in a 

r a p i d l y s u b s i d i n g b a s i n . The sediments of the s t u d i e d area 

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

and a r e p r e s e n t l y n e a r or a t t h e i r m a x i m u m d e p t h of 

b u r i a l . T h e s e q u e n c e t h e r e f o r e p r o v i d e s an i d e a l 

o p p o r t u n i t y to study the p r o c e s s e s of b u r i a l d i a g e n e s i s in 

a sand-shale s e c t i o n that is a c t i v e t o d a y . The f o l l o w i n g 

d i s c u s s i o n of the v a r i o u s d i a g e n e t i c p r o c e s s e s a f f e c t i n g 

the sandstones is mainly based on the study of d i a g e n e t i c 

phases d e s c r i b e d in d e t a i l in the previous c h a p t e r . 

5 . 2 PARAGENETIC SEQUENCE: 

The p a r a g e n e t i c s e q u e n c e of the m a j o r d i a g e n e t i c events 

can be d e d u c e d from the m u t u a l t e x t u r a l r e l a t i o n s h i p s 

b e t w e e n d i a g e n e t i c m i n e r a l s and t h e d e p t h at w h i c h 

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

( F u c h t b a u e r 1 9 8 1 ) , and is shown in F i g . 5 « 1 » In a d d i t i o n to 

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

c r y s t a l l i s a t i o n are the two d i a g e n e t i c e v e n t s w h i c h h a v e 

t a k e n p l a c e i n t h e s a m p l e s but whose p o s i t i o n in the 

p a r a g e n e t i c sequence could not be e s t a b l i s h e d b e c a u s e of 

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

these two m i n e r a l s . 
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F I G . 5 . 1 : PARAGENETIC SEQUENCES (WITH OVERLAPPING OF 

SOME EVENTS P O S S I B L E ) OF DIAGENESIS IN THE 

NEOGENE SANDSTONES OF THE BENGAL BAS IN . 

DEPOS IT ION 

COMPACTION 

CHLORITE AUTHIGENESIS 

S I D E R I T E CRYSTALLIZATION 

f 

EARLY P O I K I L O T O P I C 

FE-CALCITE 

CEMENTATION 

1 

I L L I T E COATING 

QUARTZ OVERGROWTH CEMENTATION 

LATE FE-CALCITE CEMENTATION AND REPLACEMENT 

PARTIAL D ISSOLUTION OF ROCK COMPONENTS AND 

DEVELOPMENT OF SECONDARY POROSITY 

KAOLINITE CRYSTALLIZATION 

107 



- 5 . 3 COMPACTION OP SEDIMENTS 

Compaction of sediments by overburden p r e s s u r e s t a r t e d as 

soon as the sediments were buried below the s e d i m e n t / w a t e r 

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

d i a g e n e t i c p r o c e s s , the s e d i m e n t s c o n t i n u e d to u n d e r g o 

c o m p a c t i o n as t h e y w e r e b e i n g b u r i e d deeper and d e e p e r . 

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

c o n s o l i d a t i o n of s a n d s t o n e of the T i p a m g r o u p where no 

c e m e n t a t i o n has t a k e n p l a c e . I t r e m a i n s an i m p o r t a n t 

p r o c e s s i n the 1 i t h i f i c a t i o n of u n d e r l y i n g Surma group 

s a n d s t o n e s along with other chemical cementation processes 

which were a c t i v e in t h i s u n i t . Ev idence of c o m p a c t i o n in 

N e o g e n e s a n d s t o n e s i n c l u d e s p h y s i c a l and physico-chemical 

p r o c e s s e s and these are d i s c u s s e d in d e t a i l b e l o w . 

5 . 3 . 1 P h y s i c a l P r o c e s s e s : 

( a ) P a c k i n g adjustment of g r a i n s : 

P a c k i n g r e - a r r a n g e m e n t of d e t r i t a l g r a i n s s t a r t e d w i t h 

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

c o m p a c t i o n to t h e o v e r b u r d e n s t r e s s . T h e p r o c e s s e s 

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

r o t a t i o n . These were only important in the e a r l y stages of 

b u r i a l , as seen in the Tipam group and top of the B o k a b i l 

f o r m a t i o n of the Surma group . These processes r e s u l t e d in 

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

e v i d e n c e d by the c h a n g e in the nature of g r a i n c o n t a c t s ; 

s a m p l e s at s h a l l o w e r d e p t h w i t h p r e d o m i n a n t l y p o i n t 

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

p r e d o m i n a n t l y long c o n t a c t s between g r a i n s with i n c r e a s i n g 

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

t h e r e a f t e r cont inue to d e c r e a s e in number (below 2 2 1 6 m of 

b u r i a l d e p t h ) as p r o c e s s e s other than packing r e a d j u s t m e n t 

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

concavo-convex and s u t u r e type contacts between g r a i n s . 

1 0 8 



( b ) D u c t i l e g r a i n d e f o r m a t i o n : 

P l a s t i c d e f o r m a t i o n of d u c t i l e or l a b i l e gra ins has been 

o b s e r v e d in s a m p l e s b e l o w a b o u t 2 1 4 0 m ( i n Surma g r o u p 

s a n d s t o n e ) and the degree of i n t e n s i t y of such d e f o r m a t i o n 

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

g r a i n s are the soft l i t h i c f r a g m e n t s and i n c l u d e s h a l e , 

c l a y s t o n e , m i c a s c h i s t , p h y l l i t e , and s l a t e s i n the 

s t u d i e d s a m p l e s . The p l a s t i c d e f o r m a t i o n o c c u r s as the 

l a b i l e g r a i n s are s q u e e z e d by a d j a c e n t r i g i d g r a i n s in 

response to the overburden p r e s s u r e . Such s q u e e z i n g o f t e n 

l e a d s to the f l o w a g e of s o f t l i t h i c s i n t o the a d j a c e n t 

p o r e s p a c e s ( F i g . 5 * 2 a n d 5 • 3 ) • I f t h i s p r o c e s s h a s 

proceeded to an advanced s t a g e , the soft gra ins lose t h e i r 

o r i g i n a l s h a p e and may t a k e the form of an i n t e r s t i t i a l 

m a t e r i a l r e s e m b l i n g m a t r i x . T h i s i s r e f e r r e d to as the 

p s e u d o - m a t r i x and the f o l l o w i n g c r i t e r i a have been used 

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

( D i c k i n s o n 1 9 7 0 ) , ( F i g . 5 . 4 ) . 

( a ) F l a m e - l i k e wisps of crushed l i t h i c gra ins extend into 

the narrowing o r i f i c e s between undeformed r i g i d g r a i n s . 

( b ) The i n t e r n a l f a b r i c s of the l i t h i c f r a g m e n t s a r e 

d e f o r m e d by p l a s t i c f l o w and commonly c o n f o r m to the 

margins of s u r r o u n d i n g r i g i d g r a i n s . 

( c ) L a r g e " m a t r i x " f i l l e d " g a p s " b e t w e e n the f r a m e w o r k 

g r a i n s suggest a pseudo-matr ix . 

The amount of p o r o s i t y l o s t by the d e f o r m a t i o n of s o f t 

l i t h i c g r a i n s d e p e n d s on t h e i r a b u n d a n c e and amount of 

o v e r b u r d e n . M c B r i d g e ( 1 9 7 8 ) i n d i c a t e d that it is common 

for s a n d s t o n e s to lose 5$ to 15$ of t h e i r poros ity in t h i s 

way . H a y e s et a l . ( 1 9 7 6 ) r e p o r t e d t h a t g r a i n s q u e e z i n g 

alone has reduced the p o r o s i t y to n e a r l y zero in the 
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F i g . 5 . 2 . P h o t o m i c r o g r a p h of p s e u d o m a t r i x r e s u l t i n g from 
p l a s t i c d e f o r m a t i o n and f l o w a g e of soft l i t h i c 
grain.Pla:" 1 i g t h . Mu 1 a d i - 2 w e l l . 4 4 9 1 m . B h u b a n fm. 

v- * 
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F i g . 5 . 3 . P h o t o m i c r o g r a p h s h o w i n g p l a s t i c d e f o r m a t i o n and 
f l o w a g e of soft lithic grain into a d j a c e n t pore 
s p a c e . P l a l i g h t . M u l a d i - 1 w e 1 1 . 3 2 9 4 m . B h u b a n fm 
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Wisps extended Concentric form of Gaps in framework with 
between rigid grains pseudoflidal internal relict lithic fragment text 

fabric 

F IG . 5 . 4 CRITERIA FOR R E C C O G N I T I O N OF P S E U D O M A T R I X 

( A f t e r Dickinson 1 9 7 0 ) 
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l i t h i c s a n d s t o n e s of B e l u g a f o r m a t i o n , A l a s k a . I n t h e 

p r e s e n t s t u d y , modal a n a l y s i s i n d i c a t e d that 9 0 $ of the 

samples are s u b - l i t h a r e n i t e , the rest being sub-arkose and 

the a v e r a g e ( m e a n ) a m o u n t o f l i t h i c g r a i n s i n t h e s e 

s a m p l e s i s 14$ of the total rock componnents . So ft l i t b i c 

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

s c h i s t c o n s t i t u t e a b o u t 5 2 $ to 6 6 $ of the t o t a l l i t b i c 

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

l i t h i c s ( s h a l e , s i l t s t o n e , c l a y s t o n e ) b e i n g one of the 

most abundant types ( T a b l e 5 . 1 ) . P l a s t i c d e f o r m a t i o n of 

t h e s e g r a i n s w i t h f l o w a g e i n t o a d j a c e n t pore s p a c e s is 

common below about 3 0 0 0 m ( i n the B h u b a n f o r m a t i o n ) and 

s i g n i f i c a n t p o r o s i t y r e d u c t i o n has taken place below this 

depth via th is p r o c e s s . 

( c ) Gra in bending and f r a c t u r i n g : 

A t h i r d and common f e a t u r e of mechanical compaction of the 

Neogene s a n d s t o n e s is the b e n d i n g of f l e x i b l e m i n e r a l s 

such as mica and c h l o r i t e and f r a c t u r i n g of b r i t t l e gra ins 

l i k e the f e l d s p a r s . Depending on the degree of overburden 

s t r e s s , 'mica b e n d i n g r a n g e s from gen ,t ie c u r v i n g of long 

f l a k e s into more extreme cases where the mica is bent into 

a z i g - z a g s h a p e w i t h some f r a c t u r i n g . F e l d s p a r s are the 

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

p r i n c i p a l l y along t h e i r c leavage p l a n e s . 
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TABLE 5 . 1 : RELATIVE ABUNDANCE OF SOFT L ITHIC GRAINS AMONG 

THE TOTAL L ITHICS IN THE NEOGENE SANDSTONES 

(SURMA G R . ) FROM THE BENGAL BASIN . 

Sample Shale Low grade Total Chert I g n e o u s , h i g h grade 

no . c lays t . 

s i 11 s t . 

( A ) 

me t a . 

( B ) 

so ft 

l i t h . 

( A ) + ( B ) 

me t a , v o 1 . & 

n a t e . 

M1 34B 25$ 35$ 6 0 $ 1 4$ 26$ 

M1 -36 25$ 3 5 $ 6 0 $ 9$ 31$ 

M1 -38 24$ 36$ 6 0 $ 1 1 $ 29$ 

B1 -1 4 23$ 4 2 $ 6 5 $ 1 0$ 25$ 

B1 -26 26$ 32$ 58$ 1 7$ 25$ 

B2-3 25$ 3 8 $ 6 3 $ 1 2$ 25$ 

T -1 22$ 4 4 $ 66$ 1 4$ 20$ 

T-5 27$ 25$ 5 2 $ 1 0$ 38$ 

T-1 0 35$ 1 9$ 54$ 1 2$ 34$ 
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5 . 3 . 2 Physico-chemical process - P r e s s u r e s o l u t i o n 

P r e s s u r e s o l u t i o n in the s a n d s t o n e s s tud ied p r i n c i p a l l y 

i n v o l v e s the s o l u t i o n of q u a r t z g r a i n s at the p o i n t s of 

c o n t a c t as a r e s u l t of s t r e s s . P r e s s u r e s o l u t i o n s between 

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

g r a i n s and i n c r e a s e d compaction of the rock . 

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

by the presence of c o n c a v o - c o n v e x or s u t u r e d b o u n d a r i e s 

b e t w e e n g r a i n s . H o w e v e r , i n more r e c e n t s t u d i e s u s i n g 

cathodoluminescence t e c h n i q u e s i t has been found that such 

c o n t a c t s c o u l d e q u a l l y he p r o d u c e d by t h e m u t u a l 

i n t e r l o c k i n g of q u a r t z o v e r g r o w t h s or by a c o m p r o m i s e 

boundary between q u a r t z o v e r g r o w t h s and d e t r i t a l q u a r t z 

g r a i n s w h e r e no p r e s s u r e s o l u t i o n is i n v o l v e d ( S i p p e l 

1 9 6 8 ; S i b l e y and B l a t t , 1 9 7 6 ) . To a l w a y s i n t e r p r e t the 

p r e s e n c e of s u t u r e d a n d c o n c a v o - c o n v e x c o n t a c t s as 

i n d i c a t i v e of p r e s s u r e s o l u t i o n may thus be m i s l e a d i n g . 

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

o b s e r v a t i o n s on the nature of g r a i n contacts and p r e s e n c e 

of quartz overgrowth in the s a n d s t o n e s in the Muladi-1 and 

B e g u m g a n j - 1 w e l l s u s i n g p e t r o g r a p h i c , a n d s c a n n i n g 

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

a r e t a b u l a t e d in t a b l e 5 . 2 It is i n d i c a t e d in the t a b l e , 

for example , that a l though samples from 2 , 6 8 0 m and 2 , 7 5 8 

m h a v e p r e d o m i n a n t l y sutured and concavo-convex c o n t a c t s , 

p r e s s u r e s o l u t i o n s i n t h e s e s a m p l e s are m i n o r and t h a t 

most of t h e s e c o n t a c t s r e s u l t from i n t e r l o c k i n g quartz 

o v e r g r o w t h s . 
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TABLE 5 . 2 : RELATIONSHIP BETWEEN NATURE OF GRAIN CONTACT 

PRESSURE SOLUTION AND QUARTZ OVERGROWTHS IN 

THE NEOGENE SANDSTONES, BENGAL BASIN . 

Sample 

no . 

U Depth 

(m) 

Nature of gra in 

contacts 

Quartz 

o v e r g r t h . 

i 

P r e s s u r e 

s o l u t i o n 

R ema rk 

M1 -3 

M1 -4 

M1 -7 

T 

I 

P 

A 

M 

G 

R 

500 

602 

8 7 8 

Point contact 

p r e d o m i n a t e s ; 

Long contact 

s u b o r d i n a t e ; 

No sutured or 

concavo-convex 

c o n t a c t . 

N i l 

Nil None — 

M1 -1 1 1 1 37 

M1 -20 

B 

0 1 7 0 0 Nil 

B1 -14 

M1 -28 

K 

A 

B 

I 

L 

FM 

21 39 

2216 

Long contact 

predominat e ; 

Point contact 

subo rd i na t e ; 

Few sutured & 

conc-conv. 

c o n t a c t s . 

Very-

rare 

Rare 

L i t t l e 

zone of 

minor 

pressure 

s o l u t i o n 

Most of the 

interpene-

t r a t i n g g r a i n 

c o n t a c t s 

r e s u l t from 

i n t e r l o c k i n g 

qtz overgrowth 

B1 -16 2680 Sutured and 
concavo convex 
c ontact 
predom inates. 

No point 
c o ntact. 

Abundant 

L i t t l e 

zone of 

minor 

pressure 

s o l u t i o n 

Most of the 

interpene-

t r a t i n g g r a i n 

c o n t a c t s 

r e s u l t from 

i n t e r l o c k i n g 

qtz overgrowth 

B1 -17 2758 Abundant 

B1 -1 9 

M1-37B 

M1 -38 

B1 - 26A 

M1-49A 

M2-3 

B 

H 

IJ 

B 

A 

N 

F 

M 

2 9 9 9 

3223 

3294 

3642 

4 4 5 8 

4491 

Sutured and 

concavo-convex 

contac t 

predomi n a t e s . 

No point 

contac t . 

Abundant 

V e ry 

common 

V e ry 

common 

C ommon 

Abundant 

V e ry 

c ommon 

Common 

to very 

common 

Zone of 

important 

pres sure 

s o l u t i o n ; 

however 

many of 

the inter-

p e n e t r a t i n g 

g r a i n 

contac ts 

r e s u l t 

from inter-

l o c k i n g 

qtz over-

growths . 
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U n d e r the s c a n n i n g e l e c t r o n m i c r o s c o p e , s o l u t i o n p i t s 

between the g r a i n s can be observed which i n d i c a t e p r e s s u r e 

s o l u t i o n . I n F i g . 5 . 5 and 5 * 6 such presolved s u r f a c e s are 

s h o w n w h e r e one of the g r a i n h a s b e e n r e m o v e d d u r i n g 

sample p r e p a r a t i o n expos ing the s u r f a c e of contact between 

t h e m . A more m a g n i f i e d v i e w of t h e s e s u r f a c e s i n d i c a t e s 

t h a t t h e y c a n be v e r y i r r e g u l a r w i t h r i d g e s a n d 

d e p r e s s i o n s w i t h i n t h e m ( F i g . 5 • 6 A ) • T h e u s e o f 

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

s o l u t i o n from i n t e r l o c k i n g q u a r t z o v e r g r o w t h s has been 

d i s c u s s e d in s e c t i o n 4 - 3 . 1 . 

From the above o b s e r v a t i o n s , i t is concluded t h a t : 

( 1 ) T h e r e is e v i d e n c e t h a t p r e s s u r e s o l u t i o n has t a k e n 

p l a c e in Neogene s a n d s t o n e s , a l though it is l ess abundant 

than is apparent from simply o b s e r v i n g the i n t e r p r e t a t i o n 

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

Cathodoluminescence and SEM s t u d i e s have shown that many 

s u c h c o n t a c t s are the r e s u l t s of i n t e r l o c k i n g of quartz 

overgrowths rather than p r e s s u r e s o l u t i o n . 

( 2 ) P r e s s u r e s o l u t i o n i n c r e a s e s w i t h d e p t h and h a s 

p r o g r e s s i v e l y c o n t r i b u t e d to the compactional processes in 

t h e s e s a n d s t o n e s . P r e s s u r e s o l u t i o n appears to be absent 

above 1700 m of b u r i a l ( i n the T i p a m g r o u p and the u p p e r 

part of the Bokabil f o r m a t i o n . ) . Sandstones of the Bokabi l 

f o r m a t i o n ( l o w e r p a r t ) show some e v i d e n c e of p r e s s u r e 

s o l u t i o n . P r e s s u r e s o l u t i o n is common to v e r y common i n 

the B h u b a n formation as seen in samples below about 2 , 7 5 8 

m. 
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F i g . 5 . 5 . S E M m i c r o g r a p h of solution pit on quartz grain 
surface indicating pressure s o 1 u t i o n . B e g u m g a n j -
2 well. 3325m. Bhuban fm. Scale bar=14 m i c r o n s . 

F i g . 5 . 6 . S E M micrograph of solution pit on quartz grain sur-
face.Note ridges and depressions on the presolved 
s u r f a c e . T i t a s - 2 we 11 . B h u b a n f m . 2 7 1 2 m . Scale b a r = 2 0 u. 

117 



F i g . 5 . 7 . M a g n i f i e d view of the 
on fig. 5.6. Note the 
solved surface. Scale 

presolved surface shown 
irregularities of the pre 
bar = 5 m i c r o n s . 

F i g . 5 . 8 . S E M micrograph of tangential flaky crystals of 
illite draping over radial chlorite r i m . B e g u m g a n j 
-2 well. 3325m. Bhuban fm. Scale bar =4 m i c r o n s . 
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5 . 4 CHLORITE AUTHIGENESIS 

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

c h e m i c a l d i a g e n e t i c e v e n t r e c o g n i s e d in the s a n d s t o n e s 

s t u d i e d . The formation of c h l o r i t e rims predated a l l other 

d i a g e n e t i c mineral f o r m a t i o n . This is ev idenced from t h e i r 

t e x t u r a l r e l a t i o n s h i p with other d i a g e n e t i c m i n e r a l s . For 

example , i l l i t e o v e r g r o w s the c h l o r i t e r i m s ( F i g . 5 . 8 ) , 

q u a r t z o v e r g r o w t h s o c c a s i o n a l l y engul fs the rims and the 

c h l o r i t e rims are present in the v e r y e a r l y p o i k i l o t o p i c 

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

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

t h e i r p r e s e n c e i n the s h a l l o w e s t sample s t u d i e d ( 5 0 0 m) 

where most of the o t h e r d i a g e n e t i c m i n e r a l s are a b s e n t 

t e s t i f i e s to t h e i r v e r y e a r l y o r i g i n in the d i a g e n e t i c 

h i s t o r y . Though the other two forms of a u t h i g e n i c c h l o r i t e 

( i . e . , pore f i l l i n g c h l o r i t e and c h l o r i t e r e p l a c e m e n t s ) 

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

t e x t u r a l r e l a t i o n s h i p and c lose a s s o c i a t i o n w i t h c h l o r i t e 

r i m s i n d i c a t e t h a t t h e i r f o r m a t i o n was more or l e s s 

contemporaneous with the r ims . They p r o b a b l y r e p r e s e n t a 

s i n g l e e p i s o d e v e r y e a r l y in the d i a g e n e t i c h i s t o r y with 

an environment in which c h l o r i t e f o r m a t i o n and s t a b i l i t y 

was favoured over other s i l i c a t e s . 

T h o m s o n ( 1 9 7 9 ) n o t e d a c l o s e c o r r e l a t i o n b e t w e e n the 

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

c h l o r i t e r i m s i n t h e T u s c a l o o s a S a n d s t o n e ( S i l u r i a n , 

U . S . A . ) . He s u g g e s t e d t h a t the a u t h i g e n i c c h l o r i t e r ims 

w e r e the r e s u l t of a l t e r a t i o n of v o l c a n i c d e t r i t u s and 

concomitant p r e c i p i t a t i o n of c h l o r i t e c r y s t a l s on d e t r i t a l 

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

a l t e r a t i o n and p r e c i p i t a t i o n took p l a c e was not known. 

V o l c a n i c r o c k f r a g m e n t s r e p r e s e n t t r a c e to v e r y m i n o r 

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

samples and are u n l i k e l y to be the p r i n c i p a l source of the 

very common a u t h i g e n i c c h l o r i t e s . It has not been p o s s i b l e 
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to observe any l i k e l y precursor minerals of the a u t h i g e n i c 

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

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

c h l o r i t e pore f i l l s i n d i c a t e t h a t they are neoformed. 

M i n e r a l c o m p o n e n t s o t h e r than v o l c a n i c d e t r i t u s may also 

c o n s t i t u t e the p r o g e n i t o r s of a u t h i g e n i c c h l o r i t e ( H a y e s 

1 9 7 0 ) . An a l k a l i n e c o n d i t i o n s of t h e p o r e w a t e r i s 

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

c h l o r i t e ( S h a w 1 9 8 0 ) . The c o r r o s i o n of the l i t h i c and 

other mineral components i n c l u d i n g the v o l c a n i c c l a s t s may 

c o n t r i b u t e to t h e a l k a l i n e g e o c h e m i c a l p o r e w a t e r 

e n v i r o n m e n t r i c h in Fe and Mg required for the formation 

of the c h l o r i t e . However , there is no e v i d e n c e to s u g g e s t 

t h a t t h e s e l i t h i c or mineral phases were d i r e c t l y a l t e r e d 

to the c h l o r i t e . 

T h e e f f e c t o f c h l o r i t e a u t h i g e n e s i s on r e s e r v o i r 

p r o p e r t i e s i s p r i n c i p a l l y r e l a t e d to the development of 

the c h l o r i t e r ims . The pore f i l l i n g c h l o r i t e s and c h l o r i t e 

r e p l a c e m e n t s a r e v o l u m e t r i c a 1 l y i n s i g n i f i c a n t and have 

l i t t l e n o t i c e a b l e e f f e c t on t h e o v e r a l l p o r o s i t y or 

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

v o l u m e o f the t o t a l pore s p a c e and thus do not r e d u c e 

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

d e t r i m e n t a l to p e r m e a b i l i t y by r e d u c i n g the pore throat 

d i a m e t e r ( G a l l o w a y 1 9 7 9 ) . H o w e v e r , the most i m p o r t a n t 

e f f e c t of c h l o r i t e rims development is the p r e s e r v a t i o n of 

p o r o s i t y by i n h i b i t i n g the growth of quartz o v e r g r o w t h s . 

The i n h i b i t i o n of q u a r t z o v e r g r o w t h is most e f f e c t i v e 

w h e r e the g r a i n rims are t h i c k and c o n t i n u o u s . N u c l e a t i o n 

of quartz overgrowths on such g r a i n s could not t a k e p l a c e 

a t a l l . H o w e v e r , i f f r a c t u r e e x p o s e s any p a r t of the 

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

d e v e l o p s on the f r a c t u r e d s u r f a c e . Such c a s e s i n d i c a t e 

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

for q u a r t z overgrowth development and that p o r o s i t y 
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p r e s u m a b l y c o u l d h a v e been reduced a p p r e c i a b l y by s i l i c a 

cementat ion in these samples i f c h l o r i t e rims had not been 

p r e s e n t . I t has a l s o b e e n s u g g e s t e d t h a t t h i c k and w e l l 

developed c h l o r i t e rims could retard the normal p r o c e s s of 

compaction (Thomson 1 9 7 9 ) . Samples M -34B and M -36 (Surma 

group) from Muladi w e l l prov ide e x c e l l e n t i l l u s t r a t i o n s of 

the e f f e c t of c h l o r i t e rims in i n h i b i t i n g the format ion of 

q u a r t z o v e r g r o w t h . T h e s e two s a m p l e s w i t h t h i c k and 

c o n t i n u o u s c h l o r i t e r i m s h a v e d e v e l o p e d no q u a r t z 

overgrowth ( F i g . 4 . 1 ) , a l t h o u g h c l o s e l y a s s o c i a t e d samples 

w i t h s p a r s e or no c h l o r i t e rim are w e l l c e m e n t e d w i t h 

quartz o v e r g r o w t h . The s e m i - f r i a b l e n a t u r e of t h e s e two 

s a m p l e s w i t h r e s p e c t to t h e i r depth ( 2 , 8 7 1 m and 3 , 1 1 4 m 

r e s p e c t i v e l y ) is the r e s u l t of lack of s i l i c a c e m e n t a t i o n 

and p o s s i b l y , at l e a s t in p a r t , due to undercompact ion in 

response to the thick c h l o r i t e r ims . 
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5 . 5 S IDERITE CRYSTALLIZATION : 

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

p o s t u l a t e d from the t e x t u r a l r e l a t i o n s h i p of the mineral 

w i th other d i a g e n e t i c phases and a lso from i t s o c c u r r e n c e 

i n t h e s h a l l o w e s t s a m p l e s . S i d e r i t e c r y s t a l l i z a t i o n 

pre-dates the ear ly p o i k i l o t o p i c c a l c i t e as i n d i c a t e d by 

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

a g g r e g a t e s w i t h i n the cement . C h l o r i t e a u t h i g e n e s i s is the 

only chemical d i a g e n e t i c phase w h i c h is b e l i e v e d to h a v e 

preceded the s i d e r i t e c r y s t a l l i z a t i o n . The s t a b i l i t y f i e l d 

of s i d e r i t e in the Eh-pH diagram ( F i g . 5 « 9 ) shows that the 

m i n e r a l forms in a r e d u c i n g e n v i r o n m e n t . B e r n e r (1981 ) 

i n d i c a t e d t h a t s i d e r i t e f o r m s i n a n o x i c n o n ; s u 1 p h i d i c 

e n v i r o n m e n t s i . e . i t n e e d s to h a v e a l i m i t e d s u p p l y of 

s u l p h a t e ; o therwise the r e d u c t i o n of s u l p h a t e to s u l p h i d e 

w o u l d p r o d u c e p y r i t e . P e t t i j o h n et a l . ( 1 9 7 2 ) i n d i c a t e d 

that the most probable r e d u c i n g a g e n t of i r o n i s o r g a n i c 

m a t t e r a n d l i n k e d t h e f o r m a t i o n o f s i d e r i t e to 

n o n - m a r i n e e n v i r o n m e n t s in w h i c h o r g a n i c m a t t e r s a r e 

a b u n d a n t , such as s tagnant b a s i n s or e s t u a r i n e 

e n v i r o n m e n t s w i t h h i g h o r g a n i c p r o d u c t i v i t y . S i d e r i t e in 

the s tud ied samples is an i n s i g n i f i c a n t / v e r y m i n o r p h a s e 

o c c u r i n g t h r o u g h o u t the t o t a l depth range s t u d i e d and no 

apparent c o r r e l a t i o n has been noted between environment of 

d e p o s i t i o n a n d s i d e r i t e o c c u r r e n c e . S i d e r i t e 

c r y s t a l l i z a t i o n has no important e f f e c t on the r e s e r v o i r 

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

amount . 
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Acid 7 Q 7 g 9Q Alkaline 

FIG. 5.9 Eh-pH DIAGRAM SHOWING APPROXIMATE STABILITY 
FIELD OF IMPORTANT SEDIMENTARY MINERALS . 

(Af ter Selley 1982 ) . 
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5 . 6 EARLY PO IK ILOTOPIC FE-CALCITE CEMENTATION 

Two phases of Ferroan c a l c i t e cement g e n e r a t i o n - an early-

p h a s e a n d a l a t e p h a s e - h a v e b e e n i d e n t i f i e d i n the 

p r e s e n t s t u d y . The e a r l y p h a s e i s r e p r e s e n t e d by t h e 

p o i k i l o t o p i c F e - c a l c i t e cement which a f f e c t s a few samples 

and has t o t a l l y destroyed t h e i r p o r o s i t y and p e r m e a b i l i t y . 

A very e a r l y o r i g i n of the p o i k i l o t o p i c f e r r o a n c a l c i t e is 

i n d i c a t e d by the l o o s e p a c k i n g , the " f l o a t i n g " c h a r a c t e r 

of the d e t r i t a l g r a i n s and t h e l a c k o f c o m p a c t i o n a l 

f e a t u r e s such as g r a i n b e n d i n g , g r a i n contacts e t c . in the 

r o c k . A l s o , the absence of most of the d i a g e n e t i c m i n e r a l s 

i n t h e s e r o c k s is " b e l i e v e d to be r e l a t e d to the t o t a l 

f i l l i n g of a l l t h e a v a i l a b l e p o r e s p a c e s by f e r r o a n 

c a l c i t e c e m e n t at a v e r y e a r l y s t a g e of d i a g e n e t i c 

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

p o i k i l o t o p i c F e - c a l c i t e c e m e n t a t i o n . D a p p l e s ( 1 9 7 1 ) , 

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

p o i k i l o t o p i c c e m e n t i n v o l v e s s o m e e x p a n s i o n of the 

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

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

Fe-cementation is most e f f e c t i v e among a l l the d i a g e n e t i c 

e v e n t s i n d e s t r o y i n g p o r o s i t y a n d p e r m e a b i l i t y . The 

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

r e d u c e d to z e r o by t h i s p r o c e s s as s e e n in s a m p l e s no . 

M1-27, M1-29 and M1-39 (Table 3 . 2 ) . 

The most common o r i g i n of the e a r l y g e n e r a t i o n of c a l c i t e 

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

r e - p r e c i p i t a t i o n of c a l c i u m c a r b o n a t e c e m e n t i n p o r e 

s p a c e s ( A l m o n and D a v i s 1 9 7 9 ; B l a t t 1 9 7 9 ) . A l though rare 

c a r b o n a t e s h e l l s or p a r t i c l e s a r e a s s o c i a t e d w i t h 

p o i k i 1 o t o p i c a l l y cemented s a n d s t o n e s , it is b e l i e v e d that 

the l o c a l i s e d n a t u r e of t h e s e e a r l y c a l c i t e c e m e n t s is 

p r o b a b l y r e l a t e d to a l o c a l c o n c e n t r a t i o n of s h e l l d e b r i s 

in the sandstone b e d s . D i s s o l u t i o n and r e c ry s t a 11 i z a t i o n 

of the c a r b o n a t e has meant that a l l trace of the o r i g i n a l 
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material has been lost and one can only o f f e r c o n j e c t u r e 

as to what it o r i g i n a l l y might have been (Dapples 1 9 7 1 ) . 

The s t a b i l i t y f i e l d of c a l c i t e i n an Eh-pH d i a g r a m 

i n d i c a t e s that c r y s t a l l i s a t i o n of c a l c i t e t a k e s p l a c e 

under a l k a l i n e cond it ion ( F i g . 5 » 9 ) . T h e f e r r o a n n a t u r e of 

the c a l c i t e also i n d i c a t e a reducing environment . 

5 . 7 I LL ITE CRYSTALLIZATION: 

A r e l a t i v e l y early o r i g i n for the a u t h i g e n i c i l l i t e in the 

N e o g e n e s a n d s t o n e s i s i n d i c a t e d from the p r e s e n c e of 

i l l i t e in samples from very s h a l l o w d e p t h s . H o w e v e r , i t 

p o s t - d a t e d c h l o r i t e a u t h i g e n e s i s as is obvious from F i g . 

5-8, where t a n g e n t i a l i l l i t e f l a k y c r y s t a l s are s e e n to 

drape over c h l o r i t e rims. Frequent occurrence of i l l i t e as 

" dust l i n e s " between d e t r i t a l quartz and a u t h i g e n i c quartz 

overgrowths t e s t i f i e s to its o r i g i n being e a r l i e r than the 

quartz overgrowth ( F i g . 4 . 1 3 ) . 

I t has b e e n shown by p r e v i o u s s t u d i e s that i l l i t e could 

form from the in s itu a l t e r a t i o n of p r e - e x i s t i n g m i n e r a l s 

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

r e c r y s t a 1 1 i z a t i o n of c l a y m i n e r a l s or by n e o f o r m a t i o n 

( H a n c o c k and T a y l o r 1 9 7 8 ; H u g g e t t 1 9 8 2 ) . In the present 

study there is no evidence to suggest the o r i g i n of i l l i t e 

by the a l t e r a t i o n or replacement of k a o l i n i t e s , micas or 

f e l d s p a r s . A n e o f o r m a t i o n a l o r i g i n has b e e n s u g g e s t e d 

which would require K-rich a l k a l i n e pore water c o n d i t i o n s 

to be e s t a b l i s h e d early in the d i a g e n e t i c h i s t o r y . 
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5 . 8 QUARTZ OVERGROWTH CEMENTATION 

Q u a r t z o v e r g r o w t h f o r m a t i o n p o s t d a t e d the a u t h i g e n i c 

i l l i t e formation which the quartz overgrowths envelope but 

i t p r e c e e d e d l a t e F e - c a l c i t e c e m e n t a t i o n . I t s e a r l i e r 

o r i g i n than the l a t e F e - c a l c i t e cement is i n d i c a t e d by the 

e u h e d r a l q u a r t z o v e r g r o w t h c r y s t a l faces being enveloped 

by the pore f i l l i n g l a t e F e - c a l c i t e cement ( F i g . 5 - 1 0 ) . 

The r e p l a c e m e n t of quartz overgrowth by late c a l c i t e also 

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

( F i g . 5 . 1 1 ) . 

The s o u r c e of s i l i c a for quartz overgrowth cementat ion in 

sandstone has v a r i o u s l y been suggested as f o l l o w s ( P i t t m a n 

1 9 7 9 ) : ( 1 ) P r e s s u r e s o l u t i o n ; ( 2 ) D i a g e n e s i s of c l a y 

m i n e r a l s ; ( 3 ) Decompos it ion of f e l d s p a r s ; ( 4 ) Replacement 

of s i l i c a t e s by c a r b o n a t e s ( 5 ) P r e c i p i t a t i o n from downward 

p e r c o l a t i n g g r o u n d w a t e r ; ( 6 ) D i s s o l u t i o n of s i l i c e o u s 

o r g a n i s m s such as sponges , d i a t o m s , r a d i o l a r i a n s e t c . ( 7 ) 

H y d r a t i o n of v o l c a n i c g l a s s . 

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

d e t r i t a l q u a r t z g r a i n s has become the most g e n e r a l l y 

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

p o r e w a t e r s a n d s t i m u l a t i n g t h e g r o w t h o f q u a r t z 

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

p e t r o g r a p h y has shown that pressure s o l u t i o n as a source 

of s i l i c a is less than p r e v i o u s l y t h o u g h t ( S i p p e l 1 9 6 8 ) . 

S i b l e y a n d B l a t t ( 1 9 7 6 ) , u s i n g c a t h o d o l u m i n e s c e n c e 

p e t r o g r a p h y , i n d i c a t e d t h a t p r e s s u r e s o l u t i o n c o u l d not 

have s u p p l i e d more than one th ird of the s i l i c a present as 

quartz overgrowths in the T u s c a l o o s a sandstone ( S i l u r i a n ) . 

I t has p r e v i o u s l y been mentioned that pressure s o l u t i o n in 

t h e p r e s e n t s e q u e n c e i s common b e l o w a b o u t 2 7 5 8 m, 

a lthough it is less abundant than is apparent from simply 
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F i g . 5 . 1 0 . P h o t o m i c r o g r a p h of euhedral quartz overgrowth 
crystal faces enveloped by late calcite cement. 
Crossed nico1s.Mu1 adi-2 w e l l . 4491m. Bhuban fm. 

F i g . 5 . 1 1 . P h o t o m i c r o g r a p h of quartz overgrowth p a r t i a l l y 
replaced by late calcite cement.Crossed nicols. 
M u l a d i - 2 w e l l . 4491m. Bhuban fm. 
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o b s e r v i n g the i n t e r p e n e t r a t i o n of g r a i n b o u n d a r i e s u n d e r 

t h e p e t r o g r a p h i c m i c r o s c o p e . P r e s s u r e s o l u t i o n i s , 

t h e r e f o r e , l i k e l y to be an i m p o r t a n t s o u r c e o f s i l i c a 

cement b e l o w t h i s d e p t h . H o w e v e r , o t h e r p r o c e s s e s must 

have been a c t i v e as sources of s i l i c a cement to g e n e r a t e 

the a b u n d a n t quartz overgrowths in the some samples above 

th is depth where p r e s s u r e s o l u t i o n is minor . 

The t r a n s f o r m a t i o n o f s m e c t i t e to i l l i t e d u r i n g t h e 
4 + 

d i a g e n e s i s of s h a l e s r e l e a s e s Si i o n s as a b y - p r o d u c t 

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

s h a l e d e w a t e r i n g and could cause quartz cementat ion (Towe 

1 9 6 2 , Boles and Frank 1 9 7 9 , Lahann 1 9 8 0 , B o l e s 1 9 8 1 ) . The 

amount of Si ion r e l e a s e d into the pore water system would 

depend on the a v a i l a b i l i t y of s h a l e c o n t a i n i n g smect ite or 

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

111 i t e /sme c t i t e clay is one of the m a j o r c l a y c o m p o n e n t s 

in the N e o g e n e shales of the Bengal Basin and p r o g r e s s i v e 

d i a g e n e t i c t r a n s f o m r a t i o n of the smectite to i l l i t e l ayers 

takes p lace i n c r e a s i n g depth of b u r i a l (Chapter 6 ) . Quartz 

o v e r g r o w t h i s a d e e p e r s u b s u r f a c e p h a s e s a n d i s 

s i g n i f i c a n t o n l y i n the Bhuban f o r m a t i o n . The i n c r e a s i n g 

a b u n d a n c e o f q u a r t z o v e r g r o w t h s b e l o w a b o u t 2 2 2 0 m 

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

rock s e q u e n c e s and an i n c r e a s i n g d e g r e e of d i a g e n e t i c 

t r a n s f o r m a t i o n of smect i te to i l l i t e in the s h a l e s . A l s o , 

i n c r e a s e d quartz cementat ion has been observed t o w a r d the 

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

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

m i g r a t i n g S i i o n s f r o m a d j a c e n t s h a l e s . I t i s thus 

s u g g e s t e d that i 1 l i t e / s m e c t i t e c l a y d i a g e n e s i s i s one of 

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

sands t o n e s . 
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Replacement of the s i l i c a t e s such as quartz and f e l d s p a r s 

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

c o n s i d e r e d to be p o t e n t i a l s o u r c e s of s i l i c a c e m e n t , as 

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

( P i t t m a n 1 9 7 9 ) . In the present samples , a l t h o u g h m a r g i n a l 

r e p l a c e m e n t of s i l i c a t e g r a i n s by c a l c i t e cement i s 

observed in many s a m p l e s , i t i s e x t e n s i v e o n l y in a few 

s a n d s t o n e s . D i s s o l u t i o n of f e l d s p a r is a lso important only 

i n l i m i t e d a r e a s and is not always c o r r e l a t a b l e with the 

major occurrence of quartz o v e r g r o w t h s . T e x t u r a l e v i d e n c e 

s u g g e s t s t h a t t h e s e e v e n t s p o s t - d a t e q u a r t z 

overgrowth f o r m a t i o n . However , it is p o s s i b l e that some of 

the o v e r g r o w t h s o c c u r a f t e r F e - c a l c i t e r e p l a c e m e n t o f 

q u a r t z and f e l d s p a r d i s s o l u t i o n . Thus some of the s i l i c a 

cement may have been d e r i v e d l o c a l l y from t h e s e s o u r c e s 

b u t g e n e r a l l y t h e y a r e n o t t h o u g h t to be i m p o r t a n t 

c o n t r i b u t o r s to s i l i c a c e m e n t a t i o n i n t h e N e o g e n e 

s a n d s t o n e s of the Bengal B a s i n . 

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

normal SiC^ c o n c e n t r a t i o n could provide the n e c e s s a r y f l u x 

through sandstone to e x p l a i n large scale s u b s u r f a c e s i l i c a 

c e m e n t a t i o n ( B j o r l y k k e 1 9 7 9 ) . I n the s t u d i e d N e o g e n e 

s e c t i o n of the Bengal B a s i n , the sediments a p p e a r to h a v e 

u n d e r g o n e c o n t i n u o u s b u r i a l s i n c e d e p o s i t i o n . I t i s 

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

( m e t e o r i c ) c i r c u l a t i o n s y s t e m as B j o r l y k k e ( 1 9 7 9 ) has 

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

s t u d i e d r e g i o n is b e l i e v e d to have been upward and out of 

the b a s i n w i t h i n c r e a s i n g c o m p a c t i o n s i n c e d e p o s i t i o n . 

Q u a r t z c e m e n t a t i o n h e r e i s a r e l a t i v e l y deep s u b s u r f a c e 

phenomenon ( s i g n i f i c a n t only in the Bhuban f o r m a t i o n ) and 

t h e r e is no e v i d e n c e of e a r l y q u a r t z cementat ion in the 

s h a l l o w e r s e d i m e n t s ( T i p a m g r o u p ) i n w h a t m i g h t he 

e n v i s a g e d as the zone of meteoric water c i r c u l a t i o n . It is 

t h u s b e l i e v e d t h a t q u a r t z c e m e n t a t i o n from d e s c e n d i n g 

ground water is not a p p l i c a b l e in the s t u d i e d s a n d s t o n e s . 
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The p o s s i b i l i t i e s of quartz c e m e n t a t i o n from d i s s o l u t i o n 

of s i l i c e o u s s h e l l s or from h y d r a t i o n of v o l c a n i c g l a s s 

are also remote , s ince there is no ev idence to suggest the 

occurrence of these m a t e r i a l s in the samples s t u d i e d . 

I t is thus concluded that p r e s s u r e s o l u t i o n and s m e c t i t e 

to i l l i t e clay d i a g e n e s i s are the two important sources of 

s i l i c a c e m e n t s i n t h e s t u d i e d s a n d s t o n e s , w h i l e 

d i s s o l u t i o n of f e l d s p a r and r e p l a c e m e n t of s i l i c a t e s by 

c a r b o n a t e may have b e e n a s o u r c e of s i l i c a to a m i n o r 

e x t e n t . 

The e f f e c t of quartz overgrowth formation on the r e s e r v o i r 

p r o p e r t i e s i s most i m p o r t a n t in B h u b a n F o r m a t i o n w h e r e 

s i g n i f i c a n t amounts of p o r o s i t y and p e r m e a b i l i t y are lost 

i n many s a n d s t o n e s by q u a r t z c e m e n t a t i o n . T h i s i s 

s p e c i a l l y t r u e f o r s a m p l e s where quartz overgrowths form 

i n t e r l o c k i n g t e x t u r e s . T h e r e s u l t o f t h e l o s s o f 

p e r m e a b i l i t y by q u a r t z c e m e n t a t i o n i s r e f l e c t e d by the 

absence of a u t h i g e n i c k a o l i n i t e and f e l d s p a r l e a c h i n g i n 

h i g h l y q u a r t z cemented s a n d s t o n e s , which is presumably 

due to the pore w a t e r not b e i n g a b l e to p e n e t r a t e t h e s e 

s a n d s t o n e s . 
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5 . 9 LATE FE-CALCITE (WITH MINOR DOLOMITE) CEMENTATION: 

A l a t e s t a g e of f e r r o a n c a l c i t e c e m e n t a t i o n ( w i t h minor 

d o l o m i t e ) f o l l o w e d the q u a r t z o v e r g r o w t h f o r m a t i o n and 

p a r t i a l l y i n f i l l e d the a v a i l a b l e pore spaces and r e p l a c e d 

the d e t r i t a l g r a i n s . The late o r i g i n of t h e s e c a r b o n a t e s 

i s i n d i c a t e d by the n a t u r e of the pore f i l l i n g and t h e i r 

r e l a t i o n s h i p s with other d i a g e n e t i c f e a t u r e s . U n l i k e the 

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

f l o a t in the cement, the l a t e F e - c a l c i t e i n f i l l s i s o l a t e d 

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

d e n s e r p a c k i n g of t h e f r a m e w o r k g r a i n s . T h e l a t e 

F e - c a l c i t e c e m e n t o f t e n c r o s s - c u t s g r a i n c o n t a c t s 

i n c l u d i n g sutured contacts i n d i c a t i n g i ts f o r m a t i o n a f t e r 

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

occurrence of e u h e d r a l q u a r t z o v e r g r o w t h s c r y s t a l f a c e s 

a g a i n s t pore f i l l i n g F e - c a l c i t e and the r e p l a c e m e n t of 

q u a r t z o v e r g r o w t h by F e - c a l c i t e i n d i c a t e s t h a t t h e 

F e - c a l c i t e post d a t e s q u a r t z o v e r g r o w t h formation ( F i g . 

5 . 1 0 a n d 5 • 1 1 ) • I m p o r t a n t a m o u n t o f p o r o s i t y a n d 

p e r m e a b i l i t y has been lost by late F e - c a l c i t e c e m e n t a t i o n . 

T h i s was s e e n to be most p r o m i n e n t where p o r e - f i l l i n g 

F e - c a l c i t e accompanies major g r a i n r e p l a c i v e F e - c a l c i t e . 

P r e c i p i t a t i o n of c a l c i t e r e q u i r e s an a l k a l i n e c o n d i t i o n of 

the pore w a t e r , high a c t i v i t y of Ca++ and C 0 3 = , low t o t a l 

CO2 and h igh temperature ( S t a n t o n 1 9 7 7 ) . The s o l u b i l i t y of 

q u a r t z i s i n c r e a s e d g r e a t l y at pH g r e a t e r than 9 «0 ( F i g . 

5 » 9 ) . It is suggested that w h i l e a l k a l i n e c o n d i t i o n of the 

p o r e w a t e r p r e v a i l e d d u r i n g p r e c i p i t a t i o n o f l a t e 

F e - c a l i t e c e m e n t , s t r o n g a l k a l i n i t y ( p H 9 « 0 ) w a s 

e s t a b l i s h e d w h e r e q u a r t z r e p l a c e m e n t by c a l c i t e t o o k 

p l a c e . T h e f e r r o a n n a t u r e of the c a l c i t e a lso i n d i c a t e s a 

reducing e n v i r o n m e n t . 
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F i g . 5 .11 A. Ph o t omi c r o gr a ph of late calcite cements 
B e g u m g a n j - 2 well. Bhuban fm. 
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D i s s o l u t i o n of c a l c i t e s h e l l fragments or p a r t i c l e s may he 

a source of l a t e c a l c i t e cement but the a v a i l a b l e e v i d e n c e 

s u g g e s t s that most of the s t u d i e d s e c t i o n s a r e d e v o i d of 

s h e l l m a t e r i a l or c a r b o n a t e p a r t i c l e s and such a source 

i s , t h e r e f o r e u n l i k e l y in the present c a s e . 

Sources of c a r b o n a t e c e m e n t s from o u t s i d e the s a n d s t o n e 

l a y e r s h a v e been suggested by many w o r k e r s . C u r t i s ( 1 9 7 8 ) 

i n d i c a t e d t h a t c a r b o n a t e cement g e n e r a t e d i n m u d s t o n e 

s e q u e n c e s c o u l d m i g r a t e i n p o r e w a t e r s o l u t i o n s to 

a d j a c e n t s a n d s t o n e s d u r i n g c o m p a c t i o n and d e w a t e r i n g of 

the m u d s t o n e s b e f o r e r e - p r e c i p i t a t i n g as c a l c i t e cements 

in the s a n d s t o n e . N e t t o ( 1 9 7 9 ) s u g g e s t e d t h a t a d j a c e n t 

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

Cretaceous s a n d s t o n e s t u d i e d in B r a z i l . P e r r y and Hower 

( 1 9 7 0 ) n o t e d a d e c r e a s e in Ca + + and Mg + + in shale due to 

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

p r e s e n t s t u d y a d e c r e a s e in the a b u n d a n c e of c a l c i t e in 

the s h a l e s w i t h i n c r e a s i n g d e p t h of b u r i a l and i t s 

u l t i m a t e d i s a p p e a r a n c e i s i n d i c a t e d in N e o g e n e s e c t i o n 

( C h a p t e r 6 , S e c t i o n 6 . 3 * 1 • ) • T h i s p r o b a b l y r e f l e c t s 

p r o g r e s s i v e d i s s o l u t i o n of carbonate cement ip the shales 

with d e p t h . The d i s s o l v e d c a l c i t e c o u l d h a v e m i g r a t e d to 

a d j a c e n t sandstones and r e - p r e c i p i t a t e d as c a l c i t e cement. 

The d i a g e n e t i c t r a n s f o r m a t i o n of smectite to i l l i t e in the 

I 1 1 i t e / s m e c t i t e c l a y in s h a l e c o u l d a l s o r e l e a s e Ca++ , 

which could s u b s e q u e n t l y m i g r a t e d u r i n g s h a l e c o m p a c t i o n 

to t h e a d j a c e n t s a n d s t o n e s and s e r v e as a s o u r c e of 

c a l c i t e cement ( B o l e s and F r a n k 1 9 7 9 ) . S u c h d i a g e n e t i c 

t r a n s f o r m a t i o n s of the I 1 1 i t e / s m e c t i t e c l a y h a v e taken 

p l a c e in the N e o g e n e s h a l e s of t h e B e n g a l B a s i n ( s e e 

C h a p t e r 6 ) and Ca + + t h u s r e l e a s e d could have migrated to 

a d j a c e n t s a n d s t o n e s to form c a l c i t e cement . 
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The Dolomite which occurs as a very minor d i a g e n e t i c phase 

i n the sandstone is mostly a s s o c i a t e d with the F e - c a l c i t e . 

The t e x t u r a l r e l a t i o n s h i p s of the m i n o r d o l o m i t e w i t h 

F e - c a l c i t e i n d i c a t e s a r e p l a c i v e o r i g i n of the dolomite 

a f t e r F e - c a l c i t e . 

5 . 1 0 P A R T I A L D I S S O L U T I O N OF R O C K C O M P O N E N T S A N D 

DEVELOPMENT OF SECONDARY POROSITY 

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

and a u t h i g e n i c c a l c i t e c e m e n t s i s a common d i a g e n e t i c 

f e a t u r e in the deeper s u b s u r f a c e Neogene s a n d s t o n e s of the 

B e n g a l B a s i n . D i s s o l u t i o n f e a t u r e s a r e f o u n d m o s t 

e x t e n s i v e l y in the T i t a s well t h r o u g h o u t the c o r e d d e p t h 

o f 2 , 6 4 6 m to 2 , 9 6 7 m. (Bhuban f o r m a t i o n ) . D i s s o l u t i o n is 

a l s o noted in the Bokab i l and the Bhuban f o r m a t i o n s in the 

Muladi-1 and Begumganj-1 w e l l s but is much l e s s e x t e n s i v e 

in these two w e l l s . 

T h i s s t a g e o f d i a g e n e s i s i s t h u s c h a r a c t e r i z e d by 

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

i m p r e g n a t i n g r e s i n used d u r i n g sample p r e p a r a t i o n has 

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

i n d i c a t e s t h a t t h e s e c o n s t i t u t e p a r t of the e f f e c t i v e 

p o r o s i t y ( F i g . 5 . 1 2 and 5 . 1 3 ) . P o i n t c o u n t i n g a n a l y s i s 

s h o w e d t h a t secondary p o r o s i t y c o n s t i t u t e s as much as 37$ 

of the t o t a l p o r o s i t y i n some s a m p l e s of t h e B h u b a n 

fo rmat i on . 

( a ) D i s s o l u t i o n of f e l d s p a r s : 

F e l d s p a r s show the most e x t e n s i v e degree of d i s s o l u t i o n 

amongst the rock components . The d i s s o l u t i o n of f e l d s p a r s 

a c c o u n t s f o r a l m o s t 7 5 $ - 8 0 $ of the s e c o n d a r y p o r o s i t y 

developed in some samples . Among the groups of f e l d s p a r s , 

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

d i s s o l u t i o n of p l a g i o c l a s e f e l d s p a r s was a l s o o b s e r v e d . 
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M i c r o c l i n e f e l d s p a r , h o w e v e r , d o e s not seem to h a v e 

s u f f e r e d any d i s s o l u t i o n and remains " f r e s h . In many cases 

where l e a c h i n g has been very pronounced , 60$ - 7 0 $ of the 

i n d i v i d u a l f e l d s p a r g r a i n s may have been removed . S o l u t i o n 

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

s o l u t i o n voids i n t e r c o n n e c t with primary p o r o s i t y , l e a v i n g 

only remnant g r a i n s . T h e s e k i n d s of l e a c h e d g r a i n s h a v e 

b e e n t e r m e d " h o n e y c o m b e d g r a i n " ( S c h m i d t and M c d o n a l d 

1 9 7 9 ) or ' s k e l e t a l g r a i n " ( R o s w e l l and De S w a r t 1 9 7 5 ) and 

a r e i l l u s t r a t e d in F i g . 5 . 1 2 and 5 « 1 3 « However , in rare 

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

taken p lace r e s u l t i n g in the development of o v e r s i z e d pore 

s p a c e a m o n g s t an o t h e r w i s e c l o s e l y packed t e x t u r e ( F i g . 

5 . 1 4 ) . G i l e s a n d M a r s h a l l ( 1 9 8 3 ) s u g g e s t e d t h a t 

s i g n i f i c a n t i n c r e a s e in the total poros ity as a r e s u l t of 

f e l d s p a r l e a c h i n g is not l i k e l y in deep s u b s u r f a c e because 

an almost i d e n t i c a l volume of p r i m a r y p o r o s i t y is f i l l e d 

by products of f e l d s p a r l e a c h i n g . 

R e g i o n a l v a r i a t i o n in the degree of f e l d s p a r l e a c h i n g have 

b e e n n o t e d . The most e x t e n s i v e f e l d s p a r l e a c h i n g is seen 

in the T i t a s - 2 w e l l t h r o u g h o u t the c o r e d d e p t h r a n g e of 

2 , 6 4 6 m to 2 , 9 6 7 m ( B h u b a n f o r m a t i o n ) . F e l d s p a r l e a c h i n g 

appears to be much l e s s well e s t a b l i s h e d in the Bhuban and 

i n the B o k a b i l s a n d s t o n e s of Begumganj-1 and M u l a d i - 1 

w e l l s . 

( b ) D i s s o l u t i o n of l i t h i c g r a i n s : 

The p a r t i a l d i s s o l u t i o n of l i t h i c gra ins is l e s s commonly 

observed than the d i s s o l u t i o n of f e l d s p a r s . A m o n g s t the 

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

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

d i s s o l u t i o n of l i t h i c g r a i n s may h a v e o c c u r r e d via the 

s e l e c t i v e d i s s o l u t i o n of a p a r t i c u l a r c o m p o n e n t in them , 

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

primary pores of a chert g r a i n . 
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Fig.5 . 1 2 . P h o t o m i c r o g r a p h of skeletal grain with secondary 
porosity resulting from partial dissolution of feldspar. 
Pla' _ light. Sample impregnated with red stained media 
to emphasise porosity(red ) .Titas-2 we 11.2646m.Bhuban fm. 

Fig . 5 . 1 3 . P h o t o m i c r o g r a p h of skeletal grains with secondary 
porosity resulting from partial dissolution of f e l d s p a r s . 
Pla . light. Sample impregnated with red stained media 
to emphasize porosi ty(red).Ti tas-2 well. 2690m.Bhuban fm. 
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Fig.5 . 1 4 . P h o t o m i c r o g r a p h of oversized p o r e ( r e d ) resulting 
from dissolution of feldspar grain. Pla-' light. 
Sample impregnated with red stained m e d i a . T i t a s - 2 
well. 2690m. Bhuban fm. 

Fig.5. 15.Photomicrograph of corroded grain adjacent to 
pore space (red). Pla light. Sample impregnated 
with red stained m e d i a . T i t a s - 2 we 1 1 . 2704m.Bhuban fm. 
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( c ) D i s s o l u t i o n of F e - c a l c i t e cements : 

P a r t i a l d i s s o l u t i o n o f F e - c a l c i t e c e m e n t s h a s b e e n 

o b s e r v e d i n most of the s a n d s t o n e s which were cemented by 

l a t e F e - c a l c i t e c e m e n t s . The a b s e n c e of any e v i d e n c e of 

d i s s o l u t i o n in the ear ly p o i k i l o t o p i c F e - c a l c i t e cement i s 

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

d i s s o l u t i o n could not p e r c o l a t e into the rock as a r e s u l t 

of total d e s t r u c t i o n of p o r o s i t y by the e a r l y p o i k i l o t o p i c 

F e - c a l c i t e c e m e n t . The e v i d e n c e by w h i c h the p a r t i a l 

d i s s o l u t i o n of F e - c a l c i t e c e m e n t s is e s t a b l i s h e d m a i n l y 

i n c l u d e s i n t r a c e m e n t p o r e s ( S c h m i d t and McDonald 1 9 7 9 ) . 

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

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

d i s s o l u t i o n ( F i g . 5 . 1 5 ) . Th is r e s u l t s from d i s s o l u t i o n of 

s o l u b l e c a l c i t e cement t h a t r e p l a c e d and c o r r o d e d the 

m a r g i n of g r a i n and f i l l e d the a d j a c e n t pore p r i o r to 

d i s s o l u t i o n . 

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

a l u m i n o s i l i c a t e s r e q u i r e s a c i d i c pore w a t e r c o n d i t i o n s . 

I n t r o d u c t i o n of f r e s h m e t e o r i c u n d e r s a t u r a t e d water into 

the formation is b e l i e v e d to be one way of e s t a b l i s h i n g an 

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

u p l i f t and s u b a e r i a l e x p o s u r e of the f o r m a t i o n or by a 

f r e s h m e t e o r i c w a t e r f l o w c o n n e c t i o n from the s u r f a c e 

s o u r c e to the s u b s u r f a c e f o r m a t i o n . There is no e v i d e n c e 

to suggest that the B o k a b i l and Bhuban f o r m a t i o n s , i n the 

s e c t i o n s w h e r e d i s s o l u t i o n has b e e n o b s e r v e d , have been 

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

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

c o n t i n u o u s b u r i a l h i s t o r y . No m e t e o r i c w a t e r f l o w 

c o n n e c t i o n e x i s t s , nor i s b e l i e v e d to h a v e p r e v i o u s l y 

e x i s t e d in these sandstone b o d i e s s ince t h e i r deep b u r i a l . 

Pore water movement is e s s e n t i a l l y u p w a r d and out of the 

b a s i n as a r e s u l t o f c o n t i n u i n g b a s i n a l b u r i a l and 

compaction of the s e d i m e n t s . I t is t h e r e f o r e very u n l i k e l y 
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that s u r f a c e m e t e o r i c / f r e s h w a t e r is r e s p o n s i b l e f o r the 

a c i d i c c o n d i t i o n in the f o r m a t i o n . 

A second process by which a c i d i c pore f l u i d c o n d i t i o n s may 

be e s t a b l i s h e d at g r e a t e r d e p t h i s from CO2 r e l e a s e d by 

the m a t u r a t i o n of o r g a n i c m a t t e r in s h a l e ( S c h m i d t and 

Mcdonald 1 9 7 9 ) . I t is b e l i e v e d that the process of thermal 

d e c a r b o x y l a t i o n o f k e r o g e n i n s h a l e s l e a d s to t h e 

g e n e r a t i o n of CC>2 • The d i s s o l v e d CO2 lowers the pH of pore 

f l u i d s m i g r a t i n g i n t o the s a n d s t o n e , thus p r o v i d i n g an 

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

a l u m i n o s i l i c a t e s ( f e l d s p a r s ) . Humic k e r o g e n , h i g h k e r o g e n 

p e r c e n t a g e s i n t h e s h a l e s ( s o u r c e r o c k s ) and h i g h 

s h a l e / s a n d r a t i o s f a v o u r t h i s p r o c e s s ( B j o r l y k k e 1 9 8 0 ) . 

T h e n a t u r e of k e r o g e n in the p r e s e n t N e o g e n e s h a l e i s 

humic (Khan and H u s s a i n 1 9 8 0 ) , and the s h a l e / s a n d r a t i o is 

h igh in the more d e e p l y b u r i e d s e q u e n c e s . H o w e v e r , the 

t o t a l o r g a n i c carbon of the s t u d i e d s h a l e s only range for 

0 . 2 6 $ to 0 . 4 5 $ ( T a b l e 5 * 3 ) and the Neogene s h a l e does not 

f o r m a s o u r c e r o c k f o r t h e n a t u r a l gas f o u n d in the 

N e o g e n e r e s e r v o i r s ( K h a n a n d H u s s a i n 1 9 8 0 ) . To w h a t 

e x t e n t , i f any , the m a t u r a t i o n of kerogen in Neogene s h a l e 

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

e n v i r o n m e n t s i n the s a n d s t o n e s i s not k n o w n . H o w e v e r , 

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

of carbonates and f e l d s p a r s in the T i t a s - 2 w e l l s a m p l e s 

( S u r m a B a s i n a r e a s ) , as c o m p a r e d to the M u l a d i - 1 and 

Begumganj-1 wel l s a m p l e s , and i n c r e a s e d m a t u r i t y of the 

s e d i m e n t s w i t h i n the Surma B a s i n (Khan 1 9 8 0 ) . The source 

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

Paleogene s h a l e s ( L i e t z and K a b i r 1 9 7 8 ) and it is p o s s i b l e 

that CO2 e v o l v e d d u r i n g m a t u r a t i o n of these source rocks 

could have migrated upward into the Neogene sandstones and 

e s t a b l i s h e d a c i d i c pore water c o n d i t i o n s . 
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TABLE 5-3 : TOTAL ORGANIC CARBON PERCENTAGES IN THE 

NEOGENE SHALES (SURMA GROUP) OF THE 

BENGAL BASIN . 

Sample no . 

B1 -1 5 

B1 -1 8 

B1 -20 

B 1 -22 

B1 -23 

B1 -24 

B1 -25 

B1 - 2 6 B 

B2-2 

B2-5 

B2-7 

M1 -31 

MI - 3 4 A 

M1 -35 

M1 -40 

M1 -41 

MI -44 

MI -45 

M1 -47 

M1 -49 

T-6 

T-8 

T -1 4 

T -1 7 

Percentage organic carbon 

0 . 40 

0 . 3 3 

0.42 

0. 38 

0 . 3 6 
0 . 3 5 

0. 38 

0 . 4 0 

0 . 3 6 
0 . 3 1 

0 . 3 5 

0.36 
0 . 27 

0. 26 

0. 30 

0 . 3 7 

0 . 3 6 

0 . 4 4 

0 . 3 6 

0. 40 

0 . 4 1 

0 . 3 9 

0 . 4 5 

0 . 3 9 
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5 . 1 1 KAOLINITE CRYSTALLIZATION 

C r y s t a l l i z a t i o n of a u t h i g e n i c k a o l i n i t e is the f i n a l event 

in the s e q u e n c e of d i a g e n e t i c m i n e r a l f o r m a t i o n in the 

N e o g e n e s a n d s t o n e s . T h i s i s i n d i c a t e d by the f o l l o w i n g 

t e x t u r a l r e l a t i o n s h i p : ( i ) A u t h i g e n i c k a o l i n i t e c r y s t a l s 

r e s t on top of quartz overgrowth euhedra , i n d i c a t i n g t h e i r 

l a t e r o r i g i n . ( i i ) k a o l i n i t e o c c a s i o n a l l y o c c u p i e s 

o v e r s i z e d pore spaces which were formed by d i s s o l u t i o n of 

r o c k c o m p o n e n t s , i n d i c a t i n g an o r i g i n l a t e r t h a n the 

d i s s o l u t i o n s t a g e . 

I t has been suggested that the p r e c i p i t a t i o n of k a o l i n i t e 

r e q u i r e s a l o w pH ( a c i d i c ) of p o r e w a t e r and t h e 

a v a i l a b i l i t y of a s o u r c e f o r Al 3+ and S i 4+ ( B u c k e a n d 

Mankin 1 9 7 1 ; Shaw 1 9 8 0 ) . I t has also been pointed out that 

the p r o c e s s of a c i d i c d i s s o l u t i o n and d e c o m p o s i t i o n of 

f e l d s p a r could p r o d u c e a u t h i g e n i c k a o l i n i t e by r e a c t i o n 

s i m i l a r to 2 K A l S i 3 0 8 + 2H+ + H2 0 = Al^ Si^ (OH)^ + 4 S i 0 2 

+ 2K+ (Hurst and I r w i n 1 9 8 2 , B j o r l y k k e 1 9 8 0 ) . Formation of 

k a o l i n i t e by the a l t e r a t i o n of o t h e r m i n e r a l s , such as 

m u s c o v i t e , and c h l o r i t e , h a s a l s o b e e n d e s c r i b e d (S ims 

1 9 7 0 ; H u g g e t t , 1 9 8 2 ) . 

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

a u t h i g e n i c k a o l i n i t e and d e t r i t a l f e l d s p a r is i n d i c a t e d by 

( i ) E v i d e n c e o f i n s i t u a l t e r a t i o n o f f e l d s p a r to 

k a o l i n i t e , and ( i i ) Close c o r r e l a t i o n between the presence 

of pore 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 and the occurrence of 

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 s . K a o l i n i t e i s most 

common in the s a n d s t o n e s of the T i t a s well where f e l d s p a r 

d i s s o l u t i o n is at i t s m a x i m u m . On the o t h e r hand in the 

s a m p l e s from the Beguraganj-1 and M u l a d i - 1 w e l l s , where 

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

k a o l i n i t e has a r e l a t i v e l y low a b u n d a n c e and r e s t r i c t e d 

d i s t r i b u t i o n . T h e a b o v e o b s e r v a t i o n i n d i c a t e s t h a t 

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

n u t r i e n t s (A13 + and S i 4 + ) to the 

a l t e r a t i o n . 

p r o v i d i n g the n e c e s s a r y 

pore w a t e r , or by in s i t u 

The f l u s h i n g of f o r m a t i o n s by a c i d i c f r e s h or m e t e o r i c 

w a t e r is w i d e l y b e l i e v e d to be r e s p o n s i b l e f o r s u c h a 

p r o c e s s of k a o 1 i n i t i z a t i o n in s a n d s t o n e s ( B l a n c h e and 

W h i t t a k e r 1 9 7 8 , Almon and D a v i s 1 9 7 9 , B j o r l y k k e et a l . 

1 9 7 9 ) . H u r s t and I r w i n ( 1 9 8 2 ) u s e d t h e t e r m " f l u x 

c o n t r o l l e d k a o l i n i t e a u t h i g e n e s i s " f o r t h i s p r o c e s s , but 

i n d i c a t e d t h a t , in sha 1 e - e n c 1 o s e d s a n d s t o n e b o d i e s not 

i n t e r c o n n e c t e d to the e a r t h ' s s u r f a c e , s u c h f r e s h w a t e r 

f l u x e s through the s a n d s t o n e s are u n l i k e l y . They invoked a 

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

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

a u t h i g e n e s i s . 

K a o l i n i t e i s f o u n d o n l y i n the d e e p l y b u r i e d B h u b a n 

f o r m a t i o n . There is s p e c u l a t i o n as to how a c i d pore w a t e r 

c o n d i t i o n was e s t a b l i s h e d i n t h i s f o r m a t i o n . I t was 

e x p l a i n e d in the previous s e c t i o n ( S e c t i o n 5 • 1 0 ) t h a t the 

f l u s h i n g of the deep f o r m a t i o n s by s u r f a c e meteoric f r e s h 

w a t e r is not c o n s i d e r e d to be a l i k e l y p r o c e s s i n t h e 

s t u d i e d N e o g e n e s e c t i o n of the Bengal B a s i n because they 

have never e x p e r i e n c e d s i g n i f i c a n t u p l i f t and s u b a e r i a l 

e x p o s u r e and t h e r e has n e v e r b e e n a meteoric water flow 

c o n n e c t i o n between them and the sur face a f t e r deep b u r i a l . 

However , a c i d i c pore waters could have b e e n g e n e r a t e d by 

the CO2 e v o l v e d from the m a t u r a t i o n of kerogen ( s e c t i o n 

5 . 1 0 ) ; t h i s , however , is c o n j e c t u r a l . 

K a o l i n i t e p r e c i p i t a t i o n is f a v o u r e d u n d e r a c i d c o n d i t i o n 

w h e r e c a t i o n s ( N a + , K + , Ca + + , M g + + ) a r e not p r e s e n t in 

s u f f i c i e n t q u a n t i t y to p r o d u c e c a t i o n a 1 u m i n 0 s i 1 i c a t e 

( C u r t i s 1 9 8 3 ) ; v e r y l o w c a t i o n c o n c e n t r a t i o n s at 

r e l a t i v e l y moderate s i l i c a v a l u e s f a v o u r c r y s t a l l i z a t i o n 

o f k a o l i n i t e ( S i m s 1 9 7 0 ) . K a o l i n i t e c r y s t a l l i z a t i o n was 
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the last event in the p a r a g e n e t i c s e q u e n c e of d i a g e n e s i s 

o f t h e N e o g e n e s a n d s t o n e s i n t h e B e n g a l B a s i n . The 

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

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

c r y s t a l l i z a t i o n , c a r b o n a t e c e m e n t a t i o n e t c . T h e s e 

p r o c e s s e s would p r o g r e s s i v e l y remove the c a t i o n s from the 

pore waters and leave a r e s i d u a l formation w a t e r d e p l e t e d 

i n c a t i o n s b u t h a v i n g an i n c r e a s e d A ^ O ^ / S i C ^ r a t i o . 

C o n d i t i o n s would thus h a v e b e e n e s t a b l i s h e d w h i c h w o u l d 

have encouraged the formation of a u t h i g e n i c k a o l i n i t e from 

the pore w a t e r . 

K a o l i n i t e c r y s t a l l i z a t i o n r e s u l t in l o s s of p o r o s i t y , 

a lthough to a l e s s e r extent as compared to t h a t by q u a r t z 

c e m e n t a t i o n or F e - c a l c i t e c e m e n t a t i o n . K a o l i n i t e 

c o n s t i t u t e s 0 . 2 $ to 2 . 0 $ of the total rock components , the 

mean value being 0 . 8 $ . R e c a l c u l a t i o n of these v a l u e s as a 

p e r c e n t a g e of p r e - c e m e n t p o r o s i t y ( D u t t o n 1 9 7 7 ) i n 

r e p r e s e n t a t i v e samples i n d i c a t e that a u t h i g e n i c k a o l i n i t e 

i s r e s p o n s i b l e f o r r e d u c i n g total p o r o s i t y by about 1$ -

14$ ( T a b l e 5 * 4 ) . This may r e p r e s e n t an e q u i v a l e n t amount 

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

f e l d s p a r l e a c h i n g ( G i l e s and M a r s h a l l 1983 )-
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TABLE 5 . 4 : POROSITY REDUCTION BY KAOLINITE CEMENT IN THE 

NEOGENE SANDSTONES (BHUBAN FORMATION) FROM 

THE BENGAL BASIN 

Sample $ P o r o s i t y $Pre-cement $ K a o l i n i t e P o r o s i t y 

n o . ( t h i n p o r o s i t y cement r e d u c t i o n 

s e c t i o n ) ( t h i n s e c t . ) by K a o l i n i t e 

cement 

T-1 1 5 . 5 1 7 . 3 1 . 3 3 

T-2 9-4 9 . 8 0 . 4 4$ 

T-3 8 . 6 10 1 . 4 14$ 

T-7 1 0 . 8 1 2 . 9 1 . 5 11$ 

T-10 9 . 2 1 2 . 4 0 . 2 1$ 
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CHAPTER 6 

MINERALOGY AND DIAGENESIS OP SHALE 

6 . 1 INTRODUCTION 

An u n d e r s t a n d i n g of d i a g e n e s i s in s h a l e s can be ga ined 

from the c r i t i c a l e x a m i n a t i o n of t h e i r b u l k m i n e r a l o g y 

u s i n g x-ray d i f f r a c t i o n methods of a n a l y s i s . Amongst the 

p r i n c i p a l m o d i f i c a t i o n s that a f f e c t a r g i l l a c e o u s sediments 

d u r i n g b u r i a l d i a g e n e s i s are the c h a n g e s in t h e i r c l a y 

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

i n v e s t i g a t i o n s o f s h a l e d i a g e n e s i s b a s e d on t h e 

e x a m i n a t i o n of clay mineral assemblage was c a r r i e d out by 

B u r s t in 1 9 5 9 , who r e p o r t e d the g r a d u a l c h a n g e of t h e 

s w e l l i n g s m e c t i t e c l a y m i n e r a l to a non-swel l ing i l l i t e 

c l a y w i t h i n c r e a s i n g d e p t h of b u r i a l . S i n c e t h e n many 

i n v e s t i g a t i o n s h a v e r e p o r t e d t h a t p r o g r e s s i v e 

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

w i t h the p r o g r e s s i v e l o s s of s w e l l i n g c l a y m i n e r a l s in 

many g e o l o g i c a l s e q u e n c e s . The decrease and d i s a p p e a r a n c e 

of k a o l i n i t e , appearance and i n c r e a s e in c h l o r i t e and l o s s 

o f K - f e l d s p a r s , a r e a m o n g s t o t h e r d i a g e n e t i c c h a n g e s 

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

p r e s s u r e by b u r i a l depth (Dunoyer de Segonzac 1 9 7 0 , Perry 

and Hower 1 9 7 0 ) 

To date no s t u d i e s on the m i n e r a l o g y or the d i a g e n e s i s of 

the Neogene s h a l e s in the Bengal Bas in have been r e p o r t e d . 

T h e N e o g e n e s e q u e n c e s i n t h e B e n g a l B a s i n a r e 

c h a r a c t e r i s e d by s u b e q u a l p r o p o r t i o n s of s a n d s t o n e s and 

s h a l e s e x c e p t f o r the s a n d s t o n e dominated Tipam Group at 

the top . In c e r t a i n s e c t i o n s , however , p a r t i c u l a r l y in the 

l o w e r l e v e l s , s h a l e s a r e m u c h m o r e a b u n d a n t . T h e 

s h a l e : s a n d r a t i o s can be as h i g h as 8 : 1 and i n d i v i d u a l 
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s h a l e bodies can have t h i c k n e s s e s of 2 0 0 m to 3 0 0 m. The 

u n i n t e r r u p t e d b u r i a l h i s t o r y of t h e s e s h a l e s make the 

Neogene s e c t i o n s i d e a l for shale d i a g e n e s i s s t u d i e s . 

F o r the p u r p o s e of the p r e s e n t s t u d y a t o t a l of f i f t y 

s h a l e s a m p l e s were a n a l y s e d from the Mulad i-1 , M u l a d i - 2 , 

B e g u m g a n j - 1 , B e g u m g a n j - 2 , B O D C - 2 a n d T i t a s - 2 w e l l s 

c o v e r i n g a d e p t h r a n g e f r o m 1 1 9 7 m to 4 5 5 0 m b e l o w 

s u r f a c e . These samples belong to the T ipam G r o u p and the 

Surma Group ( B h u b a n and B o k a b i l F o r m a t i o n s ) of Neogene 

a g e . D e t a i l e d m i n e r a l o g i c a l a n a l y s e s of these samples were 

c a r r i e d out to see the d i a g e n e t i c c h a n g e s t h e s e s h a l e s 

have s u f f e r e d in response to b u r i a l . 

6 . 2 METHODS OF STUDY: 

The p r e s e n t s t u d y of s h a l e s i s b a s e d on a n a l y s e s us ing 

s tandard x-ray d i f f r a c t i o n m e t h o d s ( B r i n d l e y and B r o w n , 

1 9 8 0 ) . The x - r a y d i f f r a c t i o n a n a l y s e s were c a r r i e d out 

u s i n g a P h i l l i p s x-ray d i f f r a c t o m e t e r us ing C o K ^ r a d i a t i o n 

at 36 Kv and 29 mA. Each samples was analysed for i t s bulk 

mineralogy and i t s d e t a i l e d clay m i n e r a l o g y . 

6 . 2 . 1 Whole rock a n a l y s i s . 

F o r d e t e r m i n i n g t h e b u l k m i n e r a l o g y of t h e s h a l e s , 

u n o r i e n t e d mounts of the powdered whole rock sample were 

p r e p a r e d . For t h i s p u r p o s e , 5 to 10 g of s a m p l e w a s 

w a s h e d , d r i e d and broken into small p i e c e s (1-5 mm) us ing 

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

c a r b i d e m o r t a r a n d a Tema M i l l . The f i n e p o w d e r thus 

o b t a i n e d was t h e n p a c k e d t i g h t l y i n t o the c a v i t y of an 

a luminium h o l d e r and the s u r f a c e smoothed over by p r e s s i n g 

t h e p o w d e r w i t h a g l a s s s l i d e . The w h o l e r o c k p o w d e r 

samples were t h e n a n a l y s e d in the x-ray d i f f r a c t o m e t e r 

o v e r an a n g u l a r r a n g e of 5 d e g r e e s 26 to 75 d e g r e e s 20 

w ith a chart speed of 1 degree per m i n u t e and c o u n t r a t e 
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of 4 0 0 counts per s e c o n d . 

6 . 2 . 2 Clay mineral a n a l y s i s : 

The c l a y m i n e r a l a n a l y s e s w e r e c a r r i e d out on o r i e n t e d 

mounts of the c lay ( 2 p.. ) f r a c t i o n s . The o r i e n t e d mounts 

were prepared from d i s p e r s e d s u s p e n d e d c l a y f r a c t i o n i n 

d i s t i l l e d w a t e r . To s e p a r a t e out the c l a y f r a c t i o n the 

samples ( 15 g - 20 g ) were g e n t l y "broken i n t o v e r y s m a l l 

f r a g m e n t s (1-2 mm) us ing a p e s t l e and mortar and then put 

into an u l t r a s o n i c b a t h in a b e a k e r for h a l f an hour or 

more d e p e n d i n g on the h a r d n e s s of the rock . The suspended 

s e d i m e n t thus o b t a i n e d w a s t h e n u s e d to o b t a i n 2 ju. 

f r a c t i o n by s e p a r a t i o n under g r a v i t y ( T u r n e r and Jackson 

1 9 4 7 ; B r i n d l e y and Brown 1 9 8 0 ) . The or iented mounts of the 

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

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

d i s c s us ing the suet ion-onto-ceramic-ti le method o u t l i n e d 

"by Shaw ( 1 9 7 2 ) . A l a y e r of c l a y of s u f f i c i e n t t h i c k n e s s 

thus d e p o s i t e d on the ceramic d i s c , was a l lowed to a i r dry 

b e f o r e a n a l y s i s in the x-ray d i f f r a c t 0 m e t e r . I n a d d i t i o n 

to the use of o r i e n t e d mounts in the a i r - d r i e d s t a t e , the 

o r i e n t a t e d c lay specimens were a lso analysed a f t e r s p e c i a l 

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

m i n e r a l s . The c l a y d i s c s w e r e thus scanned r o u t i n e l y as 

f o l l o w s . 

( a ) I n a i r d r i e d s t a t e . 

("b) A f t e r s o l v a t i o n with e t h y l e n e glycol a n d / o r g l y c e r o l . 

( c ) A f t e r h e a t i n g to 300 degrees c e n t i g r a d e for 1-hours . 

( d ) A f t e r h e a t i n g to 550 d e g r e e s c e n t i g r a d e for 1- h o u r s . 

Care was taken to e n s u r e t h a t the same h a l f of the c l a y 

d i s c was a n a l y s e d a f t e r e a c h p r e t r e a t m e n t . The samples 

were scanned from 2 degrees 2© to 25 degrees 20 us ing scan 

speeds of 1 degree per minutes or j degree per m i n u t e and 

c o u n t r a t e s of 1 0 0 0 cps and 2 0 0 0 cps . In a d d i t i o n to the 
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a b o v e , the reg ion between 16 d e g r e e s 20 to 21 d e g r e e s 2 0 

w a s s c a n n e d w i t h a c o u n t r a t e of 4 0 0 cps i n o r d e r to 

enhance and i d e n t i f y the ( 0 0 2 ) ^ q / ( 0 0 3 ) 1 7 r e f l e c t i o n of the 

i l l i t e / s m e c t i t e c l a y . 

6 . 3 MINERALOGY OF THE SHALES 

K a o l i n i t e , i l l i t e , c h l o r i t e , i l l i t e / s r a e c t i t e m i x e d l a y e r 

c l a y , q u a r t z , and f e l d s p a r s are the predominant m i n e r a l s 

( t h o u g h not n e c c e s s a r i l y i n t h i s o r d e r of a b u n d a n c e ) i n 

the N e o g e n e s h a l e s of the Bengal B a s i n . C a l c i t e , dolomite 

and s i d e r i t e o c c u r in m i n o r to t r a c e a m o u n t s . A l l t h e 

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

r e p r e s e n t a t i v e samples from the Muladi-1 w e l l cover ing the 

t o t a l d e p t h r a n g e s t u d i e d i s s h o w n i n t a b l e 6 . 1 . 

D i f f r a c t i o n p r o f i l e s of the w h o l e rock of some of the 

r e p r e s e n t a t i v e shale samples are shown in f i g u r e 6 . 1 and 

6 . 2 . 

6 . 3 . 1 NON-CLAY MINERALOGY: 

( a ) Q u a r t z : 

Q u a r t z is one of the most a b u n d a n t m i n e r a l s i n a l l the 

samples and is c o n s i s t e n t l y p r e s e n t t h r o u g h o u t the d e p t h 

range s t u d i e d . 

( b ) F e l d s p a r s : P o t a s h a n d p l a g i o c l a s e f e l d s p a r s a r e 

present in the samples throughout the depth range s t u d i e d . 

The p r i n c i p a l r e f l e c t i o n s u s e d f o r i d e n t i f i c a t i o n of 
o 

p l a g i o c l a s e f e l d s p a r s is at 3 . 1 8 A and for potash f e l d s p a r 
0 o 

a t 3 . 2 5 A- 3 . 2 8 A . P l a g i o c l a s e i s a l s o i n d i c a t e d by 

moderate r e f l e c t i o n s at 4 . 0 2 - 4 . 0 3 A , 3 . 7 5 - 3 - 7 6 7 A and 
o 

3 . 6 6 A . T h e r e has b e e n no i n d i c a t i o n of any s y s t e m a t i c 

change in the r e l a t i v e peak i n t e n s i t i e s of p l a g i o c l a s e or 

p o t a s h f e l d s p a r with depth of b u r i a l which would i n d i c a t e 

a depth dependent change in t h e i r c o n c e n t r a t i o n . 
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TABLE 6 .1 : BULK MINERALOGY OF REPRESENTATIVE SHALES FROM 

THE MULADI-1 WELL, BENGAL BASIN 

( L e g e n d : ma= l a j o r , mi = m i n o r , t r = t r a c e , - = abs e n t ) 

Non-clay m i n e r a l s Clay minerals 

Sample Qtz Feld Calc D o1 S id 111 Kaol Chlor 17A R e f 1 . 

110 . ( R a n . Interstr. 
(Depth-m ) I l l / S m e c ) 

M1 -1 4 ma ma mi tr tr ma ma ma ma 

( 1 4 0 2 ) 
B 

( 1 4 0 2 ) O 

M1 -25 
K 

ma ma mi mi tr M1 -25 A ma ma mi mi tr ma ma ma ma 

( 2 1 0 7 ) 
B 

( 2 1 0 7 ) 1 
L 

M1 -30 ma ma mi tr tr ma ma ma ma 

( 2 4 0 2 ) 

M1-34A ma ma mi mi tr ma ma ma ma 

( 2 8 6 6 ) 

M1 -35 ma ma mi tr tr ma ma ma ma 

( 3 0 2 0 ) 

M1-37A ma ma mi mi tr ma ma ma mi 

( 3 2 1 7 ) 

M1 -40 ma ma tr - tr ma ma ma mi 

( 3 5 0 2 ) 

M1 -41 B ma ma tr tr ma ma ma mi 

( 3 6 0 2 ) H 

M1 -42 U ma ma tr tr - ma ma ma 

( 3 6 9 2 ) B 

M1 -44 A ma ma tr? tr? ma ma ma -

( 3 9 3 0 ) N 

M1 -45 ma ma tr tr ma ma ma -

( 4 0 0 7 ) 

M1 -46 ma ma tr tr tr ma ma ma -

( 4 0 9 9 ) 

M1 -47 ma ma tr tr? tr? ma ma ma 

( 4 2 0 5 ) 

M1-49B ma ma - tr ma ma ma -

( 4 4 5 8 ) 

M1 -51 ma ma - - ma ma ma 

( 4 5 3 0 ) 
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( c ) Ca lc i te : 

C a l c i t e i s a m i n o r c o n s t i t u e n t of the s h a l e d o w n to a 

d e p t h of a b o u t 3 , 5 0 0 m but b e l o w t h i s d e p t h c a l c i t e i s 

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

d e c r e a s e in abundance with depth ( T a b l e 6 . 1 ) . 

( d ) D o l o m i t e : 

Dolomite is present in very minor to trace amounts in most 

of the s h a l e s . 

( e ) S i d e r i t e : 

S i d e r i t e is present in trace amount in most of the samples 

throughout the s e q u e n c e . 

6 . 3 . 2 CLAY MINERALOGY 

( a ) I l l i t e : 

I l l i t e i s o n e o f t h e most a b u n d a n t p h a s e s i n a l l the 

samples and is r e p r e s e n t e d i n the d i f f r a c t i o n t r a c e s of 

o r i e n t e d mounts by a s e r i e s of p r o m i n e n t r e f l e c t i o n s at 

9 . 9 7 - 10 .1 A , 4 . 9 8 - 5A , 3-3 A and 1 . 9 8 - 1 . 9 9 A . T h e r e 

has been no change in the peak i n t e n s i t i e s with i n c r e a s i n g 

d e p t h of samples and uniform abundance of th is mineral is 

i n d i c a t e d throughout the depth r a n g e . 

( b ) C h l o r i t e : 

C h l o r i t e i s a m a j o r p h a s e i n a l l t h e s a m p l e s a n d i s 

r e a d i l y r e c o g n i z e d by i t s b a s a l r e f l e c t i o n s at 14 . 1 - 1 4 . 3 

A and 4 . 7 2 - 4 . 7 3 A . The b a s a l r e f l e c t i o n s at 7 . 0 A and 
0 

3 . 5 6 A could not be used d i r e c t l y for i d e n t i f i c a t i o n of 
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c h l o r i t e b e c a u s e o f t h e i n t e r f e r e n c e w i t h k a o l i n i t e 

r e f l e c t i o n s . No c h a n g e in c h l o r i t e peak i n t e n s i t i e s has 

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

a t t r i b u t e d to a change in c o n c e n t r a t i o n of t h i s m i n e r a l . 

( c ) K a o l i n i t e : 

K a o l i n i t e i s a m a j o r c o n s t i t u e n t in the s t u d i e d s a m p l e s . 

The presence of k a o l i n i t e and c h l o r i t e together in a l l the 

samples made it d i f f i c u l t to r e c o g n i s e k a o l i n i t e on the 
0 o 

b a s i s of i t s major r e f l e c t i o n s at ^ 7 A and 3 * 5 8 A (001 and 

0 0 2 r e f l e c t i o n s r e s p e c t i v e l y ) in most of the s a m p l e s 

b e c a u s e of the o v e r l a p p i n g w i t h c h l o r i t e r e f l e c t i o n s 

o c c u r r i n g in th is r e g i o n . In these cases the most r e l i a b l e 
o 

i n d i c a t i o n of k a o l i n i t e is the 003 r e f l e c t i o n at 2 . 3 8 A , 

a l t h o u g h th is is a weak r e f l e c t i o n . L e a c h i n g of c h l o r i t e 

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

k a o l i n i t e , however , a l lows the 7A r e f l e c t i o n s to be u s e d 

for k a o l i n i t e study ( F i g . 6 . 3 ) and to monitor the r e l a t i v e 

a b u n d a n c e of k a o l i n i t e w i t h d e p t h of b u r i a l . Such study o 
i n d i c a t e s t h a t the 7A r e f l e c t i o n f o r k a o l i n i t e shows a 

r e l a t i v e d e c r e a s e in i n t e n s i t y for the two deepest samples 

i n the p r e s e n t s t u d y , that is at 4 , 5 3 0 m (Muladi-1 w e l l ) 

a n d 4 , 5 5 0 m ( M u l a d i - 2 w e l l ) ( F i g . 6 . 4 ) . T h i s i s 

i n t e r p r e t e d as a d e c r e a s e in abundance of k a o l i n i t e at or 

below 4 , 5 3 0 m of b u r i a l . 
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FIG.6.3 DIFFRACTION PROFILES OF CLAY FRACTION OF NEOGENE SHALE BEFORE (A) AND AFTER(B) WARM HCt ACID 
TREATMENT. CHLORITE IS DISSOLVED AWAY BY THE TREATMENT. SAMPLE FROM BHUBAN FM. DEPTH 3656m 

\ 
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FIG. 6.4 DECREASE OF KAOLINITE WITH DEPTH IN NEOGENE SHALE.WARM HCI ACID TREATED SAMPLES FROM MULADI 1 WELL 
BENGAL BASIN. 
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( d ) I l l i t e / s m e c t i t e mixed l ayer c l a y : 

The i l l i t e / s m e c t i t e mixed l a y e r clay is represented in the 
o . 

p r e s e n t s t u d y by r e f l e c t i o n s at 1 6 . 8 - 17 A ( h e r e a f t e r 
0 

r e f e r r e d to as 17 A ) f o r e t h y l e n e g l y c o l treated samples 

and by r e f l e c t i o n s at 1 7 . 8 - 1 8 . 0 A ( h e r e a f t e r r e f e r r e d to 
0 . , 

as 18 A) f o r g l y c e r o l t r e a t e d ones ( o r i e n t e d mounts in 

both c a s e s ) . These r e f l e c t i o n s d i s a p p e a r with s i m u l t a n e o u s 
o 

i n c r e a s e in the 10 A r e f l e c t i o n s when the sample is heated 

to 300 degrees c e n t i g r a d e . 

o 

I n the e a r l y p u b l i c a t i o n s , the 17 A peak for an e t h y l e n e 

g l y c o l treated sample was i d e n t i f i e d as d i s c r e t e s m e c t i t e 

and the m i x e d l ayer i l l i t e / s m e c t i t e s were thought to have 
o o 

b a s a l r e f l e c t i o n s between 10 A and 17 A depending on t h e i r 

composit ion ( B u r s t 1 9 5 9 , B u r s t 1 9 6 9 ) . H o w e v e r , R e y n o l d s 
0 

and Hower ( 1 9 7 0 ) showed t h a t a r e f l e c t i o n at 17 A a f t e r 

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

i n d i c a t e t h e p r e s e n c e of d i s c r e t e s m e c t i t e . The 17 A 

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

i l l i t e / s m e c t i t e c lays ( w i t h 40$ or more smectite l a y e r s ) 

f o r e t h y l e n e g l y c o l s o l v a t e d s a m p l e . T h e f i r s t b a s a l o 
r e f l e c t i o n a t 1 7 A f o r a r a n d o m m i x e d l a y e r 

i 1 1 i t e / s m e c t i t e c l a y thus d i f f e r l i t t l e from t h a t of a 

d i s c r e t e s m e c t i t e ( 1 0 0 $ s m e c t i t e ) , but the h i g h e r order 

r e f l e c t i o n s do d i f f e r ( R e y n o l d s and H o w e r 1 9 7 0 ) . T h e 

r e f l e c t i o n d e s i g n a t e d as ( 0 0 2 ) ^ / ( 0 0 3 ) ^ . , r e s u l t i n g 

from the 2nd b a s a l order of the i l l i t e l a y e r s and the 3 r d 

b a s a l o r d e r of the s m e c t i t e type l a y e r i s p a r t i c u l a r l y 

important in th is r e p s e c t . F o r a d i s c r e t e s m e c t i t e t h i s 
0 

peak occurs at 5 . 6 2 A hut as the non-expanding i l l i t e type 

l a y e r is i n c o r p o r a t e d or i t s p r o p o r t i o n i n c r e a s e s , the o 
peak p o s i t i o n is s h i f t e d toward 5 A , the 0 0 2 of d i s c r e t e 

i l l i t e (Hower 1 9 8 1 ) ( T a b l e 6 . 3 ) . For most of the p r e s e n t l y 

s t u d i e d s a m p l e s t h i s (002)/(003) r e f l e c t i o n is too weak to be 
IO 

i d e n t i f i e d a n d m e a s u r e d , b u t w h e r e p r e s e n t ( m o s t l y 

s h a l l o w e r s a m p l e s ) it is found to be i n t e r m e d i a t e between 
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5 . 6 2 and 5 . 0 0 A ( F i g , . 6 . 5 ) . For the above r e a s o n s t h e 17 
0 0 
A p e a k s f o r e t h y l e n e g l y c o l t r e a t e d s a m p l e s ( 1 8 A f o r 

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

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

i 1 l i t e / s m e c t i t e mixed l a y e r c l a y m i n e r a l . 

T h e i 1 1 i t e / s m e c t i t e m i x e d l a y e r c l a y p h a s e i s r e a d i l y 

r e c o g n i z e d a s a m a j o r c o n s t i t u e n t i n t h e s h a l l o w to 
o 0 

m o d e r a t e l y b u r i e d s h a l e s . The 17 A r e f l e c t i o n s ( 1 8 A f o r 

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

n o t e d i n t h e s h a l l o w e r s a m p l e s from a l l the s t u d i e d w e l l 

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

i n c r e a s i n g d e p t h of b u r i a l u n t i l t h e y c a n no l o n g e r be 

i d e n t i f i e d as d i s t i n c t r e f l e c t i o n s . T h i s i s f o l l o w e d at 
cMupvk 0 

g r e a t e r ^ b y the complete a b s e n c e of r e f l e c t i o n in the 17 A 

r e g i o n ( F i g . 6 . 6 , 6 . 7 a n d 6 . 8 ) . I n t h e M u l a d i - 1 w e l l 
o 

s e c t i o n the 17 A r e f l e c t i o n is p r e s e n t down to 3 , 6 0 2 m but 

i s a b s e n t from a l l samples below t h i s depth ( F i g . 6 . 6 ) . I n 
o 

t h e B e g u m g a n j - 1 w e l l the 17 A r e f l e c t i o n i s s h o w n f o r 

s a m p l e s down to a d e p t h o f 3 4 4 4 m b u t i s a b s e n t f o r a l l 

s a m p l e s s t u d i e d below t h i s d e p t h ( F i g . 6 . 7 ) . I n the BODC-2 

w e l l s e c t i o n t h e s a m p l e s w e r e p r e - t r e a t e d w i t h g l y c e r o l 
• 0 

and the 18 A r e f l e c t i o n is shown down to a d e p t h of 4 , 0 8 2 

m b e l o w w h i c h i t i s a b s e n t from a l l samples s t u d i e d ( F i g . 

6 . 8 ) . 
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FIG.6.5. IDENTIFICATION OF ILLITE/SMECTITE MIXED LAYER CLAY. X RAY DIFFRACTION PROFILE OF 
CLAY FRACTION OF NEOGENE SHALE. BENGAL BASIN.SAMPLE SOVATED WITH ETHYLENE 
GLYCOL. 
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FIG.6.6 X RAY DIFFRACTION PROFILES OF CLAY FRACTIONS OF THE NEOGENE SHALES FROM MULADI-1 WELL BENGAL BASIN 
SHOWING GRADUAL LOSS OF 17A PEAK INTENSITY WITH INCREASING DEPTH OF BURIAL. SAMPLES SOLVATED WITH 
ETHYLENE GLYCOL Legend : I l l /Sm-l l l i te /Smecti te Ch- Chlorite III- Illite K-Kaolinite 



FIG. 6.7 X RAY DIFFRACTION PROFILES OFo CLAY FRACTION OF THE NEOGENE SHALES FROM BEGUMGANJ 1 WELL BENGAL BASIN 
SHOWING GRADUAL LOSS OF 17A PEAK INTENSITY WITH INCREASING DEPTH OF BURIAL. SAMPLES SOLVATED WITH 
ETHYLENE GLYCOL. Legend: Ill /Sm- l l l ite/Smectite. Ch- Chlorite, III- I l l ite, K-Kaolinite. 



FIG.6.8 X RAY DIFFRACTION PROFILES OF CLAY FRACTIONS OF THE NEOGENE SHALES FROM BODC 2 WELL BENGAL BASIN 
SHOWING GRADUAL LOSS OF 18A PEAK INTENSITY WITH INCREASING DEPTH OF BURIAL. SAMPLES SOLVATED WITH 
GLYCEROL . Legend: I l l /Sm-l l l i te /Smect i te , Ch-Chlori te, IIMIIite, K-Kaolinite. 



6 . 3 . 3 NATURE OF ILLITE/SMECTITE MIXED LAYER CLAY 

The i l l i t e / s m e c t i t e is volumetrical ly the most important 

m i x e d l a y e r c lay m i n e r a l in s e d i m e n t a r y rocks ( W e a v e r 

1 9 5 6 ) . This has also been the most widely studied group of 

clay minerals from the standpoint of d i a g e n e s i s and there 

i s s i g n i f i c a n t e v i d e n c e of d i a g e n e t i c m o d i f i c a t i o n of 

these clays with increasing depth of b u r i a l ( B u r s t 1 9 6 9 ; 

P e r r y and Hower 1 9 7 0 ; Dunoyer de Segonzac 1970 ; Hower et 

a l . 1976 ; Hower 1981B ) . The d i a g e n e t i c t r a n s f o r m a t i o n of 

i 1 1 i t e / s m e c t i t e i n v o l v e s g r a d u a l loss of smectite layer 

due to conversion to i l l i t e with i n c r e a s i n g t e m p e r a t u r e . 

T h i s a l s o r e s u l t s i n a c h a n g e i n t h e n a t u r e of 

i n t e r s t r a t i f i c a t i o n of the i l l i t e and smectite layers from 

a random to an ordered fashion (Perry and Hower 1 9 7 0 ) . In 

randomly i n t e r s t r a t i f i e d i 1 1 i t e / s m e c t i t e no discernable 

pattern e x i s t s in the s e q u e n c e of l a y e r types w h i l e an 

ordered i n t e r s t r a t i f i c a t ion implies a per iodic ity in the 

sequence of l ayers . R e y n o l d s and Hower ( 1 9 7 0 ) i n d i c a t e d 

that the i 1 1 i t e / s m e c t i t e m i n e r a l with smectite of above 

- 40$ are almost always randomly i n t e r s t r a t i f i e d and 

those of lower e x pa nd i t? i li t i es (smectite $ ) have ordered 

i n t e r s t r a t i f i c a t i o n . The composit ional d e p e n d e n c e of the 

manner of i n t e r s t r a t i f i c a t i o n of i l l i t e / s m e c t i t e is shown 

in Table 6 . 2 (Hower 1 9 8 1 A ) . 

Various methods have been descr ibed for d e t e r m i n a t i o n of 

the p r o p o r t i o n s of i l l i t e and s m e c t i t e in the randomly 

i n t e r s t r a t i f i e d i l l i t e / s m e c t i t e mixed layer c l a y . Most of 

t h e s e m e t h o d s , are h o w e v e r , a f f e c t e d by v a r i o u s other 

factors inherent in naturally o c c u r i n g c l a y s such as the 

m i x t u r e of i l l i t e / s m e c t i t e with other c l a y m i n e r a l s , 

var iat ions of c r y s t a l l i t e s ize of the m i n e r a l e t c . It is 

t h e r e f o r e d i f f i c u l t to use most of these methods as an 

a b s o l u t e l y r e l i a b l e measure of the c o m p o s i t i o n of most 

naturally occurring i l l i t e / s m e c t i t e clays and some degree 
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Ill/Sm composition Ill/Sm Type 

0~*60% Illite Random Ill/Sm 

~65—70~85% Illite 'allevardite ordered Ill/Sm 

~ 8 5 ~ 1 0 0 % Illite Kartaefg ordered Ill/Sm 

TABLE 6.2 COMPOSITIONAL DEPENDENCE OF MANNER OF INTERSTRATIFICATION 
OF ILLITE/SMECTITE . 

(From Hower 1981 A} 
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of error is l ikely to "be incorporated in the result unless 

s u f f i c i e n t control over these factors can be e s t a b l i s h e d . 

In the p r e s e n t l y s t u d i e d samples i 1 1 i t e / s m e c t i t e occur 

with k a o l i n i t e , i l l i t e and chlorite clay minerals each of 

which is a major component of the shales and separation of 

these clay minerals is not p o s s i b l e . It was , t h e r e f o r e , 

d e c i d e d to use three methods to determine the proportion 

of i l l i t e and smectite in the i l l i t e / s m e c t i t e mixed l a y e r 

c l a y , i n s t e a d of r e l y i n g on o n e , to d e t e r m i n e any 

meaningful trends in the results . 

These methods are : 

( a ) ~ 5 A peak migration (Reynolds and Hower, 1 9 7 0 ) . 

(b ) " S a d d l e " / 1 7 A intensity ratio (Rettke 1 9 8 1 ) . 

( c ) 1 7 : 1 0 A ratio (Schultz 1 9 7 8 ) . 

Samples from the Muladi-1 well have been selected for this 

study because they cover the greatest depth range and also 

b e c a u s e of the more r e g u l a r d e p t h i n t e r v a l s of the 

avai lable shales from this w e l l . 

( a ) Peak migration method: 

One of the most w i d e l y accepted methods to determine the 

composition of i 1 1 i t e / s m e c t i t e clay is to determine the 

( 0 0 2 ) ^ / ( 0 0 3 ) ^ 7 peak p o s i t i o n for glycolated clay sample 

(Reynolds and Hower 1 9 7 0 ) . An i n c r e a s e in the p r o p o r t i o n 

of i l l i t e layers in the i l l i t e / s m e c t i t e clays causes this 

peak to migrate towards 5 A. Reynolds ( 1980 ) tabulated the 

ref lect ion positions for corresponding i l l i t e p e r c e n t a g e s 

in i l l i t e / s m e c t i t e c lay ( T a b l e 6 . 3 ) . It is shown in the 
0 

table that the (002)^q ( / / 3 ) ^ peak migrates from 5*62 A to 
o 

5.01 A corresponding to an incresae of i l l i t e l ayer from 

0% to 1 0 0 $ in the i l l i t e / s m e c t i t e m i x e d l a y e r c lay 

mineral . 
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TABLE 6 . 3 : RELATIONSHIPS BETWEEN COMPOSITION OF 

ILLITE/SMECTITE MIXED LAYER CLAY AND 

THE (OO2 ) 1 0 / ( 0 0 3 ) 1 ? PEAK POSITION. 

(After Reynolds 1 9 8 0 ) . 

% I l l i t e % Smectite d ( A ) . 

0 100 5 . 6 2 

20 80 5 . 5 7 

40 60 5 . 5 0 

60 40 5 . 3 7 

80 20 5.16 

100 0 5.01 
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One s i g n i f i c a n t l imitation of applying this method to the 

p r e s e n t s t u d y w a s t h e v e r y weak i n t e n s i t y of the 

( 0 0 2 ) 10 / (003 )f7 r e f l e c t i o n s in most of the s p e c i m e n s so 

t h a t the peak p o s i t i o n could not be m e a s u r e d . S c h u l t z 

( 1 9 7 8 ) also indicated in his study of the i l 1 i t e / sm e c t i t e 

m i x e d l a y e r c l a y in the C r e t a c e o u s P i e r r e S h a l e from 

U . S . A . , t h a t o w i n g to t h e w e a k i n t e n s i t y of t h i s 

r e f l e c t i o n s and some i n t e r f e r e n c e from other m i n e r a l s , 

only about one tenth of the total number of samples could 

be analysed by this method. 

In the p r e s e n t study of the Muladi-1 wel l samples only 

three samples show this r e f l e c t i o n d ist inct ly enough to be 

measured and used f o r the p u r p o s e of p e a k m i g r a t i o n 

o b s e r v a t i o n . It was observed that for sample at 1197 m 
0 

t h i s r e f l e c t i o n a p p e a r s at 5 « 5 7 A and at 2 , 8 6 6 m t h i s 

r e f l e c t i o n a p p e a r s at 5 . 5 0 A . U s i n g Reynolds 1 s ' s ( 1 9 8 0 ) 

tab 1 e ( table 6 . 3 ) , t h i s is i n t e r p r e t e d as a d e c r e a s e in 

expandabi l ity in i 1 1 i t e / s m e c t i t e clay from 80$ smectite at 

1197 m to 65$ smectite at 2866 m in the Muladi-1 w e l l . 

0 
( b ) S a d d l e / 1 7 A intensity r a t i o : 

T h i s method , based on Reynolds and Hower ( 1 9 7 0 ) , involves 
0 

the measuring of the i n t e n s i t y r a t i o of 17 A " p e a k " and 

the " S a d d l e " on the low a n g l e s ide of the peak : the 

percentage of smectite is read from a working c u r v e . The 

i n t e n s i t y of the " V a l l e y " ( Saddle ) on the low angle side 
o o 

of the 17 A peak relative to the intensity of the 17 A peak 

is a function of the p r o p o r t i o n of i l l i t e l a y e r s in the 

mixed l a y e r i l l i t e / s m e c t i t e c lay . However, the " saddle to 
0 

17 A peak i n t e n s i t y r a t i o i s not o n l y a f u n c t i o n of 

i l l i t e : s m e c t i t e p r o p o r t i o n in i l l i t e / s m e c t i te clay , but 

it also depends on the c r y s t a l l i t e s i z e d i s t r i b u t i o n of 

t h e c l a y m i n e r a l s . ( S r o d o n 1 9 8 1 , H o w e r 1 9 8 1 ) . The 

s a d d l e : p e a k r a t i o i s a l s o d i f f e r e n t f o r a p u r e 

i l l i t e / s m e c t i t e a n d f o r a m i x t u r e c o n t a i n i n g 
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i l l i t e / s m e c t i t e (Srodon 1 9 8 1 ) . For the above reasons, this 

m e t h o d a l l o w s o n l y an a p p r o x i m a t e m e a s u r e of t h e 

c o m p o s i t i o n of the i 1 1 i t e / s m e c t i t e c lay ( S r o d o n 1 9 8 1 ; 

Hower 1 9 8 1 ) . 

Rettke ( 1 9 8 1 ) made a simple m o d i f i c a t i o n of the o r i g i n a l 

R e y n o l d s and Hower ( 1 9 7 0 ) method to i n c l u d e mechanical 

mixture of d i s c r e t e i l l i t e in v a r i o u s p r o p o r t i o n s w i t h 

i 1 1 i t e / s m e c t i t e c l a y . R e t t k e ( 1981 ) produced a graph of 
. O 

t h e s a d d l e / 1 7 A i n t e n s i t y r a t i o as a f u n c t i o n o f 

i 1 1 i t e / s m e c t i t e e x p a n d i b i 1 i t y for pure i l l i t e / s m e c t i t e 

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

i l l i t e / s m e c t i t e i n 3 : 1 , 1 : 1 a n d 1 : 3 , i l l i t e : 

i l l i t e / s m e c t i t e proportions ( F i g . 6 . 9 ) . The graph shows a 
0 

g r a d u a l i n c r e a s e of s a d d l e / 1 7 A ratio with a decrease in 

e x p a n d i b i l i t y of the i l l i t e / s m e c t i t e clay . 
0 

In the present study " s a d d l e " / 1 7 A peak i n t e n s i t y r a t i o 

were measured for samples of the Muladi-1 w e l l and the 

results are tabulated in table 6 . 4 . From these data it can 

be seen that the " s a d d l e " / 1 7 ratio increases from 0 . 5 8 at 

1 1 9 7 m to 0 . 9 2 at 3 , 6 0 2 m. A s s u m i n g an i l l i t e : 

i l l i t e / s m e c t i t e proportion of 3 :1 for the present samples 

and u s i n g the curve p r e p a r e d by Rettke ( 1 9 8 1 ) , such an 

increase in S a d d l e / 1 7 A ratio would correspond to decrease 

f r o m a b o u t 7 5 $ to a b o u t 5 8 $ s m e c t i t e l a y e r s i n 

i l l i t e / s m e c t i t e clay w i t h i n the depth i n t e r v a l ( T a b l e 

6 . 4 ) . 
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FIG.6.9 GRAPH OF 'SADDLE' / 1 7A INTENSITY RATIO AS A FUNCTION OF 

ILLITE/SMECTITE EXPANDIBILITY (After Rettke 1981) . 
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TABLE 6 . 4 : ESTIMATION OF SMECTITE PERCENTAGES IN THE 
ILL/SMEC CLAY BY THE SADDLE/17A RATIO METHOD.SAMPLES 
ARE FROM MULADI-1 WELL, BENGAL BASIN. 

o 
Sample Depth Saddle /17A $Smectite 

no . (m) ratio 

M1 -12 1197 0 . 58 75 

M1-14 1402 0 . 6 4 72 

M1-22 1918 0 . 8 0 66 

M1-25 2107 0 . 7 7 68 

M1-29B 2293 0 . 8 2 65 

M1-34A 2866 0 . 8 4 64 

M1-35 3020 0 . 8 7 6 2 . 5 

M1-37 3217 0 . 8 8 62 

M1-41 3602 0 . 9 2 58 

M1-42 3692 No 17A re f lect ion 
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0 
( c ) 1 7 : 1 0 A r a t i o method: 

T h i s method was p r o p o s e d by S c h u l t z ( 1 9 7 8 ) and i n v o l v e d 
O 0 

measuring the i n t e n s i t i e s of the b a s a l 17 A and the 10 A 

r e f l e c t i o n s f r o m g l y c o l a t e d and h e a t e d ( 3 0 0 d e g r e e s 

c e n t i g r a d e ) samples r e s p e c t i v e l y . S c h u l t z ( 1 9 7 8 ) p r o d u c e d 

a c a l i b r a t i o n curve showing the percentages of i l l i t e type 

o 0 

l a y e r in i l l i t e / s m e c t i t e clay compared to the 17 A : 10 A 

r a t i o and showed that the r a t i o d e c r e a s e s from a b o u t 4 . 5 

f o r c o m p l e t e l y e x p a n d i n g smectite to 0 where i l l i t e type 

l a y e r make up 60% - 65% of the l a y e r s ( F i g . 6 . 1 0 ) . He 

0 0 

c o n c l u d e d t h a t t h e 17 A : 10 A r a t i o c a n be u s e d in 

c o n j u n c t i o n w i t h the c a l i b r a t i o n c u r v e to e s t i m a t e the 

a p p r o x i m a t e p r o p o r t i o n of the smectite and i l l i t e in the 

0 0 

mixed layer p h a s e s . The 17 A: 10 A r a t i o is e q u i v a l e n t to 

I ( 1 7 A ) g i y c / I ( 10 A ) 3 0 0 ° - I ( 1 0 A ) g l y i , 
Th is method was a p p l i e d to shale samples from the Muladi-1 

w e l l a n d t h e r e s u l t s are t a b u l a t e d in t a b l e 6 . 5 . The 
0 0 

r e s u l t s show that the 17 A / 1 0 A r a t i o d e c r e a s e from 1 . 3 2 

at 1 , 1 9 7 m to 0 . 2 1 at 3 , 6 0 2 m. Using the curve produced by 

S c h u l t z ( 1 9 7 8 ) it is not(?d that such a decrease in the 17 

o 0 

A: 10 A r a t i o corresponds to a d e c r e a s e of e x p a n d i b i l i t y 

in i l l i t e / s m e c t i t e clay from 50% smect ite layer at 1197 m 

to 37% at 3 , 6 0 2 m . 
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O f f of 

FIG 6.10 GRAPH OF 10:17A RATIO AS A FUNCTION OF 
ILLITE/SMECTITE EXPANDABILITY. 

(After Schultz 1978) 
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TABLE 6 . 5 : ESTIMATION OF SMECTITE PERCENTAGES IN THE 

ILL/SMEC CLAY BY THE 17:1 OA HEIGHT RATIO 

METHOD. SAMPLES ARE FROM MULADI-1 WELL, 

BENGAL BASIN. 

Sample 

no. 
Depth 

(m) 

0 0 
17A:1 OA 

ratio 

%Smec t i t e 

M1 -1 2 

M1 -1 4 

M1 - 2 2 

M1 -25 

M1 -29B 

M1-34A 

M1 - 3 5 

M1-37A 

M1 -41 

M1 -42 

1 1 97 

1 402 

1918 

21 07 

2293 

2866 

3020 

3217 

3602 

3692 

1 . 32 

0 . 9 4 

0 . 5 5 

0 . 6 6 

0 .41 

0 . 3 9 

0 . 27 

0.28 

0 . 2 1 

50 

45 

41 

42 

39 

38 

37 

No 17A re f lect ion 
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Although the three methods used a b o v e p r o d u c e d d i f f e r e n t 
v a l u e s of smectite percentage for respective samples, all 
show progressive decreases of smectite layer proportion in 
the i l l i t e / s m e c t i t e m i x e d l a y e r c l a y w i t h i n c r e a s i n g 
d e p t h . It h a s b e e n p o i n t e d out that t h e s e m e t h o d s of 
m e a s u r i n g t h e s m e c t i t e l a y e r p e r c e n t a g e s i n 
i l l i t e / s m e c t i t e c l a y h a v e c e r t a i n l i m i t a t i o n s . T h e s e 
arises from the fact that in a d d i t i o n to the i n d i g e n o u s 
c o m p o n e n t l a y e r c o m p o s i t i o n in illite/smectite clay, the 
peaks for such clay c o u l d be a f f e c t e d by v a r i o u s o t h e r 
factors and that each method is likely to have some degree 

o 

of e r r o r in its r e s u l t . The s a d d l e : 7 A peak i n t e n s i t y 
ratio depends strongly on the domain size d i s t r i b u t i o n of 
c l a y m i n e r a l s and is d i f f e r e n t for pure illite/smectite 
and for a m i x t u r e c o n t a i n i n g it ( R e t t k e 1 9 8 1 , S r o d o n 

o 

1 9 8 0 ) . S i m i l a r l y the 1 0 : 1 7 A r a t i o m e t h o d give i d e a l 
measurement where the clay assemblages include only illite 
and illite/smectite clay (Schultz 1978). The main drawback 

o 

of . A p e a k m i g r a t i o n m e t h o d in t h e v e r y w e a k 
reflection of (0 0 2) ̂ q /(003)-j7 for which perfect measurement 
of p e a k p o s i t i o n w a s n o t be a l w a y s p o s s i b l e . It is 
therefore concluded that the significant geologic trend is 
the gradual reduction of s m e c t i t e p e r c e n t a g e s in i l l i t e / 
s m e c t i t e clay w i t h b u r i a l d e p t h ; this is more important 
than the values obtained for individual samples in ihe present 
study. 
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6 . 4 DIAGENESIS OF SHALE: 

6 . 4 . 1 I l l i t e / s m e c t i t e mixed layer clay : 

The most important change with b u r i a l depth in the c l a y 

m i n e r a l a s s e m b l a g e of the Neogene s h a l e s of the Bengal 

Basin is shown in the d i f f r a c t i o n p r o f i l e of g l y c o l a t e d o o 
samples by a gradual decrease in 17 A peak i n t e n s i t y ( 1 8A 

for glycerated ones) of the i l l i t e / s m e c t i t e c l a y s and i t s 

a p p a r e n t d i s a p p e a r a n c e between 3 , 5 3 2 m (Begumganj-1 well 

sect ion ) to 4100 m (B0DC-2 well s e c t i o n ) of b u r i a l ( F i g . 

6 . 6 , 6 . 7 and 6 . 8 ) . There may be two possible causes for 
o o 

such a change in 17 A (or the 18 A) r e f l e c t i o n in these 

s h a l e s . 

( a ) A gradual decrease in the abundance of i l l i t e / s m e c t i t e 

c lay in the deeper shales during deposition in which case 
o 

" absence " of 17 A peak would correspond to an "absence" o^ 

i 1 l i t e / s m e c t i t e clay in the or ig inal detrital i n p u t . 

( b ) A g r a d u a l d i a g e n e t i c change of the i 1 1 i t e / s m e c t i t e 

mixed layer clay in response to increasing b u r i a l . 

The p o s s i b i l i t y of a decrease in abundance or absence of 

i 1 1 i t e / s m e c t i t e clay in the or ig inal detr ital input during 

d e p o s i t i o n of d e e p e r s h a l e s seems u n l i k e l y f o r the 

f o l l o w i n g r e a s o n s . (1 ) There has been no i n d i c a t i o n of a 

change of provenance during the Neogene period which could 

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

c o m p o s i t i o n . S i n c e t h e i n c e p t i o n o f t h e p r o t o 

Ganges-Brahmaputra d e l t a system in ear ly N e o g e n e t i m e s , 

t h e r e has b e e n a u n i f o r m input of s e d i m e n t s from the 

u p l i f t e d Himalayan t e r r a i n in the north ; s e d i m e n t a t i o n 

has c o n t i n u e d throughout the N e o g e n e , b u i l d i n g out and 

extending the delta southward. Therefore a major change in 

the amount or composition of clay minerals due to a change 

in provenance is u n l i k e l y . ( 2 ) A variation in c o m p o s i t i o n 
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of the o r i g i n a l d e t r i t a l c l a y m i n e r a l s d e p o s i t e d in 

various sub-environments of the p r o g r a d i n g d e l t a , could 

h a v e b e e n p o s s i b l e due to a p h y s i c a l s o r t i n g of c lay 

m i n e r a l s by s i z e . T h a t i s to s a y , a d i f f e r e n t i a l 

s e d i m e n t a t i o n p r o c e s s could have caused a lateral change 

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

1 9 7 7 ) . However , in such a case the s m a l l e r s i z e d c l a y 

p a r t i c l e s should be concentrated in the deeper part of the 

basin f a r t h e r away from the s h o r e . The i 1 1 i t e / s m e c t i t e 

mixed l a y e r clay would be the smallest sized component of 

the c l a y f r a c t i o n ( S r o d o n 1981 ) • I n the B e n g a l B a s i n 

s t r a t i g r a p h y , for any g i v e n s t r a t i g r a p h i c s e c t i o n , the 

more d e e p l y b u r i e d s h a l e would be g e n e r a l l y d e p o s i t e d 

f u r t h e r o f f s h o r e than the s h a l l o w e r shales . As a result 

deeply b u r i e d s h a l e should have been r i c h e r in s m a l l e r 

s i z e d c lay minerals inclduing i l 1 i t e / s m e c t i t e mixed layer 
o 

c l a y t h a n the s h a l l o w e r o n e s . The a b s e n c e of 17 A 

r e f l e c t i o n s from the deeply b u r i e d shales of the Bengal 

Basin can not therefore be r e a d i l y e x p l a i n e d as a r e s u l t 

of a b s e n c e of i 1 1 i t e / s m e c t i t e c l a y m i n e r a l s in the 

or ig ina l detr i ta l input due to the sedimentation processes 

according to the wel l e s t a b l i s h e d d i f f e r e n t i a l s e t t l i n g 

model (Gibbs 1 9 7 7 ) . 

There is s u b s t a n t i a l e v i d e n c e in the l i t e r a t u r e of the 

d iagenetic modif icat ion of expanding clay m i n e r a l s ( B u r s t 

1 9 6 9 ; P e r r y and Hower 1 9 7 0 ; Dunoyer de S e g o n z a c 1 9 7 0 ; 

P e r r y and Hower 1 9 7 2 ; Hower et a l . 1 9 7 6 ; H o w e r 1 981 B , 

B o l e s and Frank 1 9 7 9 ) . These suggest that there w i l l be a 

g r a d u a l d e c r e a s e in the p r o p o r t i o n of s m e c t i t e in the 

i 1 1 i t e / s m e c t i t e clay due to transformation of smectite to 

i l l i t e layers with i n c r e a s i n g depth of b u r i a l . The most 

d i s t i n c t i v e c h a r a c t e r of the d i f f r a c t i o n p r o f i l e of the 

randomly i n t e r s t r a t i f i e d i 1 1 i t e / s m e c t i t e ( s m e c t i t e l a y e r 
o 

const i tut ing more than 40$ ) is that the 17 A peak does not 

s h i f t i t s p o s i t i o n as i l l i t e l a y e r s are incorporated in 

the i l l i t e / s m e c t i t e clay but the e f fect of an i n c r e a s e in 
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i l l i t e l a y e r s is that the 17 A peak i n t e n s i t y decrease 

progressively until it almost completely disappears (Hower 

1981 A, Schultz 1 9 7 8 ) . 

From the evidence presented above it is concluded that the 
o 

gradual loss of 17 A peak i n t e n s i t y in the d i f f r a c t i o n 

p r o f i l e s of the c l a y f r a c t i o n s of Neogene s h a l e with 

increasing burial depth represents a g r a d u a l d e c r e a s e in 

the percentages of smectite layers in i l l i t e / s m e c t i t e clay 

due to the d i a g e n e t i c t r a n s f o r m a t i o n of s m e c t i t e to 

i l l i t e . Study of the n a t u r e of i l l i t e / s m e c t i t e c l a y 

c a r r i e d out on the Muladi-1 wel l samples a lso shows a 

decrease in smectite percentages in i l l i t e / s m e c t i t e clay 

with increasing depth. The three methods used to determine 

the c o m p o s i t i o n s of the i l l i t e / s m e c t i t e c l a y s g i v e 

d i f f e r e n t smectite percentages but a g e n e r a l d e c r e a s e of 

smectite layers of about 13$-17$ has been indicated over a 

depth interval from 1197 m to 3 , 6 0 2 m in the Muladi-1 well 

( T a b l e 6 . 4 and 6 . 5 ) . I t is b e l i e v e d that the d i f f e r e n t 

values of smectite percentages in the i l l i t e / s m e c t i t e clay 

o b t a i n e d by these d i f f e r e n t methods is r e l a t e d to the 

i n h e r e n t problem of a p p l y i n g these methods to a natural 

m i x t u r e of c lay m i n e r a l s and the l a c k of c o n t r o l on 

v a r i o u s parameters such as c r y s t a l l i t e size d i s t i r b u t i o n 

of each c lay m i n e r a l components which also a f f e c t the 

c a l c u l a t i o n s • 
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The g r a d u a l d e c r e a s e in the i n t e n s i t y of the 17 A (18 A 

for glycerated samples) r e f l e c t i o n s with depth is followed 

by a complete d i s a p p e a r a n c e of t h i s p e a k at g r e a t e r 
o 

depths . Such apparent absence of 17 A re f lect ions is noted 

at or below 3 , 6 9 2 m in the Muladi-1 well ( F i g . 6 . 6 ) , at or 

below 3 5 3 2 m in the Begumgang-1 well ( F i g . 6 . 7 ) and at or 

below 4 , 1 0 0 m in BODC-2 well ( F i g . 6 . 8 ) . There may be two 
o 

p o s s i b l e r e a s o n s f o r the d i s a p p e a r a n c e of 17 A in a 

diagenetic sequence. 

( 1 ) Total loss of the smectite component due to complete 

i l l i t i z a t i o n of i l l i t e / s m e c t i t e clay . 

Or 

( 2 ) D e c r e a s e of s m e c t i t e p e r c e n t a g e s in i l l i t e / s m e c t i t e 

clay to below a level at which the i l l i t e / s m e c t i t e may not 
o 

show a r e f l e c t i o n at 17 A but instead its p o s i t i o n may be 

s h i f t e d toward h i g h e r angle ( i . e . lower d-spacing) . This 

may happen, in contrast to the randomly i n t e r s t r a t i f i e d 

i l l i t e / s m e c t i t e , when the i l l i t e layers are added in an 

ordered f a s h i o n (Hower 1 9 8 1 A ) . Perry and Hower ( 1 9 7 0 ) 

showed that the i n t e r s t r a t i f i c a t i o n in i l l i t e / s m e c t i t e 

clay change from random to ordered fashion as the smectite 

layer percentage decrease to about 35$ - 4 0 $ in r e s p o n s e 

to the depth of burial ( F i g . 6 . 1 1 ) . 

From the measurement of the s m e c t i t e proportions in the 

i l l i t e / s m e c t i t e clay mineral in the s h a l e s from Muladi-1 

w e l l , i t s e e m s u n l i k e l y that the g r a d u a l d e c r e a s e of 

smectite percentages from 75$ to 58$ (Section 6 . 3 * 3 b) or 

from 5 0 $ to 3 7 $ ( S e c t i o n 6 . 3 * 3 c ) w i t h i n the d e p t h 

interval of 1197 m to 3602 m would be followed by complete 

i l l i t i z a t i o n of i l l i t e / s m e c t i t e c l a y ( t o t a l l o s s of 

smectite component) in the next sample at 3692 m where no 
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% Illite Layers in Illite/Smectite 

' FIGi.6.11 THE RELATIONSHIP BETWEEN % ILLITE LAYERS IN I l l /Sm AND 
DEPTH OF BURIAL IN GULF COAST BASIN,(% SMECTITE IN I l l /Sm =JOO-%ll l ) . 
HORIZONTAL LINE DEMARKS THE TRANSITION FROM RANDOM TO ORDERED 
INTERSTRATIFICATION: 

( From Hower 1981 ) 
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o 
17 A r e f l e c t i o n was p r e s e n t ( T a b l e 6 . 4 and 6 . 5 ) . It is 

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

i l l i t e / s m e c t i t e c l a y i n t h e d e p t h l e v e l s w h e r e 17 A 

r e f l e c t i o n is not shown, has decreased below a l evel which 
o 

r e s u l t e d in a s h i f t in 17 A peak toward the h i g h e r a n g l e 

as the random mixed l a y e r became regular or o r d e r e d . The 

s h i f t e d p e a k , h o w e v e r , c o u l d n o t be s e e n or r e s o l v e d 

p r e s u m a b l y b e c a u s e of the p r e s e n c e of a r e f l e c t i o n for 
o 

c h l o r i t e at 14 A under which it may he c o n c e a l e d . 

6 . 4 . 2 Other Minerals 

Two other minerals that show depth dependent v a r i a t i o n in 

c o n c e n t r a t i o n are k a o l i n i t e and c a l c i t e . The decrease of 
k a o l i n i t e c o n c e n t r a t i o n at and b e l o w about 4 , 5 3 0 m of 

0 

b u r i a l i s i n d i c a t e d by r e l a t i v e d e c r e a s e i n 7 A peak 

i n t e n s i t y of HC1 a c i d l e a c h e d s a m p l e s at t h e s e d e p t h 

l e v e l s ( s e c t i o n 3 * 6 . 2 e ; F i g . 6 . 4 ) . The d e c r e a s e in 

k a o l i n i t e c o n c e n t r a t i o n at a n d b e l o w 4 , 5 3 0 m may be 

d i a g e n e t i c . However, it may also be due to lower abundance 

of K a o l i n i t e in o r i g i n a l d e t r i t a l input of these deeply 

bur ied s h a l e s , depos ited further o f f s h o r e , as a r e s u l t of 

the d i f f e r e n t i a l transport of clay minerals (G ibbs 1 9 7 7 ) . 

C a l c i t e concentrat ion also show sharp decrease below about 

3 , 5 0 0 m of b u r i a l , as evidenced by its absence or presence 

o n l y i n t r a c e amount below t h i s d e p t h . Such a l o s s of 

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

d i s s o l u t i o n of t h i s m i n e r a l w i t h depth ( H o w e r et a l . 

1 9 7 6 ) . 

No change in the r e l a t i v e abundance of K-feldspar has been 

noted with depth of b u r i a l in the p r e s e n t s t u d y , s i m i l a r 

to the one noted by several workers on the U . S . Gulf Coast 

T e r t i a r y sequence (Hower et al ;76 Boles & Frank '79 ) . 
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6 . 4 . 3 DISCUSSION 

The d i a g e n e s i s of s h a l e s and e s p e c i a l l y of t h e i r c lay 

mineral assemblages , has been a s u b j e c t much s t u d i e d in 

r e c e n t y e a r s . These s t u d i e s have shown that the gradual 

loss of smectite due to conversion to i l l i t e in s m e c t i t e 

or in i l l i t e / s m e c t i t e mixed layer clay minerals is amongst 

the most important d i a g e n e t i c changes that take place in 

s h a l e s w ith such e x p a n d a b l e c lay m i n e r a l s ( D u n o y e r de 

S e g o n z a c 1 9 7 0 ; P e r r y and Hower 1 9 7 0 ; Hower et a l . 1976 , 

Boles and Frank 1979 ; Hower 1 9 8 1 B ) . Perry and Hower ( 1 9 7 0 ) 

s h o w e d a m o n o t o n i c d e c r e a s e i n e x p a n d i b i l i t y i n 

i 1 1 i t e / s m e c t i t e clay from about 80$ to 20$ smectite layer 

w i t h i n c r e a s i n g d e p t h in U . S . G u l f C o a s t T e r t i a r y 

s e q u e n c e ; t h e y a l s o i n d i c a t e d t h a t the n a t u r e of 

i n t e r s t r a t i f i c a t i o n in i l l i t e / s m e c t i t e changes from random 

to ordered at about 35$ smectite l a y e r ( F i g . 6 . 1 1 ) . Such 

t r a n s f o r m a t i o n are thought ultimately to lead to complete 

i l l i t i z a t i o n of the smectite (via i l l i t e / s m e c t i t e ) or the 

i l l i t e / s m e c t i t e mixed layer clay minerals . Among the other 

d i a g e n e t i c changes that are commonly recorded in shales 

are decrease and d i s a p p e a r a n c e of k a o l i n i t e ( D u n o y e r de 

S e g o n z a c 1 9 7 0 ; B o l e s and Frank 1 9 7 9 ; Boles 1 9 8 1 ; Shaw 

1 9 8 0 ) , increase in the p r o p o r t i o n of c h l o r i t e (Hower et 

a l . , 1 9 7 6 ; Boles 1 9 8 1 ) , d e c r e a s e and d i s a p p e a r a n c e of 

ca lc i te (Perry and Hower 1 9 7 0 ; B o l e s 1 9 8 1 ; Hower et a l . 

1976 ) and decrease of K-feldspar (Hower et a l . 1976 ; Boles 

and Frank 1979 ; Boles 1 9 8 1 ) . 

The c o n v e r s i o n of s m e c t i t e to i l l i t e w o u l d i n v o l v e 

s i g n i f i c a n t change in c h e m i c a l c o m p o s i t i o n among which 

f i x a t i o n of K> in i n t e r l a y e r space of s m e c t i t e is very 

i m p o r t a n t . Hower et a l . ( 1 9 7 6 ) s u g g e s t e d the f o l l o w i n g 

g e n e r a l r e a c t i o n for such conversion : Smectite + Al3+ + K + = 

i l l i t e + Si*"*. The actual reaction is b e l i e v e d to be more 

c o m p l i c a t e d involving loss of H2O, Ca + +, Na, Mg+,+ and Fe++ 

(Hower et a l . 1976 ; Boles and Frank 1979 ; Boles 1 9 8 1 ) . The 
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source of K+ for this change has variously been s u g g e s t e d 

as b e i n g v ia the breakdown of potassium feldspars (Hower 

et a l . 1976 ; Boles and Frank 1 9 7 9 ) , breakdown of d e t r i t a l 

m i c a ( P e r r y and Hower 1 9 7 0 ) or breakdown of d i s c r e t e 

i l l i t e ( F r e e d 1 9 8 1 ) . Temperature is the most i m p o r t a n t 

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

e x p a n d i b i i i t y (smectite proportion) in clay m i n e r a l s seem 

to be more r a p i d in w e l l s h a v i n g h i g h e r g e o t h e r m a l 

g r a d i e n t s . Pressure and geologic age ( r e a c t i o n t i m e ) are 

l e s s i m p o r t a n t ( P e r r y and H o w e r 1 9 7 2 ) . P o r e w a t e r 

chemistry ( a l k a l i n i t y and a c i d i t y ) h o w e v e r , could a l s o 

p l a y v i t a l r o l e in c o n t r o l l i n g c lay d i a g e n e s i s (Shaw 

1 9 8 0 ) . The c o n v e r s i o n of s m e c t i t e to i l l i t e a p p e a r s to 

b e g i n at a b o u t 6 0° C - 80° C ( B o l e s 1 9 8 1 ) and complete 

i l l i t i z a t i o n of the i l l i t e / s m e c t i t e clay takes p l a c e at 

temperatures between 1 30 C and 180° C (Shaw 1 9 8 0 ) . Hower et 

a l . ( 1 9 7 6 ) , in their study of the U . S . Gulf coast Tert iary 

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

i l l i t e / s m e c t i t e clay has not taken place at total depth of 

o 

5 , 7 7 0 m and a burial temparature of 175 C reached in the 

w e l l . The temperatures at which kaol in i te becomes unstable 

are v a r i a b l e ( D u n o y e r de Segonzac 1970 ) ( F i g . 6 . 1 2 ) . The 

s t a b i l i t y of kaol in i te is also a f u c n t i o n of g e o c h e m i c a l 

e n v i r o n m e n t ; w ith the i n c r e a s e of pH, for example, from 

acid to a l k a l i n e condition of the pore water the s t a b i l i t y 

of k a o l i n i t e decrease (Shaw 1 9 8 0 ) . 

In the Neogene shales of the Bengal Basin , i l l i t e / s m e c t i t e 

mixed layer clays form a major group of clay m i n e r a l and 

there are d i s t i n c t i n d i c a t i o n s that the d i a g e n e s i s has 

taken place involving g r a d u a l loss of the s m e c t i t e with 

i n c r e a s i n g d e p t h of b u r i a l . T h i s change can not he 

correlated with the formation b o u n d a r i e s or with the age 

^ of the se(Hd|meiits and seems to be totally depth dependent 

w h i c h in turn d e t e r m i n e s the t e m p e r a t u r e . The g r a d u a l 

d e c r e a s e of the s m e c t i t e p r o p o r t i o n in the randomly 

i n t e r s t r a t i f i e d i l l i t e / s m e c t i t e c lay is r e f l e c t e d by a 
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o o 

gradual decrease in the 17 A (or 18A) peak intensity unti l 

it can no longer be i d e n t i f i e d . The t o t a l loss of this 

re f lect ion takes place at greater depth (4100 m) in BODC-2 

well than in the Begumganj-1 (at 3 , 5 3 2 ra) and Muladi-1 (at 

3 , 6 9 2 m) w e l l s . T h i s i s b e l i e v e d to be due to l o w e r 

geothermal g r a d i e n t in the former well than the l a t t e r 
o 

ones . The disappearance of 17 A peak is not believed to be 

due to complete i l l i t i z a t i o n of i 11 i t e / s m e c t i t e c lay but 

is p r o b a b l y due to the r e d u c t i o n of smectite proportion 
o 

below a level at which 17 A is shifted toward higher angle 

( l o w e r d - s p a c i n g ) as t h e i n t e r s t r a t i f i c a t i o n i n 

i 1 1 i t e / s m e c t i t e clay change from random to an o r d e r e d 

f a s h i o n . The shifted peak probably could not, be d e t e c t e d 
or resolved because of the interference from chlorite peak 

0 
at 14 A under which it might be concealed . In the Muladi-1 

well which has been studied in the greatest d e t a i l , the on 

set of s m e c t i t e to i l l i t e c o n v e r s i o n is noted at about 

60° C. The greatest depth studied in Muladi-1 wel l ( 4 , 5 3 0 

m) and the Begumganj-1 w e l l ( 3 , 6 5 6 m) both have burial 
0 

t e m p a r a t u r e of about 120 C - a temperature b e l o w t h a t 

c o n s i d e r e d to be r e q u i r e d for complete i l l i t i z a t i o n of 

i l l i te/smec ti t e c lay . This is in agreement w ith 

the above explanat ion . 

The decrease in kaol in i te is also noted around temperature 
0 

of about 120 C in Muladi-1 w e l l , that is in the deepest 

sample studied at 4 , 5 3 0 m and may be d i a g e n e t i c . There is 

no i n d i c a t i o n of a c h a n g e i n e i t h e r K - f e l d s p a r , 

p lag ioclase fe ldspar , i l l i t e , or chlorite with depth which 

could be a t t r i b u t e d to a d i a g e n e t i c breakdown of these 

m i n e r a l s and the source of K+ for the smectite to i l l i t e 

transformation is not apparent in the p r e s e n t s t u d y . The 

d e c r e a s e and d i s a p p e a r a n c e of calcite with depth results 

from the diagenetic d i s s o l u t i o n of this mineral . 
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CHAPTER 7 

CONCLUSIONS 

P r o g r e s s i v e d i a g e n e s i s of the Neogene d e l t a i c c l a s t i c 

s e d i m e n t s of the B e n g a l B a s i n h a s t a k e n p l a c e w i t h 

i n c r e a s i n g depth of b u r i a l . The d i a g e n e t i c sequences of 

the s a n d s t o n e s and the s h a l e s , as shown by the p r e s e n t 

study correspond to a simple burial h i story . 

7 .1 SANDSTONE DIAGENESIS 

The f o l l o w i n g three aspects of sandstone d iagenesis have 

been high-lighted by the present study . 

( a ) STAGES OF DIAGENESIS: 

The diagenesis of the sandstones in the Neogene sequence 

may be d i v i d e d i n t o two stages according to the depth of 

burial as : ( i ) Shallow subsurface stage (0 to 2000 m) , and 

( I I ) Deep subsurface stage ( 2 0 0 0 m to 4491 m + ) . 

( i ) The Shallow subsurface stage of d iagenesis ( 0 - 2 0 0 0 m) 

i s g e n e r a l l y r e p r e s e n t e d by the f r i a b l e and p o o r l y 

consolidated sandstones of the Tipam Group and the top of 

the B o k a b i l F o r m a t i o n . Except for the very few lenses of 

sandstones with early p o i k i l o t o p i c c a l c i t e c e m e n t a t i o n , 

the f o r m a t i o n of a u t h i g e n i c phases in t h i s s t a g e plays 

i n s i g n i f i c a n t or no role in the 1 i t h 1 f i c a t i o n of the 

sandstone . Chlorite is the only common authigenic mineral . 

S i d e r i t e is a l s o p r e s e n t but o n l y in i n s i g n i f i c a n t 

a m o u n t s . Quartz overgrowths are e x t r e m e l y r a r e and no 

growth of late ca lc i te (or dolomite) or k a o l i n i t e has been 

n o t e d . P h y s i c a l compaction is the only d iagenetic process 
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which generally reduces the p o r o s i t y , a l though to minor 

e x t e n t . T h i n s e c t i o n p o r o s i t y of the s a n d s t o n e in this 

stage is reduced from 22$ at 500 m to 20$ at 1137 m and to 

16$ at 1700 m ( F i g . 7 . 1 ) . 

( I I ) The Deep Subsurface stage of diagenesis ( > 2 0 0 0 m) is 

g e n e r a l l y r e p r e s e n t e d by the m o d e r a t e l y to h i g h l y 

indurated sandstones of the Bokabil Formation (lower part ) 

and the Bhuban Formation. This stage is c h a r a c t e r i s e d by 

the a c t i v e role of chemical d i a g e n e t i c processes in the 

1 i t h i f i c a t i o n of the sandstones . Though physical processes 

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

p r o c e s s e s of d i a g e n e s i s ( c e m e n t a t i o n ) become the major 

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

p r o p e r t i e s of the sandstones . Quartz overgrowths and late 

c a l c i t e c e m e n t s are common in most s a m p l e s and a r e 

d e v e l o p e d i n s i g n i f i c a n t a m o u n t s in many s a m p l e s 

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

Authigenic kaol in ite also occurs as a pore f i l l i n g cement. 

The p h y s i c o - c h e m i c a l p r o c e s s of p r e s s u r e s o l u t i o n also 

becomes important in th is s t a g e . P r e s s u r e s o l u t i o n of 

q u a r t z i s common to v e r y common below about 2 , 7 5 8 m 

( B h u b a n f o r m a t i o n ) and t h i s c o n t r i b u t e s to i n c r e a s e d 

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

compaction and by acting as a source of s i l i c a for q u a r t z 

o v e r g r o w t h s . One other important feature of this stage of 

d iagenesis is the development of secondary p o r o s i t y below 

a b o u t 2 , 0 0 0 m by the p a r t i a l d i s s o l u t i o n of d e t r i t a l 

feldspars and some l i t h i c s , as well as a u t h i g e n i c c a l c i t e 

c e m e n t s . However, general ly , the thin section porosity of 

the sandstones is reduced from 11% at 2216 m to about 4$ 

at 4 , 491 m in this stage ( F i g . 7 . 1 ) . 
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(b ) PARAGENETIC SEQUENCE AND PORE WATER CHEMISTRY: 

The p a r a g e n e t i c s e q u e n c e of the s a n d s t o n e d i a g e n e t i c 

events suggests that the f o r m a t i o n pore water c h e m i s t r y 

has passed through two phases : a lkal ine and ac id ic ( F i g . 

7 . 2 ) . The primary a l k a l i n e c o n d i t i o n of the pore f l u i d s 

was e s t a b l i s h e d w i t h the i n i t i a l b u r i a l , u n d e r which 

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

Fe-calcite cementation, quartz overgrowth cementation, and 

late F e - c a l c i t e c e m e n t a t i o n and replacement took p lace . 

Later in the diagenetic h i s t o r y , the a l k a l i n e pore w a t e r 

was replaced by an acidic pore water environment. This led 

to the p a r t i a l d i s s o l u t i o n of c a r b o n a t e c e m e n t and 

d e t r i t a l f e l d s p a r s ( w i t h minor l i t h i c g r a i n s ) . A c i d i c 

c o n d i t i o n of the p o r e water p e r s i s t e d and a u t h i g e n i c 

k a o l i n i t e was then developed . 

The e s t a b l i s h m e n t of a c i d i c pore water e n v i r o n m e n t s by 

f l u s h i n g t h e s u b s u r f a c e u n i t s ( B o k a b i l and B h u b a n 

f o r m a t i o n s ) by meteor ic water is c o n s i d e r e d u n l i k e l y 

b e c a u s e : (1 ) No m e t e o r i c water flow connection exists or 

is believed to have e x i s t e d with these u n i t s a f t e r deep 

b u r i a l . ( 2 ) These u n i t s have never been s i g n i f i c a n t l y 

up l i f ted and subaereally exposed following deep b u r i a l . It 

is more l i k e l y that the e s t a b l i s h m e n t of a c i d i c w a t e r 

c o n d i t i o n s is related to the vert ical migration of f lu ids 

from b e l o w . Such a c i d i c f o r m a t i o n waters may have been 

g e n e r a t e d by d i s s o l u t i o n of CO2 e v o l v e d through the 

m a t u r a t i o n of o r g a n i c matter in the u n d e r l y i n g s o u r c e 

r ock. 
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F I G . 7 . 2 . DIAGENETIC PROCESSES AND THE PORE WATER 

CONDITIONS IN THE NEOGENE SANDSTONES OF 

THE BENGAL BASIN. 

Diagenetic Processes Pore water condition 

Chlorite authigenesis 

S ider i te c r y s t t a l i z a t i o n 

Early Fe-calcite cementation ALKALINE 

I l l i t e coating 

Quartz overgrowth cementation 

Late Fe-calcite cementation 

Partial d issolut ion of rock 

components 

Kaol in ite c r y s t a l l i z a t i o n 

ACIDIC 
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( c ) INFLUENCE ON RESERVOIR PROPERTIES: 

The d i a g e n e t i c processes in the Neogene sandstones 

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

influence on reservoir propert ies . These are : 

( 1 ) Porosity reducing processes : 

( i ) Early poikilotopic calc ite cementation 

( i i ) Quartz overgrowth cementation 

( i i i ) Late carbonate cementation 

( i v ) Kaol in ite cement c r y s t a l l i z a t i o n 

(v) Compaction. 

( 2 ) Porosity preserving process : 

Chlorite rim formation 

( 3 ) Porosity enhancing process : 

P a r t i a l d i s s o l u t i o n of some rock c o m p o n e n t s and 

development of secondary porosity . 

Early poiki lotopic calcite cement is the most e f fect ive in 

destroying porosity and p e r m e a b i l i t y . Though it a f f e c t s 

only a few samples it reduces porosity and permeability to 

z e r o . Late Fe-calcite (with minor dolomite) is the second 

most i m p o r t a n t p o r o s i t y r e d u c i n g c e m e n t . Q u a r t z 

o v e r g r o w t h s , common in most of the sandstones in the deep 

subsurface diagenetic stage , act as a s i g n i f i c a n t porosity 

a n d p e r m e a b i l i t y r e d u c i n g a g e n t w h e r e t h e y a r e 

s u f f i c i e n t l y abundant to d e v e l o p i n t e r l o c k i n g t e x t u r e . 

Kaol in ite also reduces porosity but to a lesser extent . It 

probably reduces a s i g n i f i c a n t , i f not i d e n t i c a l , volume 

of porosity that had been secondarily produced by feldspar 

d i s s o l u t i o n . The e f f e c t of c o m p a c t i o n in p o r o s i t y 

reduction ( p r i n c i p a l l y by grain d e f o r m a t i o n and p r e s s u r e 
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solut ion ) increases with burial depth. Thick chlorite rims 

a c t as a p o r o s i t y p r e s e r v i n g a g e n t by e f f e c t i v e l y 

i n h i b i t i n g q u a r t z o v e r g r o w t h f o r m a t i o n . P a r t i a l 

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

a u t h i g e n i c c a l c i t e cements l e a d s to the development of 

s e c o n d a r y p o r o s i t y in the deep s u b s u r f a c e d i a g e n e t i c 

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

sandstones . 

7 . 2 SHALE DIAGENESIS: 

The d i a g e n e s i s of the sha le in the Neogene sequence is 

p r i n c i p a l l y r e f l e c t e d in the change in the mixed l a y e r 

i l l i t e / s m e c t i t e c l a y mineral composition with increasing 

depth of b u r i a l . Progressive decrease in the proportion of 

s m e c t i t e ( e x p a n d a b l e c o m p o n e n t ) in the m i x e d l a y e r 

i l l i t e / s m e c t i t e c l a y with i n c r e a s i n g depth has resulted 

from transformation of smectite to i l l i t e l a y e r s . T h i s is 

recorded in the d i f f r a c t i o n prof i les of the clay fractions 

i n a l l the Neogene wel l s e c t i o n s by a g r a d u a l loss of 
o 

1 7A glyc. peak intens ity until it is no longer d e t e c t e d . 

T h e d i a g e n e s i s has t a k e n . p l a c e w i t h o u t r e s p e c t to 

formation boundaries and mainly depends on t e m p e r a t u r e , 

which in turn is d e t e r m i n e d by the geothermal grad ient . 

The greater depths at which the expandable c lay component 

d i s a p p e a r below their detection level in the BODC-2 wells 

as compared to the Muladi-1 and B e g u m g a n j -1 w e l l s i s 

bel ieved to be related to lower geothermal gradient in the 

former wel l r e l a t i v e to the latter wel ls . The d iagenetic 

conversion of smectite to i l l i t e is not b e l i e v e d to have 

led to a complete i l l i t i z a t i o n of the i l l i t e / s m e c t i t e 

mixed layer clay mineral at the t o t a l depth s t u d i e d , but 

the a p p a r e n t d i s a p p e a r e n c e of the r e f l e c t i o n from the 

expandable component possibly r e p r e s e n t s a s h i f t of th is 

r e f l e c t i o n toward higher angle which could not be detected 

b e c a u s e of i n t e r f e r e n c e with the chlorite peak. There is 

also a decrease in the abundance of kaol in ite at and below 
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about 4530 m of burial which is probably d i a g e n e t i c . The 

s h a l e s e q u e n c e a l s o shows a decrease in the abundance of 

calcite via diagenetic d i s s o l u t i o n below about 3 , 5 0 0 . No 

d e p t h d e p e n d e n t c h a n g e has been noted in the i l l i t e , 

ch lor ite , feldspars or any other m i n e r a l content in the 

Neogene shale sequence. 

The shale diagenesis in the Neogene sequence of the Bengal 

B a s i n may have important effects on the diagenesis of the 

interbedded sandstones , e s p e c i a l l y in the g e n e r a t i o n of 

a u t h i g e n i c c e m e n t s . The Si+ 4 released into solution as a 

result of the s m e c t i t e to i l l i t e t r a n s f o r m a t i o n in the 

m i x e d l a y e r i 1 1 i t e / s m e c t i t e clay may have p r o v i d e d a 

source of s i l i c a cement for the a d j a c e n t s a n d s t o n e s . The 

Ca + + t h a t may a l s o be r e l e a s e d from th is d i a g e n e t i c 

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

p r e c i p i t a t e d in the s a n d s t o n e s . The d i s s o l u t i o n and 

t r a n s f e r of c a l c i t e from s h a l e to s a n d s t o n e is a l s o a 

l i k e l y source of c a l c i t e cement in the sandstones . Mass 

t r a n s f e r of these c e m e n t i n g m a t e r i a l s from s h a l e to 

s a n d s t o n e i s b e l i e v e d to h a v e t a k e n p l a c e w i t h the 

expelled water during shale compaction. The i m p o r t a n c e of 

the role of s h a l e d i a g e n e s i s in sandstone cementation is 

s u p p o r t e d by the f a c t t h a t t h e z o n e o f s a n d s t o n e 

c e m e n t a t i o n l ies below about 2 , 0 0 0 m in the lower part of 

Bokabil formation and the Bhuban formation which are a l so 

c h a r a c t e r i s e d by an increased shalersand ratio and where 

an increased degree of s h a l e d i a g e n e s i s has taken p l a c e 

( F i g . 7 - 3 ) . 
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7 . 3 COMPARISON WITH OTHER DIAGENETIC MODELS 

Several accounts of the d iagenesis of deltaic c last ic rock 

s e q u e n c e s are a v a i l a b l e in the l i t e r a t u r e . The U . S . Gulf 

Coast Tertiary sequence is probably the most s t u d i e d area 

in this respect . 

I n T a b l e 7«1 , a c o m p a r i s o n is shown of the s a n d s t o n e 

diagenetic model (paragenetic s e q u e n c e ) of the p r e s e n t l y 

s t u d i e d Neogene sandstones of the Bengal Basin with those 

of the T e r t i a r y d e l t a i c s a n d s t o n e s of the G u l f C o a s t 

B a s i n , U . S . A . ( L o u c k s et a l . 1 9 7 7 ; S t a n t o n 1 9 7 7 ) , the 

Tertiary deltaic sandstone of Niger Delta ( Lambert 1 9 8 1 ) , 

the P e n n s y 1 v a n i a n d e l t a i c s a n d s t o n e of North C e n t r a l 

Texas , U . S . A . (Land and Dutton, 1 9 7 8 ) , and the C r e t a c e o u s 

shel f sandstones which accumulated south of a delta in the 

D e n v e r B a s i n , C o l o r a d o , U . S . A . (Porter and Weimer 1 9 8 2 ) . 

E x c e p t for the T e r t i a r y N i g e r d e l t a , s e v e r a l common 

a s p e c t s of the s a n d s t o n e d i a g e n e t i c models in these 

de lta ic settings can be noted. C h l o r i t e rim f o r m a t i o n on 

t h e d e t r i t a l g r a i n s i s r e c o g n i z e d as a v e r y e a r l y 

d iagenetic feature in most of these sandstones and q u a r t z 

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

c a l c i t e cementation and replacement invariably occur after 

the quartz overgrowth f o r m a t i o n , fo l lowed by a phase of 

p a r t i a l d i s s o l u t i o n of ca lc i te cement, d e t r i t a l feldspars 

and some l i t h i c g r a i n s . T h i s in turn i s f o l l o w e d by 

k a o l i n i t e p r e c i p i t a t i o n in al l the sequences. A three fold 

s u b d i v i s i o n of the diagenetic history of these sandstones 

can generally be recognized : 

( 1 ) a phase of cementation and 

( 2 ) a phase of rock component 

porosity development 

( 3 ) a phase of recementation. 

porosity reduction 

d i s s o l u t i o n and s e c o n d a r y 
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TABLE 7 .1 : COMPARISON OF THE PARAGENETIC SEQUENCE OF THE DIAGENETIC EVENTS IN THE 

NEOGENE SANDSTONES OF THE BENGAL BASIN WITH THOSE OF SOME OTHER DELTAIC SANDSTONES. 

Bengal Basin 

Neogene sst . 

(Present study) 

Tertiary deltaic 

Sst : Wilcox fm: 

Gulf Coast Basin 

U . S . ( S t a n t o n ' 7 7 ) 

Tertiary deltaic 

Sst : Frio fm: 

Gulf Coast Basin , 

U . S . ( L o u c k s et 

a l . ' 7 7 ) 

Cretaceous shelf 

Sst :Denver Basin 

C o l o r a d o , U . S . 

(Potter & Weimer 

' 8 2 ) 

Pennnsylvanian 

deltaic Sst : 

T e x a s , U . S . 

(Land & Dutton 

' 78 

Tertiary 

deltaic Sst : 

Niger delta . 

(Lamberth ' 8 1 ) 

C ompact i on Compac t i on Feld . 1eaching Compaction Compac ti on Kaol . preci p. 

Chlorite 

rims 

Qtz overgrowth P o i k . c a l c i t e 

cementn. 

Chlori te rims Chlorite rims Kaol unstable 

S i d e r i t e 

c rys t . 

Calcite cementn. 

& replacement 

Compaction. Qtz overgrowth Qtz overgrowth Smectite form. 

C a l c . p r e p i c . 

P o i k . c a l c i te . 

cementn. 

D i s s o l . o f calc ite Clay rims Calcite cementn. 

& replacement 

Calcite cementn. D i s s o l . o f calc ite 

I l l i t e coat Preci p . o f Kaol . Feld . overgrowth Soln .o f calci te D i s s o l . o f calcite Qtz overgrowth. 

Qtz overgrowth P r e c i p . o f Fe-calc. Qtz overgrowth K a o l . p r e c i p . K a o l . p r e c i p . S ider ite cryst . 

Late calc ite 

cementn. & rep' 

Precip of minor 

[ do 1omi te 

Calcite cementn. Bari te precip . Pyrite precip . 

D i s s o l . of 

calc .cement , 

f e 1 d , e t c . 

D i s s o l . o f calcite 

cements , fe ld & 

1 i t h i c s . 

Kaol . c rys t . Kaol . c rys t . 

Fe calc cementn. 



F i g u r e 7 * 4 s u m m a r i s e s the important a s p e c t s of s h a l e 

diagenesis in the Tertiary deltaic sequence of the Bengal 

B a s i n ( p r e s e n t s t u d y ) , the U . S . Gul f Coast Basin (Boles 

and Frank 1979 , Boles 1981 , Perry and Hower 1 9 7 0 ) and the 

Niger Delta (Lamberth 1 9 8 2 ) . The clay mineral compositions 

of Tertiary shales from the Bengal Basin and the U . S . Gulf 

Coast B a s i n are s i m i l a r , with i l l i t e , k a o l i n i t e , chlorite 

and mixed layer i l l i t e / s m e c t i t e as the c l a y c o m p o n e n t s . 

The c l a y m i n e r a l s of the T e r t i a r y s h a l e s of the N i g e r 

D e l t a , however, i n c l u d e k a o l i n i t e , i l l i t e and s m e c t i t e . 

P r o g r e s s i v e d e c r e a s e of the s m e c t i t e p r o p o r t i o n of the 

i l l i t e / s m e c t i t e clay with i n c r e a s i n g depth of b u r i a l is 

the most important diagenetic change in Tert iary shales of 

B e n g a l B a s i n and U . S . G u l f Coast B a s i n . In the N i g e r 

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

e x p a n d a b i l i t y of the s m e c t i t e component w i t h depth of 

burial is not always o b s e r v e d . D e c r e a s e of k a o l i n i t e at 

greater depth has also been noted in both Bengal Basin and 

in the U . S . G u l f C o a s t . Calcite also shows a decrease in 

abundance with depth in both the Bengal Basin and the U . S . 

Gulf Coast Bas in . There is also a decrease in abundance in 

K - f e l d s p a r w i t h i n c r e a s i n g d e p t h in the G u l f C o a s t 

Tertiary sequence but this has not been observed in e ither 

the Bengal Basin or the Niger D e l t a . 

The d i a g e n e t i c h i s t o r y of the T e r t i a r y s a n d s t o n e s and 

shales of the Bengal Basin shows general resemblances with 

those of the T e r t i a r y G u l f C o a s t B a s i n . H o w e v e r , the 

T e r t i a r y s a n d s t o n e and shales of the Niger Delta appears 

to d i f f e r s i g n i f i c a n t l y in their d i a g e n e t i c h i s t o r y . The 

s a n d s t o n e s of the N i g e r D e l t a appear to have s u f f e r e d 

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

c e m e n t a t i o n and u n d e r c o m p a c t i o n ( L a m b e r t h 1 9 8 1 ) . The 

l i t t l e quartz overgrowth f o r m a t i o n that has occurred is 

p r e c e d e d by c a l c i t e a, n d k a o l i n i t e f o r m a t i o n . K a o l i n i t e 

a p p e a r s to be the f i r s t a u t h i g e n i c m i n e r a l to form i n 

these s a n d s t o n e s . In c o n t r a s t , in the B e n g a l Bas in and 
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G u l f Coast T e r t i a r y B a s i n , q u a r t z o v e r g r o w t h a l w a y s 

p r e d a t e s c a l c i t e cementation and kaol in ite p r e c i p i t a t i o n , 

with the latter being one of the last a u t h i g e n i c m i n e r a l s 

to f o r m. The e f f e c t s of b u r i a l d i a g e n e s i s on the clay 

minerals of the T e r t i a r y s h a l e s in the N i g e r D e l t a have 

a l s o been r e p o r t e d to be minimal ( L a m b e r t h , 1 9 8 2 ) . The 

discrete smectite clay mineral in Akata shale is preserved 

at d e p t h s of a b o u t 1 2 , 0 0 0 f e e t ( 3 6 6 0 m) and b u r i a l 

temperature of 120 degrees centigrade , at which one would 

e x p e c t i t to he t r a n s f o r m e d to a m i x e d l a y e r 

i 11 i t e / s m e c t i t e phase . However, whilst burial temperature 

is the principal control in clay mineral d i a g e n e s i s , other 

factors such as overburden pressure , pore water c h e m i s t r y 

may a lso i n f l u e n c e such diagenetic reactions (Shaw 1 9 8 0 ) . 

It has been suggested that under compaction of the s h a l e 

might a l low the smectite to he preserved in some Tertiary 

shales of Niger de lta at t e m p e r a t u r e s in e x c e s s of what 

m i g h t be e x p e c t e d from the a c c e p t e d m o d e l of c l a y 

d i a g e n e s i s ( L a m b e r t h 1 9 8 2 ) . The l a c k of d i a g e n e t i c 

a l t e r a t i o n of s m e c t i t e clay which could have r e l e a s e d 

s i l i c a into pore solution are considered to be one of the 

pr inc ipal causes for the poor development of s i l i c a cement 

in the s a n d s t o n e of the Tertiary sequence in Niger Delta 

(Lamberth 1 9 8 2 ) . 
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F I G . 7 . 4 . SCHEMATIC DIAGRAM COMPARING SHALE DIAGENESIS IN THE BENGAL BASIN WITH 

THOSE OF THE GULF COAST BASIN AND THE NIGER DELTA. 

Bengal Basin 

(Present s tudy ) 

Gulf Coast B a s i n , U . S . A . 

(Boles & Frank 79 , Perry & Hower '70 

Boles , ' 81 ) 

Niger De lta , 

( L a m b e r t , ' 8 2 ) 

111/Sin 

(High expand) 

Calcite 

decrease 

V 

Ka o1i n i t e 

decrease 

1 
V 

I l l / S m 
(L ow expand) 

I l l / S m 

(Hi gh expand) 

Calcite Kaol inite K-feldspar 

decrease decrease decrease 

I I 1 

1 

111/Sm 
(Low expand) 

Discrete 

Sme c t i t e 

1 

Discrete 
Sme c t i t e 
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APPENDIX 

Sample Depth Core 

No. ( m. ) No. Description 

MULADI- 1 WELL 

M1-3 500 3 Sandstone; yellowish grey, loose 

medium to fine grained . 

M1-4 602 4 Sandstone ; yellowish grey, loose , 

medium to fine grained . 

M1 - 7 878 7 S.and s tone; light 

to f ine grained, 

M1-11 1137 11 Sandstone ; light 

to f ine grained, 

M1 -1 2 1197 12 Shale ; light grey, so ft , s i l t y , 

massive, calcareous . 

M1 -14 1402 1 4 Shale ; light grey, rather soft , 

massive, calcareous . 

M1-20 1700 20 Sandstone ; light grey, f r iable 

very fine grained, a r g i l l a c e o u s . 

M1 -22 1 918 22 Shale ; bluish grey, compact ,rather 

so ft , massive, calcareous . 

M1 -2 5 2107 25 Shale ; bluish grey, moderately 

grey , loose ,medium 

a r g i l l a c e o u s . 

grey , loose ,medium 

a r g i l l a c e o u s . 
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indurated , massive . 

M1-27 2212 27 

M1 -28 221 6 28 

M129A 2290 29 

M1-29B 2293 29 

M1-30 2402 30 

M1-31 2502 31 

M1-34A 2866 34 

M1-34B 2871 34 

M1-35 3020 35 

Sandstone; greyish white , very 

hard, medium to fine gra ined , 

very calcareous . 

Sandstone; l ight grey, moderately 

indurated , very fine gra ined . 

Sandstone; greyish white , very 

h a r d , f i n e grained , very 

calcareous . 

Shale ; bluish grey, moderately 

indurated ,contains few very thin 

s i lty streaks . 

Shale ; b luish grey, moderately 

i n d u r a t e d , m a s s i v e , c a l c a r e o u s . 

Shale ; bluish grey, moderately 

i n d u r a t e d , m a s s i v e , s l i g h t l y 

calcareous . 

Shale ; bluish grey, f a i r l y 

indurated , contains few very thin 

discontinuous very f ine s a n d / s i l t 

laminations . 

Sandstone; grey, moderately 

indurated , f r i a b l e , medium to fine 

grained . 

Shale ; l ight grey , indurated ,some 

d i s c o n t i n u o u s , t h i n , v e r y f ine 

grained s a n d / s i l t lamination ; 

mica concentration along bedding 

plane . 
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M1-36 3114 36 S a n d s t o n e ; grey , moderately 

i n d u r a t e d - f r i a b l e , f ine g r a i n e d . 

M1-37A 3217 37 

M1-37B 3223 37 

S h a l e ; dark grey , i n d u r a t e d , f e w 

d i s c o n t i n u o u s , t h i n , s i l t y 

lamina t i ons . 

S a n d s t o n e ; greyish white , h a r d , 

f i ne g r a i n e d , c a l c a r e o u s , contains 

few clay p l a t e l e t s 2mm-5mm long 

and 0.5mm t h i c k . 

M1-38 3294 38 S a n d s t o n e ; l ight grey , f a i r l y 

i n d u r a t e d , f ine g r a i n e d ; conta ins 

few clay p l a t e l e t s 2mm-5mm long 

and 0.5mm t h i c k ; c o n c e n t r a t i o n 

of mica p a r a l l e l to bedding 

p l a n e s . 

M1-39 3420 39 S a n d s t o n e ; greyish w h i t e , very 

hard , very f ine g r a i n e d , very 

c a l c a r e o u s . 

M1-40 3502 40 S h a l e ; dark grey , hard ; few very 

f ine sand l a m i n a t i o n s . 

M1 - 4 1 3602 41 S h a l e ; dark grey , hard , f i s s i l e ; 

very few thin s i l t l a m i n a t i o n s . 

M1-42 3692 42 S h a l e ; dark grey ; h a r d , f i s s i l e , 

few thin laminations of very f i n e 

sand and s i l t s . 

M1-44 3930 44 S h a l e ; dark grey , h a r d , f i s s i l e , 

few thin laminations of very f i n e 

sand and s i l t . 
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M1-45 4007 45 Shale ; dark grey, hard, f i s s i l e ; 

few thin laminations of very f ine 

sand and s i l t ; concentration of 

mica along bedding planes . 

M1-46 4099 46 Shale ; dark grey, hard, f i s s i l e ; 

discontinuous laminations of very 

fine sand and s i l t . 

M1-47 4205 47 Shale ; dark grey, hard , f i s s i l e ; 

thin discontinuous laminations of 

very fine sand and s i l t . 

M1-49A 4458 49 

M1-49B 

Very thinly interbeds of f ine 

grained sandstone and shale ; the 

sandstone is greyish white ,hard 

and s l ightly calcareous ; the 

shale is dark grey, hard and 

f i s s i l e • 

M1-51 4530 51 Shale ; dark grey, hard , f i s s i l e , 

thinly laminated; laminations 

are of very f ine sand and s i l t s 

and are discontinuous . 

MULADI-2 WELL 

M2-3 4491 Sandstone; greyish white , hard, 

medium to fine grained , 

calcareous . 

M2-5 4550 Shale ; dark grey, hard, f i s s i l e 
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BEGUMGANJ-1 WELL 

B1-4 1203 4 

B1-11 1870 11 

B1 -1 4 2139 1 4 

B1-15 2423 15 

B1-16 2680 16 

B1-17 2758 17 

B1-18 2906 18 

B1 -19 2999 1 9 

B1-20 3099 20 

B1-22 3390 22 

Shale ; l ight grey, rather so ft , 

massive, calcareous . 

Shale ; l ight grey, moderately 

indurated , mass ive , ca lcareous . 

Sandstone; grey ,poorly indurated-

friable ,medium to fine grained . 

Sha le ; grey, f a i r l y indurated , 

s i l t y , few very fine sand 

lamina t ions . 

Sandstone ; greyish white , hard , 

f ine grained , calcareous . 

Sandstone ; light grey, f a i r l y 

indurated , f ine gra ined . 

Sha le ; dark grey, hard, f i s s i l e ; 

few very fine sand and s i lty 

laminations . 

Sandstone ; l ight grey, f a i r l y 

indurated , f ine grained ; dark 

mineral concentration along some 

planes . 

Shale ; dark grey, hard , f i s s i l e , 

thin laminations of s i l t . 

Shale ; dark grey, hard , massive , 

silty. 
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B1-23 3444 23 S h a l e ; dark grey , h a r d , m a s s i v e , 

s i l t y . 

B1-24 3532 24 S h a l e ; dark grey , h a r d , m a s s i v e ; 

few s i l t y c a l c a r e o u s s i l t y bands 

B1-25 3 6 2 8 25 S h a l e ; dark grey , h a r d , f i s s i l e ; 

thin d i s c o n t i n u o u s l a m i n a t i o n s 

of very f i n e sand and s i l t s , 

c o n c e n t r a t i o n of mica a long the 

bedding p l a n e s . 

B1-26A 3642 26 S a n d s t o n e ; w h i t i s h g r e y , h a r d , 

medium to f i n e g r a i n e d . 

B1-26B 3656 26 S h a l e ; dark grey , h a r d , f i s s i l e , 

very few thin l a m i n a t i o n s of 

very f i n e sand and s i l t s . 

BEGUMGANJ-2 WELL 

B2-1 3028 1 S a n d s t o n e ; g r e y i s h w h i t e , very 

h a r d , medium to f i n e g r a i n e d 

c a l c a r e o u s . 

BJL-2 3042 2 S h a l e ; dark grey , h a r d , f i s s i l e , 

few very f i n e sand and s i l t 

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

B2-3 3325 3 S a n d s t o n e ; l i g h t g r e y , f a i r l y 

hard , f i n e g r a i n e d . 

B2-4 3476 4 S a n d s t o n e ; g r e y i s h w h i t e , very 

h a r d , v e r y f i n e g r a i n e d , c a l c a r e o u s . 
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B2-5 3523 5 Shale; dark grey, hard, f i s s i l e ; 

few very fine sand and silty 

thin laminations. 

B2-7 3567 7 Shale ; dark grey, hard, f i s s i l e ; 

few thin laminations of s i lt and 

very fine sand . 

TITAS-2 WELL 

T-1 2646 1 Sandstone; light grey, fa irly 

indurated, fine grained. 

T-2 2660 1 Sandstone; light grey, fa irly 

indurated, fine grained. 

T-3 2668 Sandstone; light grey, fa irly 

indurated,medium to fine grained . 

T-4 2673 Sandstone; light grey, fa irly 

indurated, medium to fine 

grained; few clay clasts 0.5mm 

to 1 mm long. 

T - 5 2678 2 Sandstone; light grey, fa irly 

indurated, fine grained . 

T-6 2686 3 Shale ; dark grey, hard, f i s s i l e 

T-7 2690 3 Sandstone; light grey, f a ir ly 

indurated, medium to fine grained . 

T-8 2698 3 Shale ; dark grey, hard, f i s s i l e 

T-9 2704 6 Sandstone; light grey, fairly 
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indurated , f ine grained . 

T-10 2706 6 Sandstone; l ight grey; highly 

indurated , f ine gra ined . 

T-11 2712 6 Sandstone; light grey; f a i r l y 

indurated , f ine gra ined . 

T-12 2718 7 Sandstone; greyish white , hard , 

f ine grained . 

T-13 2725 7 Sandstone; greyish white , hard 

f ine grained • 

T-14 2728 7 Shale ; dark grey, hard, f i s s i l e 

few very fine lamination of s i l t s 

T-15 2753 10 Sandstone; light grey, moderately 

indurated , medium to fine grained . 

T — 16 2761 10 Sandstone; light grey, moderately 

indurated , medium to f ine gra ined . 

T-17 2766 10 Shale ; dark grey, hard , f i s s i l e 

very few thin laminations of 

s i l t s . 

T-18 2927 12 Sandstone; greyish white , hard , 

f ine grained . 

T-1 9 2935 12 Sandstone; greyish white , hard , 

f ine grained . 

T-20 2954 13 Sandstone; l ight grey, hard , f ine 

grained . 

T-21 2967 14 Sandstone; greyish white , hard , 
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f ine gra ined . 

BODC-2 WELL 

BODC-1 3110-3120 

B0DC-2 3220-3230 

BODC-3 3330-3340 

BODC-4 3500-3510 

B0DC-5 3610-3620 

B0DC-6 3650-3660 

BODC-7 3730-3740 

BODC-8 4076 1 

BODC-9 4082 1 

BODC-10 4100-4110 

BODC-11 4200-4210 

BODC-12 4410-4420 

Shale ; rock cuttings , dark grey 

hard . 

d i t t o 

ditto 

ditto 

ditto 

ditto 

>dit to 

S h a l e ; dark grey, hard , f i s s i l e , 

ditto 

Shale ; rock cuttings , dark 

grey, hard . 

ditto 

d i t t o . 
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